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ABSTRACT

Neuromorphic computing is based on the development of device concepts which arise from biological
neural systems. Memristors can behave as artificial synapses and are, therefore, promising candidates
towards power-efficient systems for neuromorphic computing with high-density information, in-
memory computation and parallel data processing. However, the requirements for a linear and sym-
metric synaptic weight update and low cycle-to-cycle (C2C) and device-to-device (D2D) variabilities as
well as the sneak-path current issue have been delaying its further development. Once these chal-
lenges are overcome, artificial neural networks (ANNs) could be built in hardware using crossbars for
pattern recognition applications. Moreover, in ANNs, optoelectronic memristors (OEMs) can act as an
artificial retina and combine optical sensing and high-level image processing. In OEMs, resistive switch-
ing (RS) can be controlled by both optical and electronic signals. Light can, therefore, be used as image
input or as synaptic weigh modulator which provides a high-speed non-destructive method.

In this dissertation, the development of an optoelectronic memristive system based on oxide-semi-
conductors for image sensing, as well as the supporting read-out electronics for pattern recognition is
presented. Firstly, an Indium-Gallium-Zinc Oxide (IGZ0O)-based memiristor is developed, compatible
with the IGZ0-based thin-film transistor (TFT), providing the means for cost-efficient and fast chip fab-
rication. The crosstalk challenge is solved by using TFTs as access devices to memristors and a 4 x 4
IGZO 1-transistor-1-memristor (1T1M) crossbar is successfully reported on a flexible polyimide sub-
strate. Other state-of-art challenges are also tackled such as D2D and C2C variability and linear and
symmetric plasticity characteristics is achieved, resulting in 93.2 % of pattern recognition accuracy in
simulations. Moreover, the physical mechanism of interface-RS behavior is extensively studied and
data retention is optimized by introducing a thin layer of Al,Os. Finally, the optoelectronic features of
IGZO memristors are explored for visible light detection envisioning an upcoming integration in a pho-
toperceptron hardware composed of OEMs and 1T1M crossbars in a prototype for neuromorphic vi-

sion sensors.

Keywords: Memristors, IGZO, Artificial neural network, Crosstalk, 1T1M, Interface resistive

switching, Area-dependent resistive switching, Optoelectronic memristor.
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RESUMO

A computacdo neuromorfica baseia-se no desenvolvimento de dispositivos cujo conceito advém
de sistemas neuronais bioldgicos. Os memristors podem comportar-se como sinapses artificiais e sao,
portanto, excelentes candidatos para a concegdo de sistemas energeticamente eficientes para com-
putacdao neuromorfica com elevada densidade de informacdo, computacdo in-memory e processa-
mento de informacdo paralelo. Contudo, problematicas como a atualizacdo linear e simétrica de peso
sindptico, variabilidade tanto entre ciclos (C2C) como entre dispositivos (D2D), e o problema de sneak-
path tém-se apresentado como barreiras ao desenvolvimento deste tipo de dispositivos. A resolucdo
destas problematicas torna possivel a construgdo de redes neuronais artificiais em hardware, utili-
zando crossbars para aplicacdes de reconhecimento de padrdes. Além disto, em redes neuronais arti-
ficiais, memristors optoeletrénicos poderdo atuar como uma retina artificial e combinar deteg¢do dtica
e processamento de imagem de alto nivel. O switching resistivo (RS) de memristors optoeletrénicos
pode ser controlado tanto por sinais dticos como por sinais eletrénicos. Assim, a luz pode ser usada
como imagem de input ou como modulador de peso sindptico, o que confere um método de alta ve-
locidade ndo destrutivo.

Nesta dissertacao, é apresentado o desenvolvimento de um sistema memristivo optoeletrénico
com base em dxidos semicondutores para detecdo de imagem e o respetivo sistema eletrénico de
leitura para reconhecimento de padrdes. Primeiro, é desenvolvido um memristor de éxido de indio-
Galio-Zinco (IGZ0O) compativel com o transistor de filme fino (TFT) de IGZO, potenciando a fabricagdo
de chips rapida e econdmica. O crosstalk é resolvido com a utilizacdo de TFTs como dispositivos de
acesso aos memristors e é reportada com sucesso uma crossbar 1T1M de 4 x 4 células num substrato
flexivel de poli-imida. E atingida uma caracteristica de plasticidade linear e simétrica, resultando numa
precisdao de reconhecimento de padrdo de 93.2% em simulagdo. Para além disto, o mecanismo fisico
do comportamento de RS interfacial é estudado extensivamente e a reten¢do de informacgao é otimi-
zada pela introducdo de uma camada extremamente fina de Al,Os. Por ultimo, as propriedades opto-
eletréonicas de memristors de IGZO s3o exploradas para detec¢do de luz visivel, com vista na integragao
de um photoperceptron hardware composto por memristors optoeletrdnicos e crossbars 1T1M num

protdtipo de um sensor visual neuromaorfico.
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structure without (DS-1) and with N2 annealing treatment (DS-2). (d) and (e) correspondent plasticity
characteristic showing improved linearity and symmetry for DS-2 and (f) Cycles of potentiation and
depression for DS-2. Adapted from ref. 109 with permission from American Chemical Society,
COPYHENT © 2022, ...ttt ettt e st ettt e et e ebeesbeestaesabesabeeabe e beebeesssesasesaseenreensens 26

Figure 2. 6 Typical characteristics in AOS-based memristors for SNNs. (a) Learning and
forgetting experience emulated in an IGZO memristor. Adapted from ref. 42 with permission from John
Wiley & Sons, Copyright © 2020 Wiley-VCH GmbH. (b) PPF and PPD index with different pulse intervals
for a ZTO memristor. Adapted from Ref. 50 with permission from Elsevier, Copyright © 2020. (c) and
(d) Designed pulse scheme and correspondent STDP characteristic in an IGZO memristor. Adapted
from ref. 39 with permission from John Wiley & Sons, Copyright © 2012 Wiley-VCH Verlag GmbH &
CO. KGAA, WRINNEIM. i 28

Figure 2. 7 Optoelectronic memristor as a strategy to eliminate crosstalk on crossbars. (a)
Illustration of optoelectronic crossbar. (b) Illustration of combined blue and NIR pulses for Set and
Reset, respectively, correspondent to (c) potentiation and depression results and (d) STDP
demonstration in a double-layer 1GZO memristor. Adapted from Ref. 126
https://doi.org/10.1002/adfm.202005582, under the terms of the CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/. (e) cycles of electrical Set and optical Reset and (f)
variation of current state with red, green and blue light pulses. Adapted from Ref. 76 with permission

from American Chemical Society (ACS), Copyright ©2022.........cccvevvieireeirieireenteeereere e esreesreeseeeaneens 31
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Chapter 3

Figure 3. 1 As fabricated Mo/IGZO/Mo structures |-V characteristic and material
characterization for single-target and co-sputtering IGZO. (a) Schematic illustration of the
Mo/1GZO/Mo structure with a STEM cross-section. (b) |-V characteristic between -1 and 1 V of the
diodes with different areas, left: single-target 1GZO, right: co-sputtered 1GZO. (c) STEM bright field
image and EDS maps of the IGZO bottom interface. (d) Atomic fraction with respect to position (from
IGZO to Mo bottom electrode), obtained from the EDS data cubes. (e) Atomic fraction from EDS
throughout the whole device stack. (f) XPS argon cluster depth profiling through a Mo/IGZO structure.

Figure 3. 2 I-V characteristics showing analog behavior by gradually changing voltage sweep
span of (a) IGZO memristor deposited with a single target approach and (b) IGZO memristor deposited
by co-sputtered approach. (c) Maximum and minimum resistance change versus device area of co-
sputtered IGZO. (d) Current read showing the change of conductance states at 0.1 V after application
of different pulse schemes (-1.5 V/100, -2 V/50, and -2 V/100 ms). Longer pulse widths/higher pulse
duration increase the condUCTanCe [EVEIS. ........ooiiiiiiiie e 50

Figure 3. 3 Synaptic behavior of the memristors. (a) Schematic illustration of the
implementation of the synapse devices in bioinspired neuromorphic systems. (b) Pulse scheme with
the positive (green) and negative (blue) bias responding to depression and potentiation respectively.
(c) Conductance change with negative (potentiation)/ positive (depression) pulses of co-sputtered
IGZ0 device. (d) Typical retention for 30 min after different number of pulses applied. e) Fitting results
showing relaxation time and initial current state change with number of applied pulses and f) synaptic
weight change in percentage with number of pulses for learning 1, learning 2, and learning 3 with their
retention after @ach POtENTIATION. .....coceiii i e e e ee e e e aneeas 52

Figure 3. 4 Fitting according to the Thermionic Emission model on the Forward direction. (a)
Typical DC current sweeps at different temperatures. (b) Temperature dependency of the effective

barrier height and the ideality faCtor. ........ooc i e et e 54

Chapter 4

Figure 4. 1 Mo/IGZO/Ti/Mo I-V characteristic for Set and Reset and material characterization

for co-sputtered IGZO in different Ar/O, atmosphere. (a) Schematic illustration of the cross-point
structure of the memristors with bottom contact (BC) and top contact (TC) hinted; (b) Micrograph of
one 4 um? device; (c) Schematic illustration of the Mo/a-IGZO/Ti/Mo materials structure; XPS argon
cluster depth profiles of (d) 20Ar/200; and (e) 20Ar/50; films without the top contact. The relative
atomic concentrations are displayed with respect to etch time; (f) Atomic composition of In, Ga, Zn
and O of both IGZO films analyzed by EDS and XPS for comparison; (g) I-V characteristic of one Set and
one Reset for comparison of both devices- 20Ar/50, and 20Ar/200,- with inset of read current at -0.1
V after each Set and Reset displaying on/off ratios of 59.1 and 18.7, respectively; (h) I-V characteristic
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displaying analog behavior by gradual increase of voltage sweep span for Set and Reset. The order of

the measurements is displayed highlighting the first (1%!) sweep and the last (4™") for both Set and Reset.

Figure 4. 2 Exponential synaptic response and C2C variability. 100 identical pulses potentiation
tests, for the memristor with low oxygen (20Ar/50,), with (a) different amplitude, same width; (b)
different width, same amplitude; and depression tests with identical pulses of (c) different amplitude,
same width; (d) different width, same amplitude. Read current at -0.1 V; 50 cycles of 5000 pulses of
potentiation and depression with the mean current in red for (e) memristor with low oxygen
(20Ar/502) and (f) memristor with high oxygen (20Ar/200;); experimental Cumulative Distribution
Function (eCDF) Lookup tables of the conductance change (AG) within the 50 cycles of
potentiation/depression as a function of conductance (G) for the Set and Reset processes for the (g)
20Ar/502 and (h) 20Ar/2002 AEVICES. ....eecueeeiieieeteeeteecteeetteeteeteeeteesteestaesaesbeebeesbeesbeesssesaseesseenseenses 69

Figure 4. 3 Linear and symmetric synaptic response and C2C variability. (a) Schematic
illustration of pulse schemes A identical pulses, B incremental amplitude pulse, C incremental width
pulses and D incremental amplitude and width pulse. (b) Potentiation and depression results for
20Ar/50; of the different pulses schemes with the numerical description of each scheme on the
bottom of the graph. The conditions that limit linearity are within the graph. (c) Non-linearity
parameter for potentiation and depression for each pulse scheme displayed on (b), with a, =1.23 and
oq =0.83 of pulse scheme D highlighted. 50 cycles of potentiation and depression for the linear pulse
scheme D of 20Ar/50, memristor and (e) optimized pulse scheme for 20Ar/200, memristor.
Experimental Cumulative Distribution Function (eCDF) Lookup tables of the conductance change (AG)
within the 50 cycles of potentiation/depression as a function of G for the Set and Reset processes for
the (f) 20Ar/50; and (g) 20Ar/200, devices. Read current is -0.1 V for all the tests.........cccceeveeenenne 71

Figure 4. 4 1M CrossSim simulation results for pattern recognition applications. (a) Schematic
illustration of a three-layer perceptron neural network, the number of neurons used on the input,
hidden and output layers is 784, 30 and 10, respectively. (b) Accuracies for pattern recognition
achieved for the exponential natural response on potentiation and depression using identical spiking
(Figure 4.2(e) and 4.2(f)) for both memristors: 20Ar/50; (76.72%) and 20Ar/200, (80.05%) and for the
linear response achieved by pulse scheme D with incremental pulse amplitude and width (Figure 4.3(d)
and 4.3(e)), also for both memristors: 20Ar/50;, (91.82%) and 20Ar/200, (90.93%); (c) Normalized
low-frequency Read Noise (orn) measured for 1 s, using a sampling rate of 0.1 ms/sample for HRS and

LRS and (d) Impact of ory ON the training accuracy of both devices (20Ar/50, and 20Ar/200,). ........ 73

Chapter 5
Figure 5. 1 1T1M cell structure and synaptic performance. (a) Schematic illustration of the
1T1M cell showing the TFT and the memristor material structures and shared layers. The memristor is

in a cross-point configuration and has an area of 4 um? while the TFT is in a bottom-gate configuration
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and has a W/L of 240/20 um. (b) Optical microscope image of one fabricated 1T1M cell (scale bar, 200
pum). (c) Schematic diagram of the 1T1M equivalent circuit with the TFT gate as the word line (WL), the
TFT drain as the source line (SL), the TFT source connected to the top contact of the memristor in a
shared node (SN) and the bottom contact of the memristor as the bit line (BL). (d) I-V characteristic of
the memristor in the 1T1M cell Set and Reset for negative and positive voltages applied to the SN,
respectively with BL grounded. (e) Transfer curves of the TFT with Vs  of - 0.1 V (applied for the read
step in synaptic tests), Vs, of 8 V (applied for the full reset step) and Vs of - 8 V (applied for the set
pulses), with Vsy grounded. (f) Schematic illustration of the pulse scheme applied to WL, SL and BL for
potentiation and depression tests. (g) Potentiation and depression results. Each point represents the
current measured immediately after the set pulse, read with 15 V at the WL, -0.1 V at the SLand 0 V
AL TN Bttt b e h e h ettt et e e bt e e b e e e h e e sat e eab e e bt e be e bt e nbeeeneeeneeentean 87

Figure 5. 2 1T1M CrossSim simulation results for pattern recognition applications. (a) 50 cycles
of 200 pulses of potentiation and depression in grey and the mean current in orange. Each point
represents the current immediately after the partial set pulse, read with 15 V at the word line and -0.1
V at the source line. (b) Experimental Cumulative Distribution Function (eCDF) lookup tables of the
conductance change (AG) within the 50 cycles of potentiation/depression as a function of G for
potentiation and depression. (c) Schematic illustration of a three-layer perceptron neural network (the
number of neurons used in the input, hidden, and output layers is 784, 30, and 10, respectively. (d)
Schematic illustration of the equivalent active crossbar. (e) Pattern recognition accuracies achieved
for different training epochs for our device and the software benchmark. (f) Accuracy for pattern
recognition achieved with the 50 cycles of potentiation and depression presented in ¢ of 93.28 %,
compared with the 95.53 % of the software benchmark. .........ccocceiiiiiii i, 89

Figure 5. 3 VMM operations with 1T1M crossbar. (a) Schematic illustration of the 4x4 active
crossbars with input vectors, word lines and output vectors specified. (b) Microscope images of 1T1M
crossbars (scale bar, 500 um) and a single 1T1M cell integrated in the crossbars (scale bar, 50 um). (c)
Schematic illustration of the equivalent artificial neural network and its execution. (d) Experimental
conductance values colormap for all cells of the crossbar and Ohm’s and Kirchhoff’'s laws applied
analytically to the 4x4 crossbars. (e) Experimental results of the VMM operations, consisting in the
measured current at each bit line as a function of a parameter, adjusting the amplitude of the input
vector (V= ax [0.30, 0.15, 0.15, 0.30] V. a was swept uniformly from -1 to 1. The measured values are
compared with the analytical results disclosing a good accuracy. (f) Relative errors of the VMM
operations related to the a[0.30, 0.15, 0.15, 0.30,] iNPUL VECLOF. .....cccevcuiiieeiriieeeeiiee et 91

Figure 5. 4 Flexible 1T1IM endurance through bending tests. (a) Flexible crossbar picture
through magnifying glass. (b) Potentiation performance results of one cell before and after peel-off,
after 30 minutes of static bending with a 15 mm curvature radius and after all bending tests, both

cycles and radius, tests. (c) HRS and LRS of the potentiation characteristic of one cell after 1, 2, 5, 10,
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20, 50 and 100 bending cycles with a 15 mm radius. (d) HRS and LRS of the potentiation characteristic
of one cell after bending with a 15, 7.5, 5, 2.5 and 1.25 mm curvature radii........ccccceeevvveeeeiciveeeennnen. 93

Chapter 6

Figure 6. 1 Annealing effect on the Mo/Mo00,/IGZO/Ti/Mo memristor. (a) Schematic
illustration of the device. (b) and (c) XPS argon cluster depth profiling through Ti/IGZO/MoO,/Mo
structure, fabricated using plasma to create the MoOy and Not Annealed and Annealed, respectively.
(d) I-V characteristic of the pristine state, between -1 V and 1 V applied to the top electrode, of the
Plasma/Not Annealed and Plasma/Annealed memristors. (e) and (f) Relative percentage of the
deconvoluted Mo 3d spectra contributions at the bottom interface of the Plasma/Not Annealed and
Plasma/Annealed structures, respectively. (g) and (h) I-V characteristic of full Set and gradual Resets
of the Plasma/Not Annealed and Plasma/Annealed structures. (i) D2D variability presented for 10
devices of each evaluated Memristor STrUCTUIE. .....c.ciiiiiiiiiiiieeee e 111
Figure 6. 2 O, Plasma treatment effect on the Mo/Mo0,/IGZO/Ti/Mo memristor. (a) I-V
characteristic of the pristine state, between -1 V and 1 V applied to the top electrode, of the
Plasma/Annealed and No Plasma/Annealed memristors. (b) XPS argon cluster depth profiling through
Ti/IGZO/Mo0Oy/Mo structure on the No Plasma/Annealed structure. (c) Relative percentage of the
deconvoluted Mo 3d spectra contributions at the bottom interface for the No Plasma/Annealed
structure. (d) and (e) AFM 3D images of the Mo surface after the plasma and without any plasma
treatment, respectively. (f) 1-V characteristic of 100 cycles of full Set and full Reset for the
Plasma/Annealed structure memristor. (g) Retention properties of the Plasma/Annealed device
recorded for 1 hour at 0.1 V after 8 programmed states via |-V sweep at different Reset stop voltages.
(h) 1=V characteristic of 100 cycles of full Set and full Reset for the No Plasma/Annealed memristor. (i)
Retention properties of the No Plasma/Annealed device recorded for 1 hour at 0.1 V after 8
programmed states via |-V sweep at different Reset stop voltages. .......ccccecvevivecieiicciee e, 113
Figure 6. 3. Top contact (TC) effect and aging on the Mo/Mo00,/IGZO/TC memristor. (a)
Schematic illustration of the device with the different chosen top electrodes. (b) |-V characteristic of
the pristine state, between -1 V and 1 V applied to the top electrode, of the memristors with different
top contact using the Plasma/Annealed method and correspondent (c) I-V characteristic of full Set and
full Reset. (d) Micrograph of 5 years aged memristors with Mo/MoO,/IGZO/Mo structure and the
Plasma/Not annealed procedure Passivated and Not Passivated with parylene-C and correspondent
(d) 1=V characteristic of full Set and full Reset. (e) and (f) D2D variability and yield represented through
I-V Set and Reset of 16 aged devices Passivated and Not Passivated...........cccccevecieeiccciieeeccciiee e, 115
Figure 6. 4 Bottom contact (BC) effect on the BC/IGZO/Ti/Mo memristor. (a) Schematic
illustration of the device with the Al/AIO./IGZO/Ti/Mo. (b) AFM 3D images of the Al surface without
plasma treatment. (c) |-V characteristic of full Set, full Reset and gradual Reset for the No

Plasma/Annealed structure memristor with Al as bottom contact and correspondent (d) retention
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properties recorded for 1 hour at 0.1 V after 6 programmed states via |-V sweep with different Reset
stop voltages. (e) 1=V characteristic of full Set and full Reset for the Plasma/Annealed structure
memristor with Al as bottom contact and correspondent (d) retention properties recorded for 1 hour
at 0.1V after programmed LRS and HRS Via |-V SWEEP. ....eeeeecuiiieiciiiie ettt ettt e e evtee e 117

Figure 6. 5 Retention improvement on the IGZO memristor by Al,0; insertion at the Schottky-
like interface. (a) Schematic illustration of the device with the Mo/MoO,/Al,05/IGZO/Ti/Mo. No
plasma was performed on these stacks. |-V characteristic of full Set and gradual Reset and
correspondent retention properties recorded for 1 hour at 0.1 V after 8 programmed states via I-V
sweep with different Reset stop voltages for the No Plasma/Annealed memristors with (b) and (c) 1
nm of Al,Os and (d) and (e) 2 nm of Al,Os. (f) Extrapolation of the fitting on the experimental data on
retention of LRS and HRS to discover the equilibrium state of the memristors and the time at which
LRS meets HRS for the No Plasma/Annealed devices with 1 nm of Al,0z and 2 nm of Al;Os............. 119

Figure 6. 6 Temperature measurements and RS mechanism on the
Mo/Mo0,/Al,03/1GZ0/Ti/Mo memristor (2 nm of Al,0s). (a) I-V characteristic of full Set and full Reset
at different temperatures. (b) I-V dependence of the LRS measured at difference temperatures. (c)
Logarithmic current dependence on the inverse temperature, according to Equation 6.1. (d) Extracted
slope (m) dependence on input voltage. (e) Schematic illustration of the effect on the band diagram

during Set and Reset and of the LRS and HRS. .......c.uviiiiiiiiii ettt e e 121

Chapter 7

Figure 7. 1 Optoelectronic memristor applications. Typical memristor DC sweep showing (a)
abrupt and (b) analog type of switching displaying Set and Reset for positive and negative polarities,
respectively. (c) lllustration of potential OEMs applications and their state retention upon light pulse
requirements. (d) UV-IR electromagnetic spectrum with light wavelength and bandgap material
relation described. (e) Publications on optoelectronic and photonic memristors from 2012 to 2022
(search engine: Google Scholar, accessed on January 2023; keywords: Optoelectronic memristor;
optoelectronic RRAM; Photonic memristor; Photonic RRAM.) ....c.eeeuiiiiiieciee e 133
Figure 7. 2 Metal oxide OEM characteristics. (a) ITO/HfO,/Au OEM illustrative structure; (b)
correspondent abrupt behavior in I-V sweep displaying Set/Reset for positive/negative polarities,
respectively and (c) correspondent LRS read at 0.1 V in the dark, during 75 mW cm™2and 125 mW cm™
of white light irradiation. Reprinted (adapted) with permission from ref. 75. Copyright (2019) American
Chemical Society. (d) Al/Al,03/CeO,/ITO illustrative structure; (e) correspondent analog behavior in |-
V sweep displaying Set/Reset for positive/negative polarities, respectively and (f) resistance state
measured in time with alternative dark and light irradiation (red/green/blue cycles) with Reset
electrical pulse of =2 V before each cycle. Reprinted (adapted) for ref. 80, John Wiley & Sons. [© 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (g) Statistical percentage on the light wavelength
inducing RS reported by the works on metal oxide-based vertical OEMS. .........ccccceeeeeeieccciiiieeeeeeenn, 136
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Figure 7. 3 Oxide semiconductors OEMs characteristic behaviors. (a) Pt/ZnO/Au OEM
illustrative structure and (b) correspondent current increase under green light irradiation and PPC
decay fastened by 650, 725 and 800 nm wavelength of light. Reproduced from ref. 90 CC BY 4.0. (c)
Pt/IGZOn0)/1GZ00)/Au OEM illustrative structure and (d) correspondent current increase under blue
light irradiation and PPC decay fastened by 800 and 900 nm wavelength of light. (e) Schematic
illustrations of oxygen vacancies ionization and neutralization during light irradiation on optical Set
and Reset operations. The reaction marked by arrows plays a dominating role in the OE response.
Reproduced from ref. 26 CC BY 4.0. (f) ITO/ZTO/Ta0,/ITO OEM illustrative structure and (g)
correspondent multilevel states achieved by different blue light intensities. Reprinted (adapted) with
permission from ref. 97 Copyright (2022) American Chemical Society. (h) Statistical percentage on the
light wavelength inducing RS reported by the works on oxide semiconductors OEMs. .................... 141

Figure 7. 4 2D-materials based OEMs characteristic behaviors. (a)
ITO/MoSe,/Bi,Ses@PMMA/Pt OEM illustrative structure and correspondent (b) current increase due
to Set electric pulse and induced current decrease due to IR light irradiation (1.65 mW cm™). A
synergistic Reset strategy, in which both electric and optical pulses are applied, could realize full Reset.
ref. 109 John Wiley & Sons. [© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (c)
ITO/BP@PS/ITO OEM illustrative structure and correspondent (d) | — V sweeps modulated by different
wavelengths, displaying Set/Reset for negative/positive polarities, respectively and (&) Vset and Vgeset
obtained under different light illuminations. UV irradiation enables a smaller Vgeet. Reprinted
(adapted) with permission from ref 110. Copyright (2020) American Chemical Society. (f) Statistical
percentage on the light wavelength inducing RS reported by the works on 2D-materials OEMs. .... 146

Figure 7. 5 One-dimensional-structured OEMs characteristic behaviors. (a) Schematic
illustration of memristors based on thin-films, NRs and NPs; (b) Proposed operating procedure using
light as input to add a medium resistance state (MRS), on a memristor composed of Ag NPs embedded
in Mxene-TiO, nanosheets and correspondent (c) current response under UV irradiation and (d)
retention of the 3 resistance states achieved with this memristor structure. Reprinted (adapted) with
permission from ref. 126. Copyright (2021) American Chemical Society. (e) Current increase under
visible light irradiation (21.8 mW cm™) on a memristor based on Ag NPs embedded on a TiO, thin film.
Once the light was turned off, the current decreased and stabilized in a state higher than the initial
one (Set) and (f) current response, correspondent to the same memristor structure, under UV
illumination (3.7 mW cm™). When the light was turned off, the current decreased and stabilized in a
state lower than the initial one (Reset) and (g) correspondent proposed physical mechanism of light
induced Set and Reset operations schematic illustrated. Reproduced from ref. 127 CC BY 4.0. (h)
Statistical percentage on the light wavelength inducing RS reported by the works on 1D-structured
DASEA OEIMIS. ...ttt ettt e sttt e st e st e e s bt e e s b e e e s a s e e s b e e e ne e e s be e e aneeesaree e reeesareeennns 151

Figure 7. 6 Typical OR and AND logic gates. (a) Schematic illustration of OR gate with two inputs,

one optical (Oin) and one electric (Ein), and one electric output (Eout). Reprinted from ref. 147, with the
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permission of AIP Publishing. (b) OR truth table displaying experimental E,.: values of an OEM and (c)
respective Eout measured in time for different OR gate combinations. Reprinted [adapted] from ref.
147 with the permission of AIP Publishing. (d) Two images were inputted through visible light in the
form of letters Y and X when the devices ina 5 x 5 matrix were in (e) the HRS for an AND gate. Reprinted
with permission from ref. 81. Copyright (2017) American Chemical Society. ......ccccceevververrcveescrennns 158

Figure 7. 7 Example of NOT operation in OEMs. (a) Schematic illustration of three possible
inputs comprising one optical (Oin) and 2 electric (Ein1 and Ein2) and one electric output (Eout). Einz Was
used to reset the device and perform NOT. Truth table of logic operations (AND, OR, AND with NOT
and OR with NOT. (b) Experimental results of AND and AND reformatted with NOT operation (in blue)
and OR and OR reformatted with NOT operation (in red). Reprinted (adapted) with permission from
ref. 81. Copyright (2017) American Chemical SOCIELY........ccccviiiiiiiiie e 159

Figure 7. 8 Example of DNNs features using OEMs. (a) Schematic illustration of a 4 x 4
conventional memristive crossbar and corresponding VMM operations. (b) lllustration of a pattern
recognition simulation based on a photonic memristive crossbar. DNN composed of 784 input neurons,
300 hidden neurons and 10 output neurons, connected by OE synapses. (c) Experimental optical
potentiation and electric depression test realized by green and red light pulses displaying possible
synaptic weights to be implemented in the DNN. (d) Recognition rate of simulated DNN for pattern
recognition. Reproduced from ref. 90 CC BY 4.0. ....coiiiiiieiiiiee ettt e e e e 163

Figure 7. 9 SNNs synaptic functions performed by OEMs. (a) Synaptic weight increase under
3.58 mW cm™ of UV light with different irradiation time, followed by the PPC decay, displaying the
transition between STP to LTP.!!® John Wiley & Sons. [© 2021 Wiley-VCH GmbH]. (b) Synaptic weight
increase under different power of UV light, followed by PPC decay, displaying transition between STP
to LTP. Reprinted [adapted] from ref. 160, with the permission of AIP Publishing. (c) Schematic
illustration of the multistore memory model, showing transition from STP to LTP trough repetition
(rehearsal). (d) Experimental transition from STP to LTP trough different frequencies of optical UV
pulses.?® John Wiley & Sons. [© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (e) Photo-
induced learning and forgetting experience, displaying an easier re-learning and harder forgetting by
sequenced processes. Reprinted [adapted] from ref. 160, with the permission of AIP Publishing. (f) PPF
variation with respect to a double light spike with different intervals. (g) STDP- Variation of connection
strength (AW) between optical pre and electrical post synaptic spikes applied in a vertical OEM as a
function of At.?®> John Wiley & Sons. [© 2022 Wiley-VCH GMbH].......c.ccocvveieriiieeicieeeeeeereeve 165

Figure 7. 10 Proposed strategies for the realization of energy efficient artificial visual systems.
(a) Hustration of multi-layer photonic crossbar composed of LEMs. (b) lllustration of a photonic
crossbar for in-situ pre-processing and an ANNs that can be composed of memristors for image
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Chapter 8

Figure 8. 1 Analysis of IV characteristic in the dark. (a) Schematic illustration of the proposed

IGZO devices, with Mo as bottom contact and Ti/Au or ITO as top contact. (b) IV characteristic of the
pristine of both devices from -0.5 V to 0.5 V with voltage sweep applied to bottom contact and ground
at top contact, displaying different rectification for different top contacts. (c) and (d) Fitting of O 1s
XPS spectra displaying the oxygen vacancies (VOs) percentage compared to the metal-oxygen (M-0)
bonds for the IGZO bulk film and the IGZO/Ti/Au interface, respectively. (e) Valence band spectra of
the bulk IGZO film, used to calculate the valence band maxima (VBM). (f) Core levels spectra of Zn 2p,
Ga 2p, Zn LMM and In 3d of the IGZO and the Ti/Au and ITO interfaces displaying the offsets. (g) and
(h) Schematic illustrations of the energy band diagram for the IGZO/Ti/Au and the IGZO/ITO interfaces,
=T oT<Tot o 171 1Y RS 192
Figure 8. 2 Optoelectronic properties of the IGZO-based memristor. (a) and (b) Photograph and
transmittance results on IGZO, Ti/Au and ITO films deposited on glass. (c) Photographs of a device
being irradiated by the chosen light wavelengths. (d) Micrographs of the 4 um? ITO device with no
intentional light input. (e) IV characteristic and (f) transient response with Vgeas of -0.5 V of 10 s of
irradiation followed by 30 s in the dark of the ITO device with wavelengths of 660, 505, 405 and 365
nm. (g) Micrograph of the 4 um? Ti/Au device. (h) IV characteristic and (i) transient response with Vgead
of 0.1V of 10 s of irradiation followed by 30 s in the dark of the Ti/Au device with wavelengths of 660,
YO T (0 SR T Yo BT <1 X 011 o TN 195
Figure 8. 3 Optoelectronic properties of the hydrogen-doped (H-doped) IGZO memristor. (a)
Schematic illustration of a H-doped IGZO memristor device. (b) Photograph and transmittance results
on IGZO and H-doped IGZO films deposited on glass. (c) Comparison of the IV characteristic in the dark
of the IGZO and the H-doped IGZO devices. (d) IV characteristic and (e) transient response with Vgead
of 0.1 V and 10 s of irradiation followed by 30 s in the dark of the H-doped device for 660, 505, 405
and 365 nm illumination. (f) light/ldark ratio comparison of both mentioned devices. (g) Micrograph of

H-doped devices with different sizes and (h) lignt/lsark ratio comparison of devices with different sizes.

Figure 8. 4 Reset by electrical pulse and PPC dependence on power, time and frequency of
optical input. (a) Increased conductance states achieved by decreased wavelengths illumination and
respective electrical Reset pulse. (b) Schematic illustration on the transition from short-term memory
(STM) to long-term memory (LTM). Transition from STM to LTM by (c) increased power, (d) increased
time and (e) increased frequency of illumination with a 405 nm wavelength LED. ........................... 200

Figure 8. 5 Synaptic functions emulated by the H-doped IGZO optoelectronic memristor. (a)
Schematic illustration of the human visual system. (b) Post-synaptic current (PSC) evolution during a
pair of optical pulses of 500 ms each with time interval 10 s. (c) Paired-pulse facilitation (PPF) index for
different time intervals. (d) STDP learning rule. An optical pulse of blue light for 1 s serves as the pre-

synaptic pulse and an electrical pulse of -2.5 V for 1 s is implemented as the post-synaptic pulse. (e)
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‘ CHAPTER 1

INTRODUCTION

This chapter presents an introduction to this dissertation. Firstly, the motivation behind the work is
revised and the primary goals are explained in detail in regard to their scientific relevance to the re-
search community. Afterwards, the structure of the document is discussed in terms of chapter content.
Finally, the research impact that the work has had is reviewed in terms of published material in inter-

national journals, oral and poster presentations in international and national conferences and meet-

ings and granted awards.



Motivation

1.1 Motivation

The urgency to replace the traditional Von Neumann architecture is growing due to the persis-
tent bottleneck in data transfer between the processor and memory unit, impeding the realization of
complex computational tasks with high speed and accuracy. Particularly in data-centric applications
like artificial intelligence (Al), innovative computational paradigms are crucial to reduce power con-
sumption. Neuromorphic computing based on memristors is a brain-inspired technology that offers a
promising ultra-low power consumption alternative. By performing the processing of the data directly
at the memory element, it eliminates data shuffling, enabling cost and power-efficient real-time in-
memory computation.

Memristors, also known as resistive switching (RS) devices, which are nonlinear resistors typi-
cally composed of metal-oxide-metal structures, exhibit tunable resistance into multiple states by ap-
plication of an external electric field. The transition from the highest-resistance state (HRS) to the low-
est-resistance state (LRS) is known as Set operation, and from LRS to HRS, as Reset operation. The
retention of these programmed states is influenced by both the material structure of the device and
the type of switching observed. RS mechanisms can involve either the creation/dissolution of one or
more conductive filaments (CFs), called filamentary-type switching, or the contributions of oxygen ions
or cations at one of the device interfaces or at the oxide bulk, called area-dependent switching. Fila-
mentary-type switching typically ensures long retention of states, whereas area-dependent switching
tends to suffer from a relaxation decay of the programmed states in time. Both characteristics can be
leveraged for different applications. Moreover, multi-level cell (MLC) operations, which are possible
when the memristor presents more than two trainable states and is achievable through filamentary
and area-dependent switching, are required for in-memory computation tasks in artificial neural net-
works (ANNs). In ANNs composed by memristors organized in crossbars, synaptic behavior is mimicked
through gradual resistance state adjustments with electric pulses. In fact, several synaptic character-
istics have already been emulated by RS devices,*? showcasing significant potential to revolutionize
the Al field.

The employment of ANNs in hardware involves two key stages: training and inference. During
training, the resistance state of the memristors in the crossbar is independently and continuously
adapted via a predefined pulsing scheme, in a process known as learning. This process enables the
memristor-based neural network to learn from labeled or unlabeled input data, applied as voltage/cur-
rent vector at the rows connected to the electrodes of the memristors. After learning, the output can
be read at the columns, as the result of Ohm’s and Kirchhoff ’s summation laws, as the neural network
performs vector-matrix multiplications (VMMs). This process is called inference in which the ANN
solely executes its designated task.

Moreover, the training process in an ANN hardware can be performed online or offline. Typi-

cally, in offline learning, training occurs only one time, following a once-training-multiple-inference



1. INTRODUCTION

strategy. In such case, the memristor devices in the crossbar are required to have full retention of the
programmed states to ensure proper function of the neural network in time. On the contrary, online
learning involves an iterative update on model parameters as new data becomes available, allowing
for continuous adaptation to changing environments or data distributions with massive potential for
real-time adaptation. Consequently, in scenarios where online learning is employed, the distinction
between training and inference becomes less pronounced. In such cases, the memristor devices are
not required to present a long retention of states. In turn, the programmed weights should persist at
least until the next update cycle, which can vary from milliseconds to seconds depending on the envi-
sioned application. The continuous learning process ensures that the memristors are constantly being
updated and adapted to the changing data stream, mitigating the effects of any retention loss between
cycles. However, considering that the training stage is the more energy-intensive phase in a neural
network, online training inherently results in higher energy consumption.

Different computing paradigms can also be employed during the training process, such as deep
neural networks (DNNs) or spiking neural networks (SNNs). In DNNs training, the memristors should
present symmetry and linearity in potentiation (gradual increase of conductance state) and depression
(gradual decrease of conductance state), as a function of repetitive applied pulses, to allow the highest
number of available states and for the fastest and most efficient algorithm to be employed. In its turn,
SNNs operate using discrete pulses or spikes in asynchronous events that should result in a change in
resistance state on the memristor only when a certain current threshold is reached, enabling the inte-
gration of spatiotemporal information. This spike-based communication allows for more efficient com-
putation and better mimics the asynchronous and event-driven nature of biological neural systems.

Regardless of the targeted computing paradigm, the development of a memristor-based ANN
entails on the fulfillment of a specific set of requirements to attain optimal accuracies in any given
task.® These include securing high LRS/HRS ratios to minimize measurement noise interference and
enable MLC functionality, as well as ensuring low switching energy by minimizing the energy barrier
for RS. However, reducing the energy barrier may decrease retention properties of the memristors.
Additionally, achieving 10 nm scalability is crucial for very-large-scale integration (VLSI), which often
hinders device-to-device (D2D) and cycle-to-cycle (C2C) reproducibility.

Consequently, the development of a memristor device that follows all the above requirements
has been extremely challenging. A device that presents area-dependent switching would be preferred
since it shows inherent analog behavior with multiple possible resistance states, differing from the
MLC presented by filamentary-type of switching where a finite number of states are available, that
usually present high random telegraph noise (RTN). The switching energy in area-dependent switching
is also, typically, lower and no electroforming step is required. Another advantage of area-dependent
switching is low D2D and C2C variabilities whereas filamentary-type of switching usually suffers from
high variability due to the randomness of CFs formation. However, area-dependent switching usually

presents poor retention of programmed states which is unsuited for DNNs applications in which a



Objectives

strategy of once-training-multiple-inference is applied for offline learning. Symmetry and linearity in
potentiation and depression is also challenging to be accomplished without resorting to complex pro-
gramming schemes, which in turn complicate the peripheral circuits necessary for training inputs for
on-chip learning. Moreover, one of the most challenging aspects of circuit implementation with
memristors is crosstalk. Crosstalk is related to the sneak-path current interference during training be-
tween different memristor cells in crossbars and often leads to misinterpretation of the output re-
sults.?

Furthermore, for applications in artificial visual systems, these neural networks, serving as pro-
cessing units, would need to be integrated with different sensing units for light information collection.
These photodetectors can, in fact, be optoelectronic memristors (OEMs) that use both light and elec-
tronic signals as inputs and can themselves behave as sensory artificial synapses with high energy-
efficiency and low crosstalk. OEMs are, thus, suitable to link artificial visual systems with image pro-
cessing on hardware.® This novel application concept, known as neuromorphic vision sensors, pos-
sesses the ability to directly detect instant changes, similarly to the human eye. In such, the OEM cross-
bar captures movement as a continuous flow of data and adapts and retains its resistance state until
further motion is detected following the rules of SNNs. When this sensing crossbar perceives move-
ment, an image pre-processing task can also be realized before that information is sent to the post-
processing stages such as image stylization, edge enhancement, contrast correction and/or noise re-
duction.® This novel approach not only produces far less data than the conventional one, resulting in
increased energy efficiency, it significantly decreases the response time of the system, and it also re-
sults in higher accuracies in image recognition tasks due to the pre-processing added stage. However,
this being a novel field, only a few reports exist in the literature on non-patterned optoelectronic
memristors with low light/dark ratios of less than 10. Moreover, sensitivity to visible (red/green/blue)
light is of extreme importance to the development of trustworthy and cutting-edge image recognition
technologies.”

It is important to note that light can also be used as synaptic weigh modulator during training in
ANNs composed of OEMs. However, in such cases, light is usually not applied as input during inference
for image sensing and, thus, a different sensing unit must be employed, to avoid disrupting the trained
weights. Alternatively, complex architectures are required where more than one device is used per

pixel to allow light to be both the training and the sensing source.®

1.2 Objectives

This PhD project aimed to significantly contribute to the neural network hardware field by pro-

posing an entire multifunctional-optoelectronic system composed of memristors and the supporting
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electronics for applications in artificial visual memory systems and image processing, addressing the

state-of-the-art challenges. Targeting extensive research on this topic, the most important goals were:

(1) To develop an amorphous oxide semiconductor (AOS)-based memristor with area-depend-
ent switching:

AOS materials are mostly based on ternary or quaternary oxides of post-transition metals, such
as indium-gallium-zin oxide (1GZ0), zinc-tin oxide (ZTO) and gallium-tin oxide (GTO) and have long been
explored for thin-film transistors (TFTs) technology, one that has grown fast to its application on flat-
panel displays, since the first IGZO-based TFT report in 2004.%%° Due to their superior performance,
excellent stability and easy, low-cost and compatible fabrication with complementary metal-oxide—
semiconductor (CMOS), this class of materials show tremendous potential as active layer in RS devices.
In fact, their most attractive characteristic, is the high level of control on the conductivity of the pristine
AOS film by adapting its oxygen®! or cation composition.!? This condition allows for both filamentary
and area-dependent switching depending on the electrodes chosen which expands the range of pos-
sible applications. In this project, area-dependent switching was pursued due to its overall superior
performance in meeting application requirements, such as low D2D and C2C variability, analog behav-
ior with MLC properties and retention decay suited for SNNs. Additionally, the optimization of its draw-
backs was also aimed as a specific goal for DNNs (longer retention periods).

AQOS materials are also known to be transparent and can act both as active layer and electrodes
enabling the realization of all-transparent memristors'>'* and optoelectronic features. Moreover, AOS
materials have high flexibility and allow for conventional patterning strategies and low-processing
temperature. This facilitates the use of low-cost flexible substrates (paper, polyimide, polyethylene
naphthalate (poly(ethylene 2,6-naphthalate) (PEN) / polyethylene terephthalate (PET)),*>® which is
fundamental for embedded flexible technologies for wearables and internet-of-Things (loT) applica-
tions.

Therefore, in this project, IGZO was chosen as active layer material since it shows potential for
area-dependent switching and for the development of OEMs. The scalability requirement is also ful-
filled due to the characteristic lack of grain boundaries of AOS materials that allows for a device min-

iaturization to the nanometer scale and therefore enables high-density circuit integration.

(2) To solve crosstalk in crossbars by adding a TFT in each cell as selector device:

This project aimed to solve crosstalk by using the 1-transistor-1-memristor (1T1M) configura-
tion. In such, a transistor is added in each cell of the crossbar as a selector device. The transistor be-
haves like a switch that when turned on, acts like a high conducting wire and, when turned off, no
current reaches the not selected memiristor. It allows for improved control on the plasticity character-
istic through current input, while providing an on-chip current compliance (CC), at the expense of cell

area in crossbars. In this strategy, the IGZO-TFT can, therefore, be used, allowing for both elements



Objectives

(transistor and memristor) to be fabricated at the same level. However, to employ the same IGZO layer
for both devices, a deposition condition should be found compatible with the TFT’s high-stability and
low-leakage current and the memristor’s defect-enabled switching with decent LRS/HRS ratio. Since
an extreme power-efficient system is envisioned, the developed memristor should present high re-
sistance values for both LRS and HRS. In this way, the IGZO-TFT is the best choice as selector device
since it is the transistor with the lowest ever reported off-current, in the range of femtoamperes (fA)
to hundreds of picoamperes (pA).}” Moreover, it was proposed to use the IGZO TFT output as synaptic

weigh modulator to achieve linearity and symmetry in potentiation and depression by current pulsing.

(3) To optimize the memristor performance for long periods of retention:

Profound research should be undertaken to understand the physical mechanism behind the RS
of the IGZO-memristor in order to optimize the necessary figures of merit for application in DNNs and
SNNs. In this regard, a collaboration with Professor Regina Dittmann, one of the leading scientists in
the memristor field, and a research stay in Forschungszentrum Jilich was planned as part of this pro-
ject, to tackle the optimization of retention properties in IGZO-based memristors with area-dependent

switching.

(4) To develop an IGZO-based optoelectronic memristor:

The development of patterned 1GZO-based OEMs was an important goal of this dissertation.
Strategies for visible light (red/green/blue) detection were to be explored and the physical mechanism
of photonic switching and how to manipulate it studied. The synaptic behavior of the OEMs should
present transition from short to long-term memory and follow the rules of SNNs by making use of the

PPC decay inherent to AOS materials.

(5) To propose a prototype for a multifunctional optoelectronic system:

As a final task, this project intended to propose a proof-of-concept prototype for artificial visual
systems applications using an OEM crossbar, composed of the devices developed in goal (4), as sensing
and pre-processing units and an active crossbar, composed of 1T1M cells developed and optimized in
goals (1), (2) and (3), for information processing. Such a system can be called a photoperceptron hard-
ware.!® In this way, high accuracy image recognition tasks could be performed and the overall perfor-
mance of artificial visual systems hardware would be greatly enhanced.®*® Moreover, using PPC decay
on the OEM crossbar can be an efficient way to, on one hand, store the input image for some time
(sufficient for inference), and, on the other hand, achieve low power operation, due to auto-resetting

of the system following relaxation time.
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detail.

1.3 Structure of dissertation

This dissertation is divided into ten chapters, in which the aforementioned goals are tackled in

Chapter 1 presents the motivation and objectives of this work, the structure of this dis-
sertation and a summary of the research impact this thesis has had in the scientific com-
munity.

Chapter 2 provides the state-of-the-art on AOS-based memristors. This chapter is di-
vided in two sections: the first section describes available device level studies on AOS-
based memristors fabricated by either sputtering deposition tools or solution processing
methods; in the second section the suitability of these devices for specific neuromorphic
applications such as in-memory computation and ANNs are analyzed. The main chal-
lenges for chip integration are reviewed.

Chapter 3 presents the results on the interface switching-based IGZO memristor devel-
oped in this work. The memristor structure and its synapse behavior are investigated
for neuromorphic applications.

Chapter 4 describes the optimization on the IGZO layer of the memristor for TFT com-
patibility which allows for a joint fabrication of both devices on the same level. In this
chapter, the synaptic properties of the memristor are also tailored for linear and sym-
metric synaptic weight update for applications in DNNs hardware.

Chapter 5 focuses on the 1T1M cell and 1T1M active crossbar fabricated on a flexible
polyimide substrate. In this chapter, the crosstalk problem is discussed and successfully
solved by the memristor's integration with the TFT.

Chapter 6 is devoted to the thorough study of the physical mechanism of RS and data
retention optimization of the IGZO memristor. This chapter marks the conclusion of the
first part of this dissertation, entirely dedicated to the development and optimization of
an IGZ0-based memristor for neuromorphic applications.

Chapter 7 presents an introduction to the second part of this dissertation with the state-
of-the-art on optoelectronic memristors. Firstly, proposed memristor structures with
different materials such as metal oxides, oxide semiconductors and 2D and 1D struc-
tures are described. Secondly, the memristor's potential for applications in arithmetic
units and Boolean logic, in-memory and neuromorphic computation and artificial visual
systems is assessed.

Chapter 8 describes the 1GZ0O-based optoelectronic memristor developed in this work.
This chapter provides details on the selection of a transparent top contact, the optimi-
zation for visible light detection and the emulation of synaptic properties suitable for
applications in neuromorphic vision.
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Chapter 9 focuses on the final goal of this dissertation: the prototype proposal as future
work of a photoperceptron hardware composed of a 1T1M crossbar and an optoelec-
tronic memristor crossbar for applications in artificial visual systems.

Chapter 10 provides the main conclusions of this work.

1.4 Research impact

1.4.1 List of publications

The output of this PhD project has been published, is under review or is to be submitted soon,

as referenced below, in 6 original papers, 1 topical review article and one book chapter.
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Optoelectronic memristive devices based on oxide semiconductors for the next generation of

Information technology

‘ CHAPTER 2

AMORPHOUS OXIDE SEMICONDUCTOR-BASED
MEMRISTORS

Memristors in crossbar arrays can accomplish computing operations while storing data at the same
physical location, enabling a cost-efficient latency-free solution to the Von Neuman’s bottleneck.
Amorphous oxide semiconductor (AOS)-based memristors can be engineered to perform filamentary
and/or interface-type resistive switching. Their superior characteristics such as high flexibility compat-
ible with low-temperature and easy manufacturing evidence the potential for embedded flexible neu-
romorphic technologies. In this chapter, the state-of-the-art on AOS-based resistive switching devices
is analyzed, along with their suitability for specific neuromorphic applications such as in-memory com-
putation and deep and spiking neural networks. Currently, crosstalk is the main obstacle to large-scale
crossbar integration and, therefore, the proposed main approaches to overcome it are discussed.
Here, given the high level of behavior control offered by AOS-based memristors, self-rectifying char-
acteristics or optoelectronic features can be established. Moreover, the compatibility of AOS films with
both memristors and thin-film transistors, provides the necessary means for active crossbars to be

developed in a cost-efficient, simple and with higher-interconnectivity manner.

The literature review presented in this chapter is published in:

M.E. Pereira, E. Carlos, E. Fortunato, R. Martins, P. Barquinha and A. Kiazadeh, Chapter 16 “Amor-
phous oxide semiconductor memristors: brain-inspired computation”, in Advanced Memory Tech-

nology: Functional Materials and Devices. Royal Society of Chemistry, 2023.
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Introduction

2.1 Introduction

New computing paradigms are urgently required to replace the outworn von-Neumann’s archi-
tecture that, currently, carries numerous constraints such as latency, high-power consumption and
scaling limitations to the highly demanded technologies of Artificial Intelligence (Al). Neuromorphic
systems based on resistive switching (RS) devices are a promising solution, due to their ability to per-
form in-memory computation with adaptive learning algorithms on hardware in a low-power and cost-
efficient manner, realizing tasks like real-time unstructured data arrangement, parallel data processing
or pattern recognition.

The idea of an artificial neural network (ANN) hardware by using interconnected and adaptive
electronic elements goes back to 1962. The RS device, or memristor, concept was then introduced by
Leon Chua in 1971% and later achieved by HP labs® in 2008. The memristor is a non-linear two-terminal
device, usually composed of a three-layer metal-oxide-metal sandwich structure. The device’s re-
sistance level can be modified with the application of an electric field. The transition between high-
resistance state (HRS) to low-resistance state (LRS) is called Set while the reverse transition, from LRS
to HRS, is referred to as Reset. The fastest switching speed ever reported, up to now, is of 50 ps for
both Set* and Reset® operations. Additionally, RS devices have an outstanding potential for very-large-
scale integration (VLSI) systems as demonstrated by the smallest 4 nm? memristor reported up to
date.®

When it comes to Al applications using RS devices, there are several approaches that can be
followed, as memristors can perform computing in distinct manners. A complete review on the poten-
tial of the memristor for implementation of in-memory computing, deep neural networks (DNNs), and
spiking neural networks (SNNs) is provided elsewhere.” Naturally, a specific set of requirements related
to the memristor performance are in place, depending on the application envisioned. As an example,
for in-memory computation a long retention of data is crucial while for SNNs is not the most critical
feature.

The RS behavior of a memristor can be tuned by the choice of materials to be assembled. Several
dielectric materials have been studied as active layer including titanium oxide (TiOy), tantalum oxide
(TaOx) or hafnium oxide (HfO,).22° Typically, the physical mechanism attributed to RS is related to the
formation of one or more conductive filaments (CFs) during the electroforming step which entails on
a soft breakdown of the insulating material by application of an electric bias, usually of higher voltage
than the operating one. The CFs are then dissolved/recreated in the oxide film, by a local redox pro-

11-13 35 shown in Figure 2.1(a). Filamentary-type of

cess, leading to the change in resistance state,
switching usually results in an abrupt transition between HRS to LRS and vice-versa as can be observed

in the example of Figure 2.1(c).
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2. AMORPHOUS OXIDE SEMICONDUCTOR-BASED MEMRISTORS

Another, less common, type of RS is interface-switching. Here, the switching occurs at the inter-
face between a metal electrode and the oxide and is, typically, attributed to an exchange or trapping
of ions, at the interface between the oxide and a metal electrode,'* as in the illustration of Figure
2.1(b). There is a homogeneous contribution of oxygen vacancies (VOs) and ions throughout the entire
interface, which results in an area-dependent behavior with lower device-to-device (D2D) and cycle-
to-cycle (C2C) variability, when compared with filamentary-type of switching. Interface-type of RS
mainly results in analog behavior, as presented in Figure 2.1(d), with multiple resistance states, which
is very appealing for neuromorphic applications. However, retention data is often a challenge since
these devices are more sensitive to slight variations in number of VOs generated.?®

Amorphous oxide semiconductors (AOS) are mostly based on ternary or quaternary oxides of
post-transition metals, such as indium-gallium-zinc oxide (IGZ0), zinc-tin oxide (ZTO) and gallium-tin
oxide (GTO). AOS materials have long been explored for thin-film transistors (TFTs) technology, one
that has grown fast to its application on flat-panel displays, since the first IGZO-based TFT report in
2004.%%17 Dye to their superior performance, excellent stability and easy, low-cost and CMOS compat-
ible fabrication, this class of materials show tremendous potential as active layer in RS devices. In fact,
their most attractive characteristic, is that it can be controlled whether the pristine AOS film is insulat-
ing or conducting by adapting the oxygen®® or cation composition.? This condition allows for both
filamentary and interface-type of switching which expands the range of possible applications.

Moreover, AOS materials are known to be transparent and can act both as active layer and elec-
trodes enabling the realization of all-transparent memristors?®?! and optoelectronic features. On the
other hand, AOS materials have high flexibility, due to the lack of grain boundaries, and allow for con-
ventional patterning strategies and low-processing temperature. This facilitates the use of low-cost
flexible substrates (paper, Polyethylene naphthalate (poly(Ethylene 2,6-Naphthalate) (PEN), and Poly-
ethylene Terephthalate (PET)),2%% which is fundamental for embedded flexible technologies for wear-
ables and Internet-of-Things (IoT) applications. For this reason, the research interest on AOS materials
as active layer and electrodes for memristors have been rapidly growing as evidenced by Figure 2.1(e).

In this chapter, the state of the art on RS devices based on AOS materials will be discussed.
Moreover, the potential of AOS-based memristors for circuit implementation, in-memory computa-
tion, deep learning accelerators and SNNs applications will be examined, along with the current chal-

lenges and future perspectives.
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Figure 2. 1 Most common types of RS. Illustrations of (a) filamentary-type RS, comprising the filament formation/rupture
during LRS/HRS and (b) lllustration of interface-type RS, including the oxygen vacancies movement and density during
LRS/HRS. Typical IV curve of a (c) filamentary-type memristor displaying digital Set/Reset transitions and (d) interface-type
memristor showing analog Set/ Reset transitions. (e) Publications on AOS materials for memristors from 2010 to 2022 (search
engine: Google Scholar, accessed on July 2023; keywords: IGZ0;ZTO;ITO;IZ0;AZ0;AZTO;GZ0;GTO RRAM;memristor).

2.2 Device level studies

Several fabrication techniques have been reported for the realization of AOS-based RS devices
such as radio frequency (RF) sputtering, chemical vapor deposition (CVD), atomic layer deposition
(ALD) and solution processing. Sputtering deposition is the most common since it provides highly uni-
form films in large areas and an accurate control of oxygen content during deposition. Solution pro-
cessing methods have been promptly improving and are now a promising technology that offers low-
cost and simple fabrication of memristive devices.?* Therefore, in this chapter, the focus will be on

AOS-based memristors fabricated by these two techniques.

2.2.1 AOS-based Memristors by Sputtering Deposition

2.2.1.1 One-layer AOS-based Memristors

The first AOS-based memristor, reported in 2010, envisioned the integration with IGZO-TFTs for
advanced system-on-panel display applications. Therefore, IGZO was used as active layer and indium-

tin oxide (ITO), as bottom and top electrodes, accomplishing the first transparent AOS-based
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2. AMORPHOUS OXIDE SEMICONDUCTOR-BASED MEMRISTORS

memristor. An abrupt filamentary-type of switching was demonstrated with retention data up to 103
s at 90 °C. The formation of VOs filaments explained LRS, whereas HRS was attributed to the rupture
of filaments by recombination of VOs and moveable oxygen ions, causing a bipolar behavior. The
Iirs/Iugs ratio was 10 and C2C variability was slightly high in the 100 DC-sweep cycles performed.?

Since then, several strategies have been reported to improve lirs/lnrs ratio. Hwang et al. reported
that conventional thermal annealing (CTA) or microwave irradiation (MWI) treatments on the IGZO
layer results in a smoother surface and reduces the current in HRS.% Ma et al. showed that an oxygen
plasma treatment to the bottom Al contact improves lirs/lurs ratio to 10°. This is related to a smoother
bottom electrode interface due to the induced Al,Os layer by oxygen plasma in the Al electrode. More-
over, in their study, an enhanced Iirs/Inrs ratio was achieved when Al was replaced by Ag as top elec-
trode. In this case, an Ag* filament is created between the electrodes and a Schottky barrier at Ag/IGZO
interface leads to lower current in HRS.?®

IGZO doping can also lead to the improvement of memristor performance. Li et al. showed Ru
doping weakens the bond between the metal and oxygen atoms enabling the creation of strong CFs
and stable 10° Iirs/lnrs ratio.?” Zhang et al. reported on the memristor structure illustrated in Figure
2.2(a), in which a 4 nm partial layer of the IGZO was doped with N close to the TiN electrode.? The
typical bipolar filamentary-type RS presented improved C2C variability and retention data of up to 10*
s at 125 °C, as can be seen in Figure 2.2(b) and 2.2(c). The authors explained the IGZO:N can act as an
oxygen reservoir layer, facilitating the recovery and rupture of CFs in fixed paths.

Moreover, the oxygen content during IGZO deposition is a crucial parameter to tune RS behav-
ior. Higher oxygen content enables a forming-free RS attributed to a higher quantity of oxygen-related
defects.? Fan and co-workers showed that increasing the oxygen content leads to a decrease of cur-
rent in HRS, resulting in higher lirs/lurs ratios, at the expense of higher C2C variability. In their work,
the insertion of a Ti interlayer, between IGZO and titanium nitride (TiN) top electrode, showed lower
initial resistance since Ti creates VOs in the switching oxide, due to its high oxygen affinity. This resulted
in more stable devices with lower electroforming voltage and higher yield.3° Hsu et al. reported multi-
level cell (MLC) operation, where 4 different resistance states by changing current compliance (CC)
during Set were obtained.3! Higher CC increases the diameter of CFs which decreases its resistance and
thus multiple LRS levels for different CC values can be achieved.??

Besides the common bipolar behavior, unipolar RS in IGZO-based memristors has been demon-
strated using different electrodes.373¢ In these devices, the randomly rupture of filaments takes place
due to Joule heating oxidation and is unrelated to voltage polarity, leading to low C2C reproducibility
and endurance. However, a filamentary type-unipolar RS can shift to bipolar interface-type switching
when an extra oxygen-deficient layer is created by application of opposite bias at a high CC.*’

As mentioned previously, the interface-type RS is homogeneously distributed over the electrode

area and, therefore, it can be controlled by the selection of a Schottky and an ohmic electrode®® or by
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the modulation of asymmetric barrier heights induced by changing the active layer oxygen content or
cation composition through its thickness.3%*°

Jang et al. revealed analog interface-type RS using Pd/IGZO/Mo structure and compared it with
filamentary RS of Pd/IGZO/Pd structure. The authors explained that the analog RS behavior was not
related to the Ohmic junction at Mo/IGZO interface, but to the Schottky junction at IGZO/Pd interface.
When under positive bias, VOs easily migrate from Mo to Pd, reducing the Schottky barrier height of
IGZ0O/Pd junction and performing Set. Under negative bias, the opposite occurs, and VOs migrate from
Pd to Mo, increasing the Schottky barrier height of IGZO/Pd junction and achieving Reset.*!

In Figure 2.2(d), the memristor structure reported by Pereira et al. is illustrated. The molyb-
denum oxide (MoQxy) thin layer is induced by an oxygen plasma treatment to the Mo bottom contact
prior to IGZO deposition, establishing the necessary Schottky contact. In Figure 2.2(e), the |-V charac-
teristics are presented, where the analog behavior of multiple resistive states is clear. Here, retention
loss is usually dependent on the voltage or duration/number of pulses applied, as can be seen in Figure
2.2(f).*? This type of behavior is common in interface-type of switching and is well-suited for SNN ap-
plications. A similar strategy was also reported using p*Si substrate, which presents a native SiO,, that
serves as Schottky contact at the IGZO interface.*

Qin et al. concluded that changing the oxygen content during IGZO deposition could dictate if
the RS behavior was filamentary or interface-type.** Bang et al. produced an 1GZO double-layer, one
oxygen rich close to the Cu top electrode and another oxygen deficient at the bottom electrode. The
IGZO/Cu junction resulted in a Schottky barrier diode, leading to analog performance of RS.* Katagiri
and team showed a similar IGZO double-layer but with a symmetric structure using Au as electrodes
for filamentary-type of switching with 7.2x102 of Iirs/lurs ratio at 1 V.*®

Besides IGZO, ZTO is another promising AOS material studied for RS devices. Even if less com-
mon, its applications to electronics are wide and have the advantage of being critical raw materials
free, without indium and gallium used in IGZ0.% The filamentary-type RS of ZTO memristors have been
demonstrated using several electrodes.*** MLC with 6 levels of RS was demonstrated by Ismail et al.
using Ta and TiN as top and bottom electrodes, respectively.*

Kiazadeh et al. developed a ZTO memristor with asymmetric structure, as illustrated in Figure
2.2 g). The electroforming process in the reverse polarity led to typical abrupt RS, as depicted in Figure
2.2(h), with retention data up to 10° s, Iirs/lnrs ratio of 10% and low C2C variability. In this study, inter-
face-type of switching was accomplished, with the same structure, by initiating the device in the for-
ward direction showing area-dependent switching over 102 ratio at the expense of retention data.>?
Kim et al. also observed both types of RS where the Reset and Set stop voltage controlled the analog

RS behaviour.>?
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Figure 2. 2 Typical RS behavior in one-layer AOS-based memristors. TiN/IGZO/Pt memristor: (a) structure illustration; (b)
correspondent abrupt behavior in I-V sweep and (c) retention data of HRS and LRS states. Adapted from Ref. 28 with permis-
sion from Elsevier, Copyright © 2020. Mo/Mo0,/IGZ0/Mo memristor: (d) structure illustration; (e) correspondent analog
switching in |-V sweep and (f) retention loss of multiple states. Adapted from Ref. 42 with permission from John Wiley & Sons,
Copyright © 2020 Wiley-VCH GmbH. Pt/ZTO/Ti/Au memristor: (g) structure illustration; (h) correspondent abrupt switching
in IV sweep. Adapted from Ref. 51 with permission from John Wiley & Sons, Copyright © 2019 Wiley-VCH Verlag GmbH & Co
KGaA, Weinheim. (i) correspondent analog interface-type of switching in I-V current and voltages sweeps for Set and Reset
operations, respectively. Adapted from Ref. 54, https://doi.org/10.3390/electronicmat2020009, under the terms of the CC
BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

Additionally, fully analog performance was reported for a n*Si/ZTO/Ni°® structure and for pat-
terned Pt/ZTO/Ti/Au where a controllable RS was obtained with low C2C variability as shown in Figure
2.2(i), by combining current and voltages sweeps for Set and Reset operations, respectively.>

Other AOS materials have been used as active layer in RS devices, such as tungsten-doped in-
dium-zinc oxide (WIZ0),** aluminium-doped ZnO (AZ0),*® aluminium-doped ZTO (AZTO)*” and ITO.*®
ITO is most commonly used as transparent electrode and, therefore, when used as active layer,
memristors composed solely of one material can be accomplished.>*®! Analog switching was, as well,
demonstrated for oxygen rich-deficient double-layer GTO memristors.®>~¢7

Hence, AOS-based memristors composed of one-layer as active material can perform filamen-
tary or interface-type RS depending on the symmetric/asymmetric choice for electrodes, the AOS dep-
osition parameters controlling VOs gradient and even on how one electrically operates the device.

Filamentary RS can be tuned for MLC with up to 6 levels reported so far with long retention data.
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However, for Al applications a fully analog behavior with more resistive states would be preferred,

which is difficult to achieve without retention data loss.

2.2.1.2 Double-layer AOS-based Memristors

The insertion of a layer between the oxide and one of the electrodes can further improve RS
device performance. In regards to the IGZO memristor, Pei et al. revealed that inserting an SiO; buffer
layer can improve lirs/lurs ratios in filamentary-type RS.%8 Later, Choi et al. used the SiO; layer for analog
RS and showed an improvement of retention time,®® promising for in-memory computation and DNNs
applications.

The Iirs/lnrs ratio can be increased by inserting a thin gallium oxide (GaO) layer close to one of
the electrodes.”® Here, the filament is not entirely ruptured during Reset and is, instead, confined to
the small GaOy area, due to its higher thermal conductivity than IGZO. Moreover, the thickness of fila-
ment rupture of the bi-layer device is longer when compared to the single-layer device, which explains
a higher resistance in HRS. After Reset, the remaining part of the filament attached to the bottom
electrode can be generated at that exact location, resulting in improved C2C stability and MLC opera-
tion up to 3 levels, obtained by changing CC.”° GaO has also been implemented coupled with ITO as a
single-layer, deposited by co-sputtering of ITO and GaO targets. Both interface and filamentary-type
RS could be observed depending on the electroforming CC.”* Moreover, reversible transition between
volatile and non-volatile MLC RS was observed in IGZO/manganese oxide (MnQO) memristors by regu-
lating CC during Set. For low CC, unstable CFs were created leading to an immediate rupture showing
a typical volatile RS, whereas for higher CC, the CFs grew stronger and showed a non-volatile RS.”

Adding an aluminum oxide (Al,O3) layer further improves lirs/lnrs ratio by several orders of mag-
nitude in filamentary RS, as reported by Gan et al. on a Pt/ Al,03/IGZO/titanium tungsten(TiW)/Cu
structure,”>’* see Figure 2.3(a). These devices present a stable and high lirs/Iurs ratio up to 10%, and
10*s of retention data, displayed in Figure 2.3(b) and 2.3(c), related to the formation/rupture of Cu
filaments in the Al,Os layer at the IGZO/Al,03/Pt interface. The use of Al,O3 was also employed in a
multilayer stack of 1ZO/ Al,Os, illustrated in Figure 2.3(d), by Park et al..* A lower electroforming volt-
age was achieved with increased number of 1ZO layers, due to an easier formation of VOs filaments.
Additionally, a high C2C stability was reached, as depicted in Figure 2.3(e) and 2.3(f).

MLC operation can be achieved in double layer AOS-based memristors by inserting a TaO layer
next to IGZO”® or ZTO. Kumar et al. compared ZTO single-layer and ZTO/TaO bi-layer memristors using
ITO for both electrodes,’® Figure 2.3(g). A higher switching ratio was achieved with the bi-layer, along
with a much more stable C2C operation. Furthermore, an analog behavior with multiple resistive states
by changing Reset stop voltage was demonstrated, as can be seen in Figure 2.3(h). Interestingly, the
analog behavior is not assigned to interface-type RS, further confirmed by long 10° s retention data on
multiple states, shown in Figure 2.3(i). Instead, the RS behavior is attributed to a much lower quantity

of VOs at the TaO/ZTO interface compared to TaO and ZTO layers. As a result, the growth and rupture
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of CFs takes place at the TaO/ZTO junction. A similar behavior can be observed in n-type
Si/TiO«/IGZO/molybdenum tungsten (MoW) memristor, in which the filament is created at the 1GZO
and continues to the bottom electrode in the LRS, being then ruptured at the IGZO/TiOy interface dur-
ing HRS.”’
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Figure 2. 3 Typical RS behavior in double-layer AOS-based memristors. Pt/Al,03/IGZO/TiW/Cu memristor: (a) structure il-
lustration; (b) correspondent abrupt switching in IV sweep and (c) improved Iigrs/lnrs ratio in retention data. Adapted from
Ref. 74 with permission from Elsevier, Copyright © 2020. ITO/AI,03/1Z0/Al,03/1Z0/Al;03/1Z0 memristor: (d) structure illus-
tration; (e) correspondent abrupt RS in I-V sweep showing decrease in electroforming voltage with increased number of 12O
layers and (f) C2C improved stability. Adapted from Ref. 22, https://doi.org/10.1002/gch2.202100118, under the terms of the
CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/. ITO/ZTO/Ta0,/ITO memristor: (g) structure illustration; (h)
correspondent analog switching in I-V sweep, displaying multiple resistance states by changing Reset stop voltage and (i)

improved retention data of MLC. Adapted from Ref. 76 with permission from American Chemical Society (ACS), Copyright ©
2022.

Additionally, the ZnO/IGZO double-layer has resulted in improved C2C stability and lower
Set/Reset voltages, allowing for low-operating voltage, a parameter demanded for neuromorphic ap-
plications.”® This was explained by a higher number of VOs in the ZnO layer, which meant filaments
could be easily ruptured there. A similar decrease in operating voltage had been, previously, observed
when a ZnO buffer layer was implemented in gallium-zinc oxide (GZO)-RS devices with Ag electrode.
This indium-free structure showed 2x103 of I rs/Iurs ratio with retention data up to 10*s.”

HfOy is another dielectric paired with AOS materials, to form bi-layers in RS devices with im-

proved capabilities.® In the AZTO/HfO, double-layer, the creation and rupture of localized filaments
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takes place in the HfO, layer, provoking the formation of a small amount of localized filaments in the
AZTO layer.8! This particular bi-layer has the advantage of the mature compatibility of HfO, to semi-
conductor industry processes, in which Hf element is utilized for its high affinity to oxygen.

Furthermore, ZTO has been added to zirconium dioxide (ZrO,)-based memristors with MLC char-
acteristics. The RS was described to take place in ZrO; layer which acted as a high series resistance
layer or VOs reservoir, while, ZTO/bottom contact interface provided the low series resistance or oxy-
gen reservoir during Set and Reset operations, respectively. With the ZTO added layer, Reset com-
pletely shifted from abrupt to analog.8>®3 Rahmani et al. reported a thin layer of ZTO coupled with tin
oxide (Sn0)-based memristors with larger lirs/lurs ratio and improved C2C stability, explained by the
creation of an interfacial titanium oxynitride (TiON) layer at the bottom ZTO/TiN interface, acting as
oxygen reservoir.®* ITO has also been used as oxygen reservoir, in the case of cerium oxide (CeO,)-
based memristor, improving analog behavior, C2C stability and retention data.®

Thus, several materials, usually high-K dielectrics, have been combined with AOS materials to
form double-layer memristors. For filamentary-type RS, this buffer layer strategy usually improves C2C
variability and Iirs/lnrs ratio, while for interface-type RS, the addition of an interlayer has improved
retention time, this being the most critical parameter currently blocking its implementation for in-

memory computation and DNN applications.

2.2.2 AOS-based Memristors by Solution Processing Methods

Encouraged by to the fast performance improvement on solution-based TFTs,% significant ef-
forts have been made towards fabrication of RS devices by low-cost solution processing methods. An
excellent review paper from Carlos et al. can be consulted on the matter, where the state-of-the-art,
on all-types of materials, and current challenges for memristors fabricated by these emerging tech-
niques is analysed.?* Here, the focus will be solely on AOS-based memristors fabricated by solution
processing methods.

The first AOS-based RS device fabricated by solution processing was reported in 2011, with a
structure of ITO/GZO/ITO. All layers were deposited by solution processing techniques, spin-coating
and inkjet printing. Analog RS behavior was observed with stable lirs/Iurs ratio of 1.5x10%. The switching
was attributed to different crystallinity levels of the bottom and top electrodes caused by different
surface treatments, which lead to different work functions and conductivities.?” A higher RS ratio of
10% was later demonstrated in a solution-based GZO memristor that underwent H,0, treatment in dif-
ferent stages of the GZO layer.®®

In 2012, Kim et al. developed the first IGZO solution-based memristor with a low 2.7 RS ratio.®°
Later, the effect on RS characteristics of different surface IGZO treatments was demonstrated on a
Pt/IGZO/Pt memristor, where bipolar and unipolar RS was accomplished with improved switching ra-

tio.%° Unipolar RS was also achieved by tunning Ga composition and introducing a Ni thin layer at the
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IGZO interface, acting as oxygen reservoir.’® Moreover, Hwang and team showed that, by increasing
Ga composition in the IGZO film, a transition from analog to abrupt RS occurs.*? In this work, increasing
zinc composition led to a change of RS ratio for analog behavior. The results suggest that RS charac-
teristics of IGZO-based memristors could be controlled by adjusting the films composition ratio, indi-
cating a crucial parameter to consider in AOS memristors.

Rosa et al. proposed a memristor based on solution processed IGZO-nanoparticles, produced at
low temperature (200 °C). Bipolar RS was demonstrated with low programming voltages, a good re-
tention time of 10% s and high endurance cycle.*® Later, Li et al. reported a higher 10° I rs/lxrs ratio and
improved stability in C2C by applying IGZO surface treatments of ultraviolet (UV) and deep UV irradia-
tion.** Furthermore, MLC operation was achieved in microwave-assisted nitridation of solution-pro-
cessed IGZO RS devices.”

Martins and co-workers proposed the memristor structure illustrated in Figure 2.4(a). MLC op-
eration with 8 distinct states by varying Reset stop voltage, as presented in Figure 2.4(b), was achieved.
Different annealing temperatures, applied after IGZO deposition, and active layer thicknesses, accom-
plished by repeating the IGZO spin-coating process, were performed. Figure 2.4(c) shows the I-V char-
acteristics and C2C variability of the various conditions. Using a higher annealing temperature and
thickness produced a more stable RS behaviour.*®

Moreover, solution-based AZTO memristors can be accomplished. Filamentary-type RS was ob-
served for the first time in 2017% and later it was found that decreasing Al content of the film leads to
analog RS with lower ratio.?® In Figure 2.4(d), the structure suggested by Kim et al. is shown. Devices
without any AZTO surface treatment, with MWI at low temperature and CTA processes were com-
pared. The I-V characteristics are displayed in Figure 2.4(e). The devices that underwent MWI show
higher RS ratio and lower C2C variability. This is because the MW!I treatment reduces the overall num-
ber of defects more efficiently, which decreases the randomness of filament formation. In addition,
the study demonstrated MLC operation with 8 separate resistive states with retention data up to 10*
5.99

In regards to ZTO memristors, both abrupt-type RS, with lirs/Iurs ratio of 10* and 10° s of reten-
tion data'® and analog-type RS can be accomplished.® A ZTO film based on nano-cubes was employed
by Siddiqui et al., in a 3 x 3 crossbar structure, and the devices exhibited analog behavior with low C2C
variability.1%? Additionally, a PET substrate has been utilized for the fabrication of ZTO, deposited by
electrohydrodynamic inkjet technique, flexible memristors.’®® However, D2D variability was high,
probably due to a common bottom electrode strategy.

Lastly, solution-based 1ZO is, as well, employed as switching matrix in RS devices. Hsu et al. pre-
sented an analog behavior by increasing the 1ZO thickness which resulted in 10 RS ratio.’%* Then, a 4
x 4 crossbar was built with a multi-layer 1ZO stack with uniform and reproducible RS and 103 s retention

time.
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Figure 2. 4 Typical RS behavior in solution-based AOS memristors. Pt/IGZO/Ti/Au memristor (a) structure illustration; (b)
correspondent |-V characteristic displaying RS with MLC on Reset operation by changing stop voltage and c) RS characteristic
and C2C variability of the various conditions. Pt/AZTO/Ti memristor. Adapted from Ref. 96 with permission from The Royal

Society of Chemistry, Copyright © 2022. d) Structure illustration and e) correspondent |-V characteristic displaying RS with
different treatments. Namely, without any surface treatment (as-dep), with CTA and with MWI processes on AZTO layer.

Adapted from Ref. 99 with permission from Elsevier, Copyright © 2017.

These results show the tremendous potential of solution-based AOS memristors with easy and
low-cost manufacturing for VLSI. However, it is not yet a matured technology and needs further im-

provement specially on D2D variability and scalability.

2.3 Neuromorphic Applications

AOS-based memristors can be specifically designed for a certain Al application. A data-driven
ANN model has been developed for AOS interface-type RS and is capable of simulating dynamic sys-
tems quickly and with few measurements.® In addition, an empirical model based on thermionic
emission is drafted for interface-type RS behavior of IGZO memristors.1®

In-memory computing is an alternative to the Von Neuman’s approach in which computational
tasks are performed at the memory itself. Not only it eliminates time, energy and cost associated with
moving data, but it can improve computational time of certain complex tasks due to the massive par-

allelism provided by large-scale integration of loads of nanoscale RS devices. Filamentary-type RS with
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abrupt behavior can be exploited for in-memory memristive logic. HRS can serve as logic “0” while LRS
can be logic “1”, enabling logic operations, along with processing and storage at the same location,
with input voltage and resistance state as variables.

MLC operation or full analog behavior are also much desired features for in-memory computa-
tion, allowing for more than 2 states to be processed and stored. Vector-matrix multiplication (VMM)
operations can be employed to exploit the full potential of multiple states. For such, memristors in
crossbar arrays are used to perform Ohm’s and Kirchhoff ’s current summation laws. However, reten-
tion data is crucial for long storage and endurance of the circuit blocks, which makes the employment
of interface-type memristors a challenge, given their typical immediate retention loss more suited to
SNNs. Moreover, crosstalk issues related to the current interference between cells is an enormous

challenge to be overcome. Strategies will be discussed later in this chapter.

2.3.1 Deep neural networks (DNNs)

Memristive devices in crossbar configurations can be used as in-memory computing units, with
their resistance levels as synaptic weights, realizing training on hardware. The input data is applied as
a voltage/current vector at the rows connected to the electrodes of the memristors and the output is
at the columns, as the result of Ohm’s and Kirchhoff ’s summation laws, performing VMMs.’

For DNNs on-chip training, the memristor needs to follow a specific set of requirements for the
highest accuracies to be achieved. A 102 lirs/Irs ratio must be secured, for no measurement noise
interference, with MLC (5-bit, 32 levels at least). Switching energy must be lower than 10 fJ, which
requires a small energy barrier for RS. However, the decrease in energy barrier might cost the required
retention of more than 10 years. 10 nm scalability is necessary for VLSI, which typically harms D2D and
C2C reproducibility.®” Moreover, the most important requirement to be fulfilled for an accurate DNN
is symmetry and linearity of conductance state increase, called potentiation, and decrease, referred
to as depression, as a function of repetitive applied pulses. Linearity enables the highest number of
states and symmetry allows for the fastest and most efficient algorithm to be employed. On AOS-based
memristors, several strategies have been emerging to improve linearity as most RS devices exhibit a
natural non-linear response to consecutive identical spiking, visible in the purple curve of graph in
Figure 2.5(a).

Pereira et al. showed the dependence of the plasticity characteristic of IGZO-based memristors
on the pulse scheme applied, see Figure 2.5(a). A linear and symmetric potentiation and depression
was achieved with incremental pulse amplitude and width. Extremely low C2C variability was obtained,
as depicted in Figure 2.5(b).1% Similar strategies have been successfully shown for ZTO memristors by
increasing pulse width® and IGZO memristors by increasing pulse amplitude.** However, a complex

spiking scheme increases the complexity of peripheral circuit for on-chip training. Some studies
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reported an improved plasticity characteristic by simply using a low voltage and reduced width identi-
cal pulse train.>>>* However, this usually implies a drastic decrease in lirs/lnrs ratios.

Shrivastava et al. compared a ZTO RS device with and without N, annealing treatment per-
formed at the upper interface of ZTO,% see Figure 2.5(c). Both linearity and symmetry were effectively
improved by the treatment with low C2C variability, as can be seen in Figure 2.5(d), 2.5(e) and 2.5(f).
The authors explained that the grain size on the ZTO interface increases with the treatment, resulting

in a reduced grain boundary scattering and higher mobility.
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Figure 2. 5 Strategies for linearity/symmetry improvement of plasticity characteristic in AOS-based memristors. (a) Poten-
tiation and depression results for different pulse schemes illustrated in different colors and (b) 50 cycles of potentiation and
depression using incremental pulse amplitude and width. Adapted from ref. 108, https://doi.org/10.1063/5.0073056, under
the terms of the CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/. (c) schematic illustration ITO/ZTO/ITO
structure without (DS-1) and with N2 annealing treatment (DS-2). (d) and (e) correspondent plasticity characteristic showing

improved linearity and symmetry for DS-2 and (f) Cycles of potentiation and depression for DS-2. Adapted from ref. 109 with

permission from American Chemical Society, copyright © 2022.

Moreover, higher oxygen content during deposition leads to higher resistance across AOS thick-
ness, which is related to higher linearity in potentiation and depression.*’ The synaptic behavior can
also be improved by the bi-layer structure, as the added layer usually provides a more stable device
with improved C2C variability and MLC operations. As an example, Choi et al. showed that the ZnO
highly conductive layer, coupled with IGZO, makes it easier for charge carriers to be injected under

small voltages, therefore, improving plasticity.”®
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Despite the vast efforts in achieving a memristor suitable for DNNs hardware, it has yet to ap-
pear the ideal synaptic element that meets all the requirements. AOS-based memristors can present
the necessary analog behavior and several strategies have proven obtainable excellent linearity and
symmetry on the plasticity characteristic. This is very promising for a cost-effective manufacturing
where the peripheral circuit can be composed of the same AOS materials for TFTs. Retention loss in

interface-type RS is the main challenge to overcome and needs to be exploited in the future.

2.3.2 Spiking neural networks (SNNs)

With SNNs the notion of time is incorporated in the algorithms. The input data is translated into
the relative timing of pre and post-spikes, and is not related to the specific shape of pulses. When
compared with DNNs, input signals in SNNs are more easily implemented as binary spiking and, there-
fore, the forward propagation operation is in place that requires only adding operations. The scaling
potential of memristive devices, together with low operating voltages/currents, indicate that RS device
crossbar implementation can supply a significant efficiency improvement over silicon-based technolo-
gies. 110

The investigation on memristor based hardware for SNNs is still on an early stage and most ef-
forts with AOS-based RS devices have been focused on developing the single synaptic element that
can behave with the specific characteristics. Here, retention data should be dependent on a number
of factors, such as number of pulses applied. A transition from short-term memory (STM) to long-term
memory (LTM) can then be emulated. Retention loss, associated with the forgetting function of human
brain, is usually fitted with a stretched-exponential function (SEF) with characteristic relaxation time
that increases with number of pulses. Wang et al. showed such feature with IGZO memristors with the
ratio of memory retention after 70 s increasing from 37% for 10 pulses to 52% for 150 pulses.> A
similar behavior was observed by Ryu et al. in a ZTO memristor in which 50 pulses were enough for full
retention data during 1000 s while 10 pulses resulted in relaxation of the state.>? More interestingly, a
re-learning experience can be observed. Pereira et al. showed learning and forgetting ability in IGZO
memristors, shown in Figure 2.6(a), where faster re-learning and harder forgetting with repetition,
just like in the human brain, was observed.*?

Paired-pulse facilitation and depression (PPF/PPD) are other common tests to elaborate on
short term synaptic plasticity. The PPF/PPD index is calculated as the relative current difference be-
tween single and double spikes ((I> — 11)/11), with different pulse intervals in double spikes. Ismail et al.
demonstrated, in a double layer ZTO/ZrO, memristor, that the shortest interval presented a PPF of
183% while the longest interval induced 18% PPF,® which is in agreement with the phenomenon of
biological synapses. Later, the authors also demonstrated PPF and PPD on a single-layer ZTO device,

illustrated in Figure 2.6(b). Once again, the PPF/PPD index decreased/increased exponentially with the
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maximum pulse interval. The behavior was explained by fewer VOs drifting back with smaller pulse

intervals.*
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Figure 2. 6 Typical characteristics in AOS-based memristors for SNNs. (a) Learning and forgetting experience emulated in an
IGZO memristor. Adapted from ref. 42 with permission from John Wiley & Sons, Copyright © 2020 Wiley-VCH GmbH. (b) PPF
and PPD index with different pulse intervals for a ZTO memristor. Adapted from Ref. 50 with permission from Elsevier, Cop-
yright © 2020. (c) and (d) Designed pulse scheme and correspondent STDP characteristic in an IGZO memristor. Adapted
from ref. 39 with permission from John Wiley & Sons, Copyright © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Perhaps the most important synaptic feature for SNNs is spike-time dependent plasticity (STDP),
already accomplished in AOS-based memristors.>®%7> Here, the synaptic weight change is modulated
by the time difference between pre-synaptic spike, applied to one of the electrodes, and post-synaptic
spike, applied to the other electrode. As an example, in Figure 2.6(c) is illustrated a simple pulse
scheme designed for STDP by Wang et al. for the IGZO memristor. The device showed the STDP char-
acteristics presented in Figure 2.6(d), in which a dependence of synaptic weight change ( A W) and the
synaptic time interval (At) is clear. AW was calculated by the difference between initial and final
(after spike-pair application) current states of the device (l>-11), divided by the initial current state (l1).
The smaller At, the larger AW and the results are well fitted with an exponential function. These are
typical STDP characteristics of biological synapses.®®

The fact that this SNNs advantageous features have been already implemented in AOS-based
memristors shows their potential for implementations in SNNs hardware, both with off-chip and on-

chip training. However, the field has only witnessed small proof-of-concept demonstrations. New

28



2. AMORPHOUS OXIDE SEMICONDUCTOR-BASED MEMRISTORS

specifically designed algorithms for SNNs and further studies on devices non-idealities and D2D and

C2C variabilities are necessary.

2.3.3 The Crosstalk Challenge and Outlook

One of the most challenging aspects of circuit implementation with memristors is crosstalk. It is
related to the sneak-path current interference between different memristor cells in crossbars and of-
ten leads to misinterpretation of the output results.!!

The most practical solution to suppress the sneak-path current is applying a voltage bias scheme
(VBS) in which each line and column of the crossbar is given a specific input. In other words, the unse-
lected devices are biased, at top and bottom electrodes, with a fraction of the selected memristor
input voltage. The output current of the unselected cells is successfully decreased in small crossbars,
implying, however, a significant increase in energy consumption. Devices with extremely high re-
sistance on the HRS and large Iirs/lurs ratio are also, usually, required.''? This strategy has been demon-
strated with VMM operations in a 10x10 crossbar composed of Al,03/IGZO double-layer memristors,
with extremely high efficiency. However, retention data was shown only up 25 s.113

Another straightforward method to tackle crosstalk is the realization of self-rectifying memris-
tors, maintaining down-scaling potential at lower cost. The self-rectifying behavior is usually associated
with an asymmetry established by a Schottky and an ohmic contact or asymmetric switching oxide and
has been demonstrated in IGZO-memristors.!*11> However, self-rectifying memristors typically show
poor endurance due to higher voltage operation, which also diminishes the much-needed energy-effi-
ciency. Moreover, these single-device strategies usually come with worst linearity and symmetry on
the plasticity characteristic.

Adding a selector device in each cell of the crossbars allowing individual cell activation is the
immediate solution for energy-efficient high performance ANNs hardware. In this regard, a diode can
be connected in series with a memristor, in 1-diode-1-memristor configuration (1D1M), resulting in
rectifying behavior as described above. However, a high rectification ratio is crucial for sneak-path
current elimination in large crossbars. Wu et al. reported on an IGZ0O-based diode, with rectifying ratio
of 108 at +1 V, that had been utilized in a 1D1M structure using HfO, memristors.*® A promising up-
coming approach would be to pair this IGZO-diode with an IGZO-memristor by changing the IGZO dep-
osition parameters for the memory unit. Towards high density circuitry, pure vertical structure will be
beneficial, where a field effect electronic device (transistor as selector) is avoided. AOS composition
can be tuned for both diode and memristor.

The transistor, in a so-called 1-transistor-1-memristor (1T1M) configuration, behaves like a
switch that when turned on, acts like a high conductance wire and, when turned off, no current reaches
the not selected memristor. It allows for improved control on the plasticity characteristic through cur-

rent input, while providing an on-chip CC, at the expense of cell area in crossbars.
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As already explained, AOS materials are also widely used in TFTs. Therefore, 1T1M crossbars can
be built where both device elements are fabricated at the same level, providing the necessary condi-
tions for flexible and cost-effective ANN hardware with improved interconnectivity. As such, significant
efforts have been made towards the optimization of an AOS layer and electrodes compatible for both
devices, which would further reduce the manufacturing cost. However, to use the same AOS layer a
trade-off must be ensured in performance, since TFTs should present high-stability and low-leakage
current and memristors a defect-enabled switching with high Iirs/lurs ratio.

Pereira et al. showed an optimized IGZO layer compatible with TFTs, by decreasing the oxygen
content during deposition, lowering the RS ratio. The authors show a working TFT fabricated using the
same |GZO and electrode layers as the memristor, but did not show 1T1M cell functionality at that
point.1% Later, in a more recent paper, the group presented the first flexible 4x4 1T1M crossbar using
the same layers for the fabrication of both devices. Moreover, this IGZO crossbar did not suffer from
the crosstalk problem.*” The IGZO 1T1M has been demonstrated by other works, where one of the
TFT electrodes was utilized for the bottom contact of the RS device, and the switching oxide is suited
for both elements. 8% Although this shows tremendous potential, the RS devices proposed showed
abrupt behavior with binary states, which significantly limits their range of applications in neuromor-
phic computing. Similarly, Fan et al. showed an AZTO-based 1T1M cell with binary states, in which the
AZTO layer was different for each device element.? In a later study, a thin layer of HfO, was added to
the RS device which allowed for 1T1M cell with MLC characteristics displaying 4 distinct states.!?! On
solution-based technology, AZTO films were also optimized for memristor and TFT compatibility, but
a 1T1M cell was not yet shown.*®

Finally, optoelectronic memristors can be implemented as a more drastic path to solve sneak-
path current issue. In these devices, light serves as an extra degree of control on crossbars and can be
used to select the desired cells, through light potentiation, or to force a Reset in unselected cells, see
Figure 2.7(a).

Due to their inherent transparency, several AOS materials are used as electrodes in their most
conductive forms for optoelectronic RS devices.'?271% As active layers, Hu et al. could control both Set
and Reset operations thought blue and near-infrared (NIR) light pulses, respectively, as illustrated in
Figure 2.7(b). The memristor structure consisted in a transparent 30 nm ITO layer and 10 nm Au for
top electrode which provided a transmittance of >55% for 400 to 1000 nm light wavelengths,*?® and a
double-layer 1GZO. The plasticity characteristic and STDP test is demonstrated in Figure 2.7(c) and
2.7(d) and shows the device capability to emulate synaptic functions by only light control. However,
switching ratio appears to be small and should be improved for high accuracy in neuromorphic activi-
ties.

A 3x3 optoelectronic crossbar was developed by Song et al. using IGZO/Al,05 as active layer and

ITO as top electrode. Here, potentiation and depression in STDP were achieved by UV light and
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electrical pulses, respectively. The work reported that the synaptic weight of each memristor on the
crossbar could be tuned separately and summed, obtaining a crosstalk-free crossbar.!?’

Moreover, ZTO memristors have also proven its capabilities as an optoelectronic device. Blue
light has been shown as the precursor for photonic potentiation coupled with electrical depression.1®
The reverse, electrical potentiation and photonic depression, was demonstrated with blue, green and
red light pulses.”®128 A photonic Reset was carried out with blue light pulses with very little C2C varia-
tion, Figure 2.7(e). Moreover, different wavelengths can provide different current states, as demon-
strated in Figure 2.7(f). As all these studies are very recent, further work is required on large crossbars

implementation to determine the feasibility of optoelectronic memristors in eliminating crosstalk.
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Figure 2. 7 Optoelectronic memristor as a strategy to eliminate crosstalk on crossbars. (a) lllustration of optoelectronic
crossbar. (b) lllustration of combined blue and NIR pulses for Set and Reset, respectively, correspondent to (c) potentiation
and depression results and (d) STDP demonstration in a double-layer IGZO memristor. Adapted from Ref. 126
https://doi.org/10.1002/adfm.202005582, under the terms of the CC BY 4.0 license, https://creativecommons.org/li-
censes/by/4.0/. (e) cycles of electrical Set and optical Reset and (f) variation of current state with red, green and blue light

pulses. Adapted from Ref. 76 with permission from American Chemical Society (ACS), Copyright ©2022.

2.4 Conclusions and Remarks

The conductivity of AOS-materials can be precisely tuned by deposition parameters, both with
sputtering and solution-based tools, and thus they can act as active layer and electrodes in RS devices

with controlled switching behavior. This class of materials also present high flexibility with
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conventional patterning strategies and low-processing temperature, which allows the use of low-cost
flexible substrates for flexible neuromorphic technologies with the potential to replace the Von Neu-
man’s architecture.

Evidently, developing an appropriate device should consider the envisioned neuromorphic ap-
plication. In AOS-based memiristors, filamentary-type RS is usually coupled with long retention times
suited for in-memory computation and DNNs, while interface-type RS shows lower switching ratios
and relaxation of states behavior appropriate for SNNs. MLC operation is possible in filamentary RS,
by applying different CCs during Set and different stop voltages during Reset, combining multiple re-
sistive states with retention data, which shows tremendous potential for neuromorphic applications.
However, D2D and C2C variabilities are higher when compared to fully analog interface-type RS de-
vices.

Double-layer AOS memristors provide additional improvement regarding lirs/lnrs ratio, D2D and
C2C reproducibility and retention properties for both types of RS. A systematic study on the effect of
AOS composition ratio and oxide thickness in RS behavior is lacking in the literature and could further
enhance RS behavior.

Several strategies have emerged to adjust the memristor performance to specific applications.
For DNNs, the most challenging aspect of employing AOS-based RS devices is the required linearity and
symmetry on the plasticity characteristic with simple pulse scheme, coupled with long retention data
for each state. The double-layer approach is the most promising one to achieve such performance in
a filamentary-type RS device with MLC operation. On the other hand, SNNs applications require relax-
ation of states dependent on input repetition and timing. For this, fully analog memristors can be em-
ployed. Several learning rules such as re-learning, transition from STM to LTM, PPF, PPD and STDP have
been shown in AOS-memristors. For both computing paradigms, very little circuit implementation has
been demonstrated and only small crossbars were accomplished suggesting that D2D and C2C varia-
bilities and endurance need special attention. New algorithms should also be developed that consider
devices non-idealities and noise introduced by down-scaling.

Moreover, the fundamental challenge blocking large-scale implementation of ANNs hardware
is sneak-path current in crossbars. The most promising approaches to eliminate it are i) the 1T1M con-
figuration, providing individual cell activation through a transistor at the expense of cell area, and ii)
the development of optoelectronic memristors, in which light is used for individual control of the cells.
AOS materials are the ideal candidate for such proposals since: i) in the 1T1M configuration they can
be used for both TFT and memristor manufacturing, offering a cost-effective and simple solution and
ii) AOS materials are transparent and very responsive to different wavelengths of light. The field is still
at its infancy, but some small proof-of-concepts were already realized with AOS-based memristors for
both strategies showing no interference between cells. Further work is required in developing memris-
tor features towards circuitimplementation that meets all the requirements for specific neuromorphic

applications.
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Optoelectronic memristive devices based on oxide semiconductors for the next generation of

Information technology

‘ CHAPTER 3

IGZO-BASED MEMRISTORS FOR NEUROMORPHIC
APPLICATIONS

Amorphous indium-gallium-zinc-oxide (a-1GZO) based memristive devices with molybdenum contacts
as both top and bottom electrodes are presented aiming to be used in neuromorphic applications.
Devices down to 4 um? are fabricated using conventional photolithography processes, with an extraor-
dinary yield of 100%. X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy
(TEM) performed on the developed structures confirm the presence of a thin intermixed oxide layer
(4-5 nm) containing Mo® oxidation state at the interface with the bottom contact. This results in
Schottky diode like characteristics at the pristine state with a rectification ratio of 3 orders of magni-
tude. The devices have electroforming-free and area-dependent analog resistive switching properties.
Temperature analysis of resistive switching |-V data reveals barrier height variations of the junction.
Several synaptic functions, such as synaptic potentiation and depression as response to programmed
pulses, short- to long-term plasticity transition (STP to LTP) and “learning experience” properties are
presented. The Mo/IGZO/Mo memristive device shows potential application of an electronic synapse
for brain inspired computing application. Integration in System-on-Panel (SoP) architectures is possible
at negligible cost, because all materials are used in commercial IGZO thin-film transistor (TFT) fabrica-

tion.

The results presented in this chapter are published in:

M.E. Pereira, J. Deuermeier, R. Nogueira, P.A. Carvalho, R. Martins, E. Fortunato and A. Kiazadeh,
“Noble-Metal-Free Memristive Devices Based on IGZO for Neuromorphic Applications”, in Ad-
vanced Electronic Materials, vol 6, 10, 2000242, 2020
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Introduction

3.1 Introduction

Memory technologies have been intensively studied in the past years and are of great interest
to the nowadays world where technology is everywhere. Currently, it is the Von Neumann’s architec-
ture that is applied to the electronic computing systems in which the different elements (memory,
processor, and controller) are separated.! Nearly all the circuits within the memory and the processor
are composed of complementary metal-oxide— semiconductor (CMOS) devices, which can be a prob-
lem once this technology cannot be further miniaturized without compromising its performance.? A
practical example could be that in order to increase the operating frequency and the device density,
which is necessary when downscaling, the power supply and the operation temperature would also
increase, which would obviously degrade the system performance. Moreover, the Von Neumann sys-
tem is not suited to solve real world problems where inputs and outputs are sometimes not specified?
or to execute adaptive learning algorithms as it would be necessary in tasks, such as classification of
unstructured data or pattern recognition.*

To overcome the Von Neumann’s bottleneck, the development of artificial intelligence (Al) tech-
nologies and new computer architecture designs are necessary. One of such novel approaches is neu-
romorphic computation, which operates with extremely low power consumption. It also maintains the
massive parallelism found in the human brain® where neurons communicate information by electrical
or chemical input signals passing through synapses. Synapses present a very important behavior called
plasticity which consists in changing their strength (synaptic weight), either facilitating or inhibiting the
connection between two neurons, through potentiation and depression, respectively.® One of the so-
lutions to emulate biological synapses is the resistive switching (RS) device, or memristor.

A memristor is basically a nonlinear two-terminal device whose conductance can be altered by
external inputs and depends on the history of current that has flowed through the device. Application
of both weight programming and weight processing signals are through its input terminals thus mim-
icking a synapse. In fact, the memristor can simulate the synapses’ plasticity by continuously adapting
its resistance into excitatory and inhibitory weights upon application of electrical pulses. Furthermore,
the analog controlling of the resistance states lead to extraordinary high-density processing and stor-
age for brain-inspired neuromorphic computing.’

Amorphous oxide semiconductors (AOS) are promising as RS materials due to the great ad-
vantages they offer in terms of their high performance,® excellent stability,® easy and low cost manu-
facturability, and compatibility with CMOS processes. The lack of grain boundaries allows for a device
miniaturization to the nanometer scale and therefore enables high-density circuit integration.'® Fur-
thermore, the electrical conductivity of an AOS film can be controlled over 8 orders of magnitude by

11,12

regulating the oxygen/cation composition, making it suitable for a dynamic response to input sig-

nals, just like in the biological synapse. Nevertheless, AOS are less studied than the conventionally used
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materials, such as ALOs,3 HfO,,%'*1° or Ta0,!*!” due to the fact that for a filamentary type of switching,
there is no significant advantage in using another type of material.

However, for the construction of a reliable neuromorphic system, the area-dependent analog
switching has certain advantages over the filamentary type. When the RS occurs due to a local and
random effect where only a few oxygen vacancies (VOs) and ions contribute to the switching event in
establishing and rupturing localized conductive filaments (CF), the device reliability is dependent on
the reproducibility of the filament formation.'® The randomness of the filament formation increases
device-to-device (D2D) variability,'® which significantly limits the number of physical circuit implemen-
tations of memristors.?® Furthermore, pattern recognition accuracy of area-dependent systems is
higher due to a lower random telegraphic noise than in filamentary systems.?! We note that this issue
is not presented for devices where the electrode area is confined to the conductive filaments area.?
In the area-dependent type, the RS could either involve the homogeneous migration of defects or ions
through the thickness of the switching matrix,? or comprise an exchange of ions (or charge trapping)
at the interface between the switching matrix and the electrode?* and thus there is a homogeneous
contribution of VOs and ions throughout the entire area which results in better D2D reproducibility
and cycle-to-cycle (C2C) uniformity.?®

In fact, the area-dependent RS have been already demonstrated on devices using AOS films as
active layer namely zinc oxide materials for instance Zn0?%?” and ZT0.221GZ0-based devices with ab-
rupt/gradual switching characteristics using metal electrodes, such as Pt, Al, and Cu, have previously
been studied by few different research groups.’®?-3> In most of the studies emerged on IGZO-based
memristors for neuromorphic applications3®3” so far it is understood that the oxygen concentration
plays an important role when it comes to achieving a tunable device.®

Two different approaches can be followed to control the asymmetry in the memristor structure:
the oxygen gradient can be built into the structure by changing the stoichiometry of the oxide during
deposition'® or a reactive electrode can be used that will be oxidized at the interface and in turn will
reduce the switching oxide in the region close to the oxide/electrode interface.3*

Here, we report for the first time IGZO-based memristive devices that use molybdenum both as
top and bottom electrodes, in which the current is controlled by a potential barrier and the switching
involves changes to the barrier characteristics. A device with such a behavior has been termed a
memdiode and a corresponding model was presented.**** We show that the diode-type characteristics
is a result of oxidized molybdenum at the interface with the bottom electrode. Molybdenum was cho-
sen for the electrodes to facilitate integration with high performance IGZ0O-based thin-film transistor
(TFT), which use molybdenum as source and drain electrodes.** The device reveals retention loss mim-
icking the memory loss in biological system,* similar to synapses with various time-scale dynamics.
The concept of “fast weight” was proposed in 2016*¢% meaning that the synaptic weight does not
require “erasing weight” into forget processing. This property is beneficial for artificial neural networks

(ANNs) in sequence-to-sequence models. We demonstrate the synaptic behavior of the devices
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through potentiation and depression, short-term to long-term memory transition (STM-LTM) and by
simulating the learning process. The presented results demonstrate that the Mo/IGZO/Mo memristive
device can be integrated on crossbar structures as previously achieved with other materials*®*°and/or
joined with 1GZO-based TFTs for neuromorphic hardware systems. The area dependency and forming
free performance allow to employ low-cost fabrication methods and conventional patterning strate-
gies. Together with the low processing temperature, this facilitates the use of unconventional sub-

strates (like plastic and paper), which is fundamental for Internet-of-Things (loT) applications.

3.2 Experimental

The memristive devices were fabricated on glass substrates that were previously cleaned in sub-
sequent ultrasonic baths of acetone and isopropanol, methanol, followed by rinsing with deionized
water and dry nitrogen. In Figure 3.1(a), a schematic of the memristive device structure is presented.

For the bottom and top electrodes, a 70 nm thick molybdenum layer was deposited by radio-
frequency (RF) magnetron sputtering in an AJA ATC-1800 system with a flow rate of 50 sccm of Argon,
a sputtering power of 175 W, and a deposition pressure of 1.7 mTorr. The sputter deposition method
was selected because it guaranties a good uniformity on large areas and a precise control of the oxygen
amount which allows to regulate the oxygen content of the material.>®

As the active layer, a 30 nm thick IGZO thin film was deposited also by RF magnetron sputtering,
in the same system, using a flow rate of 20 sccm of Argon and 20 of Oxygen with an RF power of 160
W and a deposition pressure of 2.3 mTorr. An oxygen plasma treatment was carried out to the bottom
electrode immediately before the IGZO deposition. The parameters used during this plasma treatment
were a flow rate of 20 sccm of oxygen gas with 10 W of substrate bias and an RF power to the 1GZO
target of 40 W for 10 min. All the depositions were done without intentional substrate heating.

As a part of the optimization of the memristor performance, co-sputtering from three binary
ceramic oxide targets was also performed. The sputtering powers used on each target were In,05: 121
W, Ga;0s: 100 W, and ZnO: 50 W, aiming for the same composition as in case of the single target
deposition (IGZO 211). All other deposition conditions were kept the same as for the single-target IGZO
deposition.

The patterning of the electrodes was achieved by reactive ion etching in a Trion Phantom 3 sys-
tem, using SF¢, whereas the semiconductor etching was done by wet etching using a 1:20 solution of
HCI:H,0.

The 1=V characteristics of the devices were extracted using a Keithley 4200 SCS semiconductor
analyzer connected to a Janis ST-500 probe station. The voltage was applied to the top electrode main-
taining the bottom electrode connected to ground. The speed of the measurements was at normal
mode and the integration time was in autosetting, which allows the system to optimize its value based

on the range and other conditions. Both hold and delay time were zero and the step was 0.1 V.

46



3. 1GZO-BASED MEMRISTORS FOR NEUROMORPHIC APPLICATIONS

The XPS measurements were done with a Kratos Axis Supra spectrometer. A monochromated
Al Ka source was run at 300 W. An aperture of 110 um was used, and the analyzer was set to a pass
energy of 40 eV. Argon clusters of 500 atoms with a kinetic energy of 10 keV, scanned over 1.5 x 1.5
m?, were used for depth profiling. The data were analyzed with CasaXPS.

STEM of the device cross-sections was carried out at 300 kV with an FEI Titan G260-300 instru-
ment equipped with a DCOR probe Cs-aberration corrector and a Super-X Bruker energy dispersive
spectrometer with 4 silicon drift detectors. Imaging was performed with a probe current of 100 pA
and nominal spatial resolution of 0.08 nm. The samples were prepared by focused ion beam (Ga*) with

an FEl Helios G4 dual-beam instrument.

3.3 Results and Discussion

3.3.1 As-fabricated devices

The device structure is represented in Figure 3.1(a). This includes a scanning tunneling micros-
copy (STEM) image of the device cross-section, using the high angle annular dark field (HAADF) detec-
tor. The first I-V curve in the range of -1 to +1 V is called the pristine state. The rectifying |-V charac-
teristics of pristine devices with different areas are shown in Figure 3.1(b). On the left, devices are
shown where the IGZO layer was deposited from a single target, whereas for the devices on the right,
the IGZO layer was deposited by co-sputtering of three binary ceramic oxide targets. Both types of
IGZO depositions lead to rectifying |-V characteristics, but the co-sputtered devices are more resistive
than the single-target ones. The current density versus voltage plots are presented in Figure A.1 - Ap-
pendix A. Further electrical results presented throughout this paper are in regard of devices with an
area of 4 um? if not pointed out otherwise.

It is important to note that even if the device has a symmetric structure (two Mo contacts and
an IGZO middle layer), the |-V curves are rectifying, related to a limited electron injection at the bot-
tom interface. To understand the origin of the rectification, STEM and X-ray photoelectron spectros-
copy (XPS) results of the interface between single-target IGZO and the bottom contact are presented
in Figure 3.1(c)—(f). The HAADF images with the energy dispersive spectroscopy (EDS) signals from the
constituent elements are shown in Figure 3.1(c). The dark region at the interface is related to a lower
density of the interfacial layer compared to the IGZO layer (this will be commented further below). The
thickness of the interfacial layer was determined to be 4-5 nm. The EDS maps show that the interfacial
layer contains small amounts of indium, gallium, and zinc, a high amount of oxygen and also molyb-
denum. This information is summarized in a line profile shown in Figure 3.1(d). In Figure 3.1(f), XPS
together with argon cluster depth profiling was employed to determine the oxidation state of molyb-
denum at the bottom interface of IGZO. This measurement was performed on a Mo/IGZO structure,

without the molybdenum top contact. When the first molybdenum signal is encountered at the
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interface between 1GZ0O and molybdenum (after 150 and 180 s), the main oxidation state corresponds
to Mo®* (Mo 3ds/; at 232.3-232.7 eV).*! Besides the absolute binding energy, the characteristic energy
separation of the Mo 3d doublets (3.13 eV) allows to conclude, that the main contribution to this emis-
sion is Mo®*. With additional etching, the oxidation state is gradually reduced, which is both related to
the tendency of MoOs to be reduced under X-ray exposure® and the reducing effect of the argon
beam. Hence, the interface layer contains more Mo® than our measurements can detect. Considering
that the interfacial layer has a high content of MoOs3, the mass densities can be compared to explain
the contrast in the HAADF image of Figure 3.1(c): The density of MoOs is significantly lower (4.7 g cm—
3)%3 than of IGZO (6 g cm™).%
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Figure 3. 1 As fabricated Mo/IGZO/Mo structures I-V characteristic and material characterization for single-target and co-
sputtering 1GZ0. (a) Schematic illustration of the Mo/IGZO/Mo structure with a STEM cross-section. (b) 1=V characteristic
between -1 and 1 V of the diodes with different areas, left: single-target IGZO, right: co-sputtered IGZO. (c) STEM bright field
image and EDS maps of the IGZO bottom interface. (d) Atomic fraction with respect to position (from IGZO to Mo bottom
electrode), obtained from the EDS data cubes. (e) Atomic fraction from EDS throughout the whole device stack. (f) XPS argon
cluster depth profiling through a Mo/IGZO structure.
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Besides the interface region at the bottom contact, the composition of the IGZO layer in the
Mo/IGZO/Mo device was analyzed by additional STEM measurements: Figure 3.1(e) shows the ele-
mental composition profile throughout the device thickness obtained by STEM. A uniform cation dis-
tribution is observed as well as an increased oxygen content towards the bottom interface. The latter
corroborates with the lower conductivity of the 1GZO at the electron barrier present at the bottom
interface.

In conclusion, the XPS and STEM results provide the explanation for the rectification observed
in Figure 3.1(b): When the Mo bottom contact is subjected to the oxygen plasma treatment and during
the subsequent IGZO deposition in the oxygen containing reactive process gas, an interfacial layer of
4-5 nm is formed, which contains highly oxidized molybdenum. Due to the high work function of
MoQs3, a depletion region is formed in the IGZO close to the bottom contact, which creates an electron
barrier at this contact. In addition, the inhomogeneous oxygen distribution causes the IGZO to be more
conductive at the top contact than at the bottom contact. This influences the electron injection into

the IGZO, being facilitated by the high doping at the top, and hindered by the low doping in the bottom.

3.3.2 Analog switching characteristics

The typical analog behavior of the Mo/IGZO/Mo devices is shown in Figures 3.2(a) and 3.2(b).
The memristive devices can be programmed to higher conductance states by application of negative
voltages up to -3 V in the forward direction of the pristine diode. By application of successive DC
sweeps on negative and positive polarities, the device conductance is gradually increased and de-
creased, respectively.

Figure 3.2(a) is in regard of samples in which IGZO was deposited from a single target, while
Figure 3.2(b) presents the analog behavior of devices with a co-sputtered IGZO layer. The results re-
garding the relation between the resistance states and the device area is shown in Figure 3.2(c) for co-
sputtered IGZO devices. It can be concluded that there is a clear linear relationship where the re-
sistance decreases with the increase of the area, confirming our assertion that the present switching
is area-dependent. The area-dependency of the single-target IGZO is also shown in Figure A.2- Appen-
dix A. The current at 0.1 V after application of different pulse schemes (-1.5 V/100 ms, -2V/50 ms,
-2V/100 ms) can be found in Figure 3.2(d). Longer pulse widths and higher pulse durations increase
the conductance change. For this reason, the combination of -2 V with 100 ms pulse width was chosen

for the synaptic tests.

49



Results and Discussion

(a) Single target IGZO (b) Co-sputtered 1GZO
104 :_ Order of measurements: 104 i
E _th F
210'5 3 :):\10*5 !
s [ Y
510 3 510
E107 | E107
= 3 =
9 8 [ C_) 8
107 F 10
10° L 10°

1010
l\. TE‘B
10° b \l
\-
—_ 18. =)
g Co-sputtered IGZO * I
x 10°F N
l\. 15\10 §
\- b
10" | N < 2/ 100 ms
%, o
sl PRI | N @6@ < -2V/50 ms
10 100 -
g &
Arealcn® % 1.5/ 100 ms

Figure 3. 2 I-V characteristics showing analog behavior by gradually changing voltage sweep span of (a) IGZO memristor
deposited with a single target approach and (b) IGZO memristor deposited by co-sputtered approach. (c) Maximum and min-
imum resistance change versus device area of co-sputtered IGZO. (d) Current read showing the change of conductance states
at 0.1 V after application of different pulse schemes (-1.5 V/100, -2 V/50, and -2 V/100 ms). Longer pulse widths/higher

pulse duration increase the conductance levels.

3.3.3 Synapse behavior

In Figure 3.3(a), a schematic of the artificial synapse alongside the biological one is shown. The
synaptic weight is related to the conductance state of the memristive device. Synaptic plasticity implies
facilitating or inhibiting the connection between two neurons, through potentiation and depression
steps. To create both situations, negative/positive pulses are used to excite/inhibit the synapse. The
programmed pulse amplitudes and width is = 2 V pulse and 100 ms, respectively, as can be seen in
Figure 3.3(b). Figure 3.3(c) shows the conductance response to a series of negative pulses (potentia-
tion) immediately followed by positive pulses (depression), under a 0.1 V voltage read, for the co-
sputtered IGZO device with an area of 4 um?. The potentiation and depression results of single-target

IGZO are shown in Figure A.3 - Appendix A. An ideal artificial synapse should present a linear and
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symmetric change in conductance under constant applied pulses for maximum accuracy, due to the
nature of the algorithms used in neural networks (backpropagation algorithm) in pattern recognition.>
However, the nonlinear response is not a serious issue thanks to learning algorithms which are dy-
namic and self-adjusting to errors in synapse programming.>®

The learning process in biological systems is established by the modification of synaptic weight
or the plasticity mechanism, categorized as short-term and long-term memory. What researchers call
a short-term memory is a small amount of information which the brain holds for a short period of time
(not more than 30 s).” On the other hand, long-term memory does not mean an everlasting retention
time in the brain, hence anything longer than 30 s would qualify.

Quantitatively, it is appropriate to fit the memory retention loss of the device with a stretched-
exponential function (SEF) which has been already described as suited for this type of application.>®

SEF, also known as the Kohlrausch law, is written as followed in Equation (3.1):

(1) = Ioexp [— (%)B] 3.1)

where @ (t) is the relaxation function, t is the characteristic relaxation time, Io is initial current state,
and B is the stretch index (0 < B < 1). Analyzing Equation (3.1), it can be concluded that while t < T an
abrupt drop will be in place, followed by a much slower decay when t > t, which resembles the human
memory behavior.”® In order to demonstrate the resemblance between the dynamic memory reten-
tion of the resistance states of the memristive device and that of the human memory, we performed
a test in which a 30 min retention at 0.1 V read would be realized after different numbers of pulse
stimulations (100, 80, 50, 30, and 10). The pulses are of -2 V with 100 ms duration. The results can be
found in Figure 3.3(d) where a perfect fitting with Equation (3.1) is also presented. The fitting param-
eters are plotted in Figure 3.3(e). Both the relaxation time constant and the initial normalized current
is increasing with the number of pulses meaning that the dynamic retention can be increased by re-
peating stimulations, corresponding to the transition from STM to LTM. Moreover, the stretch index
remains fairly the same at 0.4 meaning the trap distribution is not altered upon increasing number of
pulses.

Interestingly, the STP upon repeated rehearsals can transition to LTP, a process known as “learn-
ing.” Learning is the fundamental process for adaptation on living beings and is also a core character-
istic for neural networks. To demonstrate that the IGZO-based artificial synapse can perform learning
processes, the following test was implemented, and the results are presented in Figure 3.3(f).

First, 100 pulses of -2 V (100 ms width, 10 ms interval) are applied to simulate the first learning
process. After this, a memory retention of 640 s is performed, the read voltage is 0.1 V. By the end of
this time, the device seems to “remember” 17% of the signal. Immediately after this process, another

set of pulse stimulations are carried out as the second learning. Each learning is followed with another
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memory retention record of 640 s. During the second learning, only 20 pulses are required to reach
the same current state as after the first learning and after the second forgetting process the device
remembers 22%. The same experiment of third learning was carried out and after 20 pulse stimula-
tions the synaptic weight is 100% and again on the third retention the device remembers more than
before (26%). As a result, fewer pulse stimulations are required for memory recovery indicating an
“easier relearning” and “harder forgetting” similar to the human brain. Figure A.4 - Appendix A shows

the “learning” test of single target IGZO devices.

(a ) 1 Pre-synaptic neuron Pulse ( b )
g A
)i\ s Top electrode g
o o . R
ot Neurolmnsmluers 8
Oxygen —% 2 “es see >
vacancies B“Mnelecuode g ‘ >
¢ 2v L
Post-synaptic neuron . 109ms
vPotentiation
Biological synapse Artificial synapse
(C) (d) (e) Normalized |,
1.0
Potentiation 1;2 V 100 ms pulse) -— 1.0 - 100 pulses —_— 41
(’0\1E'7 B : é 08 | 80 pulses 800 08
; : 5 50 pulses
i o 30 pulses
B a 506 600 08
8 "y 1 e 1
S1E8 [ 4 3 S04f fitting o4
2 t : £ 400
o : =02}
[S) 2 } o 0.2
A : z -0
(U S KPR R R T A 00k H_ﬂ'_l' "
1E-9 200 ——7——7T——T1 711 0.0
0 50 100 150 200 250 300 0 500 1000 1500 2000 0 20 40 60 80 100
Number of pulses Time (s) Number of pulses
5100 + o L » L F
é« Learning 1 d KL .
£ 80 o - - & - et
(=) n
‘© 60 < - = = o I
> 40 s i 26%
L 49r 4 i i ii 2%[" i
S 20} o L 115 L | Leaming3 L
c /p Learning 2
> 0 s L L L L
UJ 1 1 n 1 n 1 " 1 " Aaaaaaa Lasaaaaay lasaaaay 101 L 1 " aaaaa s laaaaa s laaaaaaaalall n 1 L " 1 " 1 " 1
0 20 40 60 80 10C 200 400 6000 20 200 400 6000 20 200 400 600
Number of pulses Time (s) Number of pulses Time (s) Number of pulses Time (s)

Figure 3. 3 Synaptic behavior of the memristors. (a) Schematic illustration of the implementation of the synapse devices in
bioinspired neuromorphic systems. (b) Pulse scheme with the positive (green) and negative (blue) bias responding to depres-
sion and potentiation respectively. (c) Conductance change with negative (potentiation)/ positive (depression) pulses of co-
sputtered 1GZO device. (d) Typical retention for 30 min after different number of pulses applied. e) Fitting results showing
relaxation time and initial current state change with number of applied pulses and f) synaptic weight change in percentage

with number of pulses for learning 1, learning 2, and learning 3 with their retention after each potentiation.
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3.3.4 Fitting According to Thermionic Emission Model

The diode characteristics (forward direction, i.e., only the negative voltage regime) of the de-
vices from the single-target IGZO deposition are fitted based on the thermionic model® presented in

Equation (3.2):

] =A*X Tzexp(_(DB) X [exp(eﬂ) — 1] +ﬂ+l—c (3.2)
kT nkgT AR, A

where 1) is the ideality factor, kg is the Boltzmann constant, T is the absolute temperature, A* is the
effective Richardson constant, A is the device’s area, @ is the effective barrier height, V is voltage, Rs
is the series resistance, R, is the parallel (shunt) resistance, and Icis the parallel capacitance current
due to charging and discharging of trap states. The fittings had root mean-square-errors of 1 x 1076 A
or lower and R?-values above 0.99 996. For the |-V curve of pristine state, a barrier height of 0.57 eV
and an ideality factor of 6.17 were obtained. Several possible reasons may result in nonideal diode
properties (n > 1), such as barrier inhomogeneity due to defects distribution, presence of an insulating
layer at the interface which causes voltage-dependence of the barrier height and tunneling effects.5!
The transition between different states is not entirely clear. However, in order to shed light on differ-
ent conductance states, DC current sweeps in the range of resistive switching at different tempera-
tures were performed. The maximum temperature tested was 440 K to ensure no atomic rearrange-
ment of the device as it has been proved by previous studies that no significant change on electrical
properties of 1GZO films occurs until 473 K annealing.®? The maximum conductance change corre-
sponding to the voltage ramp-up between 0 and -3 V and the voltage ramp-down between -3 and 0
V on the forward direction was selected for temperature analysis. Accordingly, the two branches of
the I-V curve are referred to as forward ramp up (F-up) and forward ramp down (F-down). The data
are shown in Figure 3.4(a). The temperature dependence of the effective barrier height and the ideal-

ity factor is shown in Figure 3.4(b). The F-up shows higher ideality factors and effective barrier heights

compared with the F-down. Based on the model of Werner® q),‘;ff: O — 03 /2kgT, the mean barrier
value (CD?) is calculated, and its Gaussian distribution is obtained by the standard deviation (os). Note,
that the effective barrier height is lower than the mean barrier potential since the charge carriers only
pass through the local minima of the barrier height. The temperature dependence of the ideality factor

was calculated using equation (3.3):

1
~ 1—py+ps/2ksT

n (3.3)

where p, and p; express the voltage dependence of the mean barrier and the square of the standard

deviation for Schottky contacts. For most of the Schottky contacts p; is negative and p, is positive as
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reported for IGZO diodes.®* The mean barrier height and standard deviation are higher for the F-up
than for the F-down. The results are summarized in Table 3.1. Considering the ratios between standard
deviation and mean barrier height, almost no variation can be observed (18% for F-up and 20% for F-
down). In Pt/ZTO diodes, the mean barrier height and standard deviation increase in a similar fashion,

when an additional semi-insulating layer at the Schottky contact is inserted.®®

Table 3. 1 Voltage dependence of the mean barrier (p;), square of the standard deviation for the Schottky contacts (p3),

mean barrier potential (q>g‘) and standard deviation of the mean barrier potential for F-up and F-down.

Pz [a.u] ps [meV] @y [eV]  op[eV]
F-up 0.45 -23 11 0.20
F-down 0.60 -16 0.8 0.16

0
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Figure 3. 4 Fitting according to the Thermionic Emission model on the Forward direction. (a) Typical DC current sweeps at

different temperatures. (b) Temperature dependency of the effective barrier height and the ideality factor.

In conclusion, both the effective barrier and the mean barrier profile are altered depending on
the resistance states. Thus, field-assisted redistribution of defects/dopants in the semiconductor close
to the bottom contact interface and consequently the reversible change of current density at the
Schottky contact is likely responsible for the RS characteristic of the device. Moreover, for both F-up
and F-down the ideality factor variation is decreased by elevating the temperature suggesting a
charge/discharge process of defects (such as oxygen vacancies) at the interface.®® Further studies are

necessary to elucidate whether interface reactions are involved in the resistive switching.
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3.4 Conclusions

Amorphous IGZ0-based memristive devices with Mo as both top and bottom electrodes were
fabricated and optimized by using sputter deposition from a single ceramic target as well as co-sput-
tering from three binary ceramic targets. The as-fabricated devices showed a pristine state with the
current rectification of a Schottky diode. This rectification is due to the presence of a thin intermixed
oxide layer (4-5 nm), containing Mo®* oxidation state, at the bottom electrode interface. Devices rep-
resent analog resistive switching properties. The resistance change is area dependent. Finally, we suc-
cessfully demonstrated the synaptic behavior of the memristive devices through potentiation and de-
pression, STM to LTM transition and by simulating the learning process. Temperature analysis of DC
sweeps of the forward current confirms that the resistive switching occurs due to a uniform Schottky
barrier characteristic change. The results presented here show that the Mo/IGZO/Mo structure with
analog resistive switching properties can be integrated on crossbar structures and/or joint with IGZO-

based TFTs for neuromorphic hardware systems.
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Optoelectronic memristive devices based on oxide semiconductors for the next generation of

Information technology

‘ CHAPTER 4

TAILORING THE SYNAPTIC PROPERTIES OF IGZO-BASED
MEMRISTORS

Neuromorphic computation based on resistive switching (RS) devices represents a relevant hardware
alternative for artificial deep neural networks (DNNs). For the highest accuracies on pattern recogni-
tion tasks, an analog, linear and symmetric synaptic weight is essential. Moreover, the RS devices
should be integrated with the supporting electronics, as thin film transistors (TFTs) to solve crosstalk
issues on the crossbar arrays. Here, an a-IGZO memristor is proposed, with Mo and Ti/Mo as bottom
and top contacts, with forming-free analog switching ability for an upcoming integration on crossbar
arrays with a-IGZO TFTs for neuromorphic hardware systems.

The development of a TFT compatible fabrication process is accomplished, which results in an a-IGZO
memristor with a high stability and low cycle-to-cycle (C2C) variability. The synaptic behavior through
potentiation and depression tests using an identical spiking scheme is presented and the modulation
of the plasticity characteristics by applying non-identical spiking schemes is also demonstrated. The
pattern recognition accuracy, using MNIST handwritten digits dataset, reveals a maximum of 91.82%
accuracy, which is a promising result for crossbar implementation. The results displayed here reveal

the potential of Mo/a-IGZO/Ti/Mo memristors for neuromorphic hardware.

The results presented in this chapter are published in:

M.E. Pereira, J. Deuermeier, P. Freitas, P. Barquinha, W. Zhang, R. Martins, E. Fortunato and A.
Kiazadeh, “Tailoring the synaptic properties of a-IGZO memristors for artificial deep neural net-
works”, in APL materials, vol 10, 1, 011113, 2022.

61




Introduction

4.1 Introduction

Artificial intelligence (Al) is currently the key feature on innovative technologies for smart sys-
tems, pushing for breakthroughs in numerous fields ranging from healthcare to security solutions.
However, the Al requirements of fast processing and low energy consumption are slowing its further
development since the currently applied Von Neumann’s architecture cannot fulfill both demands.
Therefore, a new type of compatible hardware is demanded and neuromorphic computation is an ex-
citing alternative.

Neuromorphic computation allows power-efficient systems with high density information, in-
memory computation and parallel data processing by preserving the massive parallelism observed in
the human brain.! Endowed with intelligent functions, neuromorphic systems can execute adaptive
learning algorithms and perform tasks ranging from real-time big data analysis to pattern recognition.
A great potential candidate for this technology is the resistive switching (RS) device or memristor.2

The memristor is a non-linear two-terminal device with the capability of being reduced to the
nanoscale, whose conductance level depends on present and past external inputs. Inputs are through
its two terminals, resembling a biological synapse where neurons convey data through electrical or
chemical pulses. In fact, the memristor can simulate a variety of synaptic functions, the most important
being plasticity.

In the biological synapse, plasticity implies the reinforcement or impairment of the connection
between two neurons by potentiation or depression steps, respectively, in which the update of their
synaptic weight takes place. This behavior can be simulated by the memristor in which the synaptic
weight is related to its conductance state. When the memristor adapts its resistance level from low
resistance state (LRS) to high resistance state (HRS), in the Reset process, it is simulating the synaptic
weight decrease through depression. Similarly, when the memristor is in the Set event, adapting its
resistance from HRS to LRS, it is mimicking potentiation and increasing the synaptic weight.

RS devices in crossbar arrays have been proposed for deep neural networks (DNNs) hardware,
a high-performance algorithm for classification and recognition applications.** Common DNNs require
iterative multiply-accumulate operations of high-precision weights (> 6 bits)> and, therefore, a linear
current change in respect to the repeated training pulses and a symmetric rate at potentiation and
depression translates into the most accurate learning. However, most RS devices exhibit a natural non-
linear response to consecutive identical spiking. Hence, several approaches have been reported on the
pulse scheme modulation which resulted in an improved linearity and symmetry,® for instance applying
incremental pulse voltage or width” or current pulses® or a heating spike before Set/Reset pulses.®

Moreover, to develop an integrated, analog controlled weight storage on-chip technology, for a
large-scale energy-efficient DNN, the RS devices should be integrated with supporting electronics. An

active element such as the transistor solves crosstalk issues on the crossbar arrays® which occur due
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to the interference of neighboring cells.!! They can also act as an on-chip current compliance (CC) to
the memristor input and/or compose the additional signal conditioning circuit or support electronics.

The development of a RS device that is eligible for circuit integration and meets all the require-
ments for DNNs depends on the selection of the RS material and the engineering of top and bottom
electrodes, since the modulation of the plasticity characteristics can be controlled by the oxygen con-
centration in oxides and reactivity of the electrodes.®

Several materials have been proposed for the RS layer such as titanium oxide,® hafnium diox-
ide,'? tantalum oxide,*® aluminum oxide,'* and others.>® However, most of the devices are conduc-
tive filaments (CF)-based memristors. For neuromorphic computing, CF-type memristors imply some
disadvantages related to their natural abrupt switching behavior,’” which typically translates into a
digitalized plasticity characteristic, displaying either full potentiation or full depression.'® The most
common solutions involve multiple devices and complex added circuits to represent one synapse or
multilevel cell (MLC) devices capable of some discrete conductance levels.?¥?° Nevertheless, these so-
lutions add complexity to the neuromorphic system and the filament formation and destruction within
each device often leads to poor reproducibility.’

Therefore, a RS device with analog type of switching, where a gradual conductance change oc-
curs on both Set and Reset side, is preferable for the implementation of an integrated system coupled
with synaptic functions.'” It is due to interfacial RS properties which results in a high reproducibility
and low cycle-to-cycle (C2C) variation.2! Amorphous oxide semiconductors (AOS) have been suggested
as active layer for analog memristors®>? since the films electrical conductivity can be meticulously
controlled by the oxygen/cation composition,?* enabling a dynamic response to input signals.

Indium-gallium-zinc-oxide (IGZO) is a transparent AOS, employed on thin-film transistors (TFTs)
in display technology,?2® that greatly favors a cost-efficiency and high integration density on a single
IC without the need of interfacing with diverse technologies (i.e. CMOS devices). The a-IGZO-based RS
device is the ideal candidate for the memristor integration with TFT and, in fact, it has been previously

3L including by our group,3? and also integrated with TFT.3335 How-

reported in a single memristor,
ever, a fully integrated circuit has not been demonstrated where both transistors semiconductor and
memristors RS layer share the one and same processing step as well as the electrodes materials, which
would imply a significant decrease in total lithography mask count, improved interconnectivity, and
drastic cost reduction. The reason behind this gap is the fact that TFT should be optimized for a high
stability and low leakage and the RS device should be optimized for a defect-enabled switch ability
with high on/off ratio, which results in a contradictory film optimization where compromises must be
made. In fact, most of the studies on IGZO memristors that focus on artificial neural networks (ANNSs)
applications and show a simulation of pattern recognition accuracies either do not report on crosstalk
effect3%3¢ or use different IGZO layers and/or electrodes for the TFT.3*

On our previous work, we reported on the a-IGZ0O-based memristor with Mo as both top and

bottom electrodes. In these devices, the conductivity state is controlled by a potential barrier and the

63



Experimental

switching entails adjustments on the barrier height. The a-IGZO memristor has a forming-free and
area-dependent performance and enables analog control of resistance states.

Here, we demonstrate the modulation of the a-IGZ0O-based plasticity characteristics by applying
non-identical spiking schemes. The pattern recognition accuracy, using MNIST handwritten digits da-
taset, was tested and revealed a maximum of 91.8% accuracy using consecutive pulses with a linear
increase on voltage amplitude and width which presents itself as very promising. Moreover, we opti-
mize the memristors a-IGZO composition for a lower oxygen content for compatibility with TFTs sem-
iconductor aiming for a forthcoming integration with the a-IGZO based-TFT with Mo as gate and source
and drain electrodes.®” The results displayed here reveal the potential of Mo/a-IGZO/Ti/Mo RS device

for crossbar and/or TFT integration for neuromorphic hardware systems.

4.2 Experimental

The RS devices were fabricated on glass substrates, formerly cleaned in repeated ultrasonic
baths of acetone and isopropanol and rinsed with deionized water and dry nitrogen. In Figure 4.1(a)
and 4.1(b), a schematic of one RS device in a cross-point structure and a micro-graph of a 4 um? device
are presented, respectively.

In Figure 4.1(c), the materials structure is displayed- Mo/a-IGZO/Ti/Mo. For the bottom and top
electrodes, radio-frequency (RF) magnetron sputtering was used to deposit a 70 nm thick Mo layer in
an AJA ATC-1800 system with a flow rate of 50 sccm of Ar, a sputtering power of 175 W and a deposi-
tion pressure of 1.7 mTorr. For the active layer, IGZO thin films were deposited by RF magnetron co-
sputtering from three binary ceramic oxide targets. The sputtering powers used on each target were
In,03: 121 W, Ga;03: 100 W, and ZnO: 50 W.

Since this study has envisioned an upcoming memristors integration with TFTs, two different
conditions were performed regarding the oxygen content during the IGZO film deposition. One which
we will refer to 20Ar/50;, that used a flow rate of 20 sccm of Ar and 5 of O, being the most similar
with the IGZO deposition for TFTs.3® And another for comparison, 20Ar/200,, that used a flow rate of
20 sccm of Ar and 20 of O, previously reported.3? In Figure B.1 - Appendix B, the transfer curves of
TFTs fabricated using both IGZO films are presented. The IGZO deposition pressure was kept constant
at 2.3 mTorr. The thicknesses were 40 nm in the case of 20Ar/200; and 65 nm for 20Ar/50,, confirmed
by profilometer. E-beam evaporation in a homemade apparatus was used to deposit a thin 6 nm layer
of Ti between the IGZO and Mo top layers.

The patterning of the bottom Mo electrode was achieved by reactive ion etchingin a Trion Phan-
tom 3 system, using SFe, whereas the IGZO active layer and Ti/Mo top electrode patterning was done
via lift-off. An annealing step of 150°C was performed on a hot plate for 60 minutes after the IGZO
patterning and again after the top electrodes patterning, to better simulate the co-fabrication of TFTs

which require annealing for improved stability and performance.®
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All the electrical characterization of the devices was done using a Keithley 4200 SCS semicon-
ductor analyzer connected to a Janis ST-500 probe station. The DC sweeps and the pulses were applied
to the top electrode while maintaining the bottom electrode connected to ground.

The XPS argon cluster depth profiles were performed with a Kratos Axis Supra, using a mono-
chromatic Al Ka source running at 300 W. The analysis area was limited to 110 um in diameter by an
aperture and the analyzer was set to a pass energy of 80 eV. Argon clusters of approximately 500 atoms
with a kinetic energy of 10 keV were employed for etching with a step duration of 100 s. CasaXPS
Version 2.3.19PR1.0 was used for data analysis. Further EDS analysis was undertaken, using a Carl Zeiss
AURIGA CrossBeam FIB-SEM workstation, to confirm the XPS results.

4.3 Results and discussion

4.3.1 Memristor cell

In Figure 4.1(d) and 4.1(e), the results from the XPS argon cluster depth profile are shown. In
order to maximize the signal from the a-IGZO and to obtain a clear analysis of the bottom contact
interface, the IGZO films have been measured without the Mo/Ti top contact.

The bottom interface is critical for the conduction since it represents the barrier for electron
injection due to an oxidation of the Mo at the interface.3 The modulation of the Schottky barrier con-
trols the RS.22° Concerning the top electrode, a thin Ti layer was added due to its well-known oxygen
getter effect.”! Ti reacts with the switching oxide by extracting oxygen ions which increases the donor
concentration and, therefore, boosts the conductance of the Ohmic contact and creates a highly con-
ductive interface region in a-IGZO memristors.*? Contrasting with the Schottky barrier at the Mo bot-
tom electrode, an asymmetry is built in the oxide which results in a more pronounced non-linear pro-
file and memristors with higher Iirs/lnrs ratio.*®

The difference in IGZO thickness due to the different oxygen amounts in the process gas affects
the etch times until the Mo bottom contact is reached, being higher for the 20Ar/200, sample. More-
over, the 20Ar/50; is likely more resistive to the etching, due to a higher film density caused by the
increased kinetic energy of ions in the process gas, compared to 20Ar/200,.***> An important obser-
vation is that the oxygen amount is identical in the two samples, around 44 at%, despite the different
levels of oxygen flow. However, the cation ratio of IGZO is strongly altered. The sample 20Ar/200; has
an average bulk In:Ga:Zn atomic composition of 2.1:1.0:1.9 whereas 20Ar/50; has a composition of
2.5:1.0:1.5. The ratio was normalized to the Ga concentration, since both samples have an identical Ga
concentration of 11 at%. It can be excluded that this difference is caused by damage induced by the
argon cluster beam, because the trend is the same for the films prior to the etching. In a previous
study, the In/Ga ratio had been found to be critical for the a-IGZO resistivity. More In content leads to

a more conductive material.?*
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To confirm these results, EDS was performed on the films deposited on silicon. The results are
shown in Figure 4.1(f) where the comparison of the atomic composition obtained by XPS and EDS
techniques is shown. EDS shows the same trend in the cation ratios as it was revealed by XPS cluster
depth profiling. The 20Ar/200; film presents less In and more Zn which is in accordance with previous
reports.*® This can be explained by an increased bombardment of O; on the film itself while growing.
During the deposition, O gas is inserted in the sputtering system near the substrate while Ar gas is
inserted near the target. The additional oxygen bombardment can lead to the removal of material
from the film, which has resulted in a lower density in previous studies.*’ The elements with the weaker
bonds in the film will be removed preferentially, such as In compared to Ga.

The oxygen content obtained with both techniques is given in Figure 4.1(f). The absolute
amounts differ between techniques, but the identical oxygen content in the two samples is confirmed.
The fact that the oxygen amount in the films remains unaltered can infer that with the smallest oxygen
flow (5 sccms), there is already a saturation of this element in the film since oxide targets are being
used. In addition, it needs to be mentioned, that the oxygen amount at the surface, determined from
XPS prior to argon cluster etching, is indeed higher in the 20Ar/200, sample, about 46 % compared to
44%. However, this does not represent the bulk oxygen content, which is confirmed by the EDS results.
Since the devices are controlled by the barrier properties at the bottom contact, the surface of the
IGZO is of minor relevance for the RS.

In Figure 4.1(g), the comparison between the Set and Reset of 20Ar/50,and 20Ar/200, is shown
and in the inset, the read current after each measurement at -0.1 V is provided. The 4 um? devices
work in bipolar switching mode, Set occurs in negative polarity while Reset happens under positive
polarity. 20Ar/200, device has a higher lrs/lnrs ratio compared to 20Ar/50; device due to lower con-
ductivity of the semiconductor in pristine state and the increased Schottky barrier height. The impact
of the In/Ga ratio on conductivity in IGZO is well known.?* In IGZO Schottky diodes, the barrier height
has been found to be sensitive to the In/Ga ratio*: lower In/Ga ratios lead to higher barriers. This is
explained by the strong Ga-O bond (compared to In-O and Zn-0), which suppresses oxygen vacancies
(VOs).* Note that the depletion width is also affected by the In/Ga ratio, being smaller for higher val-
ues of In/Ga.*® The principle behind the RS is a change of Schottky barrier profile3? which is in agree-
ment with other reports with rectifying and analog RS properties.*

The typical analog behavior of a 20Ar/200, device is shown in Figure 4.1(h), where successive
voltage DC sweeps on negative and positive polarities were applied to the top contact which resulted
in the device conductance being gradually increased and decreased, respectively. To demonstrate a
gradual Set process, four voltage sweeps were carried out starting from 0 to -1.5 V during the first
measurement until 0 to -3 V for the last measurement. The results are displayed in red in Figure 4.1(h)
where it is clear the gradual increase of the device conductance state. For the Reset process, the same
methodology was used for positive polarities with the first voltage sweep being from 0 to 1.5 V and

the last sweep from 0 to 2.4 V, displayed in dark blue in Figure 4.1(h). In this case, there is a gradual
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decrease of the conductance state. All measurements were performed with a voltage step of 0.1V,
the speed was at normal mode and the integration time was in auto setting. Both hold and delay time
were zero.

Several devices with different areas were fabricated and a micrograph of a representative part
of a sample can be consulted on Figure B.2 - Appendix B. Generally, in AOS materials, the switching

mechanism is area-dependent. All the results presented throughout this paper are in respect to 4 um?

devices.
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Figure 4. 1 Mo/IGZO/Ti/Mo I-V characteristic for Set and Reset and material characterization for co-sputtered IGZO in
different Ar/O, atmosphere. (a) Schematic illustration of the cross-point structure of the memristors with bottom contact
(BC) and top contact (TC) hinted; (b) Micrograph of one 4 um? device; (c) Schematic illustration of the Mo/a-1GZO/Ti/Mo
materials structure; XPS argon cluster depth profiles of (d) 20Ar/200, and (e) 20Ar/50, films without the top contact. The
relative atomic concentrations are displayed with respect to etch time; (f) Atomic composition of In, Ga, Zn and O of both
IGZO films analyzed by EDS and XPS for comparison; (g) |-V characteristic of one Set and one Reset for comparison of both
devices- 20Ar/50, and 20Ar/200,- with inset of read current at -0.1 V after each Set and Reset displaying on/off ratios of 59.1
and 18.7, respectively; (h) I-V characteristic displaying analog behavior by gradual increase of voltage sweep span for Set and
Reset. The order of the measurements is displayed highlighting the first (15t) sweep and the last (4t") for both Set and Reset.
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4.3.2 Exponential synaptic response

To simulate the synaptic plasticity, through potentiation and depression tests, the device char-
acteristics were studied using an identical pulse train. Here, potentiation implies facilitating the con-
nection between two neurons and it is simulated by applying negative pulses to the top contact and
increasing the current state of the device. Depression, which is constraining the neuron’s connection,
is replicated by applying positive pulses to the top contact and, therefore, decreasing the devices cur-
rent state.

An optimal condition of pulse amplitude and width should be chosen for a gradual current state
increase/decrease. In Figure 4.2(a) and 4.2(b), the 100 pulses potentiation tests for the 20Ar/50,
memristor with different pulse amplitudes for the same width, and the different pulse widths for the
same amplitude are presented, respectively. The read step is always performed immediately after each
pulse and at -0.1 V. All the conditions result in a non-linear curve and the difference lies on the current
state achieved, which should be the maximum possible for a high lirs/lurs ratio. Evidently, the higher
the pulse amplitude and width, the higher the current reached, but also the faster the current state
gets saturated. For a gradual increase, a pulse scheme in which current state does not reach a satu-
rated value is preferable as it is for lower pulse amplitudes/widths. One can also conclude that pulse
amplitude is the principal parameter that controls the LRS state reached while the pulse width controls
the gradualness of the increase.

The same tests for depression can be found in Figure 4.2(c) and 4.2(d) for the 20Ar/50, memris-
tor, where 100 positive pulses with different pulse amplitudes for the same width and different pulse
widths for the same amplitude are shown, respectively. Here, the gradual decrease of the current is
desirable as it is for example on 3.1 V at 300 ps pulses. Therefore, one can conclude that by controlling
the pulse width small adjustments to the current state are accomplished while for larger adjustments,
the pulse amplitude should be tuned. The identical pulse training study for 20Ar/200, devices can be
found in Figure B.3 - Appendix B.

To evaluate C2C variability, 50 cycles of potentiation/depression tests were carried out using
5000 pulses. Considering the previous conclusions and the high number of pulses for this test, the
programmed pulse amplitudes and widths chosen for 20Ar/50; device were -2.5 V at 200 ps for po-
tentiation and 2.3 V at 300 us for depression, as can be seen in Figure 4.2(e). For 20Ar/200, devices,
consecutive pulses of -3 V at 150 us for potentiation and of 2.3 V at 150 us for depression were applied
as shown in Figure 4.2(f). In Figure 4.2(g) and 4.2(h), the experimental Cumulative Distribution Func-
tion (eCDF) lookup tables of the conductance change ( A G) within the 50 cycles of potentiation/de-
pression as a function of conductance (G) for the Set and Reset processes are presented for the
20Ar/50; and 20Ar/200; devices, respectively. Here, the color map of CDF indicates the probability
that A G is less than or equal to the value on the y-axis for a given conductance on the x-axis. For the

lowest C2C variability, a straight line with A G = 0 should be presented with red below zero and blue
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above zero with this case colormap. C2C variation is more pronounced during Set operation of the
20Ar/50; device, since the current state is not yet saturated. When comparing both devices, one can
see that the LRS state of 20Ar/50; is higher than the 20Ar/200, devices. On the other hand, HRS state
of 20Ar/200; device is lower than the 20Ar/50; providing a higher I rs/lugs ratio.

However, an ideal artificial synapse should present a linear and symmetric current increase/de-
crease under consecutive applied pulses for a maximum accuracy in pattern recognition.® The linearity
condition comes from the fact that the device should be able to achieve as many distinct conductance
states as possible according to the high weight precision requirement and the symmetry between Set
and Reset enables the implementation of the fastest and most efficient programming method of the
memristor arrays. In the 20Ar/50; device, the current state does not saturate so prominently as in the
20Ar/200; memristor. That has to do with the pulse scheme parameters that were chosen for the

highest lirs/lrs ratio possible.
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Figure 4. 2 Exponential synaptic response and C2C variability. 100 identical pulses potentiation tests, for the memristor with
low oxygen (20Ar/50,), with (a) different amplitude, same width; (b) different width, same amplitude; and depression tests
with identical pulses of (c) different amplitude, same width; (d) different width, same amplitude. Read current at -0.1 V; 50
cycles of 5000 pulses of potentiation and depression with the mean current in red for (e) memristor with low oxygen
(20Ar/503) and (f) memristor with high oxygen (20Ar/200,); experimental Cumulative Distribution Function (eCDF) Lookup
tables of the conductance change ( A G) within the 50 cycles of potentiation/depression as a function of conductance (G) for
the Set and Reset processes for the (g) 20Ar/50, and (h) 20Ar/200; devices.
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4.3.3 Linear and symmetric synaptic response

Different pulse schemes were tried to modulate the potentiation/depression characteristics, to
improve linearity and symmetry and can be consulted on Figure 4.3(a). Scheme A consists of identical
pulses. Pulse schemes B and C are non-identical spikes with either increasing pulse amplitude or width,
respectively. In pulse scheme D a consistent increase in pulse amplitude and width in each pulse is
applied. For all conditions, the read process is a pulse of 20 ps at -0.1 V.

In Figure 4.3(b), potentiation and depression results for the 20Ar/50, memristor are presented
for each pulse scheme. Scheme A, the purple curve, shows an exponential response where a rapid
current increase/decrease takes place within a few pulses and then reaches a saturated current re-
gime, as previously discussed. Scheme B, the red curve, provides a slower current increase/decrease
during the first few pulses and it becomes a linear change after -1.9 V for potentiation and 2.5 V for
depression. On the other hand, scheme C, the blue curve, shows a current saturation after 800 ps pulse
for potentiation and 890 us pulse for depression.

For scheme D, a combination of both B and C schemes was tested. The pulse amplitude was
linearly increased from -1.9 V to -4 V for potentiation and 2.5 V to 3 V for depression as scheme B
suggested. On depression, the pulse width was also linearly increased according to the results of
scheme C, from 1 to 890 us. For potentiation, since -1.9 V was the starting pulse amplitude, a 1 pus
pulse would not be sufficient for a linear current increase at the first few pulses and, therefore, a shift
on the width interval was implemented. Instead of using a pulse width interval from 1 to 800 ps as
pulse scheme C suggested, an interval of 400 to 1200 was used maintaining the difference between
first and final pulses width applied. The results correspond to the green curve where a linear and sym-
metrical response to the input pulses from beginning to end is presented. It is noted that the proposed
pulse scheme D is rather complex, involving an increase in pulse amplitude and width in each pulse.
Nevertheless, in order to deal with non-linearity issues in an efficient pulse scheme, design of 1T1M is
proposed®’ which is effectively implantable with IGZO condition as mentioned in the current report for
both transistor and memristor devices.

To compare the linearity and symmetry on the synaptic plasticity tests that resulted from each

pulse scheme, a non-linearity parameter o was extracted,®! using the following equation (4.1):

((Gfrs — Gfigs) X W + GgRs)l/a if a #0,
G= (GLRS>W (4.1)

if a =0,

where G is the conductance change, Girs and Gurs are LRS and HRS conductance respectively and w is
an internal variable of the synaptic weight which varies from 0 to 1, w increases or decreases as po-

tentiation or depression pulses are applied. a is the non-linearity parameter that controls potentiation
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(otp) or depression (o) characteristics. The closer a is to 1, the more linear is potentiation/depression.
Furthermore, the smaller the difference between the values of a for potentiation and depression, the
more improved symmetric response is obtained.

Figure 4.3(c) shows the values of a, and aq for all schemes. As can be seen, scheme D has a, =
1.23 and a4 = 0.83, numerically revealing close to optimal linear and symmetric synaptic characteris-

tics. The identical study for the 20Ar/200, memristor is presented in Figure B.4 - Appendix B.
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Figure 4. 3 Linear and symmetric synaptic response and C2C variability. (a) Schematic illustration of pulse schemes A iden-
tical pulses, B incremental amplitude pulse, C incremental width pulses and D incremental amplitude and width pulse. (b)
Potentiation and depression results for 20Ar/50, of the different pulses schemes with the numerical description of each
scheme on the bottom of the graph. The conditions that limit linearity are within the graph. (c) Non-linearity parameter for

potentiation and depression for each pulse scheme displayed on (b), with a, =1.23 and a4 =0.83 of pulse scheme D
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highlighted. 50 cycles of potentiation and depression for the linear pulse scheme D of 20Ar/50, memristor and (e) optimized
pulse scheme for 20Ar/200, memristor. Experimental Cumulative Distribution Function (eCDF) Lookup tables of the conduct-
ance change ( A G) within the 50 cycles of potentiation/depression as a function of G for the Set and Reset processes for the
(f) 20Ar/50; and (g) 20Ar/200,, devices. Read current is -0.1 V for all the tests.

Using pulse scheme D, 50 cycles of potentiation and depression were carried out on both
20Ar/50; device, and the 20Ar/200; memristor, shown in Figure 4.3(d) and 4.3(e) respectively, to eval-
uate the linearity stability under incremental amplitude/with pulses. It is important to note that sev-
eral devices were tested for the modulation of the pulse scheme and behave identical within their
category, 20Ar/50, 20Ar/200,, as can be evaluated in Figure B.5 - Appendix B, where potentiation
and depression tests under the same non-identical pulse schemes for 5 different devices is presented,
proving the reproducibility of the fabrication process and the reliability of the proposed scheme for a
linear and symmetric synaptic characteristic of the Mo/a-IGZO/Ti/Mo structure.

In Figure 4.3(f) and 4.3(g), where the eCDF lookup tables of A G within the 50 cycles as a func-
tion of G for Set and Reset of both types of devices are presented, one can confer that the higher
variability during cycles is presented for the 20Ar/200, devices. Nevertheless, it can be stated that
both memristors have low variability between C2C, which proves the potential of the analog a-IGZO-
based RS device. lirs/lnrs ratio is higher for 20Ar/200, devices, nonetheless an lirs/lurs ratio of more
than 10 might be enough for a highly accurate pattern recognition®2 in a 1T1M active crossbar consid-

ering that crosstalk would be minimized.

4.3.4 1M Crossbar simulation

To assess the effect of the synaptic characteristics on pattern recognition accuracy, a simulation
of a three-layer (input, hidden, and output layers) perceptron neural network was performed by
CrossSim®® using a hand-written digit dataset (MNIST). The number of neurons on the input, hidden
and output layers is 784, 30 and 10, respectively, as shown in Figure 4.4(a). Each neuron on the input
layer is connected to all neurons in the hidden layer through synapses and each neuron on the hidden
layer is connected to all output neurons and they communicate by conveying the conductance states.
Figure 4.4(b) presents the pattern recognition accuracies obtained with the linear response shown on
Figure 4.43d) and 4.3(e) and the exponential response displayed on Figure 4.2(e) and 4.2(f) for the
20Ar/50;and the 20Ar/200, memristors, respectively.

The exponential response reaches higher accuracies than expected given the non-linearity pre-
sented (79.72% and 80.05%), due to the high number of pulses applied (5000 pulses) and low C2C
variability. However, the linear response is the one with the excellent performance disclosing accura-
cies of 91.82% and 90.93% for the 20Ar/50, and 20Ar/200, memristors. For the 20Ar/50; device, the
default test provided by CrossSim that uses the 25% to 75% range of the on/off window was
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performed. For the 20Ar/200, device, since the depression test was not as linear at the end of the test,
an adjustment was made for 10% - 60% range instead (Figure B.6 - Appendix B).

These results reveal that with at least 6 bit precision (default for CrossSim) and disregarding any
read noise induced errors, an on/off ratio of 1 order of magnitude does not pose as a drawback in
achieving high accuracies, and instead C2C variability and linearity play a much more important role.

The impact of nonlinearity, asymmetry, cycle-to-cycle variability and noise can be accurately
considered in the CrossSim.>3 Since the dynamic range of devices are different and for 20Ar/50, device
is smaller (i.e. on/off ratio>10), additionally, the normalized low-frequency Read Noise (orn) Was meas-
ured for 1's, using a sampling rate of 0.1 ms/sample (Figure 4.4(c)), where ogn is the standard deviation
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Figure 4. 4 1M CrossSim simulation results for pattern recognition applications. (a) Schematic illustration of a three-layer
perceptron neural network, the number of neurons used on the input, hidden and output layers is 784, 30 and 10, respec-
tively. (b) Accuracies for pattern recognition achieved for the exponential natural response on potentiation and depression
using identical spiking (Figure 4.2(e) and 4.2(f)) for both memristors: 20Ar/50; (76.72%) and 20Ar/200; (80.05%) and for the
linear response achieved by pulse scheme D with incremental pulse amplitude and width (Figure 4.3(d) and 4.3(e)), also for
both memristors: 20Ar/50, (91.82%) and 20Ar/200; (90.93%); (c) Normalized low-frequency Read Noise (ory) measured for
1s, using a sampling rate of 0.1 ms/sample for HRS and LRS and (d) Impact of ory On the training accuracy of both devices
(20Ar/50, and 20Ar/200,).
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The impact of ory 0N the training accuracy was then evaluated by injecting noise into each
weight’s simulated conductance state, each time a read operation occurs, using the following Equation
(4.1):

G =Go+ N(0), 0=0ry X Grange 4.1

Figure 4.4(d) shows the impact of orn On the training accuracy of both devices (20Ar/50, and
20Ar/200,) following both of their programming methods (exponential and linear responses). A noise
threshold of ory = 0.01 and ogn = 0.1 exists for the exponential and linear responses respectively, where
the training accuracy starts to degrade. However, the highest measured ory for these devices falls be-
low the lowest threshold, indicating that the impact of read noise on training of both devices can be

considered negligible.

4.4 Conclusions

In conclusion, amorphous IGZ0O-based memristors with Mo as bottom contact and Ti/Mo as top
contact were fabricated. The IGZO film was optimized for a lower oxygen content, and annealing steps
were integrated on the fabrication processes for compatibility with the TFTs semiconductor aiming for
a forthcoming integration with the IGZO based-TFT with Mo as gate and source and drain electrodes.

Our proposed methodology is proven to be reproducible and reliable and uses conventional
patterning strategies and no noble-metals, being a cost-effective approach, compatible with room
temperature-based processes allowing for the implementation of transparent and flexible substrates,
such as polymer and paper, which is a core feature for loT applications.

The devices have electroforming-free and an area-dependent analog resistive switching which
are very appealing properties for neuromorphic hardware applications. The modulation of the a-IGZO
memristors plasticity characteristics was achieved by applying non-identical spiking schemes and a
linear and symmetrical potentiation and depression was obtained proven by the calculated non-line-
arity parameter. The pattern recognition accuracy, using MNIST handwritten digits dataset, was tested
and revealed a maximum of 91.82% accuracy using consecutive pulses with incremental voltage am-

plitude and width which presents itself as a very promising result for neuromorphic systems.
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Optoelectronic memristive devices based on oxide semiconductors for the next generation of

Information technology

‘ CHAPTER 5

SOLVING CROSSTALK IN IGZO-BASED ACTIVE CROSSBAR
ARRAYS

Memristor crossbar arrays can compose the efficient hardware for artificial intelligent applications.
However, the requirements for a linear and symmetric synaptic weight update and low cycle-to-cycle
and device-to-device variability as well as the sneak-path current issue have been delaying its further
development. Here, we report on a thin-film amorphous oxide-based 4x4 1T1M crossbar. The a-IGZO
crossbar is built on a flexible polyimide substrate, enabling loT and wearable applications. In the novel
framework, the TFT and memristor are fabricated at the same level, with the same processing steps
and sharing the same materials for all layers. The 1T1M cells show linear and symmetrical plasticity
characteristic with low cycle-to-cycle variability. The memristor performs like an analog dot product
engine and we experimentally demonstrate vector-matrix multiplications in the 4x4 crossbars, in
which the sneak-path current issue is successfully suppressed, resulting in a proof-of-concept for a

cost-effective, flexible ANNs hardware.

The results presented in this chapter are published in:

M.E. Pereira, ]. Deuermeier, C. Figueiredo, A. Santos, R. Martins, E. Fortunato, P. Barquinha and A.
Kiazadeh, “Flexible active crossbar arrays using amorphous oxide semiconductor technology towards
artificial neural networks hardware”, in Advanced Electronic Materials, vol 8, 11, 2200642, 2022.
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Introduction

5.1 Introduction

Neuromorphic computation based on resistive switching (RS) devices is a promising technology
in solving the modern age artificial intelligence (Al) drawbacks such as latency and privacy issues re-
lated to the cloud usage, the high-power consumption required to support data centers and the scaling
limitations of Von Neumann’s architecture.

The RS device or memristor is a non-linear two terminal device, scalable to the nanoscale, and
eligible as the synaptic element on neuromorphic chips. Neurons transmit important data by electrical
or chemical pulses, which is modulated at the biological synapse. Plasticity characteristic relates to the
strength of the connection between two neurons called synaptic weight. The RS device can simulate
this behavior by continuously adapting its resistance state upon application of electrical stimuli. When
the device transfers from high resistance state (HRS) to low resistance state (LRS), it is mimicking the
synaptic weight reinforcement in a process called potentiation. Correspondingly, when the memristor
shifts from LRS to HRS, it is emulating the synaptic weight being weakened in the depression process.

Neuromorphic systems perform in-memory computation with adaptive learning algorithms on
hardware and can, therefore, execute intelligent functions on tasks ranging from the arrangement and
real-time analysis of unstructured data to pattern recognition with power-efficient and parallel data
processing. The algorithms consist in several multiply-accumulate operations (dot products). RS de-
vices in crossbar arrays can compose the artificial neural networks (ANN) hardware.! In this respect,
the input weight can be stored in each RS device with analog control of resistance modulation. Fur-
thermore, the dot product can be well-executed in RS crossbars.

In fact, with a single step, vector-matrix multiplications (VMM) are computed inherently via
Ohm’s law for multiplication and Kirchhoff ’s law for summation.>™* In such architecture, the data is
stored at the hardware where the operations take place preventing communication issues. Naturally,
a linear and symmetric synaptic weight update in potentiation and depression with respect to the con-
tinuous training pulses translates into a more effective learning. However, most RS devices present a
natural exponential behavior to identical spiking. Several solutions have been proposed for the im-
provement of linearity and symmetry by using different training pulse schemes,>” including our previ-
ous work.®

Another requirement for high performance in memristor crossbars is low cycle-to-cycle (C2C)
and device-to-device (D2D) variability, difficult to achieve in filament-based RS devices.® Some strate-
gies have been emerging to allow the restriction of the filament formation in certain locations and thus
limit considerable variations from C2C.1° However, an area-dependent switching that enables the an-
alog control of conductance states is the most reliable solution for low C2C and D2D variabilities.

Furthermore, memristor crossbars usually suffer from sneak-path current issues related to the

interference of neighboring devices, leading to the decrease of the read window, limiting the size of
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the arrays and reducing the overall accuracy of any given task. To mitigate this problem, different bias

d*2 in which the unselected devices are biased with a fraction of the

schemes have been propose
selected memristor voltage. However, they imply a significant increase on the energy consumption
and require devices with extremely low conductance on the HRS and large lirs/lnrs ratio to be success-
ful.B®

These challenges can be overcome by adding a selector device in each cell of the crossbars al-
lowing individual cell activation. An active element such as the transistor, in series with memristors,
acts like a switch- when in the on state, behaves as a high conductance wire and, when in the off state,
no current flows and, therefore, the memristor is not selected. Moreover, the transistor can provide
an on-chip current compliance (CC) and, therefore, allow a controlled current input to the memristor,
which will assist in achieving the linear and symmetrical plasticity characteristic with low C2C variabil-
ity. 1415

Hence, the integration of the memristor with the transistor in the 1-transistor 1-memristor
(1T1M) configuration has been widely exploited in the past years. Several studies on HfO4 based
memristors in a 1T1M configuration have been reported.’**8 Yao et al. presented a 128 x 8 1T1M array
implementation, using an interfacial switching HfO,/Al,O3 multilayer based-memristor, where the
sneak-path issue was solved and the application of CC was successfully controlled by the transistor.
In the latter, TaOx was used as a capping layer that acts as CC and oxygen reservoir but it has been
reported also as RS layer in 1T1M crossbars.?° Later, various reports on HfO, based memristors on large
1T1M crossbars appeared that further prove its potential for large-scale ANN hardware.**'"22 How-
ever, like most research on the 1T1M structure, the memristors are hybridly integrated with CMOS
transistors thus limiting downsizing and large-scale implementations.

Actually, very few studies have emerged showing TFT and memristor monolithic integration,
with both devices sharing some of the processing steps. Ghenzi el al. reports on a ZnO-based thin-film
transistor (TFT) connected to a TiO; memristor on a single 1T1M cell in which the TFT is fabricated prior
to the memristor.?* Wang et al. reported on a 2 x 2 1T1M crossbar array using MoS; transistors and
hBN RRAMs.% Sivan et al. presents a 1T1M structure in which the TFT and memristor are both com-
posed of WSe,, however, they are deposited in different fabrication steps due to the different mor-
phology required for each device and, thus, the memristor is produced after the TFT.2® More recently,
Kim et al. reported on a fluoropolymer-based organic memristor in a 17T1M configuration built onto a
flexible PEN substrate.?” The TFTs source and drain material and deposition layer is also the memristors
bottom contact and fluoropolymer memristor active layer is applied for passivation of the TFT.

The amorphous oxide semiconductor (AOS), indium gallium zinc oxide (IGZO) has also been
demonstrated as active layer for memristors due to its great potential for 1T1M integration.?3¢ 1GZ0O
is often employed on TFTs in the display technology®”8as the semiconductor layer due to its excellent
stability, cost-efficient manufacturing, and the additional control on its electrical conductivity provided

by the oxygen and cation composition.® In fact, the development of neuromorphic displays is the

81



Experimental

unavoidable new trend for system-on-panel applications. One in which the mature AOS technology is
used both for the display and, naturally combined, with the ANN hardware.*
In regard to the memristor integration with TFT, some efforts on the optimization of the IGZO

4142 including by our group.® Chang et al. success-

layer for memristor compatibility have been made,
fully reported on a 1T1M structure using the same IGZO layer for both TFT and memristor, however
the RS device had an abrupt type of switching which is not ideal for ANNs and, in fact, no plasticity
characteristic was shown.*® Later, Jang et al. demonstrated linear characteristics of IGZO-based 1T2M
crossbar simulation. The memristor and TFTs have different deposition conditions with memristor ow-
ing an abrupt Set and gradual Reset like most filamentary devices.**

Therefore, a fully integrated monolithic 1T1M structure has not been demonstrated yet, in
which both the TFTs semiconductor and RS layers share the same processing steps as well as the same
materials (see Table C.1 - Appendix C). The reason why this has been a challenge is the fact that the
TFT device should be optimized for a high long-term stability and low leakage and the memristor for a
defect-enabled switching ability. In the past, this was only researched with different optimized films
for active layer in memristors and channel in TFTs and without integration on the same substrate.** To
our knowledge, no analog arithmetic crossbar fully based on AOS technology was ever presented.

Here, we report on a thin-film a-1GZO based 1T1M 4 x 4 crossbar array built on a flexible polyi-
mide substrate, as a core feature for loT applications and wearables. We propose a novel framework
in which both TFT and memristor are fabricated at the same level, using the same processing steps and
therefore, sharing the same material for all layers. We show the plasticity characteristic for ANNs with
potentiation and depression tests on the 1T1M cells with a linear and symmetrical response. The en-
durance of our devices is also proved on bending tests, and we experimentally perform VMM opera-
tions in the 4x4 active crossbars with a relative error, from analytical to measured, of less than 10%,
exposing the massive potential for an efficient, flexible and large-scale ANN hardware. Furthermore,
for 1T1M crossbar-based online training, the pattern recognition accuracy of MNIST handwritten digits

dataset is simulated and results in an accuracy of 93.28%.

5.2 Experimental

A step-by-step diagram is provided in Figure C.1- Appendix C with all the fabrication steps. The
devices were fabricated on polyimide substrates deposited on Corning Eagle glass, previously cleaned
in repeated ultrasonic baths of acetone and isopropanol and rinsed with deionized water and dry ni-
trogen.

The polyimide was deposited by spin-coating for the targeted 6 um thickness on top of the sac-

rificial layer of Polyvinyl alcohol (PVA) soluble in water, previously spin-coated on the glass carrier.

82



5. SOLVING CROSSTALK IN IGZO-BASED ACTIVE CROSSBAR ARRAYS

For the bottom electrodes of the memristor and the TFTs gate, radio-frequency (RF) magnetron
sputtering was used to deposit a 70 nm thick Mo layer in an AJA ATC-1800 system with a flow rate of
50 sccm of Ar, a sputtering power of 175 W (3” target) and a deposition pressure of 1.7 mTorr.

A parylene-C layer was deposited through a chemical vapor deposition tool (CVD-PDS-2010) to
protect the memristors bottom contact from the etching of the TFT dielectric. The patterning of this
Mo-parylene-C bi-layer was achieved by photolithographic steps. Two masks were required, the first
for the bottom contact of the memristors, where the parylene should remain, and then a second one,
used after the etching of the parylene layer, for the TFTs gates. Reactive ion etching in a Trion Phantom
3 system was used with O; gas for the parylene layer and SFs for Mo.

The dielectric layer was a 175 nm thick multilayer based on SiO,/TaSiO* deposited in RF mag-
netron sputtering in an AJA ATC-1800 system with a flow rate of 14 sccm of Ar and 1 sccm of Oy, a
sputtering power of 200 W for SiO, and 100 W for Ta,0s (2” targets), a deposition pressure of 2.3
mTorr, a substrate bias of 15 W and at 180 °C. The patterning of this layer was accomplished by reactive
ion etching in the same Trion Phantom 3 system using SFs gas. The remaining parylene was then etched
using O,.

A lift-off procedure was then employed to pattern the IGZO, used as active layer for memristor
and TFTs semiconductor. The IGZO thin film was deposited by RF magnetron co-sputtering from three
ceramic oxide targets. The sputtering powers used on each target (all 2” diameter) were In,03: 121 W,
Ga05: 100 W, and ZnO: 50 W using a flow rate of 20 sccm of Ar and 5 of O,. The deposition pressure
was kept constant at 2.3 mTorr. The thickness was 80 nm confirmed by profilometer and the average
In:Ga:Zn atomic composition of the deposited film was 2.5:1.0:1.5, for a normalized Ga concentration
analysis by XPS argon cluster depth profiling. Detailed information on the materials characterization
can be found in our previous work.®

The top Ti/Mo electrode of the memristors and source and drain of the TFTs was also patterned
via lift-off. A thin 6 nm layer of Ti was deposited by e-beam evaporation in a homemade apparatus and
a 70 nm thick Mo layer in an AJA ATC-1800 system with a flow rate of 50 sccm of Ar, a sputtering power
of 175 W and a deposition pressure of 1.7 mTorr.

Annealing steps at 150°C were performed on a hot plate for 60 minutes after the IGZO pattern-
ing and again after the top electrodes patterning for TFTs, which require annealing for improved sta-
bility and performance.*®

The peel-off was performed in deionized water. PVA becomes soluble and the polyimide de-
taches itself from the glass. The samples rested after the peel-off for 24 hours in ambient air before
any electrical characterization.

The electrical characterization of the 1T1M cells, TFTs, and memristors was done using a Keithley
4200 SCS semiconductor analyzer connected to a Janis ST-500 probe station. For the memristors, the
DC sweeps and the pulses were applied to the top electrode while maintaining the bottom electrode

connected to ground. Pulse tests on the structures were conducted using the ARB module which allows
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Results and discussion

for a manual entry of the pulse schemes as well as synchronized pulse schemes with different ampli-
tude, in this case used for word and source lines. For the VMM operations test, a Keysight B1500A
semiconductor parameter analyzer connected to a Cascade Microtech EPS 150 manual probe station

was used.

5.3 Results and discussion

5.3.1 1T1Mcell

A material schematic of the fabricated 1T1M cell is presented in Figure 5.1(a), highlighting the
structures of both the TFT and the memristor. The devices were fabricated on a polyimide substrate.
The first Mo layer serves as the bottom contact/Schottky barrier of the memristor and the gate for the
TFT. A multilayer stack of SiO,/TaSiO composes the dielectric for the TFT as shown elsewhere.*>*” The
multilayer stack as TFT dielectric is reported to result in both reliable and high performance IGZO TFTs
with low-temperature processing that can successfully be implemented into flexible electronic appli-
cations. An a-IGZO layer is employed as the TFT semiconductor and the active layer for memristor. The
optimization of this layer was performed by changing the oxygen flux in IGZO depositions until both
TFTs and memristors could be fabricated with the same film without significant performance degrada-
tion. The TFTs transfer characteristics under different conditions can be consulted in Figure C.2 -Ap-
pendix C. Regarding the memristor, it was previously found that a decrease in oxygen flux during IGZO
deposition results only in a small degradation of the Iirs/lnrs switching ratio, since the electrical prop-
erties are mainly influenced by the contacting materials.® A bi-layer of Ti/Mo is used for the source and
drain of the TFT and the top/ohmic contact of the memristor. In Figure 5.1(b), a micrograph of a fab-
ricated 1T1M cell is shown.

An electrical schematic of the 1T1M configuration is presented in Figure 5.1(c). The gate of the
TFT is called word line (WL) and it acts as a switch, thus controlling if the TFT is on or off, and therefore
if the memristor is selected or not. The drain terminal of the TFT is called source line (SL) and it can
control the current flow to the memristor. The TFT source is connected to the memristor top contact
and the memristor bottom contact is called the bit line (BL).

Figure 5.1(d) presents the memristor Set and Reset operations. Firstly, a voltage sweep from 0
V to -2 V, with a step size of 0.1 V, was applied to the shared node of the 1T1M cell (top contact of the
memristor), while grounding the BL, making the device switch from a HRS to a LRS, therefore perform-
ing a Set. Afterwards, the sweep was performed from 0 to 2 V, making the memristor evolve from the
LRS to HRS, this being the Reset operation.

In our previous studies, it was reported that the resistive state of the a-IGZO memristor is con-
trolled by a potential barrier on the bottom interface, created due to Mo oxidation,®3* and that the

switching is related to variations on the Schottky barrier profile.*® At the Ohmic contact, the oxygen
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getter Ti reacts with the switching oxide by extracting oxygen ions, creating a highly conductive inter-
face region in the a-1GZO layer,* thus building an asymmetry in the oxide, resulting in the required
memristive hysteresis loop.*° For the TFT, the same IGZO layer can be used for the channel without
degrading its performance due to the planar configuration. In addition, the peripheral circuit of the
neuromorphic chip could be composed of the same IGZO-TFTs which would decrease the complexity
of manufacturing at separate stages.

The memristor analog control of resistance states is forming-free and area-dependent, as can
be confirmed in Figure C.3 - Appendix C, in which the Set and Reset processes are presented for dif-
ferent memristor areas along their Iirs/lurs ratio. The current states clearly decrease in smaller memris-
tors while the Iirs/lnrs ratio increases with downsizing. The memristor integrated in the 1T1M structure
has an area of 4 um?2.

The TFT transfer curves can be found in Figure 5.1(e). The word line voltage (Vw.) was swept
from -15 to 15V, in a step size of 0.25 V, and the TFT linear regime is shown in the brown curve with a
source line voltage (Vs1) of - 0.1 V. The light blue curve represents a Vs. of 8 V and the dark blue a Vs,
of -8 V. All these measurements were performed while grounding the shared node of the 1T1M cell.
A negative voltage applied to the TFT drain is not usual, but is, in this case, necessary since the a-IGZO
memristor has a bipolar characteristic in which the Set happens for negative polarities and Reset for
positive polarities when inputting at the top contact. In Figure C.4(a) - Appendix C, the output curve
of the TFT used for integration in 1T1M cells is presented. The TFT is quite large with a W/L of 240/20
pum, which will increase the unit cell area in the active crossbar when compared with the passive cross-
bar composed solely of memristors. Nevertheless, as explained before, if the memristor can be fabri-
cated in smaller areas, increasing lirs/lnrs ratio and decreasing the current state, a smaller TFT can also
be employed. As an example, Figure C.4(b) - Appendix C shows the transfer curves in the linear and
saturation regimes of a TFT fabricated with the exact same process as the ones integrated, but with
W/L of 4/2 um. Moreover, the structure presented here is a bottom gate one as a proof-of-concept.
Different designs can result in higher density.

For ANNs applications, plasticity is the key characteristic and the synaptic element, in this case
the memristor, should present a linear and symmetric potentiation and depression for the highest
accuracies in any task. Potentiation consists in enabling the connection between two neurons and
therefore increasing its synaptic weight, while depression is the restriction of the neuron’s connection
and decrease of the synaptic weight. Both processes are simulated by applying negative or positive
pulses to one of the memristor terminals and thus increasing/decreasing the device’s current state. In
a previous study, we have reported a complex spiking scheme in which the amplitude and width of
pulse was increased in a linear fashion to gain a linear and symmetrical potentiation and depression
of a single RS device.® However, it is notable that if an actual crossbar was to be built, it would most
likely suffer from sneak-path current issues and the selection of a single cell could not be possible.

Strategies have been proposed to mitigate this problem such as the 1/2 and 1/3 voltage bias schemes
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(VBS).112 In Figure C.5 - Appendix C, an experimental study can be consulted in which these ap-
proaches were employed on the a-IGZO memristor. It was found that, even if reducing the sneak-path
current, these approaches would not be sufficient to completely suppress it in large crossbars. More-
over, a complex spiking scheme involving increasing both amplitude and width in each pulse will com-
plicate the required peripheral circuit for the modulation of states.

The 1T1M integration in active crossbars is crucial for the development of an efficient hardware
technology for ANNs applications since it effectively solves the sneak-path current issue. In Figure
5.1(f), the pulse scheme for potentiation and depression on a 1T1M configuration is presented for 200
pulses. For potentiation, 1.2 ms Set pulses were employed. To ensure the required linear response,
the amplitude of the Set pulse was linearly increased by applying an incremental amplitude spiking
scheme at the word line that started at -1 V (1* pulse) and increased to 15 V (100" pulse), as suggested
elsewhere.!® Simultaneously, on the source line an identical spiking scheme was used consisting of - 8
V pulses. The bit line was grounded during the tests. A read pulse was carried out at - 0.1 V at the
source line and 15 V at the word line followed each Set pulse. For depression, a combination of 2 pulses
in each step comprising a full Reset and a Set were applied as shown previously.?? For the 16 ms full
Reset pulse, the word line was at 15 V while the source line was pulsed with 8 V and the bit line was
grounded. This full Reset was applied to decrease the memristor current state to the HRS. The current
state of the memristor was then modulated by the set pulse, applied on the contrary order of poten-
tiation. Therefore, at the word line depression starts with a 15 V pulse (101° pulse) and ends with a -1
V pulse (200" pulse), while at the source line the pulse amplitude remains the same. This strategy
ensures the necessary symmetry between potentiation and depression. The TFT current output during
potentiation and depression can be found in Figure C.6 - Appendix C.

In Figure 5.1(g), the potentiation and depression results, using the previously explained synaptic
weight update scheme, are presented. Each point in this graph represents the read step performed
after each Set pulse. The memristor current state was read at 0.1 V before the application of the pulse
scheme on the 1T1M structure, after potentiation and after depression to validate its successful mod-
ulation. In Figure C.6 - Appendix C, the results can be accessed. The 1T1M cell under much simpler
pulse scheme provides a linear and symmetrical response, as targeted, extremely low C2C variability,
in addition to solving the sneak-path issue. However, the 1T1M cell has an energy consumption of
more than one order of magnitude compared to the only-memristor (1M) cell, mostly due to a slower
operation and the need of larger pulses. Figure C.7 - Appendix C provides the comparison of energy
consumption analysis for synaptic and read pulses for the 1T1M cell and the correspondent 1M cell.
This increase in energy consumption is directly related to the W/L of the TFT as reported previously.>?
A smaller L would enable faster pulses for the modulation of the memristor’s current state and the
read process. Lower conductance at memristor level is, therefore, desired, enabling scaling to larger

crossbar arrays, power efficiency and lower voltage drops at interconnections.>
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Figure 5. 1 1T1M cell structure and synaptic performance. (a) Schematic illustration of the 1T1M cell showing the TFT and
the memristor material structures and shared layers. The memristor is in a cross-point configuration and has an area of 4 um?
while the TFT is in a bottom-gate configuration and has a W/L of 240/20 um. (b) Optical microscope image of one fabricated
1T1M cell (scale bar, 200 um). (c) Schematic diagram of the 1T1M equivalent circuit with the TFT gate as the word line (WL),
the TFT drain as the source line (SL), the TFT source connected to the top contact of the memristor in a shared node (SN) and
the bottom contact of the memristor as the bit line (BL). (d) I-V characteristic of the memristor in the 1T1M cell Set and Reset
for negative and positive voltages applied to the SN, respectively with BL grounded. (e) Transfer curves of the TFT with Vs, of
- 0.1V (applied for the read step in synaptic tests), Vs, of 8 V (applied for the full reset step) and Vs, of - 8 V (applied for the
set pulses), with Vsy grounded. (f) Schematic illustration of the pulse scheme applied to WL, SL and BL for potentiation and
depression tests. (g) Potentiation and depression results. Each point represents the current measured immediately after the
set pulse, read with 15V at the WL, -0.1 V at the SLand 0 V at the BL.

5.3.2 1T1M Crossbar simulation

In addition to a linear and symmetric plasticity characteristic, low C2C variability is crucial for a

high performance in crossbars. Therefore, 50 cycles of the previously explained pulse scheme for
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potentiation and depression were performed on the 1T1M cell. The results can be found in Figure
5.2(a) with the mean current in orange. The experimental Cumulative Distribution Function (eCDF)
lookup tables of the conductance change ( A G) within the 50 cycles of potentiation/depression as a
function of conductance for the Set and Reset processes are displayed is Figure 5.2(b). For a certain
conductance on the x axis, the CDF colormap shows the probability for A G to be less than or equal to
the value on the y axis. The lowest C2C variability would be represented with a straight lineat AG=0
separated with red below zero and blue above zero. C2C variability is, therefore, extremely low.

To further confirm the effect on a crossbar performance of the linearity, symmetry and low C2C
variability of the plasticity characteristic accomplished here, CrossSim was used.>* A simulation of a
three-layer (input, hidden, and output) perceptron neural network using a handwritten digit dataset
(MNIST) was performed for pattern recognition applications. The number of neurons on the input,
hidden, and output layers used 784, 30, and 10, respectively, as shown in Figure 5.2(c). Each neuron
in the input layer is connected to all neurons in the hidden layer through synapses with a given synaptic
weight value (W) and each neuron in the hidden layer is connected to all 10 output neurons. The cor-
responding crossbar schematic can be found in Figure 5.2(d), in which the inputs are through the
source lines corresponding to the neurons on the input layer and the word lines act as a selector. The
conductance of each 1T1M cell is corresponding to the synaptic weight and the bit lines correspond to
the outputs.

The default test provided by CrossSim uses a 25%—75% range of the I rs/lurs window within the
50 cycles of potentiation and depression and the training epochs can be chosen. In Figure 5.2(e) and
5.2(f), the pattern recognition accuracies achieved for different training epochs for our device and the
software benchmark can be consulted. An extremely high 93.28 % accuracy was obtained for 10 train-
ing epochs. It is important to note that this simulation was performed to assess the impact of linearity,
symmetry and C2C variability of the synaptic characteristic of the 1T1M cell on the pattern recognition
accuracy. It assumes no crosstalk effect, no line resistance and full retention of states. Figure C.8 -
Appendix C, retention data of 7 states can be observed for 10° s. The states remain distinct despite
some retention loss, expected from the interface-type of resistive switching.>>>® The retention time is,
therefore, the remaining challenge especially for these types of resistive switching. A strong non-line-
arity is required to tackle the issue of voltage-time dilemma.>’ In this respect the key answer relies on
engineering of the electrode interface. Similar studies are still required for IGZO memristors before
implementation of full system. Therefore, the resulted 93.28 % from the simulation is not to be re-
garded as the final accuracy of a manufactured three-layer neural network composed of IGZO 1T1M
cells, but rather an indicative and comparable value to evaluate the synaptic plasticity. In a previous
study, the CrossSim simulation was also carried out with the experimental 50 cycles of potentiation
and depression using only memristor of the exact same structure as here and resulted in a 91.82% of
pattern recognition accuracy. Here, the 1T1M integration improves linearity, symmetry and C2C vari-

ability due to a current pulse input on the memristor controlled by gate of the transistor.”®
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Figure 5. 2 1T1M CrossSim simulation results for pattern recognition applications. (a) 50 cycles of 200 pulses of potentiation
and depression in grey and the mean current in orange. Each point represents the current immediately after the partial set
pulse, read with 15 V at the word line and -0.1 V at the source line. (b) Experimental Cumulative Distribution Function (eCDF)
lookup tables of the conductance change ( A G) within the 50 cycles of potentiation/depression as a function of G for poten-
tiation and depression. (c) Schematic illustration of a three-layer perceptron neural network (the number of neurons used in
the input, hidden, and output layers is 784, 30, and 10, respectively. (d) Schematic illustration of the equivalent active cross-
bar. (e) Pattern recognition accuracies achieved for different training epochs for our device and the software benchmark. (f)
Accuracy for pattern recognition achieved with the 50 cycles of potentiation and depression presented in ¢ of 93.28 %, com-

pared with the 95.53 % of the software benchmark.
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5.3.3 1T1M Crossbar VMM operations

As mentioned, an important aspect, not considered in crossbar simulations, is the sneak-path
current issue which causes crosstalk interference between nearby cells. As a proof-of-concept, a4 x 4
1T1M crossbar was fabricated to evaluate this matter. The transfer curves in the linear regime of the
individual TFTs as well as the pristine state of the memristors integrated on the crossbars can be con-
sulted in Figure C.9 - Appendix C. In fact, low D2D variability is crucial for a high operation accuracy.
D2D variability is characteristically low in area-dependent switching memristors since it is not depend-
ent on filament reproducibility.>®> Moreover, the IGZO-TFT technology is advanced, providing low D2D
variability on the TFT element as well.

In Figure 5.3(a), a schematic of the active crossbar matrix is presented, the word and bit lines
are parallel to each other, and the source lines are perpendicular to these. Microscope pictures of the
fabricated crossbars are presented emphasizing a 1T1M cell in Figure 5.3(b). Its corresponding ANN
scheme is shown in Figure 5.3(c). The input neurons, here displayed as as, a,, as and ay, translate into
numbers, which in the crossbars is embodied by a voltage vector V = [Vs1, Vsa, Vss, Vsa] applied at the
source lines. Each synaptic weight, represented as W in Figure 5.3(b), is the conductance state of each
cell on the crossbar (G). Finally, the output neurons, b1, b,, bs and by, are the collected output current
(1) in each bit line. To accurately execute the ANN tasks, the crossbars should, therefore, perform the
VMM operations as a result of Ohm’s law: | = G x V, leading to a matrix to vector multiplication as
formally presented in Figure 5.3(d).

The experimental conductance values, mapping the cells of the crossbar, are presented in the
colormap of Figure 5.3(d) and range from 9 to 54 uS. These measurements were performed in each
cell independently, prior to the VMM tests, and consisted of a -0.1 V reading pulse set at the source
line and 10 V at the word line. To perform VMM, a voltage vector [Vs1, Vsz, Vs3, Vsa] with Vs; = 0.30 V,
Vs =0.15V, Vs3 = 0.15 V and Vs, =0.30 V was applied to the source lines. Vs; and Vss were the same
value as well as Vs; and Vs;3 to facilitate the measurements (more details can be found in Figure C.10 -
Appendix C. A constant 10 V bias was applied to the word lines and the output current was then col-
lected at each column bit line. A relative low error of less than 4 % was obtained for all 4 bit lines when
confronting the measured output currents and the expected analytical values.

The precision of the VMM operations was further validated by changing the input voltage vec-
tor, multiplying it with an a parameter that was swept uniformly from -1 to 1, following a previously
reported approach.? The results are reported in Figure 5.3(e), in which the measured output current
is compared with the analytical one. The relative error remains below 10%, as can be confirmed by
Figure 5.3(f), and its increase is mostly on the lowest measured currents, which can be related to the
sensitivity of the equipment. The a-1GZO thin-film active crossbars can, therefore, accurately perform
VMM operations required for ANN applications hardware, successfully suppressing the sneak-path

current issue.
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Figure 5. 3 VMM operations with 1T1M crossbar. (a) Schematic illustration of the 4x4 active crossbars with input vectors,
word lines and output vectors specified. (b) Microscope images of 1T1M crossbars (scale bar, 500 um) and a single 1T1M cell
integrated in the crossbars (scale bar, 50 um). (c) Schematic illustration of the equivalent artificial neural network and its
execution. (d) Experimental conductance values colormap for all cells of the crossbar and Ohm’s and Kirchhoff’s laws applied
analytically to the 4x4 crossbars. (e) Experimental results of the VMM operations, consisting in the measured current at each
bit line as a function of a parameter, adjusting the amplitude of the input vector (V = a x [0.30, 0.15, 0.15, 0.30] V. a was
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swept uniformly from -1 to 1. The measured values are compared with the analytical results disclosing a good accuracy. (f)

Relative errors of the VMM operations related to the a[0.30, 0.15, 0.15, 0.30,] input vector.

This 4 x 4 1T1M crossbar can physically perform 32 operations by one single read process, there-
fore the efficiency of the circuit is determined by the speed of the current read step. One OPS is defined
as one operation (multiply or add) per second and is used to estimate power efficiency.? If the previ-
ously described pulse scheme is applied, then the read process will be 1 ms and the 4 x4 1T1M crossbar

has 32 000 OPS. The scaling down of cell unit in larger crossbars would greatly increase this value.

5.3.4 Flexible 1T1M endurance

The endurance of the cells is also critical to ensure a stable performance over time. Bending
tests were performed on the flexible crossbars to assess its impact on the behavior of the cells. In
Figure 5.4(a), a picture taken through a magnifying glass is shown where the flexibility of the substrate
is demonstrated. In fact, the 6 um polyimide substrate ensures a complete suppleness to any surface.
In Figure 5.4(b), the potentiation test response, in one cell, using the described pulse scheme, is pre-
sented before peel-off of the polyimide from the glass, after the peel-off, and after being subjected to
a 30 minutes static bending with a curvature radius of 15 mm. After bending, the conductance state
slightly increases. This can be explained by a shift in the TFT turn-on gate voltage to more negative
values or an increase in the memristors current states.

Afterwards, a potentiation test was performed immediately after 1, 2, 5, 10, 20, 50 and 100
bending cycles with the same 15 mm radius curvature. Figure 5.4(c) displays the HRS and LRS achieved
in each case. Before each test, a Reset was performed through DC sweep on the memristor. After the
second bending, the conductance state increases once more. However, after 10 bending cycles the
HRS and LRS stabilize and even at 100 bending cycles, the cell performance shows no further degrada-
tion.

Following the bending cycles, the bending curvature radius was gradually reduced from 15 mm
to 1.25 mm and another potentiation test was performed after each trial. The results are displayed in
Figure 5.4(d) and show no relevant variation on the HRS and LRS for different bending radii. The final
potentiation characteristic, retrieved after all bending tests, is displayed in orange in Figure C.5(b) -
Appendix C and shows a complete recovery to the before peel-off characteristic.

On the individual devices, the memristor presented no relevant variability after all the bending
tests. The TFT performance shows a variation in the turn-on voltage towards more positive gate volt-
ages immediately after the peel-off, which explains the decrease on the conductance of the cell after
peel-off. However, the turn-on voltage after all the bending tests decreases closer to its initial, before-

peel-off value, indicating a recovery and explaining the stability presented in the following cell bending
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cycles. The TFTs transfer curve in the linear regime and the |-V sweeps for Set and Reset of the memris-
tor, before and after peel-off and after all the bending cycles, can be found in Figure C.11 - Appendix
C. Increased trapping sites at the interface of IGZ0 and dielectric is assumed as the cause of the positive
threshold voltage shift from before and after peel-off, most likely trapped moisture at nanocracks,>®
caused by the peel-off process itself performed with deionized water. The shift to more negative turn-
on voltages after bending indicates a recovery of the device to its natural before-peel-off state, in
agreement with the final potentiation characteristic showing unsignificant variability when compared
to the before and after peel-off process. The encapsulation of devices or an annealing step performed

after peel-off would result in improved TFT characteristics.
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Figure 5. 4 Flexible 1T1M endurance through bending tests. (a) Flexible crossbar picture through magnifying glass. (b) Po-
tentiation performance results of one cell before and after peel-off, after 30 minutes of static bending with a 15 mm curvature
radius and after all bending tests, both cycles and radius, tests. (c) HRS and LRS of the potentiation characteristic of one cell
after 1, 2, 5, 10, 20, 50 and 100 bending cycles with a 15 mm radius. (d) HRS and LRS of the potentiation characteristic of one
cell after bending with a 15, 7.5, 5, 2.5 and 1.25 mm curvature radii.
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5.4 Conclusions

In conclusion, a thin-film a-1GZO 1T1M 4x4 crossbar was successfully developed on a flexible
polyimide substrate allowing for loT applications and well suited for wearable applications. The TFT
and memristor were fabricated at the same level, using the same processing steps and sharing the
same material for all layers, which implies an improved interconnectivity between cells and a cost-
effective approach.

The 1T1M plasticity characteristic for ANNs shows a linear and symmetrical weight update in
potentiation and depression tests using a simple identical spiking scheme, as required for high accura-
cies in any given task. Accordingly, the pattern recognition accuracy of the MNIST handwritten digits
dataset, for crossbar-based online training using CrossSim simulation, reveals an accuracy of 93.28%.

The crossbars were found to be resistant to the bending tests and vector-matrix multiplication
operations were experimentally performed in the 4x4 active crossbars with a relative error, from an-
alytical to measured, of less than 10%, effectively suppressing the sneak-path current issue and reveal-
ing the immense potential for a cost-effective, efficient, flexible and large-scale ANNs hardware, pro-
vided that the crucial figures of merit of a neuromorphic system such as scalability, speed and power

efficiency are optimized.
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Optoelectronic memristive devices based on oxide semiconductors for the next generation of

Information technology

‘ CHAPTER 6

RESISTIVE SWITCHING MECHANISM OF IGZ0O MEMRISTORS
WITH EIGHTWISE POLARITY

The systematic study of resistive switching (RS) mechanisms of memristive devices is crucial for the
development of reliable physical models, required for circuit integration and neural networks hard-
ware applications. This work investigates the RS behavior in MoO,/IGZO junctions, demonstrating the
formation of a Schottky barrier that enables area-dependent switching with eightwise polarity. We
explore the impact of fabrication processes, including annealing and plasma treatment on the bottom
Mo electrode, showing that these adjustments can produce devices with the pristine state in the low-
resistance state (LRS) or high-resistance state (HRS). Additionally, it is demonstrated that while chang-
ing the top contact primarily influences the lirs/lurs ratio, modifying the bottom contact can shift the
switching mechanism to filamentary type. The typical relaxation decay is found to be caused by reoxi-
dation of a previously oxygen-deficient region in IGZO, close to the interface. Accordingly, incorporat-
ing an Al,O3 layer between IGZO and MoOy significantly improves retention properties. Our results
suggest that the RS is driven by Schottky barrier modulation at the interface, induced by the exchange
of oxygen ions between IGZO and MoOy, which alters the depletion width and barrier height, in com-

plete agreement to other eightwise switching devices.

The results presented in this chapter are being prepared to be submitted as:

M.E. Pereira, J. Deuermeier, T. Mingates, P. Carvalho, T. Calmeiro, M. Cortinhal, E. Fortunato, R.
Martins, P. Barquinha and A. Kiazadeh, “Comprehensive analysls on the e1ghtw1se resistive switch-
ing mechanism of a-IGZO based memristors”, in preparation, 2024.
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Introduction

6.1 Introduction

Resistive switching (RS) devices, also known as memristors, have attracted significant attention
in recent years due to their immense potential to revolutionize artificial intelligence (Al) hardware,
which, to this day, is still based on the outworn CMOS technology and still suffering from the limita-
tions of the Von Neumann’s architecture. Memristors can alter their resistance state in response to
the applied electric field, exhibiting either volatile or non-volatile behavior. This capability makes them
ideal to be employed as artificial synapses in brain-inspired technologies, where learning and forget-
ting processes are incorporated, in endeavors to mimic the human brain's energy-efficiency and fast
operations.

Allowing miniaturization to the nanometer scale,! RS devices are built in vertical structures usu-
ally composed of an oxide layer sandwiched between two metal electrodes. Typically, one or more
conductive filaments (CFs), usually composed of oxygen vacancies (VOs), located inside the oxide and
connecting the top to the bottom electrode are appointed as the cause for RS. These CFs are generated
in an electroforming process in which a high electric field is applied to the device, causing a soft break-
down of the insulating material and changing the resistance state of the device to its first low-re-
sistance state (LRS). The CFs can then be partially dissolved, and then restored, by application of re-
versed/non-reversed bias, changing the resistance state from LRS to high-resistance state (HRS), in a
process called Reset, and from HRS to LRS, in a process hamed Set, by local redox processes.?™ Due to
the randomness of filament formation, these devices often suffer from poor reproducibility and high
cycle-to-cycle (C2C) variability,>® which can be improved by confining the CF to the entire electrode
area.” Moreover, several works have shown that multi-level cell (MLC) operations can be achieved in
filamentary-type of switching by the manipulation of filament width.®° However, the transition be-
tween discrete number of states is usually abrupt which hinder their possible applications as true an-
alog devices.

Unlike filamentary RS, area-dependent switching presents a gradual conductance change in the
device. Either interface or bulk-related, this type of switching is characterized by a uniform distribution
of mobile defects within the oxide, which results in inherent high reproducibility and low C2C variabil-
ity.2° In interface-RS a reaction takes place at the electrode/oxide interface(s), while bulk switching
pertains to changes in the dopant distribution within the oxide bulk.}'? Additionally, the learning and
forgetting processes of the human brain are better reproduced by devices with area-dependent
switching, wherein the retention of programmed states follows a relaxation process that closely mir-
rors the forgetting process of the human brain.

Several materials have been proposed as RS layer for such devices such as STO,** zT0Q,'*°
PCMO, Co0,,*” IGZ0,* etc. Since IGZO is also successfully employed in thin-film transistors (TFTs) in

19,20

panel display applications, it is the ideal choice for 1-transistor-1-memristor (1T1M) strategies to
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solve crosstalk in memristive crossbars.?2* |GZO is an amorphous oxide semiconductor (AOS), a class
of materials that offer several advantages related to their excellent stability, easy and low cost manu-
facturability and possible miniaturization to the nanometer scale due to the lack of grain bounda-
ries.?>26 Moreover, AOS materials are transparent and allow for room temperature processing, which
means flexible devices can be designed for loT and wearable applications with optoelectronic proper-
ties.?’

Regarding 1GZ0O-based memristors, both filamentary and area-dependent switching can be ex-
hibited depending on the choice of materials for electrodes and the oxide cation/oxygen composi-
tion.18%730 | fact, the movement of charge carriers in IGZO is primarily due to VOs which means the
conductivity of the film can be controlled over 8 orders of magnitude by regulating the oxygen/cation
composition.313% As such, the physical mechanism responsible for area-dependent RS has to be ana-
lyzed for each particular device, taking into account its specific electrical behavior and material struc-
ture. Nonetheless, it is highly necessary to make sense of the literature results which seems to report
on contradictory conclusions, as can be inferred from Table 6.1.

Bulk switching has been proposed for memristors using an oxygen-rich and an oxygen-poor IGZO
layers. The movement of oxygen ions induced by electric field would change the relative thicknesses
of these layers, thus modulating the device conductance.*2* In some devices, a forming process before
Set and Reset operations is required, which is ascribed to a filament formation composed of positively
charged VOs (VOs?). It is then assumed that this CF is not destroyed between the gradual change of
RS, still attributed to bulk switching caused by oxygen ion movement. In other studies, however, the
addition of a SiO; layer would shift the device’s RS mechanism from bulk to interface-type of switching,
ascribed to barrier modulation by electron trapping and detrapping.3¢3’

Interface-type of switching is mostly, attributed to a Schottky/tunnel barrier modulation at the
interface(s) of the device. The confusion seems to arise regarding the cause of the barrier modulation.
In the previously mentioned study, the barrier was identified at the SiO,/IGZO interface. It is then pro-
posed that the cause for RS is the ionization and neutralization of VOs. When positive voltage is applied
to the top contact, VOs near the barrier have a higher energy state than the Fermi level, and become
ionized to VO, detrapping electrons and lowering the barrier’s height. In contrast, electrons can easily
reach the top interface with negative bias, neutralizing VOs and increasing the barrier height.3¢3” When
the top Pd contact was replaced by Ti/Au, Set and Reset operations remained at the same voltage
polarity and no forming was necessary, which corroborates the authors assertation that the SiO,/IGZO
interface is the active one. However, the I-V characteristic seems to have significantly changed.3® In
another structure, Pd/IGZO/Mo, a Schottky barrier was identified at the Pd/IGZ0 interface. The migra-
tion of VOs to the active interface would decrease the Schottky barrier height, inducing an increase in
conductance state. Here, negative voltage applied to the active Schottky-type electrode would per-
form Set and positive voltage would perform Reset, known as “counter-eightwise” switching (to note

it is mentioned reversely on the original paper since voltage was applied to the top electrode and the
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Schottky interface is at the bottom).* Later, the physical mechanism for RS in this same structure was
further elucidated as a combination of electronic and ionic processes. During Set, the migration of VOs
would take place towards the Pd/IGZO interface and VOs would become VO?*, decreasing the Schottky
barrier and detrapping electrons that can participate in the conduction. In contrast, VOs would be
neutralized with reversed bias, due to the drift of 0%, while the Schottky barrier height would be in-
creased.®® However, in another work on the same stack, the ionic process is disregarded and electron
trapping and detrapping due to ionization of VOs is once again pointed as the cause for barrier modu-
lation. In the latter work, it is also mentioned that retention properties are improved by the addition
of an Al,Os layer at the top ohmic junction, which is explained by the authors with its suppressing effect
in oxygen diffusion.*

More recently, an Al/Al,0s/IGZO/AI structure was presented in which RS mechanism was at-
tributed to barrier modulation at the Al,03/IGZO interface, due to ionization and neutralization of
VOs.*! A different explanation was provided for RS at ITO/IGZO interface, in which the movement of
VO?* towards the ITO/IGZO interface would form a depletion region and the increase and decrease of

its width, due to ionization and neutralization of VOs, would cause Set and Reset operations.*?

Table 6. 1 Literature on area-dependent switching shown by IGZO memristors. Only the works which provided an explana-
tion for the RS phenomenon were considered. The active interface mentioned is the one appointed by the original authors

as the relevant interface for RS. NA- not applicable.

Type of . . Active inter- 8W or )
. Memristor structure Forming Explanation for RS Ref.
switching face c8sw
Migration and diffusion of oxygen
Bulk Pt/IGZ0,/1GZ0Oy/Pt No NA NA d e

ions in the IGZO double layer 33

. Migration and diffusion of oxygen
Bulk p*Si/IGZ0,/1GZO, /Cu No NA NA X X 34
ions in the IGZO double layer
Migration and diffusion of oxygen
Bulk p*Si/IGZO/Pd Yes NA NA = . . e
ions in the IGZO layer 35

- . Barrier modulation by electron
Interface p*Si /Si0,/1GZ0/Pd Yes Si0,/1GZ0 c8wW . . 36,
trapping and detrapping -

o . . Barrier modulation by electron

Interface p*Si/Si0,/IGZO/Ti/Au No Si0,/IGZO Cc8W . .

trapping and detrapping 38

Schottky barrier modulation by mi-
Interface Pd/IGZO/Mo No Pd/IGZO Cc8W gration of oxygen ions inside the

I1GZO

39

Schottky barrier modulation by mi-
gration of oxygen ions inside the
IGZO + electron trapping and de- 36
trapping

Interface Pd/IGZO/Mo No Pd/IGZO c8W

Schottky barrier modulation by
Interface Pd/IGZO/Mo No Pd/IGZO Cc8W . .
electron trapping and detrapping 40
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Schottky barrier modulation by

Interface Pd/IGZ0O/Al,03/Mo No Pd/IGZO cs8W . .

electron trapping and detrapping 40
Barrier modulation by electron
Interface Al/Al,03/IGZO/Al No Al,03/1GZ0 c8wW ) )
trapping/detrapping 41
Depletion region width modulation

Interface ITO/IGZO/Ag No ITO/1GZO c8W . )
by electron trapping/detrapping 42
Mo/MoO,/IGZO/Ti/Mo No Schottky barrier modulation by ex- 43
Our work Mo/Mo0,/IGZ0/Mo Yes Mo0,/IGZO sW change of oxygen ions between 44'
Mo/Mo0,/IGZO/Ti/Au No MoO, and 1GZ0 45

In our previous studies, we proposed an IGZO-based memristor compatible with IGZO TFTs. To
fully showcase the tremendous potential of our device for loT and wearable applications, a flexible
crosstalk-free 1T1M crossbar was presented. The memristor presented rectifying behavior in the pris-
tine state, which was attributed to a Schottky barrier formed between the 1GZO and highly oxidized
MoOy at the bottom interface.*®* Therefore, it was concluded that the principle behind the RS is a
change of Schottky barrier profile.** Assuming that the Schottky-type electrode has been identified
correctly in all of the mentioned studies for interface-type of switching in IGZO memristors, “eightwise
switching” has only been demonstrated by our works. This type of switching cannot be explained by
electron trapping/detrapping or the model of purely internal redistribution of VOs due to the Set and
Reset polarities. It has been shown, for other active layer materials, such as TiOx,* TaOx*” and STO,*
that the barrier modulation is, in such cases, due to an interface exchange reaction of oxygen and VOs
in combination with ion movement in the oxide bulk.*->*

In this study, a comprehensive analysis on memristors with MoOy/IGZO as the Schottky-type
electrode and 8w switching is further conducted. Specifically, here, we evaluate the effects of low-
temperature post-fabrication annealing and the plasma treatment on the bottom contact. We also
examine the impact of the top and bottom contacts on RS properties to prove which active interface
is responsible for RS. It is found that the top contact does not alter the RS behavior, impacting only the
Iirs/Inrs ratio. On the contrary, changing the bottom contact from Mo to Al completely alters RS from
analog to abrupt, indicating a shift to filamentary-RS. Additionally, introducing a thin layer of Al,O3 at
the Schottky barrier interface is shown to improve retention of programmed states. Based on the ex-
perimental results, we confirm that the modulation of the Schottky barrier at the bottom interface of
the device is the cause for RS and we propose that the exchange of 0% ions at this interface modulates
the depletion width and Schottky barrier height, as previously proposed for other 8w switching de-

vices.
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6.2 Experimental

Corning Eagle glass was used as substrate for the fabrication of the memristors in crosspoint
structures, which had been pre-cleaned through multiple ultrasonic baths in acetone and isopropanol,
followed by rinsing with deionized water and drying with nitrogen gas. For the devices with Mo as
bottom electrode, radio-frequency (RF) magnetron sputtering was used to deposit a 70 nm thick layer
in an AJA ATC-1800 system using a flow rate of 50 sccm of Ar, a sputtering power of 175 W (3” target)
and a deposition pressure of 1.7 mTorr. For patterning, SFs gas was used for reactive ion etchingin a
Trion Phantom 3 system. For the devices with Al as bottom electrode, patterning was achieved via a
lift-off procedure and a 70 nm thick layer was deposited by e-beam evaporation in a homemade ap-
paratus. The oxygen plasma treatment carried out in some of the samples on the bottom electrodes
was performed inside the sputtering chamber prior to IGZO deposition. The parameters used for the
treatment were a flow rate of 20 sccm of O, gas with 10 W of substrate bias and an RF power to the
Ga203 target of 40 W to create the plasma for 10 min in a 20 mTorr pressure (shutter closed). ALD
was used to deposit 1, 2, 3 or 5 nm of Al,O3 on some of the samples at 2002C in a BENEQ TFS-200,
using alternative pulses of trimethylaluminium (TMA) and DI water, with pulse/purge step durations
of 150 ms/650 ms (TMA) and 150 ms/1000 ms (DI water). This layer was then patterned by dry etching
in the same system as Mo by a combination of CF, and O, gases. Three ceramic oxide targets (all 2"
diameter) were then used in RF magnetron co-sputtering to deposit 50 nm of IGZO using powers of
In,03:121 W, Ga203:100 W, and Zn0:50 W in a flow rate of 20 sccm of Ar and 5 of O,, at 2.3 mTorr.
The In:Ga:Zn atomic composition is 2.2:1.0:1.1, for a normalized Ga, calculated by XPS results through
area report on the Ga 3s, Zn 3s and In 4s spectra. Once again, patterning was carried out by lift-off for
both the IGZO and the top electrodes. For the devices with Mo as top electrode, the same procedure
as the bottom electrode was employed. For the devices with Ti at the interface, 6 nm of Ti were de-
posited by e-beam evaporation in a homemade apparatus. 60 nm of Au were then deposited without
breaking vacuum at the same system for the devices with Ti/Au as top electrode. All depositions, ex-
cept the ALD one, were carried out with no intentional heating. An annealing step was performed at
the end of fabrication in all samples, unless mentioned otherwise, at 150°C for 1 hour. The aged de-
vices procedure has been previously reported in ref. 43. The parylene-C deposition for passivation was
carried out through a chemical vapor deposition tool, CVD-PDS-2010. Patterning was achieved by re-
active ion etching using O, gas.

The electrical characterization of the memristors was conducted at a Keithley 4200 SCS semi-
conductor analyzer connected to a Janis ST-500 probe station. The DC sweeps were acquired by apply-
ing a voltage to the top electrode while maintaining the bottom electrode connected to ground.

X-ray photoelectron spectroscopy (XPS) measurements were performed with a Kratos Axis Su-
pra, using a monochromatic Al Ka source at 120 W (spectroscopy) and 150 W (imaging). Resolution

was 80 eV for survey and 20 eV for detail scans, as well as 160 eV for imaging. Charge neutralization
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with low energy electrons was used and all spectra were shifted to C 1s at 284.8 eV a posteriori. Cas-
aXPS Version 2.3.25PR1.0 was used for data analysis. Sputter depth profiles were prepared with a
monoatomic argon beam of 15 keV scanned over an area of 1.5 x 1.5 mm?2. The incident angle with
respect to the surface was 60°. XPS was acquired after etching steps of 500 s with an X-ray power of
225 W, a pass energy of 80 eV and a 110 micrometer aperture.

Atomic force microscope (AFM) topographs were acquired with an Asylum Research MFP-3D
Standalone system (Oxford Instruments, UK) operated in tapping mode at ambient room conditions.
Commercially available silicon probes were used (Olympus AC160TS, Olympus Corporation, Japan; fo =
300 kHz, k = 29 N/m) and the resulting topographs were exported using Asylum Research's software

packages after low-level flattening.

6.3 Results and discussion

6.3.1 Annealing effect and plasma treatment

The standard device structure, which will be referred from now on as Plasma/Not Annealed
device, isillustrated in Figure 6.1(a). Mo is used as bottom and top electrodes and a thin layer of MoOy
is created by an in-situ O, plasma treatment, between the IGZO layer and the bottom electrode. At the
top interface, a thin Ti layer is also added. VOs are assumed to be the main sources of shallow donor
levels in IGZO, localized close to the conduction band, that grant the characteristic n-type conduction
to this semiconductor.>**3 These VOs are formed when oxygen atoms are missing from the lattice and
are readily ionized at room temperature with each doubly charged VO leaving 2 free electrons contrib-
uting to the conduction.>*>” Due to its high oxygen affinity, Ti reacts with IGZO by extracting oxygen
atoms, creating VOs in the oxide.®® This creates a highly conductive region in the IGZO at the Ti/IGZO
interface, therefore establishing an Ohmic junction. On the contrary, at the bottom interface there is
a highly oxidized region, due to the presence of MoOy, which creates a barrier for electron injection.
This Schottky barrier modulation is believed to be the cause of RS in the device.>4°

To further ascertain our conclusions, XPS measurements with monoatomic argon cluster depth
profiling were performed from the Ti to the bottom Mo electrode and the results can be consulted in
Figure 6.1(b). By analyzing the In 3d spectra more closely, it was found that metallic In® is present at
the top interface (until etching time = 7000 s), while at the bulk and at the bottom interface mainly
oxidized In* can be detected. The full analysis is presented in Figures D.1(a), D.1(b) and D.1(c) - Ap-
pendix D, where the In 3d spectra is presented for the Ti/IGZO interface and for the bulk IGZO and the
relative percentages of In® and In®* are estimated. In is the main element contributing to the conduc-
tion in IGZO as it connects weakly to oxygen due to its larger ionic radius, compared to Ga and Zn. This

means that differences in VOs concentration are more noticeable in In, as demonstrated. Analyzing
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the individual elements roles, In is polycrystalline even when deposited at low temperatures. With the
addition of Zn, 1Z0 films are created and are amorphous until 600 °C. However, the free carrier con-
centration cannot be easily decreased to be used as a semiconductor, which is solved by adding Ga.
Ga** has a high ionic potential (3+ valence and smaller ionic radius that In3*). Therefore, Ga can estab-
lish stronger bonds to oxygen preventing excessive free carrier generation due to VOs.>%361 At the
bottom interface of our proposed device, In concentration decreases faster than Ga or Zn, which
means In/Ga ratio is lower at the interface than at the bulk. In/Ga ratios can affect both the 1GZO
conductivity and the barrier height: lower In/Ga ratio leads to lower conductivity and higher barrier
height 61763

In Figure 6.1(c), the same XPS depth profile is presented for a sample with the exact same struc-
ture but in which a low-temperature annealing of 150 °C was performed post-fabrication in air condi-
tions (Plasma/Annealed device). The |-V characteristic of the pristine state, between -1V and 1V ap-
plied to top contact, of the memristors can be consulted in Figure 6.1(d). In this paper, all results are
in regard to 4 um? memristors, unless stated otherwise. It is clear that the Plasma/Not Annealed device
has a rectification ratio of 2 orders of magnitude that confirms the Schottky barrier at the bottom
interface. Moreover, in a previously reported device without Ti at the top interface, and therefore with
a symmetric structure (Mo at both electrodes), this rectification was also notable, further confirming
the influence of MoOy at the bottom interface.** However, the Plasma/Annealed memristor has lost
the rectification, maintaining the conductance level for negative polarities. By evaluating the XPS depth
profiles (Figures 6.1(b) and 6.1(c)), the immediate conclusion is that with annealing there is a redistri-
bution of In, Ga and Zn cations at the bulk 1GZ0O, with tendency to higher In content at the bottom
interface. This could indicate that a redistribution of VOs would take place, decreasing the Schottky
barrier. In fact, the most dominant process occurring at low-temperature annealing of IGZO is the
structural relaxation within the film to accommodate defects created during fabrication.

The Mo 3d emissions were also evaluated in detail at the interface. Fittings were done according
to Baltrusaitis et al.,®® as exemplified in Figures D.1(d) and D.1(e) - Appendix D, and the summary of
the relative percentage of the deconvoluted contributions for increasing etching time can be found in
Figures 6.1(e) and 6.1(f). Both samples contained Mo®%, Mo®*, Mo* and metallic Mo® In the
Plasma/Annealed structure, a reduction of Mo® to Mo>* and Mo* to Mo° took place. Mo® is the me-
tallic component of the Mo 3d spectra and Mo* can also present a metallic behavior.®® It is not clear
if oxygen is released to the atmosphere or captured by IGZO. It is known that the O-H bonds in IGZO
can generate and release H,O molecules when annealing is performed under air conditions. This in-
creases the VOs concentration at the IGZO which can be balancing the oxygen insertion from the re-
duced Mo. On the other hand, the process of oxygen absorption in IGZO has been proven to be ther-
mally activated, becoming significant at temperatures above 200 °C.%* While this process cannot be
completely ruled out, since the annealing performed here was accomplished at 150 °C, it can be con-

cluded that oxygen absorption is too low to be relevant.
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Figure 6. 1 Annealing effect on the Mo/Mo00,/1GZ0/Ti/Mo memristor. (a) Schematic illustration of the device. (b) and (c)
XPS argon cluster depth profiling through Ti/IGZO/MoO,/Mo structure, fabricated using plasma to create the MoOy and Not
Annealed and Annealed, respectively. (d) I-V characteristic of the pristine state, between -1 V and 1 V applied to the top
electrode, of the Plasma/Not Annealed and Plasma/Annealed memristors. (e) and (f) Relative percentage of the deconvoluted
Mo 3d spectra contributions at the bottom interface of the Plasma/Not Annealed and Plasma/Annealed structures, respec-
tively. (g) and (h) I-V characteristic of full Set and gradual Resets of the Plasma/Not Annealed and Plasma/Annealed struc-
tures. (i) D2D variability presented for 10 devices of each evaluated memristor structure.

Set and Reset of the memristors are presented in the I-V characteristics of Figures 6.1(g) and
6.1(h). In both devices, for negative polarities applied to the top electrode Set occurs, and the con-
ductance increases from HRS to LRS, and for positive polarities the conductance decreases from LRS
to HRS, realizing Reset. As explained before, since the active Schottky-type electrode is at the bottom

interface, the switching on these devices can be classified as 8w. Both devices show analog behavior
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with multiple conductance states. However, the Plasma/Not Annealed device must undertake a form-
ing process before being able to perform Set and Reset, as shown in the red curve of Figure 6.1(g),
after which it never returns to the pristine state. On the contrary, the Plasma/Annealed device can
function with no forming, immediately performing Set and Reset, and remaining at the pristine state
when in the HRS. This is most likely due to the MoOy layer in the Plasma/Not Annealed device having
more Mo®". The work function of Mo®" is higher than that of Mo>* and Mo*" and can go up to 6.6 eV.?’
At the same time, IGZO has a work function of around 4.5 eV.%8 This creates a high barrier for electron
injection at this interface, which means that with the first application of negative voltage a soft break-
down is imposed to the MoOx layer, which can lead to decreased control over the RS behavior. How-
ever, in the annealed memristor, no forming is necessary due to the lower barrier induced by the re-
duction of Mo®". Here, RS phenomenon takes place at the whole Schottky-like interface by modulation
of the barrier height. This conclusion is further verified by the enormous decrease in device-to-device
(D2D) variability found from the not annealed devices to the annealed devices (Figure 6.1(i)).

Given that the MoO,/IGZ0O interface was identified as the Schottky barrier where RS takes place,
further investigation on this interface was carried out. For such, memristors in which no plasma treat-
ment was performed on the bottom Mo electrode were fabricated, from now on referred to as No
Plasma/Not Annealed and No Plasma/Annealed. In Figure 6.2(a), the I-V characteristic of the pristine
state of annealed memristors with plasma and without plasma can be compared. It is noticeable, that
the No Plasma/Annealed device also does not present rectification, which is once again a consequence
of the annealing. In Figure D.2 -Appendix D, the entire analysis on the annealing effect of the devices
fabricated without plasma can be consulted. Here, Mo® reduction cannot be noted which further elu-
cidates on the loss of rectification being a process taking place in the IGZO. The No Plasma/Not An-
nealed devices also need forming before Set and Reset operations and D2D variability is drastically
improved by the annealing step as well. It is important to note that the pristine of the No Plasma/Not
Annealed and Plasma/Not Annealed devices show very identical pristine states. The major difference
lies in the pristine of the annealed devices, with the No Plasma/Annealed memristor having a much
more conductive pristine. Not many differences can be found by comparing the XPS depth profiling,
presented in Figure 6.2(b). Hence, the plasma treatment is found to not be the cause for the oxidized
Mo at the interface, since the Mo 3d spectra for the memristors without the plasma treatment also
present Mo®, Mo>*, Mo*and Mo®, as shown in Figure 6.2(c). It is entirely possible that the Mo elec-
trode can be oxidized by air contact before IGZO deposition, or even that the IGZO deposition induces
oxidation to the Mo, since it is done in an Ar/O> gas atmosphere. The major distinction between the
sample with Plasma/Annealed and No Plasma/Not Annealed is in the Mo® percentage, which is lower
in the No Plasma device, and, most probably, in the density/thickness of the created oxide.

In terms of interface properties, the plasma treatment on Mo seems to slightly reduce the sur-
face roughness, as evidenced by the AFM images, shown in Figures 6.2(d) and 6.2(e). However, in both

presented images the root mean square (RMS) roughness is very low (< 1 nm), which means it is not

112



6. RESISTIVE SWITCHING MECHANISM OF 1GZO MEMRISTORS WITH EIGHTWISE POLARIT

expected to be affecting the pristine or the RS. In Figure D.3 -Appendix D, the AFM image of the IGZO
surface is also presented with a low RMS roughness value of 0.461 nm. The Set and Reset operations
by |-V sweep during 100 repeated cycles are presented in Figure 6.2(f) for the already discussed
Plasma/Annealed device, displaying very low variability. The retention properties measured for 1 hour
at 0.1V for 8 programmed states (by |-V sweep) are depicted in Figure 6.2(g). The relaxation decay is
typical of area-dependent switching and the equilibrium state (here also the pristine state), is closer
to the HRS than to the LRS. The area-dependent switching of both Plasma/Annealed and No
Plasma/Annealed memristors is further confirmed by the linear relationship of resistance states (in LRS

and HRS) with device area, shown in Figure D.4 -Appendix D, typical of interface-type switching.:®
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Figure 6. 2 O, Plasma treatment effect on the Mo/Mo00,/IGZO/Ti/Mo memristor. (a) |-V characteristic of the pristine state,
between -1 V and 1 V applied to the top electrode, of the Plasma/Annealed and No Plasma/Annealed memristors. (b) XPS
argon cluster depth profiling through Ti/IGZO/MoO/Mo structure on the No Plasma/Annealed structure. (c) Relative per-
centage of the deconvoluted Mo 3d spectra contributions at the bottom interface for the No Plasma/Annealed structure. (d)

and (e) AFM 3D images of the Mo surface after the plasma and without any plasma treatment, respectively. (f) 1-V
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characteristic of 100 cycles of full Set and full Reset for the Plasma/Annealed structure memristor. (g) Retention properties
of the Plasma/Annealed device recorded for 1 hour at 0.1 V after 8 programmed states via |-V sweep at different Reset stop
voltages. (h) |-V characteristic of 100 cycles of full Set and full Reset for the No Plasma/Annealed memristor. (i) Retention
properties of the No Plasma/Annealed device recorded for 1 hour at 0.1 V after 8 programmed states via |-V sweep at differ-

ent Reset stop voltages.

C2C variability is also extremely low for the No Plasma/Annealed memristors as evidenced by
the Set and Reset cycles, displayed in Figure 6.2(h). However, retention properties, demonstrated in
Figure 6.2(i), show that the relaxation decay of the programmed states tend towards a much higher
equilibrium state than the Plasma/Annealed device. This explains the higher pristine state of the No
Plasma/Annealed memristor: after annealing, the device is already very close to the LRS. This is why
the first measurement, displayed in Figure 6.2(h), which as to our protocol is always the sweep on the
negative polarity to induce Set, did not show any RS. This suggests that whatever physical/chemical
reactions that happen during Set, took place during the annealing step for the No Plasma/Annealed
structure. It is not clear why the reaction does not take place at the Plasma/Annealed device during
annealing. It can be related to different MoOy thickness or density or/and it could have to do with the
increased Mo® concentration in the Plasma/Not Annealed memristor. Further research is necessary
to understand the differences between RS mechanism in devices with and without plasma. For in-
stance, transmission electron microscopy (TEM) measurements could provide more information on

the MoOy thicknesses or even film densities.

6.3.2 Different electrodes and aging

The impact on RS properties by the top electrode choice was also investigated. In Figure 6.3(a),
a schematic illustration is presented with the device structure and the chosen top electrodes- Ti/Mo,
Ti/Au and Mo. The Plasma/Annealed procedure was chosen for the comparison. In Figure 6.3(b) and
6.3(c), the |-V characteristic of the pristine and Set and Reset processes are displayed. Comparing the
devices with Ti/Au and with Ti/Mo as top electrode, no significant differences are identified, other
than a higher overall conductivity on the memristor with Ti/Au, which is easily explained by the lower
resistance of Au. On the other hand, the device without Ti as interlayer, only with Mo as top electrode,
shows significantly lower lirs/lurs ratio. To confirm this conclusion, D2D variability was assessed and is
summarized in Figure D.5 -Appendix D. All the memristors with only Mo as top electrode showed
lower lirs/lurs ratios (below 40). Without Ti as interlayer at the top contact there is less VOs in IGZO to
be distributed in the annealing step and that will participate in RS, which explains the lower lirs/lnrs
ratios. However, this would also imply that IGZO is less conductive in this stack, which would decrease
the overall conductance of the device, a fact not observed in the I-V of the pristine or in Set and Reset.

In fact, LRS is the same in memristors with Ti/Mo and Mo as top electrode. This is because the lower
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IGZO conductivity in the memristor without Ti is compensated by the increased resistance of oxidized
Ti in the stack with Ti/Mo as top electrode.

Curiously, when this research started, the Iirs/lnrs ratio improvement caused by Ti and the an-
nealing effect was not yet discovered and, therefore, the proposed stack by Pereira et al.** in 2020 was
Plasma/Not annealed using Mo as top and bottom electrodes. These memristors were fabricated in
2019 and some were passivated with a parylene-C layer to evaluate the aging effect. The importance
of passivation in microelectronics cannot be overstated. Microelectronics devices are increasingly be-
ing subjected to harsh operating environments, ranging from automotive and aerospace to medical
and consumer electronics applications. Effective passivation shields devices from corrosive agents and
electrical interference, preserving performance and extending lifespans. Various materials, including
AlO,,% Si0,,7° SiN,,”° polyimide,”* SU-8,7% and parylene,” have been used as passivation layers. Parylene
stands out due to its exceptional protective properties, flexibility, chemical inertness, and ability to

form conformal, pinhole-free layers at room temperature, making it ideal for flexible microelectronics.
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Figure 6. 3. Top contact (TC) effect and aging on the Mo/Mo00,/IGZO/TC memristor. (a) Schematic illustration of the device
with the different chosen top electrodes. (b) I-V characteristic of the pristine state, between -1 V and 1 V applied to the top
electrode, of the memristors with different top contact using the Plasma/Annealed method and correspondent (c) I-V char-
acteristic of full Set and full Reset. (d) Micrograph of 5 years aged memristors with Mo/Mo0,/IGZO/Mo structure and the

Plasma/Not annealed procedure Passivated and Not Passivated with parylene-C and correspondent (d) |-V characteristic of
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full Set and full Reset. (e) and (f) D2D variability and yield represented through I-V Set and Reset of 16 aged devices Passivated

and Not Passivated.

Figure 6.3(d) shows the micrograph of devices with and without Parylene-C passivation. As can
be seen on passivated devices, in the area where the parylene layer was etched out, exposing the Mo
bottom electrode, there are no visible signs of degradation, unlike the devices without passivation.
This suggests that the passivation step somehow changed the oxidizing properties of the exposed Mo
layer. XPS was performed on the exposed Mo in both passivated and non-passivated devices and the
results are shown in Figure D.6 -Appendix D. Accordingly, it was found that only passivated devices
displayed metallic Mo in the exposed part of the electrode, which will surely improve electrical con-
nection. Moreover, a comparison between the |-V characteristics of the as-fabricated and the aged
devices, both passivated and non-passivated, depicted in Figure 6.3(e), shows that the characteristics
remained similar through time. In fact, the passivated device seems to have a higher lirs/lurs ratio. The
most notable difference between passivated and not passivated aged devices occurs in the yield, with
the passivated devices displaying a yield of 81 %, significantly higher than that verified for the non-
passivated aged counterpart, which displayed a yield of just 38 % with increased D2D variability, visible
in Figures 6.3(f) and 6.3(g). Hence, parylene seems to successfully prevent reactions with air that hin-
der the memristor performance in time.

Additionally, the Mo bottom contact was replaced by Al, to verify its effect on RS behavior of
the stack (Figure 6.4(a)). In Figure 6.4(b), the 3D AFM image on the Al surface can be consulted, dis-
playing an extremely high RMS roughness of over 9 nm. This explains the typical abrupt behavior then
observed in the Set and Reset operations performed by |-V sweep and the correspondent retention,
shown in Figure 6.4(c). As previously explained, in abrupt RS, VOs form vertical CFs that connect the
top to the bottom electrodes, creating a conductive path. In this case, the roughness on the bottom Al
electrode creates needle-like structures that are closer to the top electrode, facilitating the formation
of a localized CF. In fact, abrupt switching characteristics has, in some memristor stacks, already been
attributed to the roughness of the bottom contact. For instance, the electroforming voltage has been
reported to be reduced with increased bottom electrode roughness for both Pt and TiN electrodes.””®
In IGZ0O-based memristors with Al as bottom electrode, abrupt RS was identified when Al was depos-
ited by a higher deposition rate, which resulted in higher surface roughness, while a lower Al deposi-
tion rate would result in memristors with area-dependent switching.**

Another interesting feature is that the presented stack displays MLC properties by varying the
Reset stop voltage. This phenomenon can be extremely advantageous for deep neural networks
(DNNs) applications in which more than 2 conductance states with full retention are preferred. MLC
has been identified before for IGZO-based abrupt memristors by controlling the compliance current

(CC) or the Reset stop voltage and can be attributed to the control of CFs width.”®’” However, as
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presented in Figure 6.4(d), retention failure happens at some of the programmed states which means
the created CFs are unstable.

The plasma treatment was also attempted on the Al bottom electrode as it has previously been
reported as an effective method to improve surface smothness.*! Set and Reset and correspondent
retention properties are displayed in Figures 6.4(e) and 6.4(f). Abrupt RS is still observed and, in fact,
no MLC can now be detected. Full retention of LRS and HRS suggests the formation of one or more
robust CFs. This is, most likely, due to the increased oxidation state, density and/or thickness of the
oxidized Al layer formed between the Al bottom electrode and the IGZO. It is expected that the opti-
mization of the plasma treatment on the Al bottom electrode, to reduce the surface roughness without

increasing the oxide thickness, and a slower Al deposition rate could lead to area-dependent switching
properties.*!
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Figure 6. 4 Bottom contact (BC) effect on the BC/IGZO/Ti/Mo memristor. (a) Schematic illustration of the device with the
Al/AlO,/1GZO/Ti/Mo. (b) AFM 3D images of the Al surface without plasma treatment. (c) I-V characteristic of full Set, full
Reset and gradual Reset for the No Plasma/Annealed structure memristor with Al as bottom contact and correspondent (d)
retention properties recorded for 1 hour at 0.1 V after 6 programmed states via |-V sweep with different Reset stop voltages.
(e) I-V characteristic of full Set and full Reset for the Plasma/Annealed structure memristor with Al as bottom contact and

correspondent (d) retention properties recorded for 1 hour at 0.1 V after programmed LRS and HRS via |-V sweep.
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6.3.3 Resistive switching mechanism

Having now explicitly proven that RS takes place at the bottom interface, we investigate the
retention behavior of the LRS and HRS on the standard Mo/Mo0,/IGZO/Ti/Mo memristor, and its de-
pendence on the surrounding atmosphere to determine if environmental conditions significantly im-
pact the decay. The results can be found in Figure D.7 -Appendix D. It was found that in the Plasma/An-
nealed device there was an improved stability on the LRS in vacuum suggesting that the device inter-
acts with the environment. On the other hand, the No Plasma/Annealed memristor did not show any
relevant variation in retention properties in vacuum. The Plasma/Annealed memristor has the equilib-
rium state closer to the HRS than to the LRS, and since retention is improved in vacuum, it can be
concluded that oxygen from atmosphere play a role in the (re)oxidation of IGZO during state relaxa-
tion. On the contrary, the No Plasma/Annealed device is in equilibrium closer to the LRS, which means
the rate of the (re)oxidation of the IGZO is already much slower in air and cannot be improved in vac-
uum.

It is, therefore, assumed that retention failure (relaxation of programmed state) happens
through oxygen incorporation and diffusion to/from the IGZO and that the oxygen supply is the MoOy
and/or the surrounding atmosphere. We validate this hypothesis through the insertion of a thin layer
of Al,O; between the MoO, and the IGZ0, as schematically illustrated in Figure 6.5(a). Al,Os3 has a
diffusion coefficient of D5”203(500 K) = 10 cm?.s, which means it presents extremely slow oxygen
migration.”® Given that the Al,Os layer was deposited through ALD, no plasma treatment was per-
formed on these devices on the bottom contact, since the in-situ method was no longer an option. The
I-V displaying full Set and gradual Reset of the memristors with 1 nm of Al,O3; and corresponding re-
tention properties are displayed in Figures 6.5(b) and 6.5(c). Not many differences can be identified in
the I-V if compared with the No Plasma/Annealed memristors without Al,Os. The analog behavior is
still observed and LRS and HRS are practically at the same state. However, retention properties seem
to have improved with the addition of the oxygen diffusion suppressing layer, which is further evi-
denced by the device with 2 nm of Al,Os - Figures 6.5(d) and 6.5(e). In Figure 6.5(f), the extrapolation
of the fitting on the experimental data of LRS and HRS is presented. The stretched exponential equa-
tion**7° was used with one characteristic relaxation parameter (t) for HRS and two (t; and 1) for LRS,
as explained in the Figure D.8 -Appendix D, to achieve the best possible fitting. It is clear that the
devices with 2 nm of Al,Os have better retention properties since it requires more time for the LRS and
HRS to meet at the equilibrium state, at 109 853 s. This is even more clear if the comparison is made
with the devices with no Al,Os layer, in which the equilibrium state is reached at 35 247 s (Figure D.7(c)
-Appendix D). Devices with 3 and 5 nm of Al,O; were also tested and the results are depicted in Figure
D.8 -Appendix D. It was found that 3 nm of Al,O3 already shift the RS behavior to filamentary, proven
by the typical random telegraphic noise (RTN) apparent in the retention measurements, and 5 nm of

Al,03 completely inhibit any RS behavior.
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The improved retention properties of the Plasma/Annealed memristor in vacuum, which has the
equilibrium state at the HRS, along with the further retention enhancement observed when an oxygen
diffusion suppressing layer is added at the active interface, confirm that the retention failure is due to
the reoxidation/oxidation of a previously oxygen-deficient/rich IGZO surface. These results therefore
indicate that oxygen-ion migration rather than electron trapping and detrapping is responsible for the

RS in our proposed memristor.
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Figure 6. 5 Retention improvement on the IGZO memristor by Al,O3 insertion at the Schottky-like interface. (a) Schematic
illustration of the device with the Mo/Mo0O,/Al,03/1GZ0/Ti/Mo. No plasma was performed on these stacks. I-V characteristic
of full Set and gradual Reset and correspondent retention properties recorded for 1 hour at 0.1 V after 8 programmed states
via I-V sweep with different Reset stop voltages for the No Plasma/Annealed memristors with (b) and (c) 1 nm of Al,O5 and
(d) and (e) 2 nm of Al,0s. (f) Extrapolation of the fitting on the experimental data on retention of LRS and HRS to discover the
equilibrium state of the memristors and the time at which LRS meets HRS for the No Plasma/Annealed devices with 1 nm of
Al,03 and 2 nm of Al,Os.

In a previous work, we have already studied the Plasma/Annealed device regarding its conduc-
tion mechanism during Set and Reset. From the analysis, it could be concluded that RS is directly re-
lated to the modulation of the Schottky barrier. At low reverse bias, the electron transmission proba-
bility was found to be temperature dependent. At higher fields, field emission becomes the dominant
carrier flow mechanism and under forward bias, thermionic field emission occurs.** Here, the same
procedure is applied for the device with No Plasma/Annealed with 2 nm Al,Os as interlayer, to confirm

the previous conclusions. Hence, quasi-static -V sweeps for Set and Reset are applied to the device at
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a temperature range of 130-300 K, starting with the Set. The results are displayed in Figure 6.6(a). The
first considered conduction mechanism is described by the thermionic emission (TE, or Schottky emis-

sion) Equation (6.1):

ln( J )=—(66135‘3“_[’)‘/7)1=m1 6.1)

AT? kg T

with the e ® sz being the Schottky barrier height, B the factor for barrier lowering and A” the effective
Richardson constant. Figure 6.6(b) displays the experimental |-V characteristics for four selected tem-
peratures (T =130, 210, 270, and 290 K), fitted by Equation (6.1). The focus is on the LRS in the positive
voltage branch, corresponding to the reverse direction at the Schottky-like IGZO/MoOy interface. The
red lines fitting Equation (6.1) align well with the observed experimental currents. The different I-V
curves intersect at a certain voltage, which has been observed in our IGZO-studies as well as for
eightwise switching SrTiOs memristors.**8° According to Equation (6.1), the logarithmic current's slope
m is inversely proportional to temperature, which is shown in Figure 6.6(c). Two distinct temperature
regimes emerge: at high temperatures, there is a strong voltage dependence, whereas at low temper-
atures, the slope m remains relatively constant. Figure 6.6(d) clarifies this difference by plotting the
slope against the applied voltage. This finding is in agreement with the previous IGZO study on devices
without Al,O3 (Plasma/Annealed).** Another interesting observation is that the slope m is positive for
the low temperature regime which is nonconformant with the Schottky emission theory, hinting that
electron tunneling through the barrier as well as thermionic-based electron emission can be consid-
ered as the main present conduction mechanisms.

Considering all the conclusions drawn in this work, the RS mechanism in our eightwise switching
memristor is based on the Schottky barrier modulation mainly by oxygen-ion exchange between the
IGZO and the MoOx. In Figure 6.6(e), a schematic illustration is presented. During Set, when negative
voltages are applied to the top electrode, negatively charged oxygen ions are forced to the MoO,
increasing the VO concentration at the IGZO interface. With increasing VOs, the depletion zone de-
creases as expected from the classical Schottky theory - more doping leads to a narrower depletion
zone. Moreover, the Schottky barrier height decreases, and, therefore, the tunnel current through the
Al,Os increases. Conversely, when positive voltage is applied to the top electrode, negatively charged
oxygen ions in the MoOy are attracted to the IGZO and partially fill the VOs. This decreases the doping
at the interface, which results in a wider depletion zone and in the increase of the Schottky barrier
height, which decreases the tunnel current through the Al,0s. These mechanisms can explain the ob-
served eightwise switching polarity, which other theories struggle to justify. Although direct evidence
for these processes is hard to obtain, numerous studies on similar structures suggest this theory as the
most probable explanation for the observed RS.**8 Nonetheless, more studies are required for ulti-
mate prove and so far cation contributions from In%*, Ga** or Zn* cannot be excluded from the RS

mechanism.
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Figure 6. 6 Temperature measurements and RS mechanism on the Mo/Mo0,/Al,05/IGZO/Ti/Mo memristor (2 nm of
Al,03). (a) I-V characteristic of full Set and full Reset at different temperatures. (b) I-V dependence of the LRS measured at
difference temperatures. (c) Logarithmic current dependence on the inverse temperature, according to Equation 6.1. (d)
Extracted slope (m) dependence on input voltage. (e) Schematic illustration of the effect on the band diagram during Set and
Reset and of the LRS and HRS.

6.4 Conclusions

In summary, in this work we give evidence that, in the MoO,/IGZO junction, a Schottky barrier
is formed in which area-dependent RS can take place in eightwise polarity. By changing the fabrication
procedure, namely annealing steps and the plasma treatment on the bottom Mo electrode, devices
with the pristine at the LRS can be achieved. Changing the top contact can only affect the lirs/lurs ratio,
while altering the bottom electrode can completely shift the RS to filamentary. Additionally, we have
proven that the insertion of an oxygen diffusion suppressing layer (Al,Os) between the IGZO and the
MoOy, dramatically improves retention properties. Based on these experimental findings, we suggest
that the modulation of the Schottky barrier at the device's bottom interface is responsible for the RS
and that this is induced by the exchange of oxygen ions between the IGZO and MoOy, which adjusts
the depletion width and Schottky barrier height, similar to what has been proposed for other eightwise

switching devices.
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‘ CHAPTER 7

RECENT PROGRESS IN OPTOELECTRONIC MEMRISTORS

Neuromorphic computing has been gaining momentum for the past decades and has been appointed
as the replacer of the outworn technology in conventional computing systems. Artificial neural net-
works (ANNs) can be composed by memristor crossbars in hardware and perform in-memory compu-
ting and storage, in a power, cost and area efficient way. In optoelectronic memristors (OEMs), resis-
tive switching (RS) can be controlled by both optical and electronic signals. Using light as synaptic weigh
modulator provides a high-speed non-destructive method, not dependent on electrical wires, that
solves crosstalk issues. In particular, in artificial visual systems, OEMs can act as the artificial retina and
combine optical sensing and high-level image processing. Therefore, several efforts have been made
by the scientific community into developing OEMs that can meet the demands of each specific appli-
cation.

In this Review, the recent advances in inorganic OEMs are summarized and discussed. The engineering
of the device structure provides the means to manipulate RS performance and, thus, a comprehensive
analysis is performed regarding the already proposed memristor materials structure and their specific
characteristics. Moreover, their potential applications in logic gates, ANNs and, in more detail, on ar-

tificial visual systems are also assessed, taking into account the figures of merit described so far.

The literature review presented in this chapter is published in:

M.E. Pereira, R. Martins, E. Fortunato, P. Barquinha and A. Kiazadeh, “Recent Pprogress in optoelec—
tronic memristors for neuromorphic and in-memory computation”, in Neuromorphic Computing

and Engineering, vol 3, 2, 022002, 2023.
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Introduction

7.1 Introduction

It is becoming increasingly urgent to find an alternative to the long-time used Von Neuman ar-
chitecture, in which the bottleneck of transferring data between the processor and the memory unit
remains a severe issue and blocks the realization of complex problems with high speed and accuracy.
Moreover, in extensively data-centric applications like artificial intelligence (Al), novel computational
paradigms are vital to bring down power consumption. Neuromorphic computing based on resistive
switching (RS) devices, or memristors, is a brain-inspired technology that has emerged as a viable ultra-
low power consumption alternative. In this technology, information processing is performed directly
at the memory element, preventing data shuffling and, therefore, enabling cost and power-efficient,
real-time in-memory computation.

The memristor, discovered by Leon Chua,! is a non-linear resistor, usually composed of a metal-
oxide-metal structure in which the metal layers compose the electrodes and an oxide film is referred
to as active layer. Typically, these devices are fabricated in a vertical stack which allows for further
miniaturization when compared with technologies such as SRAM, DRAM or flash, as evidenced by the
smallest 4 nm? device reported up to now.2 The most interesting feature of the memristor is the fact
that its resistance state can be tuned by an external electric field into two or more distinct states. The
switching process occurs at the active layer and the transition from the highest-resistance state (HRS)
to the lowest-resistance state (LRS) is known as Set operation and from LRS to HRS, as Reset operation.
An exceedingly fast 50 ps switching speed has been obtained which is, naturally, of extreme im-
portance to ensure power efficiency.>* The retention of the programmed states is related to the ma-
terial structure of the device and can be translated into short- or long-term memory behavior, suited
for different neuromorphic applications.

The first fabricated memristor was reported in 2008 with TiO; as active layer and Pt as elec-
trodes.® To date, the most popular materials for oxide-based memristive devices are still the transition
metal oxides (TMOs), for which the switching occurs, most commonly, in a filamentary form, such as
tantalum oxide (Ta;0s), hafnium oxide (HfO,) or aluminum oxide (Al,03).6® Typically, the transition
between different resistance states is an abrupt one, as exemplified in Figure 7.1(a). An initial step,
called electroforming, is required to create conductive filaments (CFs), usually composed of oxygen
vacancies (VOs), within the insulating layer. This is, usually, accomplished with a once electric bias
application of higher voltage than the operating one. Once these filaments are created, current can
pass through which decreases the resistance of the device, now at the LRS. Then an operating voltage
will cause the dissolution and consequent restoration of CFs resulting in Set and Reset operations. The
CFs are typically robust and can only be dissolved by the operating voltage which results in long reten-

tion of programmed states. In the case of valence change memories (VCM), the dominant mechanism
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is determined by the balance between thermochemical and electrochemical redox reactions, which is
mostly defined by the combination of the materials used in the device stack.’!

As opposed to abrupt-RS, analog switching behavior, displayed in Figure 7.1(b), can be achieved
using, for example, oxide semiconductors such as zinc oxide (Zn0O), indium-gallium-zinc oxide (IGZO)
or zinc-tin oxide (ZTO) as active layers.'?® Typically, this type of switching occurs at the interface and
is attributed to an interchange or trapping of ions between a metal electrode and the oxide.’ It, usu-
ally, results in a lower device-to-device (D2D) and cycle-to-cycle (C2C) variability, since an area-de-
pendent behavior with a uniform contribution of defects is in place. Additionally, the programmed
resistance state is, usually, not retained for a long period of time and is, instead, gradually replaced by
the equilibrium state of the oxide. This retention time can be manipulated with the amplitude or num-
ber of programming electric pulses.'® This behavior is unsuited for inference-only applications in which
a stable retention of at least two well-separated states is required. However, it can be advantageous
in the realization of synaptic functions.

Moreover, the manipulation of several distinct resistance states can be accomplished by both
the abrupt and the analog RS and is preferred for in-memory computation tasks in stateful logic and/or
artificial neural networks (ANN) loosely inspired by the human brain. An ANN hardware composed by
interconnected and adaptive electronic elements was first envisioned in 1962*° and can be accom-
plished with RS devices organized in crossbars to perform parallel data processing. The human brain
has 10! neurons that communicate between each other through more than 10 synapses, in which
their connection strength varies.? In Deep neural networks (DNNs) composed by memristor crossbars,
synaptic behavior is mimicked when electric short pulses are continuously applied to the device to
gradually decrease or increase its resistance state, in processes called potentiation and depression,
respectively. In fact, several synaptic characteristics have already been emulated by RS devices!*?+2?
proving its overwhelming potential to substitute the classical computing system.

Nonetheless, memristor crossbars that operate under only electric stimuli often suffer from heat
generation and crosstalk issues, related to the interference of neighboring devices, which is blocking
high-scale implementation.? Crosstalk can be eliminated with the addition of a selector transistor in
each crossbar cell. However, this approach undoubtedly increases cell area and energy consumption.?*
In fact, the biological system cannot be matched with purely voltage-assisted neuromorphic platforms.
The human brain itself is stimulated by a number of sensing inputs such as light, sound, smells or touch,
with about 80 % of this information being acquired through visual perception.?’ Hence, an ideal Al
system should merge the capabilities offered by electrical and optical domains.®

Optoelectronic memristors (OEMs) use both light and electronic signals as inputs and can be-
have as sensory artificial synapses with high energy-efficiency, low crosstalk and fast data processing
and are, thus, suitable to link artificial visual systems with its processing on hardware.?® In detail, OEM
technology offers the possibility of a non-electric programming method, and can, thus, be an enhanced

solution to challenges such as excessive Joule heating and crosstalk that occur in high-density passive
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crossbar architectures. Beyond that, learning functions and signal transmissions cannot be simultane-
ously performed on devices operated solely with electric field. Adding light as a third terminal facili-
tates parallel data transmission and processing. Hence, the applications of such a system can be ex-
tended to all mobile computing applications where the near/in sensor computation concept is devel-
oped such as wearables, visual information processing, invisible touch screens, electronic eyes, and
smart processors.

To build an OEM, firstly one must consider the targeted application, since a particular set of
requirements related to its performance will be in place. Figure 7.1(c) illustrates the most relevant
applications of reported OEMs in literature. As a photodetector, the optical induced change in re-
sistance should only be detected during light input since the purpose is to reveal when there is, in fact,
light irradiation. Contrary, in DNNs a quasi-full state retention after light pulse is mandatory for the
highest accuracies in any task. In its turn, spiking neural networks (SNNs) is the paradigm closer to
accurately simulating brain functionality and demands a dependent state retention on several factors
such as number or frequency of applied input light pulses to mimic learning and forgetting capabilities
of the human brain.

The retention of the light provoked resistance state is, usually, ascribed to a persistent photo-
conductivity (PPC) effect that is, often, inherent to the active layer material.?’-** The PPC effect is, typ-
ically, attributed to i) macroscopic physical barriers at the interfaces or doping defects that decrease
the rate of recombination of photogenerated electron/hole pairs3! or ii) atomic scale barriers located
at the large lattice relaxation sites in which the energy level of the empty defects is above the conduc-
tion band minimum and the occupied energy level is located in the band gap, preventing recombina-
tion.2%32

Consequently, the choice of memristor material structure is of the most importance. There
should be at least one transparent electrode, such as indium-tin oxide (ITO) or aluminum-doped ZnO
(AZ0),**3¢ or a nm thick semi-transparent electrode, such Au, to allow light to reach the active layer.
Moreover, the bandgap of the active layer material should be considered for proper light wavelength
irradiation, as depicted in Figure 7.1(d). Naturally, a lower bandgap material is desired for wide sensi-
tivity to multiple wavelengths. However, these materials often suffer from inferior retention stability.

As evidenced in the graph of Figure 7.1(e), where the number of publications in optoelectronic
and photonic RS devices is presented pear year, there is an obvious growing interest in researching
OEMs, as their potential becomes more and more clear. However, as it is still a novel topic, only few
review articles can be efficiently consulted for a comprehensive analysis on the recent advances.

This review paper aims to fill in this gap, providing a summary on the developments on inorganic-
based OEMs fabricated in a vertical stack, with focus on metal and semiconducting-oxides, 2D-based
materials and 1D structures as active layer. The planar structure has also been widely explored,?’#?
however for high-scale integration and power-efficiency, the vertical stack is the favored one. Organic

materials have also been widely investigated for optoelectronic features**-*® due to their advantages
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in low temperature and simple solution processing techniques. In addition, organic molecular tuning
is possible and desirable which leads to certain optical and electrical properties.*’” Nevertheless, or-
ganic materials are not, usually, as stable as inorganic ones mainly due to oxidation issues. In optoe-
lectronic applications, metal oxide semiconductors are the ones which show high mobility and suffi-
cient mechanical and electrical stability, besides transparency in some cases.*® Furthermore, recent
works of inorganic materials show immense progress in low-cost fabrication techniques using solution
and printing methods.*® Other classes of materials explored as active layer for optoelectronic features
are ferroelectric or magnetic®® >3 and organic/inorganic perovskites materials.>** However, most of
the available studies are at the device level and, therefore, only a small sum have demonstrated syn-

aptic functions®®®-%7 or logic gates implementation.3>6871
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Figure 7. 1 Optoelectronic memristor applications. Typical memristor DC sweep showing (a) abrupt and (b) analog type of
switching displaying Set and Reset for positive and negative polarities, respectively. (c) lllustration of potential OEMs appli-
cations and their state retention upon light pulse requirements. (d) UV-IR electromagnetic spectrum with light wavelength
and bandgap material relation described. (e) Publications on optoelectronic and photonic memristors from 2012 to 2022
(search engine: Google Scholar, accessed on January 2023; keywords: Optoelectronic memristor; optoelectronic RRAM; Pho-
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The potential applications of OEMs based on the targeted materials in logic gates, ANNs and, in
more detail, on artificial visual systems are also evaluated here, with the assist of the reported individ-
ual features. Additionally, the current challenges and future perspectives in this field are also dis-

cussed.

7.2 Optoelectronic memristors: materials and devices

7.2.1 Metal oxide OEMs

The first report on controlling the resistance state in a memristor using light in combination with
voltage signals was in 2012 by Ungureanu et al..”? An active layer of Al,03 on a Si/SiO, substrate was
used with patterned Pd as top electrode. Under dark, there was barely any RS and the device could be
considered a resistor, but combining -10/10 V electric pulses and a 6 V read pulse with ultraviolet (UV)
orinfrared (IR) light pulses, multiple resistance states could be achieved. As soon as light was switched
off, the dark current value immediately returned, showing no PPC effect. However, for data storage
and short/long-term memory applications, PPC effect is required. This long-lived effect after light ex-
posure is beneficial to modulate a non-volatile multi-resistance state.

Later, HfO, was proposed using Si substrates as bottom contact and Au’® or Pt’* as top elec-
trodes. In these preliminary studies, PPC effect was not shown or discussed. In fact, the authors show
RS behavior only under light irradiation. The former showed RS behavior under a broadband halogen—
tungsten light source with multiple resistance states dependent on light intensity. The latter showed
visible light sensitivity, with blue irradiation enabling RS characteristics. In this case, the optically
boosted carriers transfer from Si together with electrically redistributed oxygen vacancies within the
oxide, result in the switching behavior under light. Since these devices show memristive switching
characteristics only under light, logic gates could be targeted as application, in which light is irradiated
constantly from surroundings.

Light can be used as a third input to control Set or Reset operations in OEMs for a more power-
efficient and fast approach. For instance, light irradiation was found to perform Reset in a HfOx-based
memristor.”” The proposed structure, illustrated in Figure 7.2(a), presented a typical bipolar and ab-
rupt switching behavior in dark, as shown in Figure 7.2(b), with a high lirs/lnrs ratio of more than 103,
When the device was Set in the LRS, visible light irradiation forced a transition to a higher resistance
state and depending on its intensity, could perform a full Reset. Figure 7.2(c) presents a graph where
multiple resistance states can be distinguished that correspond to different light intensities for multi-
level cell (MLC) operation. The different resistance states were proven to be non-volatile, which is
related to the light-sensing mechanism. As explained before, this abrupt-type of switching is, usually,
associated with the formation and rupture of CFs with different dimensions located within the oxide

layer bandgap. A small CF is composed of a low amount of oxygen vacancies and, therefore, requires
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low light intensity for recombination with the surrounding oxygen interstitials, which causes filament
rupture. A large CF is formed by a higher amount of oxygen vacancies and, thus, requires light of higher
intensity to be annihilated. Additionally, it was observed that blue light triggers the same Reset effect
as white light while the longer, less energetic, wavelength of red light did not incite any reaction. The
dependency on light wavelength was suggested to be associated with the position of oxygen vacancies
inside the HfOx bandgap after set. In fact, a wide-bandgap oxide such as HfOy (Eg=5.7 eV) is by nature
not photo-responsive. However, photoexcitation of defects located at a level of =2—-3 eV below the
conduction band minimum is possible and would bring the device back to its initial HRS.”

Similarly, More et al. proposed a titanium oxide (TiOy)-based memristor in which illumination
with a tungsten lamp could decrease Vgeset from 3.5 V to 0.8 V, reducing energy consumption.’® More
recently, a Pt/TiO,/Ti memristor was reported to respond to multiple irradiation wavelengths, ranging
from UV to red light, in a completely different manner.”” In this work, an analog-type of switching was
observed for Pt/TiO4/Ti devices. The current state increased as the irradiated wavelength shortened,
particularly for blue and UV illumination, which is in agreement with TiOx bandgap of =3.2 eV. Photons
with shorter wavelengths provide enough energy to excite more electron-hole pairs within the TiOx
layer.

A different mechanism for photoexcitation was proposed by Zhou et al., related to a Pd/molyb-
denum oxide (Mo0O,)/ITO memristor structure.’® In this study, a light induced manipulation of Mo va-
lence states in the MoOx thin film explained the photonic Set. UV light irradiation caused the genera-
tion of electrons and holes in the MoOy layer. As photogenerated electrons transferred to the MoOy
conduction band, a reaction would take place between photogenerated holes and absorbed water
molecules that produced protons (H*). Under surface science studies, authors revealed that the pho-
togenerated electrons together with the protons would trigger the creation of HyMoOx and incite a
shift from Mo® to Mo>*, which ultimately resulted in the increase of current to LRS. When light was
switched off, the current state did not return to HRS and, instead, suffered a slow decay (PPC effect).
During electronic Reset, an electric field forced the protons away from the MoOy layer towards the Pd
electrode and Mo®* changed back to Mo®, causing a decrease in current state to HRS.

A bi-layer structure of Ta,0s4/Ta,0s, sandwiched between an Si substrate and an Ag top elec-
trode, demonstrated significant potential as an OEM.”® This device showed a dependent current in-
crease on UV and visible light irradiation with full retention of the photo-produced states, proving light
information can be stored in situ. The bandgap of Ta,0s is =4.0 eV, and therefore, it responds mostly
to UV light. However, due to VOs in the Ta,0sfilm, the electrons at the defect energy level can still be
forced to the conduction band by lower energy wavelengths.

Therefore, a bi-layer switching medium can be used to enhance the performance of optoelec-
tronic features, similar to electric field-induced counterpart. The AlO,/Cerium oxide (CeOx) memristor
with Al as bottom and ITO as top contacts- Figure 7.2(d)- was reported by Tan et al..2%%2 A native AlO,

layer was created upon deposition of Al to form the Schottky junction with the CeOy, that resulted in
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analog switching behavior, shown in Figure 7.2(e). The photo-sensitive mechanism was explained by
electrons trapped in the VOs at the AlO,/CeOy interface. These electrons could be excited by photons
and leave positively charged VO?'s. This would lower the effective Schottky barrier by reducing its
width, which would cause a decrease in the resistance of the junction. This memristor structure pre-
sented photocurrents dependent both on light intensity and wavelength, as shown in Figure 7.2(f).
Naturally, shorter wavelengths and higher light intensity triggered the highest current change. More-
over, PPC effect could be noticed as, even after light pulse, the current state remained unaltered. A

voltage Reset was then required to fully erase the resistance state.
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Figure 7. 2 Metal oxide OEM characteristics. (a) ITO/HfOy/Au OEM illustrative structure; (b) correspondent abrupt behavior
in I-V sweep displaying Set/Reset for positive/negative polarities, respectively and (c) correspondent LRS read at 0.1 V in the
dark, during 75 mW cm™ and 125 mW cm™2 of white light irradiation. Reprinted (adapted) with permission from ref. 75.
Copyright (2019) American Chemical Society. (d) Al/Al,03/CeO,/ITO illustrative structure; (e) correspondent analog behavior
in I-V sweep displaying Set/Reset for positive/negative polarities, respectively and (f) resistance state measured in time with
alternative dark and light irradiation (red/green/blue cycles) with Reset electrical pulse of =2 V before each cycle. Reprinted
(adapted) for ref. 80, John Wiley & Sons. [© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (g) Statistical percentage

on the light wavelength inducing RS reported by the works on metal oxide-based vertical OEMs.

Additionally, metal-oxide materials have been used in double-layer strategies in combination
with semiconducting-oxides for switching medium in OEMs and will be discussed in the following sec-
tion. In Table 7.1, the comparison of the most important characteristics in metal-oxide OEMs can be

consulted and it is noticeable some devices show optical Set/Reset coupled with electric Reset/Set,
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respectively. Naturally, photo-induced switching can be abrupt or analog depending on material
stacks. The working principal of analog optical memristors is mainly related to the change of barrier
profile at the interface of the electrode and the switching layer, which resembles to analog electric
field-induced RS devices. Abrupt optical RS shows higher retention stability, however, inferior C2C and
D2D reproducibility is expected due to the switching dependent on CFs. When reset is induced by light,
the resistance state obtained is always maintained after light pulse. However, this is not considered
PPC since, in this case, light is used to partially/fully break CFs and not to increase the conductance
state.

No fully photonic switching behavior has been demonstrated within the same device, which
hinders their possible application in wire-free crossbars. Moreover, as demonstrated in Figure 7.2(g),
most studies report on UV or blue irradiation which makes the discrimination between signals of dif-
ferent wavelengths challenging. Future technology will rely on visible light communication (VLC),
where the application of abundant light sourcing devices (lamps, mobile displays, TV, etc) will be very

important in the concept of ambient intelligence.
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Active layer

Al;0572

HfO,”3

HfO, 74

HfO,”>

TiO,76

Tio,77

MoO,’8

Tazos.x/T320579

AlO,/Ce0,,8081

Electrodes

Si/Pd

Si/Au

p-Si/Pt

ITO/Au

Al/Pt

Pt/Ti

ITO/Pd

n-Si/Ag

Al/ITO

Table 7. 1 Characteristics of vertical OEMs with metal oxides as active layer.

N.S.: not specified at the original paper; N.A.: not applicable; BB: broadband. Endurance is related to optical induced RS properties.
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7.2.2 Oxide semiconductors OEMs

Oxide semiconductors can provide additional advantages as active layer on memristors. In par-
ticular, amorphous oxide semiconductors (AOS), such as IGZO or ZTO, have high flexibility, due to a
lack of grain boundaries, which enables low-processing temperatures. This facilitates the use of flexible
substrates (paper, polyimide, PEN/PET),?*#38% providing the means for embedded flexible technologies
in wearables and Internet-of-Things (loT) applications. Furthermore, AOS are used in flat-panel display
technology for active-matrix driver circuits, making them ideal candidates for future integrated
memristor-based hardware for artificial intelligence.

Zn0 has been the most popular material as switching medium for OE devices. Using Pt and ITO
as bottom and top contacts, Xie et al. showed a decrease in Vset and Vgeset Upon UV light for more
efficient power consumption.® Contrary, Shih et al. showed an increase in Vsetand Vgeset Which is not
very appealing.®® However, PPC effect was present in these devices, as a change in RS behavior was
observed even after UV light was turned off, which means ANNs could be targeted as applications.
Moreover, the memristor showed improved Irs/lnrs ratio after UV illumination. The authors explained
that the conduction mechanism changed from Schottky emission to Poole-Frenkel after UV illumina-
tion, which induced the creation of extra oxygen ions and radicals due to an accelerated breaking of
Zn-0 bonds.

The analog behavior of the ZnO memristor was also studied using different electrodes for OE
applications.?”8 UV light was proven to increase the current state with a PPC effect. Interestedly, one
of the reported OE structures for analog-type of switching, ITO/Zn0O/Ag,® was also described by an-
other group yet with an abrupt-type of RS.%8% On both reports, the sputtering technique is employed to
deposit ZnO and similar thicknesses for all composing memristor layers are used. However, ZnO dep-
osition conditions are different which can explain the observed differences. Generally, electrochemical
mechanism (ECM) is responsible for devices with active electrodes such as Ag and Cu. In this respect,
depending on the electric field, switching can be tuned to be abrupt for higher field or analog, depend-
ing on the size of metallic filament. The analog RS behavior could be also related to interface properties
of ZnO with the contacts which is directly related to deposition conditions. In fact, in the original works,
the reported analog switching for this memristor structure is associated with VOs filaments whereas
the abrupt switching is related to ECM with Ag filaments.88°

A semi-transparent ZnO OEM, with Pt and Au as electrodes, that could perform both Set and
Reset with optical inputs has been developed, with the structure illustrated in Figure 7.3(a).% In detail,
Yang and co-workers showed Set could be induced by UV, blue or green irradiation with PPC charac-
teristics, showing MLC operation. UV illumination resulted in the highest current increase with an
Iirs/lnrs ratio of ®10% Nonetheless, less energetic wavelengths such as green light could also induce a

sufficiently high lirs/lnrs ratio of 10, as can be seen in Figure 7.3(b). ZnO has a wide bandgap of 3.2
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eV. However, deposition in pure Ar atmosphere can result in a larger amount of VOs along with mate-
rial heterogeneity with different energy levels.*! Visible light irradiation can, thus, induce an ionization
of VOs, converting them into positively charged VO*'s and free electrons which leads to an increase of
the current state, as commonly accepted for AOS materials.®? Interestingly, the retention time (or PPC
effect) was also impacted by light exposure. The retention decay was fastened by irradiation with
longer wavelengths such as red and near-IR (NIR) illumination, leading to an optical Reset, in the scale
of seconds (see Figure 7.3(b)). This photonic Reset was explained with an injection of electrons from
the metal to the ZnO layer, by internal photoemission or photo-assisted tunnelling. Part of these elec-
trons neutralized ionized oxygen vacancies, decreasing its density, and fastening the PPC decay.

Similarly, the same research group showed photonic Set and Reset in a double layer 1GZO
memristor, illustrated in Figure 7.3(c).?® The analog RS behavior was attributed to the formation of a
potential barrier and well at the interface of a layer with low oxygen (LO) content (IGZO.0)) and a layer
with high oxygen (HO) content (IGZOo)). The width of this interfacial barrier would be dependent on
the ionized oxygen vacancies density. The lower this density, the smaller the barrier, which facilitates
electron tunnelling and increases the current state of the device. On the other hand, during Reset, the
neutralization of ionized oxygen vacancies would increase the barrier width and result in a decrease
of current state. Set could be induced by light in wavelengths from 420 to 1000 nm. Naturally, the
longer the wavelength used for irradiation, the less change the current state would suffer. It was found
that the PPC decay time could be decreased (Reset) by red or NIR (800/900 nm) light, only if the pre-
vious Set process was performed by short wavelengths illumination (350/420 nm), as can be seen in
Figure 7.3(d). To explain this phenomenon, the authors proposed that during illumination, the photo-
current would depend on a dynamic equilibrium between ionization and neutralization of VOs (Figure
7.3(e)). When the memristor was exposed to visible light of higher energy to perform Set, a small
amount of VOs was left that could be further ionized by subsequent irradiation with light of lower
energy. In this case, a neutralization of VOs would, therefore, be dominant and enable a decrease in
the current state-Reset.

Later, a double-layer ZTO OEM was described, following the above explained strategy of oxygen
rich and deficient layers.”® Set was performed electrically with a =10? Iirs/lnrs ratio. Reset could be
performed with MLC properties via blue, green and red light irradiation and the lzs was not only de-
pendent on wavelength, but also on light power. It was clarified that light would provide the necessary
energy for interstitial ions to recombine with electrically produced oxygen vacancies within the ZTO
layer, causing CFs to disrupt. Interestedly, analyzing the DC sweep displaying RS behavior, Set and Re-
set transitions do not seem abrupt. However, the CF formation/annihilation explanation for the RS
behavior is aligned with the full 10° s retention of states obtained for this memristor structure. The
same behavior was observed in a bilayer memristor with ZTO/TaOy (structure illustrated in Figure
7.3(f)), in which MLC could be achieved by different power of blue light irradiation, as can be seen in

Figure 7.3(g).
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Figure 7. 3 Oxide semiconductors OEMs characteristic behaviors. (a) Pt/ZnO/Au OEM illustrative structure and (b) corre-
spondent current increase under green light irradiation and PPC decay fastened by 650, 725 and 800 nm wavelength of light.
Reproduced from ref. 90 CC BY 4.0. (c) Pt/IGZO0)/1GZO0)/Au OEM illustrative structure and (d) correspondent current in-
crease under blue light irradiation and PPC decay fastened by 800 and 900 nm wavelength of light. (e) Schematic illustrations
of oxygen vacancies ionization and neutralization during light irradiation on optical Set and Reset operations. The reaction
marked by arrows plays a dominating role in the OE response. Reproduced from ref. 26 CC BY 4.0. (f) ITO/ZTO/TaOy/ITO OEM
illustrative structure and (g) correspondent multilevel states achieved by different blue light intensities. Reprinted (adapted)
with permission from ref. 97 Copyright (2022) American Chemical Society. (h) Statistical percentage on the light wavelength
inducing RS reported by the works on oxide semiconductors OEMs.

In Table 7.2, a list is provided with the most relevant features on the, so far reported, OEMs
based on oxide semiconductor materials and bi-layers. To our knowledge, this class of materials was
the only one so far not relying on nanostructured materials to demonstrate full photonic RS behavior
with Set and Reset being performed by light with different wavelengths. However, as evidenced by the
statistical percentages on different light-induced RS presented in Figure 7.1(h), the research is, still,
mostly on UV and blue light irradiation. Since IR light is the transmission method for data in wireless
systems, it is highly desirable that further research on longer wavelengths is realized to allow conver-
sion and storage of IR data.?* High-speed process is one of the main challenges for further development

of OEMs, relying on the working principal as mentioned in most of the reports. In this respect, there
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are several solutions such as increase the built-in potential by engineering the memristive device layer
stack, either via defect engineering of the RS layers or via modification of the effective work function
at the contacts. The second main challenge is the bandgap tunability of oxide thin films for a broader
spectrum. Here, the same approaches reported for visible light AOS-based photodetectors can be
adopted. For instance, an absorption layer composed of hydrogen-doped IGZO revealed visible light
detection.®® RGB-color detection is also possible with strategies such as using a system combining an

AOS film with colloidal quantum dots (QDs),%® as will be later discussed.
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Active layer

ZnQ%

Zn0%

ZnQ#6

Zn0#%7

Zn0#88

ZnQ%0

Zn0%

IGZO +10)/1GZO10)?
6

Table 7. 2 Characteristics of vertical OEMs based on semiconductor oxides and bilayer structures composed of metal/semiconducting oxides as active layer.

Electrodes

Pt/Pt

Pt/ITO

TiN/ITO

FTO/In203

ITO/Ag

Pt/Au

ITO/Ag

Pt/Au

N.S.: not specified at the original paper; N.A.: not applicable. Endurance is related to optical induced RS properties.

Size

(Hm?)

3.14x10%

1.96x10°

4.00x10°

N.S.

7.85x103

7.85x103

4.00x10%

7.85x103

RS

Behavior

Abrupt

Abrupt

Abrupt

Analog

Analog

Analog

Abrupt

Analog

A light

(nm)

365

365

>380

365

366

350
420
530
650
725
800

White

420
530
650
800
900

Light effect

Adds intermedi-
ate state
Decreases
VSet/VReset
Adds intermedi-
ate state
Increases
VSet/VReset
Decreases lurs
Increases
current
Increases

current

UV/Blue/Green
performs Set
Red/IR per-

forms Reset

Performs Set

VIS performs
Set
IR performs Re-

set
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DC Sweep
Set/Reset (V)

2.2/11

2.0/-2.0

-0.1/0.3

2.0/-2.0

1.5/-1.5

Nonpolar
(-2.0/2.0)

3.0/-3.0

2.0/-2.0

Itrs/lHrs

ratio

=1.00x10?

=4.00x10?

=1.00x10?

N.S.

N.S.

<1.00x10t

=1.00x10?

>1.00x10?

Endurance

(cycles)

100

N.S.

N.S.

N.S.

100

20

N.S.

10

Electric

retention

N.S.

1.00x10*

N.S.

N.S.

No

N.S.

1.00x10*

1.00x10*

PPC

No

N.S.

N.A.

Yes

Yes

Yes

Yes

Yes
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ZT0,/2T0,

ZTO/Ta0,*’

ZT0%°

Si0,100

AlO,/Zn0,101

Zn0/Ce0,102

Al,03/1GZ0O3

ITO/ITO

ITO/ITO

ITO/ITO

p-Si/ITO

Al/ITO

ITO/TIN

Al/ITO

1.00x10%

1.00x10%

1.77x10%

2.50x10°

7.85x103

3.14x104

2.25x104

Abrupt

Analog

Analog

Abrupt

Analog

Analog

Analog

450-495
495-570
620-760

405

405

410
532
632
650

310

405

400

Performs Reset

Performs Reset

Increases

current

Increases ligs

Decreases Vset

Performs Set

Increases ligs
Performs Set

Enables switch-

ing behavior
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1.0/-1.0

2.0/-2.5

2.0/-2.0

6.0/-5.0

3.5/-6.5

8.0/-8.0

3.0/-3.0

=1.00x10?

<1.00x10?

1.80x10?

=1.00x103

>1.00x10?

=1.00x10?

8.00x10°

2200
1800
1800

1500

N.S.

N.S.

N.S.

N.S.

N.S.

1.00x10°

1.00x10%

1.00x10*

N.S.

1.00x103LRS

N.S.

No

N.A.

N.A.

Yes

Yes

Yes

Yes

Yes
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7.2.3 2D-materials OEMs

2D-materials such as graphene (G), transition metal dichalcogenides (MoS,, WS,;, WSe,, MoSe;,

MoTe,, etc.) or black phosphorus (BP), have also been widely explored for OEMs due their excellent

104 105,106

photoresponsivity,™* related to a large surface-to-volume ratio, and RS switching performance.
A review paper from 2019 can be consulted, where mainly planar 2D-based structures for OEMs are
described in detail, to that date.®* Here, as previously explained, the focus is on vertically stacked de-
vices, which were mostly reported more recently.

In this regard, a monolayer of MoS; was used as switching medium in Si substrates and W top
electrodes.®® UV illumination was used to perform Set with one order of magnitude of Irs/lurs ratio
and PPC effect was observed related to a spontaneous trapping/detrapping of electrons. However, the
necessary voltage to perform Reset on these devices was high (-8 V). Since this monolayer has a
bandgap of 1.8 eV, it would be interesting to test these devices under IR illumination. WO3; OEMs
showed enhanced performance under light input.’®” A combination of a 600°C annealing and 45 min.
of white light irradiation resulted in an improved lrs/lnrs ratio that went from 1.7 (as-prepared device)
to 25.

Later, Jaafar et al. demonstrated a current increase induced by UV light in a GO based-memris-
tor.1% A planar structure was compared to a vertical one. The latter showed superior features with an
abrupt RS of =10 ratio. Moreover, during UV irradiation, both Vset and Vgeset Were reduced. This be-
havior was attributed to photogenerated electron-hole pairs which increased the current state in both
LRS and HRS. A PPC decay was also shown, that can be useful for ANNs applications.

Reset induced by light was also reported on 2D OEMs. For instance, an heterostructure of
MoSe»/Bi,Se; nanosheets was embedded in a polymethyl methacrylate (PMMA) film to form the active
layer on a device that showed Reset under NIR light.2® PMMA was included in the active layer to pas-
sivate the trap states on MoSe,/Bi>Ses. The full device structure is illustrated in Figure 7.4(a). The
memristor showed abrupt RS behavior assigned to Joule-heating provoked formation/disruption of
metallic CFs. The authors explained NIR light would facilitate the rupture and prevent the creation of
CFs since the Ag clusters would react with photogenerated holes and oxidize back to Ag*. In the graph
of Figure 7.4(b), the current state of the device with multiple stimulus can be evaluated in time. It can
be seen that the current decreases to the full-HRS only under both NIR illumination and electric Reset.

A different mechanism for Reset by light was proposed by Zhou et al. regarding a memristor
based on BP nanosheets coated with polystyrene (PS) (BP@PS),'° with the structure illustrated in Fig-
ure 7.4(c). The DC sweep displaying Set and Reset under different light wavelengths can be consulted
in Figure 7.4(d). It is clear that a higher energy illumination, further decreased Vgeset from 2 V (dark) to
1.17 V (UV), as summarily presented in Figure 7.4(e), and achieved a lower current state in the HRS,

enabling higher lirs/lnrs ratio. The authors explained that during electric Reset, the external electric
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field would change the direction of the internal electrical field (induced by a transfer of electrons from
the BP@PS to the ITO layer, due to the different material work functions), forming a Schottky barrier.
When the memristor was exposed to light, the trapping sites would capture the photogenerated elec-
trons and the surface potential would increase, further increasing the Schottky barrier, and, therefore,
increasing lirs/lnrs ratio. Additionally, as the scattering centers were negatively charged by the cap-
tured photogenerated electrons, the internal electric field would increase and a lower Vgeset would be

necessary to switch off the device.
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Figure 7. 4 2D-materials based OEMs characteristic behaviors. (a) ITO/MoSe,/Bi,Ses@PMMA/Pt OEM illustrative structure
and correspondent (b) current increase due to Set electric pulse and induced current decrease due to IR light irradiation (1.65
mW cm™2). A synergistic Reset strategy, in which both electric and optical pulses are applied, could realize full Reset. ref. 109
John Wiley & Sons. [© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (c) ITO/BP@PS/ITO OEM illustrative structure
and correspondent (d) | — V sweeps modulated by different wavelengths, displaying Set/Reset for negative/positive polarities,
respectively and (e) Vset and Vgeset Obtained under different light illuminations. UV irradiation enables a smaller Vgeset. Re-
printed (adapted) with permission from ref 110. Copyright (2020) American Chemical Society. (f) Statistical percentage on
the light wavelength inducing RS reported by the works on 2D-materials OEMs.

The research on 2D-materials for vertically stacked OEMs is still at its infancy and requires fur-
ther investigation. A complete review on 2D-based memristors and its challenges and future perspec-
tives can be consulted in reference [111] in which the need for the development of proper 2D material
films, that can be employed in high performance devices in a large-scale, is emphasized. Once this is
accomplished, it is expected that this type of OEMs will offer a faster and more energy efficient switch-

ing, due to the atomically thin characteristics of 2D materials.!'? In fact, the switching speed is not yet
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widely investigated in the small amount of available literature on vertically stacked OEMs based on 2D
materials. As can be seen in Table 7.3, so far, mostly abrupt RS related to trapping and detrapping of
electrons was described, which is more advantageous for in-memory computation and DNNs applica-
tions. NIR light irradiation has been explored in a higher percentage when compared with other classes
of materials, as evidenced by Figure 7.4(f), mostly for Reset operation. In fact, it has been previously
observed that 2D-based photodetectors can be built for Terahertz detection!**'* which can be very
promising for memristors. To our knowledge, no fully-photonic 2D-based memristor has been pro-

posed.
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Table 7. 3 Characteristics of vertical OEMs based on 2D-materials.

N.S.: not specified at the original paper; N.A.: not applicable. Endurance is related to optical induced RS properties.

Active layer Electrodes Size RS A light Light effect DC Sweep Iirs/IHrs Endurance Electric PPC
(Um?) Behavior (nm) Set/Reset (V) ratio (cycles) retention
MoS,30 p-Si/W 1.96x103 Analog 310 Performs Set 7/-6 >1.00x10? N.S. No Yes

Enables switch-

WO05107 AZO/ITO 2.50x105 Abrupt 400-760 ing 6/-6 =2.00x 10! 200 1.00x103 Yes
behavior
Increases cur-
GO0 ITO/Ag 1.26x10° Abrupt 380 1/-1 ~1.00x10* 5 N.S. Yes
rent
400
Increases cur-
TiS3115 ITO/AI 3.14x104 Abrupt 430 -1/2 =4.00x10?2 N.S. 1.00x10% N.S.
rent
808
Increases cur-
TiNxO>.x/MoS,116 ITO/AI 7.85x103 Analog 365 3/-3 =1.00x10?! N.S. No Yes
rent
MOSEz/Bist3/PM
VAL ITO/Ag N.S. Abrupt 790 Performs Reset 2/-2 2.83x103 N.S. 1.00x10° N.A.
380
BP@PS110 ITO/ITO 3.14x104 Abrupt 500 Performs Reset 3/-1 1.52x103 N.S. 1.00x10% N.A.
785
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7.2.4 1D-structured OEMs

Another strategy to build an OEM is to take advantage of 1D structured materials, such as na-
norods (NRs) or nanoparticles (NPs) (Figure 7.5(a)), in order to achieve enhanced performance. Com-
pared with thin-films, nanostructures provide higher surface-to-volume ratio and larger photon har-
vesting, that ultimately results in improved photoconductivity, with highly localized RS.*” Another ma-
jor advantage is the potential for miniaturization, as these nanostructures can usually be produced by
bottom-up approaches allowing for a rigorous control of structures dimensions. 118119

The first report on a 1D-structured OEM dates back to 2012. Park et al. reported on a ZnO NR-
based device with fluorine-doped tin oxide (FTO) and Au as electrodes.'? Showing an abrupt-behavior,
RS was only observed when the device was illuminated by a xenon light source and was ascribed to
VOs filament formation/rupture. In the dark, oxygen molecules would be chemisorbed onto the sur-
face of ZnO NRs acting as an oxygen source and preventing the VOs filament formation. Upon light
irradiation, electron-hole pairs would be created, and the holes would combine with oxygen ions ad-
sorbed at the ZnO, allowing for CFs creation. Moreover, the modulation of light incident angle was
shown to regulate RS in ZnO NRs.*2! In this work, a surface treatment was carried out to induce hydro-
phobic properties on ZnO NRs, inducing the formation of an air bubble protecting the memristor when
emerged into water. The device behaved as a resistor with no RS properties when the light beam inci-
dence surpassed a critical angle at the water/air interface, because total internal reflection would oc-
cur and light would not reach the ZnO NRs. When the light beam incidence was below the critical angle,
RS was observed. In another study, the photoconductivity of a ZnO NRs-based device was calculated
to be about 10* and compared to the much lower 70 achieved in a ZTO thin-film based memristor.??

Furthermore, an heterojunction composed of ZnO and phosphorene (ZP) NPs showed a de-
creased Vse: under irradiation of UV, green, red and IR light, with the possibility of MLC.*?3 In another
work, ZP NPs were sandwiched between two PMMA layers and an analog RS was observed,*?* in which
the current state could be increased by UV, green and red light. However, no PPC effect could be no-
ticed.

Li et al. proposed an heterostructure composed of lead sulfide (PbS) QDs crammed between
ZnO thin-films.?° The authors were able to design a photonic memristor making use on the bandgap of
the ZnO film (3.37 eV) and of the PbS QDs (1.15 eV). An optical induced Set was demonstrated by UV
light, whereas photonic Reset was performed by IR light. Upon UV light exposure the same explanation
in the concept of ionized oxygen vacancies was given by authors. However, for lower light energies
such as IR light irradiation, electrons from QDs are excited, neutralizing ionized oxygen vacancies, re-
sulting in the decrease of the current state of the device.

In another work, red light was used to achieve multiple states for MLC characteristics in a

memristor composed of Sb,Ses/CdS NRs, with PPC effect.!?® The RS behavior was attributed to the
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formation/rupture of CFs. It was clarified that under exposure, part of the irradiated light would be
directly absorbed by NRs and other part would be reflected towards adjacent NRs, enhancing energy
harvesting. NRs would act as trapping sites for photogenerated holes on the Se;Sbs surface, which
would increase the current state and the lifetime of photogenerated electrons, resulting in PPC effect.

Another interesting approach for MLC operation was proposed by Guo et al.. The memristor
structure, had an active layer composed of Ag NPs embedded in Mxene-TiO; nanosheets. In this study,
both Set and Reset were accomplished by electrical means and an additional state, medium resistance
state (MRS) was realized by exposure to UV light, as exemplified in Figure 7.5(b). MRS could be 2 orders
of magnitude higher than HRS with fair retention of states (Figure 7.5(c) and 7.5(d)).?® The physical
mechanism of switching was explained by VOs CFs facilitated by Ag NPs. A missing peak of atom signals
around Ag NPs was found on the TEM analysis, which the authors related to an VO where the conduc-
tive path on LRS would originate. UV light could create electron-hole pairs in the TiO,, increasing the
content of Ti** and, thus, facilitating the creation of oxygen vacancies. Therefore, Ag NPs do not take
part of the optical induced reaction in this case. This strategy can be used to decrease D2D and C2C
variabilities by controlling the CFs position and minimizing randomness.

On the contrary, UV light was used to perform reset on an Ag NPs@TiO,-based OEMs device!?’
and, in this work, Ag NPs provided the means for an optical Set and Reset. An additional absorption
peak in the visible region, not observed in the TiO; film, was found with the introduction of Ag NPs.
Both visible light and UV irradiation caused an immediate current increase when the device was on
the HRS. As can be seen in Figure 7.5(e), when visible light was turned off, the device gradually de-
creased its current and stabilized in a state higher than the initial state (HRS) -indication of PPC effect.
During UV irradiation, the current would also increase similarly to the previous described study. How-
ever, after UV was turned off, the current decreased to a lower conductance state than the HRS (Figure
7.5(f)). This light induced Set and Reset was related to an oxidation and reduction of Ag NPs, respec-
tively. As schematically illustrated in Figure 7.5(g), under visible illumination, hot electrons would be
excited within the Ag NPs through the localized surface plasmon resonance (LSPR) effect and would
hop to the conduction band of TiO,, leaving positively charged Ag*. This charge separation would in-
duce an oxidation of Ag NPs and decrease the Schottky barrier at the Ag/TiO, interface, increasing the
current state. On the other hand, UV light irradiation would promote the creation of electron-holes
pairs in TiO,. The resulting free electrons would then react with Ag, reducing the Ag* to Ag®, increasing
the Schottky barrier and decreasing the current state.

128-131 for enhanced OE features. In

1D structures were also coupled with perovskites materials
most cases, an abrupt behavior on RS was reported and UV light was used to decrease Vset and Vgeset.
Undoubtedly, meaningful attempts have been made in understanding how one can use 1D-
structures coupled with other materials to manipulate light-induced RS and achieve photonic Set and

Reset operations. A summary of the most relevant works, and its figures of merit, on this topic is
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provided in Table 7.5. Once again, IR light provoked RS has the smallest percentage on the works

reported, as can be seen in Figure 7.5(h).
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Figure 7. 5 One-dimensional-structured OEMs characteristic behaviors. (a) Schematic illustration of memristors based on
thin-films, NRs and NPs; (b) Proposed operating procedure using light as input to add a medium resistance state (MRS), on a
memristor composed of Ag NPs embedded in Mxene-TiO, nanosheets and correspondent (c) current response under UV
irradiation and (d) retention of the 3 resistance states achieved with this memristor structure. Reprinted (adapted) with per-
mission from ref. 126. Copyright (2021) American Chemical Society. (e) Current increase under visible light irradiation (21.8
mW cm2) on a memristor based on Ag NPs embedded on a TiO; thin film. Once the light was turned off, the current decreased
and stabilized in a state higher than the initial one (Set) and (f) current response, correspondent to the same memristor
structure, under UV illumination (3.7 mW cm~2). When the light was turned off, the current decreased and stabilized in a
state lower than the initial one (Reset) and (g) correspondent proposed physical mechanism of light induced Set and Reset
operations schematic illustrated. Reproduced from ref. 127 CC BY 4.0. (h) Statistical percentage on the light wavelength in-
ducing RS reported by the works on 1D-structured based OEMs.

It is noticeable, however, that the physical mechanism of RS behavior under light on nanostruc-

tured materials still requires clarification for further progress. One NR/nanowire (NW)/nanoribbon
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(NRi) can be considered as a single device as a means to fully understand the light interaction with the
material in these nanostructures. However, manipulating the RS behavior still poses as a challenge
since this type of memristors usually suffer from poor retention and endurance related to Joule heat-
ing, high C2C variability and high operating voltages.!'®#!32 As an alternative, a network of the
nanostructures can be considered as a single device or as an array of devices. The second approach
could offer incredible high-density integration since the nanostructured network could be organized
in a crossbar configuration. As a prospective example, core-shell NRs could be employed as both bot-
tom and top contacts and single memristor cells would be represented in each crosspoint. The main
challenge here is the ordered positioning of the nanostructures.'*? Additionally, the access to single
cells would be hard to accomplish due to such small features.!*® Moreover, high D2D variability has
been reported for memristors with the smallest areas? which can be an indication of how challenging
decreasing variability is in single nanostructures. At this point of the research and while effective so-
lutions do not arise to all the above challenges, NPs embedded in thin-films as active layer appears to
be a more straight-forward approach to take advantage of nanostructured materials to enhance

photo-harvesting in OEMs.
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Active layer

zn0120

Znol33

zn0122

Zp123

PMMA/ZP/PMMA12
4

Zn0O/PbS/Zn0?°

ZW0,134

SNW0,4135

Ce,W504,136

Table 7. 4 Comparison of OEMs characteristics based on 1D structures.
NRs (nanorods); NPs (nanoparticles); NWs (nanowires); NS (nanostructure); QDs (quantum dots); NRis (nanoribbons).

N.S.: not specified at the original paper; N.A.: not applicable. Endurance is related to optical induced RS properties.

1D RS A light DC Sweep Itrs/lHRs Endurance Electric
Electrodes Light effect
Structure Behavior (nm) Set/Reset (V) ratio (cycles) retention
Enables switching
ZnO NRs FTO/Au Abrupt 200-2500 4.5/-3 =1.00x10? N.S. No
behavior

Increases Iirs/lurs

ratio
ZnO NRs FTO/Ag Analog 365 4/-4 N.S. 40 N.S.
Improves endur-
ance
Increases
ZnO NRs FTO/Pt Analog 310 2.5/-2.5 >1.00x 102 N.S. No
current
380
532
ZP NPs ITO/AI Abrupt 633 Decreases Vset 5/-5 3.63x108 N.S. N.S.
785
380
Increases
ZP NPs ITO/AI Analog 532 6/-6 <1.00%x102 N.S. No
current
633
356 UV performs Set
PbS QDs ITO/AI Analog 1/-1 >1.00x10? N.S. N.S.
780 IR performs Reset
Increases |LRS/|HRS
ZWO4 NWs Ti/Ag Abrupt 400-760 ratio 6/-6 =3.00x10? N.S. N.S.
Adds intermedi-
SnWO4 NPs FTO/Ag Abrupt 400-760 1/-2 =1.00x102 100 >5.00x102
ate state
Adds intermedi-
Ce,W5012 NS FTO/Ag Abrupt 400-760 3/-3 =1.00x10? 50 N.S.

ate state
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Yes

Yes

Yes
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No

Yes
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Adds intermedi-

CuCr,04137 CuCr;04 NPs FTO/Ag Abrupt 400-760 1/-1 ~1.00x103 100 N.S. N.S.
ate state
Increases
Cuzp138 CusP NRis ITO/Ag Abrupt 660 -1.5/3 >1.00x103 N.S. 1.00x10* Yes
current
Increases
Sb,Ses/CdS1% Sb,Ses/CdS NRs MoSe,/ITO Abrupt 650 1/-0.5 5.00x10! 3000 2.00x104 Yes
current
AMT (Ag @Mxene- Adds intermedi-
Ag NPs ITO/Au Abrupt 375 5/-5 <1.00%x102 3000 5.00x103 Yes
TiO,)126 ate state

Green performs

350 Set
Ag-TiO,1%7 Ag NPs FTO/Au Abrupt 2/-2 N.S. N.S. >1.00x103 Yes
532 UV performs Re-
set
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7.2.5 Remarks

All the works analyzed have provided significant developments in the realization of OEMs using
light as an additional input to modulate RS behavior. Both analog and abrupt-RS can be obtained by
engineering all sort of material structures. Therefore, it is important to keep in mind what is the appli-
cation envisioned for the development of an OEM with the required features, as will be discussed in
the next section.

Metal oxide-based OEMs, in their majority, show abrupt RS with sufficient retention time well-
suited for digital processing in-memory architecture. For such application, the PPC decay should be
suppressed for large enough time, hence, any charge/ion drift destructing the stored state can arise
an issue. As shown in the tables above, especially for 2D-materials based OE RS devices, IR light has
been demonstrated to induce Reset in some cases. IR induced RS is very appealing for wireless systems
to enable conversion and storage of IR data. However, for the realization of completely wire-free sys-
tems, both Set and Reset operations need to be performed by light.

Semiconductor oxides and 1D-structured materials as switching medium in OEMs have already
shown desirable photonic behavior. Here, strategies such as double-layered thin films with different
oxygen contents to arrange a dynamic equilibrium between ionization and neutralization of defects
can be applied. In this case, a high energy wavelength can be used to set the device into a saturated
photocurrent and then a low energy wavelength can promote the neutralization of defects performing
reset. Moreover, the combination of thin films with nanostructured materials such as QDs or NPs can
also be employed for a photonic approach. 2D-materials such as graphene can also be coupled with
nanostructures such Au NPs for an enhancement of the photocurrent as already shown for a 3-terminal
device.'*

The switching speed was expected to be enhanced in optical induced transitions, especially for
2D-based or nanostructured OEMs. However, from the available literature this is not yet noticeable.
One of the reasons is the immaturity of the technological concept, which leads to most of the reported
devices having common bottom contact and not ready for further investigations. However, the switch-
ing speed improvement should be a top priority in future developments.

To tackle high performance, OE devices based on metals of nanometer dimension should be also
investigated, which has not been explored yet. As can be seen in reference [140] the performance in
terms of switching speed and retention is superior than bulky systems where slow-driving physical
mechanisms are dominant. However, one restriction of the pure metallic device concept relies on min-
iaturization, where maintaining compositional integrity is difficult at reduced dimensions.

If the PPC effect is suppressed in favor of sufficient retention time, DNN applications can be
targeted. On the other hand, PPC decay can be further investigated in the scope of SNNs systems. In

this regard, short term and long-term memory and time notion should be realized. Time encoding
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based on optical stimulus turns the system into an event-driven network which favors power efficiency
and allows the computational machine to become a truly scalable hardware SNN with yet unexplored

computational capabilities.*

7.3 OEMs beyond the device level

OEMs have tremendous potential for the development of Al hardware. Since these devices can
realize computing in different forms depending on their single-cell characteristics, new possible appli-
cations are constantly being trialed.

To be integrated in circuits, novel architecture models should be envisioned as a matrix of OEMs,
forming as many synapses as possible, processing element inputs, with built-in auxiliary electronics
inspired by pixel circuit, forming an artificial optical neuron.

The advantage of dense circuits and high-speed optics can be realized if program/write always
happens in optical domain following electrical read-out signal. However, for different applications such
as DNN or SNN, various electrical components are required to be considered such as photovoltaic de-
vices and photodetectors to convert/revert electrical/optical signals.

For instance, plasmonic OEMs with the possibility of optical read-out have been proposed. For
this purpose, conductive-bridge memristors were developed in which metallic CFs are responsible for
RS behavior. In such, when the device is at LRS, metallic CFs block the passage of light whereas at the
HRS, light can easily reach a detector.*1%2 Other studies show an optical read using photovoltaic ef-
fect.143'144

Light emitting memristors (LEMs) have been developed that can be used for an optical read and
write-strategy.*® Moreover, these light emitting devices can be used as optical communication be-
tween layers in ANNs without the need of external light sources. Zhu et al. proposed an OE artificial
nerve composed of LEM layers in which the optical output of one layer was transmitted to the next
layer, while simultaneously realizing dynamic adjustable transmissions.*®

Therefore, light stimulus can be used in different strategies to propel the development of an
efficient ANNs hardware. On the neural network itself, light input can modulate the synaptic weight
update, which corresponds to the conductance state of the memristor. In this case, OEMs can accom-
plish a variety of synaptic functions bringing us closer to a brain-inspired Al technology. In the next

sections of this paper, a review on the already demonstrated capabilities of inorganic OEMs regarding

logic gates, neuromorphic functions and, in more detail, artificial visual systems is presented.

7.3.1 Arithmetic units and Boolean logic

Boolean logic is a form of algebra based on the truth possibilities of true or false that correspond
to logic 1 or 0. OEMs can exhibit different non-volatile resistance states at different light wavelengths

irradiation, which allows for logic gates and arithmetic functions to be employed. This approach
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enables in-memory computation which is a significant enhancement from the conventional logic gates
based on volatile switches such as transistors, where extra power consumption and time are required
due to the physical separation of storage and processing units.

AlO,/CeO; OEM in which 4 different resistance states could be realized using blue and green
irradiation with different intensities (4 and 6 pW/um?), enabling information storage of 8-bit codes,
was reported by Tan et al..®° Broadband light irradiation also showed an increase of current state de-
pendent on light intensity with a retention of state demonstrated for 10* s. Moreover, a linear relation
between resistance state and number of light pulses was used to employ counter and adder arithmetic
functions.

Moreover, an OR gate can be accomplished by OEMs,5-7%7% in which a light pulse is used as input
A, with 0 corresponding to no light and 1 to irradiation, and an electric pulse as input B, with O corre-
sponding to 0 V (or to the read voltage) and 1 corresponding to an input voltage value of X V, in which
X > 0V (or the read voltage) and depends on the device's material structure and its Set voltage, as
schematically illustrated in Figure 7.6(a). The output should be 1 when A or/and B is at 1 state. In
Figure 7.6(b) and 7.6(c), an experimentally demonstration of an OR gate is presented, relating to an
OEM of structure FTO/BiVO4/TiN.2*” The authors defined the optical input as 1 when the device was
irradiated with laser of 405 nm and 11 pW/um? and the electric input 1 was not described in the orig-
inal work. A threshold value of current (10 A) was decided and, therefore, a current output below 10°
® Ais logic 0 and above 10 A is logic 1. PPC effect was not shown, which significantly hinders applica-
tions where light-induced state storage is necessary. Therefore, OEMs that can respond to multiple
light wavelengths with some degree of retention are preferred.

In this regard, an AND and OR logic gate has been employed in a single cell by OEMs.”98° Light
and electric pulses are inputs A and B with 0 and 1 possibilities. Contrary to the OR gate, in the AND
gate the output should be 1 only when both inputs A and B are 1. Wang et al. demonstrated an AND
logic gate in which red light was used as input A with a low energy consumption of 4.503 nJ.” Red light
irradiation by itself could not increase the current state to the defined output logic 1 (loutput > 400 nA).
Therefore, the output logic value was 1 only when the electric input was 1 (4 V with current compliance
(CC) set to 1 yA) and the optical input was 1 (red light irradiation). Additionally, using the same device,
blue light irradiation could be used for an OR gate with an energy consumption of 4.526 nJ. Blue light
illumination supplied enough energy to increase the current state to above the threshold value defined
to the output 1 (loutput > 400 NA). Moreover, the electric input (input B) for the OR gate was defined as
1 for a4 Vinput with higher CC than the AND gate (1 mA) to ensure that only the combination of both
logic inputs O would result in the logic 0 output.

In a different approach, a 5x5 array was constructed to perform logic optoelectronic AND and
OR gates. In this experiment, schematically illustrated in Figure 7.6(d), two images were introduced by
visible light (1 =600 nm for 4 s) in the form of letter Y and X for both AND and OR gates. In this case,
both logic inputs are optical (letter Y and X). The AND gate could be realized when all OEMs in the
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crossbar were in HRS before light irradiation, since only the cells irradiated twice would show an in-
crease of current state to above the threshold value, as can be seen in Figure 7.6(e). The OR gate was
in place when all devices in the crossbar were in LRS before irradiation, since the output current of all
cells irradiated at least once would increase to above the threshold defined to output logic 1. The
results showed an accurate output, proving these crossbar logic OE operations could be applied in

larger scales for image processing and storage.®!

a s
Oln
Ein
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Opt. Ele. Current(A)
0 0 7.02x1078
0 1 2.58x107°
1 1 6.35x107°
il 0 1.27x106
(d) Input Jas
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Figure 7. 6 Typical OR and AND logic gates. (a) Schematic illustration of OR gate with two inputs, one optical (Oin) and one
electric (Ein), and one electric output (Eout). Reprinted from ref. 147, with the permission of AIP Publishing. (b) OR truth table
displaying experimental Eqyt values of an OEM and (c) respective Equx measured in time for different OR gate combinations.
Reprinted [adapted] from ref. 147 with the permission of AIP Publishing. (d) Two images were inputted through visible light
in the form of letters Y and X when the devices in a5 x 5 matrix were in (e) the HRS for an AND gate. Reprinted with permission

from ref. 81. Copyright (2017) American Chemical Society.

NOT operation is also indispensable to the spanning set of a complete logic vector space. Tan et

al. showed NOT operation with an electric pulse that performed reset.®! In this work, a complex logic
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design was proposed that comprised an AND gate when input A (light) and input B (electric Set) were
applied. This AND gate could be reconfigured to an OR gate by applying an additional light pulse before
inputs A and B. To perform NOT, an additional electric pulse for Reset was applied after inputs A and
B, deleting the information encoded, as illustrated in Figure 7.7(a). The experimental results can be
consulted in Figure 7.7(b) and show that this strategy can accurately perform these operations. Addi-
tionally, optical adder and digital-to-analog converter (DAC) functions were realized by employing two
light pulses as inputs. These light inputs can be combined into binary digital inputs in 00, 01, 10, 11
forms, in which 0 corresponds to dark and 1 corresponds to light irradiation. The current output will

be the analog addition of the equivalent of the inputs.

b) o04af
(a) ( ) Read @ 0.2V
60 pW/umz 10V 0.1s -
T = 02}
Opt. ‘ Elel. I Ele2. =
4s 4s 2V @ 0.0
3 o4f

Eout—AND Read @ 0.2V
Opt.J] o 1 0 1 0 1 0 1

Ele1.J o o 1 1 o o0 1 1
Ele22} o o o o 1 1 1 1

Figure 7. 7 Example of NOT operation in OEMs. (a) Schematic illustration of three possible inputs comprising one optical (Oin)
and 2 electric (Ein1 and Einz) and one electric output (Eout). Einz Was used to reset the device and perform NOT. Truth table of
logic operations (AND, OR, AND with NOT and OR with NOT. (b) Experimental results of AND and AND reformatted with NOT
operation (in blue) and OR and OR reformatted with NOT operation (in red). Reprinted (adapted) with permission from ref.

81. Copyright (2017) American Chemical Society.

More complex logic gates were also demonstrated such as IMP using two OEMs in series with a
conventional resistor in a more complex strategy. NAND could also be observed using blue light.”* In a
recent work, all possible 16 logic functions were realized in a single cell ZnO OEM.*® However, except
for the OR and NIMP functions, a control light had to employed to experimentally demonstrate the
other 14 logic functions which ultimately means two light inputs in different sequences for each spe-
cific function.

Although these works provide efficient methods for complicated operations using OEMs, the
proposed system strategies are somewhat complex utilizing several inputs as part of the operations
procedure. In Table 7.5, a summary of the demonstrated logic gates and arithmetic functions by OEMs
can be consulted. It is important to note that Boolean logic is not the only approach to construct inte-

grated circuits that perform mathematical operations. A programmable fuzzy-logic gate approach was
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proposed as a simpler alternative, in which negative pulses would not be necessary for NOT opera-
tion,**® using an OEM that performed material nonimplication and logical true operations using light

and electric stimulus.
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Table 7. 5 Description of logic gates realized with OEMs and its characteristics.

N.S.: not specified at the original paper; N.A.: not applicable; BB: Broadband. ILRS/IHRS ratio is related to the maximum ratio accomplished by light irradiation.

Size A light Piight pulse Itrs/ IHRs Logic gate /
Structure Wiight puise (S) . . . . PPC
(um?) (nm) (mW/cm?) ratio Arithmetic function
400-800
VIS 0.40, 0.60, 6.00 VIS=3.00x 102 Counter
Al/AlO,/Ce0,./ITO® 7.85x103 499 3.00 Yes
BB 0.08, 2.10, 6.00 BB=1.00x103 Adder
560
Adder
FTO/PVA/SPTP/Ag’t N.S. 365 1.00 N.S. >1.00x10? OR No
FTO/BiVO,/TiN47 7.85x103 405 1.10 N.S. >1.00x10% OR No
AND
ITO/ZnO/Ag®® 4.00x104 400-700 N.S. 1.00 >1.00x10? OR Yes
460 AND
Nn-Si/Ta;0s/Ta20s./Ag”® 5.03x103 7.00 0.40 >1.00x103 Yes
620 OR
Adder
AND
Al/AlO,/Ce0,./ITO® 7.85x103 600 6.00 4.00 >1.00x10? OR Yes
NOT
IMP
p-Si/HfO,/Pt74 1.26x103 450 7.96x104 N.A. >1.00x10* NAND No
OR
530
Pt/ZnO/Au®® 7.85x103 650 3.60x102 N.S. >1.00x10? ALL Yes
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7.3.2 In-memory and neuromorphic computation

A range of synaptic functions can be emulated by memristors using their resistance levels as
synaptic weights. A non-volatile gradual increase in the memristor conductance state is usually called
potentiation, which translates into a higher synaptic weight and simulates the connection between
two neurons becoming stronger. On the contrary, depression is when the conductance states decrease
related to a lower synaptic weight, which happens as the connection of two neurons become weaker.
Therefore, memristive crossbars have been proposed as an alternative to realize ANNs, on hardware
in a highly energy, cost and fast efficient manner. OEMs, with their additional light stimulus, can further
enhance the advantages reported for neuromorphic computing. Since it is physical separated from the
memristor’s electrodes, light can act as non-invasive write input to train synaptic weights in cross-
bars.149'150

DNNs are used in several tasks such as pattern recognition, speech recognition or machine trans-
lation.® In memristor-based DNNs, crossbars perform vector-matrix-multiplication operations

152 35 schematically illustrated in Figure

(VMMs) as the result of Ohm’s and Kirchhoff’s summation laws,
7.8(a). The input data is applied as a voltage/current vector at the rows and the output can be read at
the columns.’® These crossbars usually suffer from sneak-path current issues, which are related to
electric interference between cells, since all the memristors are connected to each other through con-
ducting wires.’> A transistor in each cell can be added as a selector element,?*15>1%¢ however, it in-
creases energy consumption and cell area. In photonic crossbars, light as an alternative strategy could
solve this problem in an energy efficient manner.

DNNs composed of ZnO-based OEMs to perform pattern recognition® was proposed by Wang
et al.. A simulation was carried out using potentiation and depression experimental results using input,
hidden and output layers composed by 1024, 256 and 15 neurons, respectively. The potentiation and
depression were demonstrated using visible light pulses and electric pulses, correspondingly, with a
ratio of 25. Based on the back-propagation algorithm simulation, 15 input images were trained in the
DNN and after 1000 epochs, the recognition rate was of 86.7 %, demonstrating excellent potential. To
our knowledge, this work reports on the highest POT/DEP ratio achieved by an OEM so far. However,
it still does not quite reach the requirement of 10? ratio to ensure less impact of noise in the measure-
ment.’>” Another ZnO-based OEM suited for DNNs was proposed and simulated for pattern recognition
as depicted in Figure 7.8(b). All-photonic potentiation and depression was demonstrated using visible
light inputs and a pattern recognition accuracy of more than 90 % was achieved (Figure 7.8(c)) and

8d)).*° However, potentiation/depression ratio was only 3.2 which is very low for real implementation.
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Figure 7. 8 Example of DNNs features using OEMs. (a) Schematic illustration of a 4 x 4 conventional memristive crossbar and
corresponding VMM operations. (b) Illustration of a pattern recognition simulation based on a photonic memristive crossbar.
DNN composed of 784 input neurons, 300 hidden neurons and 10 output neurons, connected by OE synapses. (c) Experi-
mental optical potentiation and electric depression test realized by green and red light pulses displaying possible synaptic
weights to be implemented in the DNN. (d) Recognition rate of simulated DNN for pattern recognition. Reproduced from ref.
90 CC BY 4.0.

In fact, very few works related to OEMs report on DNNs applications. Not only because of the
high ratio requirement but also due to the unwavering criterion of long retention data.®” As evidenced

by the previous sections of this review, this long light-induced current retention is possible with
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suppression of PPC decay. However, a controlled PPC decay effect by temporal light stimulus is much
more useful for SNNs.

The exploration of the PPC effect to emulate SNN related synaptic functions was first proposed
by Lee et al. using planar AOS-based memristors.® Since then, several works have followed the trend
using vertical OEMs. For instance, using different long enough irradiation time (not light pulses < 1 s),
Wang et al. showed the transition from short-term plasticity (STP) to long-term plasticity (LTP) as can
be seen in Figure 7.9(a).’?® The irradiation time affected the PPC dynamic. In the biological system, STP
usually last from seconds to dozens of minutes whereas LTP can be determined by hours-weeks or
even a life-time of no memory loss.’®® Another way to realize the transition from STP to LTP is by in-
creasing light power, as can be seen in Figure 7.9(b).1%° A schematic illustration of the multistore
memory model is presented in Figure 7.9(c).1®* As can be perceived, the transition from STP to LTP
should be performed by repetition (rehearsal) which can be accomplished by increasing the frequency
of light pulses. An example is presented in Figure 7.9(d).*°

In fact, by continuously irradiating an OEM, the device will suffer a learning process.'®138 |n
Figure 7.9(e), a learning and forgetting test is presented from a double layer ZnO/HfO, based memris-
tor.'®° During the first learning/forgetting stage, the synaptic weight increases during a 7 s long UV
illumination and then, when the light is turned off, gradually decreases (PPC effect) to an intermediate
state. Once the light is turned on again, only 4 s are required for the device to return to the synaptic
weigh achieved with the first leaning, which shows faster re-learning. Moreover, the retention ratio
also increases from 52 % to 74% in the second process, showing harder forgetting. The learning and
forgetting synaptic function can also be demonstrated under light pulses which is more realistic for
future energy-efficient applications, instead of a constant illumination method.*

Another common synaptic function is paired-pulse facilitation/depression (PPF/PPD). The
PPF/PPD index is calculated as the relative current state difference between single and double spikes
((12 = 11)/11) with the same power and width, yet different intervals between double pulses.””8711 An
experimental demonstration of PPF can be consulted in Figure 7.9(f), related to a Mo/Sb,Ses/CdS/ITO
OEM and 650 nm light pulses.'?® PPD was also reported regarding an OEM in which potentiation was
performed electrically and depression in a combination of electric pulses and constant optical input.2®®

A more complex synaptic function is spike-time dependent plasticity (STDP), key performance
applied in SNN models. Here, the synaptic weight change ( A W) is modulated by the time difference
between pre and post-synaptic spikes. As an example, Song et al. designed a pulse scheme strategy
for STDP using two OEMSs.1 The pre-synaptic light spike was applied to one of the devices and the
post-synaptic light spike was applied to the other one. In another work, the pre-synaptic pulse was
applied with light and post-synaptic pulse was electrical.’?® The time interval between the two spikes
was defined as A t=tyre—tpost and the A W= ( A W,- AW;)/ A Wi. In Figure 7.9(g), the experimental re-
sults can be seen. AW decreases with longer At, as expected, which is typical STDP characteristics of

biological synapses.?

164



7. RECENT PROGRESS IN OPTOELECTRONIC MEMRISTORS

(a) (b) (f)

6
1.86 Light ON Dark Light ON Power (mW/cm?2) 1501 @ Experimental
i g 0.53 3.09 — Fitted
2 < 4 1.02 4.15 2ms 2ms
£ 1B ‘E 5.11 I_ Interval ~I
(] (=t < >
£ 1.82; £
3 327
1.80
] 01— - - ]
0 5 10 15 20 25 30 0 50 100 150 0 4 8 12 16
Time (s) d Time (s) Pulse interval (ms)
) (@
| STP 40 | STDP |
Pre-spike Optical g'a @
(C) Repetition 215 S 20 4 Post-spike I Electrical
c s,
5 e NS J ... °
Information TP L e %. 10 1 Hz X 09 o 0 ®
Transition = = -20
5 <
@ 34 -40
Forgetting Forgetting @ Experimental
0.1Hz -60 — Fitted
0 50 100 150
. -80 0
e) Time (s) At (ms)
6 i
—_— 1
Z | 4
=4 2s !
-
: .
g : . ; y
5, 2
15t learning 15¢ forgetting 21 |earning 21 forgetting 3" |earning 3 forgetting
0

0o 5 100 5 1000 2 40 50 1000 1 2 0 50 100
Time (s)

Figure 7. 9 SNNs synaptic functions performed by OEMs. (a) Synaptic weight increase under 3.58 mW cm™ of UV light with
different irradiation time, followed by the PPC decay, displaying the transition between STP to LTP.116 John Wiley & Sons. [©
2021 Wiley-VCH GmbH]. (b) Synaptic weight increase under different power of UV light, followed by PPC decay, displaying
transition between STP to LTP. Reprinted [adapted] from ref. 160, with the permission of AIP Publishing. (c) Schematic illus-
tration of the multistore memory model, showing transition from STP to LTP trough repetition (rehearsal). (d) Experimental
transition from STP to LTP trough different frequencies of optical UV pulses.3? John Wiley & Sons. [© 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim]. (e) Photo-induced learning and forgetting experience, displaying an easier re-learning and
harder forgetting by sequenced processes. Reprinted [adapted] from ref. 160, with the permission of AIP Publishing. (f) PPF
variation with respect to a double light spike with different intervals. (g) STDP- Variation of connection strength (AW) between

optical pre and electrical post synaptic spikes applied in a vertical OEM as a function of At.125 John Wiley & Sons. [© 2022
Wiley-VCH GmbH].

Furthermore, brain-inspired synaptic functions were realized in all-photonic memristors.?%2°
STDP was emulated in an IGZO device using blue light for potentiation and IR light for depression.
The transition from STP to LTP and PPF/PPD functions were demonstrated using UV and IR light on a
ITO/ZnO/PbS(QDs)/Zn0O/Al photonic memristor.?°

The few studies reporting on all-photonic realized synaptic functions uncover the infinite poten-

tial of OEM for brain-inspired neuromorphic computation. In Table 7.6, a summary on the synaptic
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functions of inorganic OEMs is presented. The scaling possibilities of RS devices, together with an all
optical controlled strategy for the implementation of different weights in ANNs, suggest that OEMs
crossbar implementation could offer an abysmal efficiency improvement over silicon-based technolo-

gies.1®2
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Table 7. 6 Characteristics of vertical OEMs with metal oxides as active layer.

N.S.: not specified at the original paper; N.A.: not applicable; BB: broadband. Endurance is related to optical induced RS properties.

Size A light Plight pulse Velectric pulse Welectric pulse pOT DEP POT/DEP ra- Synaptic func-
Structure Wiight pulse (S) . . PPC
(um?) (nm) (mW/cm?) (\") (ms) tio tions
10 Optical Electrical
ITO/ZnO/Ag*! 4.00x 104 400-700 N.S. 1.00 -2.00 25.0 DNNs Yes
530 POT 0.10 Optical Optical
Pt/ZnO/Au%? 7.85x103 0.03 N.A. N.A. 3.20 DNNs Yes
650 DEP 0.20
Optical Electrical STP/LTP
PPF
Mo/Sb,Ses/CdS/ITO
127 N.S. 650 200 0.02 N.S. N.S. 50.0 STDP Yes
Learning/Forget-
ting
ITO/Mo0S,/Bi,Ses@ 1 Electrical Optical/
N.S. 790 1.65 Const. 0.50 =2.00 PPD N.A.
PMMA/Ag!1! Electrical
200 0.54 10 Optical Electrical >10.0 )
Learning/Forget-
ITO/CusP/Agt4° 5.03x103 660 140 Const. 0.42 >10.0 ) Yes
tin
80.0 0.39 >10.0 &
400 0.42 10 Optical Electrical
ITO/TiS/AIY7 3.14x104 530 10.0 Const. 0.39 >2.00 Pavlov's dog Yes
808 0.35
N.S. Optical N.S. STP/LTP
ITO/TiN,O,. PPF
7.85x103 365 3.15 10.0 N.S. N.S. Yes
«/MoS,/Al118 Learning/Forget-
ting
Pt/TiOW/Ti" 1.96x103 465 12.0 0.05 to 2.00 N.S. N.S. Optical N.S. N.S. PPF Yes
N.S. Optical N.S. STP/LTP
ITO/ZnO/Ag*° 7.85x103 366 4.60 0.10 N.S. N.S. pPE Yes
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Al/AIO,/Zno;.
JITO103

FTO/Zn0O/In,03%°

Al/IGZO/ITO%

ITO/ZTO/ITOX0!

ITO/ZnO/HfO/Au®
2

p-Si/Mo0S,/ W31

Pt/IGZO+0)/|GZO0)
JAUY
ITO/ZnO/PbS
QDs/Zn0O/Al?°

7.85x103

N.S.

2.50x103

1.77x10%

3.14x104

1.96x103

7.85x103

N.S.

310

365

400

405

365

310

420
800
356
980

N.S.

0.40

0.15

50.0

5.11

0.11

POT 0.020
DEP 0.024
0.70
800

1.00

1.00

0.25

N.S.

2.00

1.00

POT 1.00
DEP 1.00
0.20
0.20

-4.00

-1.00

2.50

-1.80

-2.00

-800

N.A.

N.A.
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10

20

10

0.07

50

N.A.

N.A.

Optical

Optical

Optical

Optical

Optical

Optical

Optical

Optical

Electrical

Electrical

Electrical

Electrical

Electrical

Electrical

Optical

Optical

=10.00

=2.00

=8.00

<2.00

=10.00

=10.00

=2.00

>10.00

STP/LTP
PPF
STP/LTP
PPF
STP/LTP
STDP
PPF
Learning/Forget-
ting
STP/LTP
PPF
Learning/Forget-
ting
STP/LTP
PPF

STDP

STP/LTP
PPF/PPD

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
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7.3.3 Artificial visual systems

In the human visual system, eyes collect information through light signals and convert it to elec-
trical pulses, which are then detected by visual neurons and analyzed and memorized by the visual
cortex in the brain. Several kinds of artificial visual systems have been proposed that try to emulate
this behavior.%1%* Usually, in the conventional image processing based on deep learning -based com-
puter visions, an array of photodetectors and image sensors are employed, to act as the retina, that
gathers light information and converts it to electric signals, transferred to software-based ANN for
further processing and storage.'®>"1%8 To improve computer visions, novel algorithms are required to
be investigated, especially in the context of human vision-inspired models and SNN approach to syn-
thesize the most realistic image. Furthermore, better sensor performance for long distance and low-
light resolution is another research priority in this regard.

OEMs can directly respond to light stimulus and perform light induced synaptic functions, which
can simplify the peripheral circuit while offering a more energy and area efficient alternative.'**7° Two
layers ANNs can easily be realized using crossbars of OEMs, composed of input and output layers, and

has already been simulated several times with high pattern recognition accuracies, 102116160171

proving
the outstanding potential of this approach. However, using photocurrent and light intensity as synaptic
weigh modulator in a more complex ANN, with several hidden layers, is a hard to surpass challenge.®®
The light irradiation that inputs on the first layer of the neural network cannot be cascaded into the
following layers, unless the already reported strategy on LEM is in place. In such, the first layer OEMs
emit light to the second layer, as illustrated in Figure 7.10(a).1*® Even then, VMM operations would be
extremely hard to be accomplished with high accuracy, since photonic I rs/lugs ratio is usually low (<10).
More studies are demanded to increase the memory window.

A combination of OEMs with ANNs electric-field assisted memristors crossbar looks closer to the
reality of today’s technology development and can be considered as an effective way to construct an
artificial visual system, as illustrated in Figure 7.10(b). An OE memristive crossbar can be used for a
primary in-situ processing and image sensing, acting as a neuron that then transfers this information
to an electronic-based memristive crossbar, where the processing and storage of this data would take
place. In this way, high accuracy recognition tasks can be performed, and the overall performance of
artificial visual systems would be greatly enhanced.®®’® Moreover, using PPC decay on the photonic
crossbar can be an efficient way to, on one hand, store the input image for some time (sufficient for
inference), and, on the other hand, low power due to auto-resetting of the system following relaxation
time. Synaptic functions could also be applied and the whole system could undergo learning processes,
in which the more times an image is inputted, the harder it gets for the photonic crossbar to “forget

it”.
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Conclusions

(a) Multi-layer photonic crossbar composed of LEMs

(b ANN based on electric field

Light input assisted memristor crossbars

19Ae| 3ndino

In situ pre-processing of data Pattern recognition

Figure 7. 10 Proposed strategies for the realization of energy efficient artificial visual systems. (a) Illustration of multi-layer
photonic crossbar composed of LEMs. (b) Illustration of a photonic crossbar for in-situ pre-processing and an ANNs that can

be composed of memristors for image recognition.

7.4 Conclusions

In this Review, the state of the art in inorganic OEMs is described and analyzed. Since the devel-
opment of these devices should be carried out with a specific application in mind, due to different
performance requirements, both memristor materials and structures with its figures of merit and dif-
ferent applications are covered.

On the materials point of view, metal oxides and 2D-materials based OEMs mostly show abrupt
RS, suitable for in-memory computation in logic gates or DNNSs. IR irradiation has been used to induce
Reset, which is very appealing for wireless systems, to enable conversion and storage of IR data. Sem-
iconducting-oxides and 1D-structured materials employed as active layer enabled the realization of

fully-photonic devices, in which both Set and Reset were induced by different light wavelengths.
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However, in the future, it would be important that further studies on the physical mechanism of light-
induced RS, and how to control it, be developed.

In regard to possible applications, the PPC effect induced by light can be used to realize all sort
of neuromorphic computing requirements. The logic gates already accomplished using inorganic OEMs
are discussed in detail. Moreover, in some cases, the PPC decay was shown to be dependent on irra-
diation time, intensity, frequency and wavelength which was explored to emulate several synaptic
functions, also described in this review. In particular, these synaptic functions can be applied for the
construction of a more energy, cost and area efficient artificial visual system. Several approaches have
been proposed and are analyzed here. Since the photonic ratio has demonstrated to be low (<10) and
due to a lack of an efficient way to optical transfer photo-inputs from one to another layer in an ANN,

a combination of photonic and electric crossbars is suggested to efficiently solve these issues.

7.5 References

Chua, L. 0. Memristor—The Missing Circuit Element. IEEE Transactions on Circuit Theory 18, 507—
519 (1971).

Pi, S. et al. Memristor crossbar arrays with 6-nm half-pitch and 2-nm critical dimension. Nat Nan-

otechnol 14, 35-39 (2019).

von Witzleben, M. et al. Study of the SET switching event of VCM-based memories on a picosec-

ond timescale. ) Appl Phys 127, 204501 (2020).

von Witzleben, M. et al. Intrinsic RESET Speed Limit of Valence Change Memories. ACS Appl Elec-
tron Mater 3, 5563-5572 (2021).

Strukov, D. B., Snider, G. S., Stewart, D. R. & Williams, R. S. The missing memristor found. Nature
453, 80—-83 (2008).

Lee, T. S. et al. Compliance Current-Controlled Conducting Filament Formation in Tantalum Ox-
ide-Based RRAM Devices with Different Top Electrodes. ACS Appl Electron Mater 2, 1154-1161
(2020).

Banerjee, W. et al. Intrinsic anionic rearrangement by extrinsic control: Transition of RS and CRS

in thermally elevated TiN/HfO2/Pt RRAM. Nanoscale 9, 18908-18917 (2017).

Carlos, E. et al. Critical role of a double-layer configuration in solution-based unipolar resistive

switching memories. Nanotechnology 29, 345206 (2018).

171



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Li, T., Yu, H.,, Chen, S. H. Y., Zhou, Y. & Han, S. T. The strategies of filament control for improving
the resistive switching performance. ) Mater Chem C Mater 8, 16295-16317 (2020).

Lee, H. Y. et al. Low power and high speed bipolar switching with a thin reactive ti buffer layer in
robust HfO2 based RRAM. 2008 IEEE International Electron Devices Meeting 1-4 (2008)
doi:10.1109/1EDM.2008.4796677.

Bousoulas, P., Stathopoulos, S., Tsialoukis, D. & Tsoukalas, D. Low-Power and Highly Uniform 3-
b Multilevel Switching in Forming Free TiO2-x-Based RRAM with Embedded Pt Nanocrystals. IEEE
Electron Device Letters 37, 874—877 (2016).

Gul, F. & Efeoglu, H. Bipolar resistive switching and conduction mechanism of an Al/ZnO/Al-based

memristor. Superlattices Microstruct 101, 172-179 (2017).

Pereira, M. et al. Noble-Metal-Free Memristive Devices Based on IGZO for Neuromorphic Appli-

cations. Adv Electron Mater 6, 2000242 (2020).

Pereira, M. E. et al. Tailoring the synaptic properties of a-IGZO memristors for artificial deep neu-

ral networks. APL Mater 10, 011113 (2022).

Casa Branca, N. et al. 2D Resistive Switching Based on Amorphous Zinc—Tin Oxide Schottky Di-
odes. Adv Electron Mater 6, 1900958 (2020).

Silva, C. et al. Towards Sustainable Crossbar Artificial Synapses with Zinc-Tin Oxide. Electronic

Materials 2, 105-115 (2021).

lelmini, D. Interface-Type Switching. in Resistive Switching: From Fundamentals ofNanoionic Re-

dox Processes to Memristive Device Applications 457-482 (Wiley, 2016).

Dittmann, R. & Strachan, J. P. Redox-based memristive devices for new computing paradigm. APL

Mater 7, 110903 (2019).

Widrow, B. & B. Angell, J. Reliable, trainable networks for computing and control. Aerospace
Engineering 21, 78-123 (1962).
Li, H. et al. Fully photon modulated heterostructure for neuromorphic computing. Nano Energy

65, 104000 (2019).

Wang, Z. Q. et al. Synaptic learning and memory functions achieved using oxygen ion migra-

tion/diffusion in an amorphous InGaZnO memristor. Adv Funct Mater 22, 2759-2765 (2012).

Ismail, M., Abbas, H., Choi, C. & Kim, S. Controllable analog resistive switching and synaptic char-
acteristics in ZrO2/ZTO bilayer memristive device for neuromorphic systems. Appl Surf Sci 529,

147107 (2020).

172



7. RECENT PROGRESS IN OPTOELECTRONIC MEMRISTORS

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Shi, L., Zheng, G., Tian, B., Dkhil, B. & Duan, C. Research progress on solutions to the sneak path

issue in memristor crossbar arrays. Nanoscale Adv 2, 1811-1827 (2020).

Pereira, M. E. et al. Flexible Active Crossbar Arrays Using Amorphous Oxide Semiconductor Tech-
nology toward Artificial Neural Networks Hardware. Adv Electron Mater 8, 2200642 (2022).

Emboras, A. et al. Opto-electronic memristors: Prospects and challenges in neuromorphic com-
puting. Appl Phys Lett 117, 230502 (2020).

Hu, L. et al. All-Optically Controlled Memristor for Optoelectronic Neuromorphic Computing. Adv
Funct Mater 31, 2005582 (2021).

Queisser, H. J. & Theodorou, D. E. Decay kinetics of persistent photoconductivity in semiconduc-

tors. Phys Rev B 33, 4027-4033 (1986).

Lee, Y. C. et al. Observation of persistent photoconductivity in 2H-Mo Se2 layered semiconduc-

tors. J Appl Phys 99, 063706 (2006).

Tebano, A., Fabbri, E., Pergolesi, D., Balestrino, G. & Traversa, E. Room-Temperature Giant Per-

sistent Photoconductivity in SrTiO3/LaAlO3 Heterostructures. ACS Nano 6, 1278—1283 (2012).

He, H. K. et al. Photonic Potentiation and Electric Habituation in Ultrathin Memristive Synapses

Based on Monolayer MoS2. Small 14, 1800079 (2018).

Bernstein, J. M. et al. Hail-Eflfect Analysis of Persistent Photocurrents in / i-GaAs Layers. 43, 401-
404 (1979).

Lang, D. V., Logan, R. A. & Jaros, M. Trapping characteristics and a donor-complex (DX) model for
the persistent-photoconductivity trapping center in Te-doped AlxGal-xAs. Phys Rev B 19, 1015
1030 (1979).

Simanjuntak, F. M. et al. Enhancing the memory window of AZO/ZnO/ITO transparent resistive
switching devices by modulating the oxygen vacancy concentration of the top electrode. ] Mater

Sci 50, 6961-6969 (2015).

Simanjuntak, F. M., Chandrasekaran, S., Lin, C. C. & Tseng, T. Y. ZnO2/Zn0 bilayer switching film
for making fully transparent analog memristor devices. APL Mater 7, 051108 (2019).

Murdoch, B. J. et al. Light-gated amorphous carbon memristors with indium-free transparent
electrodes. Carbon N'Y 152, 59-65 (2019).

Yan, X. et al. Artificial electronic synapse characteristics of a Ta/Ta205-x/Al203/InGaZn04
memristor device on flexible stainless steel substrate. Appl Phys Lett 113, 013503 (2018).

Fan, L. et al. Infrared Response and Optoelectronic Memory Device Fabrication Based on Epitaxial
VO2 Film. ACS Appl Mater Interfaces 8, 32971-32977 (2016).

173



References

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Kathalingam, A., Kim, H. S., Kim, S. D. & Park, H. C. Light induced resistive switching property of
solution synthesized ZnO nanorod. Opt Mater (Amst) 48, 190-197 (2015).

Wang, W. et al. MoS2 memristor with photoresistive switching. Sci Rep 6, 31224 (2016).

Zhu, X. & Lu, W. D. Optogenetics-Inspired Tunable Synaptic Functions in Memristors. ACS Nano
12, 1242-1249 (2018).

Liu, K. et al. An optoelectronic synapse based on « -In2Se3 with controllable temporal dynamics

for multimode and multiscale reservoir computing. Nat Electron 5, 761-773 (2022).

Sun, L. et al. In-sensor reservoir computing for language learning via two-dimensional memris-

tors. Sci Adv 7, eabg1455 (2021).

Ye, C. et al. Multilevel conductance switching of memory device through photoelectric effect. J

Am Chem Soc 134, 20053-20059 (2012).

Huebner, C. F. et al. Nonvolatile optically-erased colloidal memristors. Nanoscale 7, 1270-1279
(2015).

Ling, H. et al. Light-Tunable Nonvolatile Memory Characteristics in Photochromic RRAM. Adv
Electron Mater 3, 1600416 (2017).

Lin, Y. et al. Photo-tunable organic resistive random access memory based on PVP/N-doped car-
bon dot nanocomposites for encrypted image storage. ] Mater Chem C Mater 8, 14789-14795
(2020).

Liu, G. et al. Organic Biomimicking Memristor for Information Storage and Processing Applica-

tions. Adv Electron Mater 2, 1500298 (2016).

Song, S. et al. Recent Progress of Optoelectronic and All-Optical Neuromorphic Devices: A Com-
prehensive Review of Device Structures, Materials, and Applications. Advanced Intelligent Sys-
tems 3, 2000119 (2021).

Carlos, E., Branquinho, R., Martins, R., Kiazadeh, A. & Fortunato, E. Recent Progress in Solution-

Based Metal Oxide Resistive Switching Devices. Advanced Materials 33, 1-37 (2021).

Zhao, W. X. et al. White-light-controlled resistive switching effect in [BaTiO 3/ -Fe203]/ZnO
film. Solid State Commun 194, 16-19 (2014).

Sun, B. et al. White-light-controlled resistance switching in TiO2/ «. - Fe203 composite nanorods

array. Journal of Nanoparticle Research 16, 2389 (2014).

Sun, B, Liu, Y., Zhao, W. & Chen, P. Magnetic-field and white-light controlled resistive switching
behaviors in Ag/[BiFeO3/ vy -Fe203]/FTO device. RSC Adv 5, 13513—-13518 (2015).

174



7. RECENT PROGRESS IN OPTOELECTRONIC MEMRISTORS

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Yang, N. et al. Nonvolatile Negative Optoelectronic Memory Based on Ferroelectric Thin Films.
ACS Appl Electron Mater 2, 1035—-1040 (2020).

Kim, D. J. et al. Resistive Switching Properties through lodine Migrations of a Hybrid Perovskite
Insulating Layer. Adv Mater Interfaces 4, 1601035 (2017).

Guan, X. et al. Light-Responsive lon-Redistribution-Induced Resistive Switching in Hybrid Perov-
skite Schottky Junctions. Adv Funct Mater 28, 1704665 (2018).

Zhao, X. et al. Photoassisted Electroforming Method for Reliable Low-Power Organic—Inorganic
Perovskite Memristors. Adv Funct Mater 30, 1910151 (2020).

Chen, Q. et al. Perovskite-Based Memristor with 50-Fold Switchable Photosensitivity for In-Sen-
sor Computing Neural Network. Nanomaterials 12,2217 (2022).

Poddar, S., Zhang, Y., Zhu, Y., Zhang, Q. & Fan, Z. Optically tunable ultra-fast resistive switching
in lead-free methyl-ammonium bismuth iodide perovskite films. Nanoscale 13, 6184-6191
(2021).

Luo, Z. et al. Electric field-induced resistive switching, magnetism, and photoresponse modula-
tion in a Pt/Co00.03Zn0.970/Nb:SrTiO3 multi-function heterostructure. Appl Phys Lett 112,
153504 (2018).

Cai, H. et al. All-inorganic perovskite Cs4PbBr6 thin films in optoelectronic resistive switching

memory devices with a logic application. Ceram Int 45, 5724-5730 (2019).

Xie, S. et al. Light-controlled resistive switching and voltage-controlled photoresponse character-

istics in the Pt/Ce02/Nb:SrTiO3 heterostructure. J Alloys Compd 778, 141-147 (2019).

Lv, F. et al. Resistive switching characteristics improved by visible-light irradiation in a Cs2Ag-

BiBr6-based memory device. Nanomaterials 11, 1361 (2021).

Zhong, T., Qin, Y., Lv, F.,, Qin, H. & Tian, X. Light-activated Multilevel Resistive Switching Storage
in Pt/Cs2AgBiBr6/ITO/Glass Devices. Nanoscale Res Lett 16, 178 (2021).

Zhao, X., Xu, H., Wang, Z., Lin, Y. & Liu, Y. Memristors with organic-inorganic halide perovskites.
InfoMat 1, 183-210 (2019).

Jaafar, A. H. et al. Reversible optical switching memristors with tunable STDP synaptic plasticity:

A route to hierarchical control in artificial intelligent systems. Nanoscale 9, 17091-17098 (2017).

Sun, J. et al. A dual-mode organic memristor for coordinated visual perceptive computing. Fun-
damental Research 1-8 (2022) d0i:10.1016/j.fmre.2022.06.022.

Gao, S. et al. An Oxide Schottky Junction Artificial Optoelectronic Synapse. ACS Nano 13, 2634—
2642 (2019).

175



References

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Zhou, F. et al. Low-Voltage, Optoelectronic CH3NH3PbI3-xClx Memory with Integrated Sensing
and Logic Operations. Adv Funct Mater 28, 1800080 (2018).

Li, Y. et al. Light-induced nonvolatile resistive switching in Cs0.15FA0.85PblI3-XBrX perovskite-
based memristors. Solid State Electron 186, 108166 (2021).

Wu, Y. et al. Capping CsPbBr3 with ZnO to improve performance and stability of perovskite
memristors. Nano Res 10, 1584-1594 (2017).

Liu, Q. et al. Multifunctional Optoelectronic Random Access Memory Device Based on Surface-
Plasma-Treated Inorganic Halide Perovskite. Adv Electron Mater 7, 2100366 (2021).

Ungureanu, M. et al. A light-controlled resistive switching memory. Advanced Materials 24,
2496-2500 (2012).

Borkar, H., Thakre, A., Kushvaha, S. S., Aloysius, R. P. & Kumar, A. Light assisted irreversible resis-
tive switching in ultra thin hafnium oxide. RSC Adv 5, 35046—35051 (2015).

Chen, Y. et al. Light-controlled stateful logic operations using optoelectronic switches based on

p-Si/HfO2 heterostructures. Appl Phys Lett 112, 063503 (2018).

Hassan, M. Y. & Ang, D. S. On-Demand Visible-Light Sensing with Optical Memory Capabilities
Based on an Electrical-Breakdown-Triggered Negative Photoconductivity Effect in the Ubiquitous
Transparent Hafnia. ACS Appl Mater Interfaces 11, 42339 (2019).

More, K. D., Narwade, V. N., Halge, D. I., Dadge, J. W. & Bogle, K. A. Enhanced performance and
reduction in operating voltage of TiO2 thin film based resistive switching memory under optical

stimulus. Physica B Condens Matter 595, 412339 (2020).

Huang, H. et al. Pt/TiOx/Ti-based Dynamic Optoelectronic Memristor for Neuromorphic Compu-
ting. 6th IEEE Electron Devices Technology and Manufacturing Conference, EDTM 2022 310-312
(2022) d0i:10.1109/EDTM53872.2022.9798290.

Zhou, F. et al. Optoelectronic resistive random access memory for neuromorphic vision sensors.
Nat Nanotechnol 14, 776782 (2019).

Wang, W. et al. Tantalum pentoxide (Ta205 and Ta205-x) -based memristor for photonic in-
memory computing application. Nano Energy 106, 108072 (2023).

Tan, H. et al. An optoelectronic resistive switching memory with integrated demodulating and

arithmetic functions. Advanced Materials 27, 2797-2803 (2015).

Tan, H. et al. Light-Gated Memristor with Integrated Logic and Memory Functions. ACS Nano 11,
11298-11305 (2017).

176



7. RECENT PROGRESS IN OPTOELECTRONIC MEMRISTORS

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Tan, H., Liu, G. & Li, R.-W. Multifunctional Optoelectronic Device Based on Resistive Switching
Effects. in Recent Development in Optoelectronic Devices (2018).

doi:10.5772/intechopen.74826.

Park, J. et al. Transparent , Flexible , and Low-Operating-Voltage Resistive Switching Memory

Based on Al203/1Z0O Multilayer. Global Challenges 6, 2100118 (2022).

Wang, Z. Q. et al. Flexible resistive switching memory device based on amorphous InGaZnO film

with excellent mechanical endurance. IEEE Electron Device Letters 32, 1442-1444 (2011).

Xie, J. et al. Light-induced double enhancement of resistive switching and control of ferromag-
netism in ZnO film. Mater Res Express 6, 096428 (2019).

Shih, C. C. et al. Resistive switching modification by ultraviolet illumination in transparent elec-

trode resistive random access memory. IEEE Electron Device Letters 35, 633—635 (2014).

Kumar, M., Abbas, S. & Kim, J. All-Oxide-Based Highly Transparent Photonic Synapse for Neuro-
morphic Computing. ACS Appl Mater Interfaces 10, 34370-34376 (2018).

Subin, P. S., Midhun, P. S., Antony, A., Saji, K. J. & Jayaraj, M. K. Optoelectronic synaptic plasticity
mimicked in ZnO-based artificial synapse for neuromorphic image sensing application. Mater To-

day Commun 33, 104232 (2022).

Wang, T. Y. et al. Reconfigurable optoelectronic memristor for in-sensor computing applications.

Nano Energy 89, 106291 (2021).

Yang, J. et al. Optically driven intelligent computing with ZnO memristor. Fundamental Research

1-9 (2022) doi:10.1016/j.fmre.2022.06.019.

Liu, H., Zeng, F., Lin, Y., Wang, G. & Pan, F. Correlation of oxygen vacancy variations to band gap

changes in epitaxial ZnO thin films. Appl Phys Lett 102, 181908 (2013).

Kiazadeh, A. et al. Improving positive and negative bias illumination stress stability in parylene

passivated IGZO transistors. Appl Phys Lett 109, 051606 (2016).

Kumar, D., Saleem, A., Keong, L. B., Wang, Y. H. & Tseng, T. Y. Light Induced RESET Phenomenon
in Invisible Memristor for Photo Sensing. IEEE Electron Device Letters 3106, 22—25 (2022).

Zhou, F., Chen, J., Tao, X., Wang, X. & Chai, Y. 2D Materials Based Optoelectronic Memory: Con-
vergence of Electronic Memory and Optical Sensor. Research 2019, 9490413 (2019).

Kang, B. H., Kim, W. G., Chung, J., Lee, J. H. & Kim, H. J. Simple Hydrogen Plasma Doping Process
of Amorphous Indium Gallium Zinc Oxide-Based Phototransistors for Visible Light Detection. ACS
Appl Mater Interfaces 10, 7223—-7230 (2018).

177



References

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Cho, K. S. et al. Color-selective photodetection from intermediate colloidal quantum dots buried

in amorphous-oxide semiconductors. Nat Commun 8, 840 (2017).

Kumar, D. et al. Highly Efficient Invisible TaOx/ZTO Bilayer Memristor for Neuromorphic Compu-
ting and Image Sensing. ACS Appl Electron Mater 4, 2180-2190 (2022).

Retamal, J. R. D. et al. Effect of ultraviolet illumination on metal oxide resistive memory. Appl
Phys Lett 105, 253111 (2014).

Shrivastava, S. et al. Zn2SnO4Thin Film Based Nonvolatile Positive Optoelectronic Memory for
Neuromorphic Computing. ACS Appl Electron Mater 4, 1784-1793 (2022).

Mehonic, A., Gerard, T. & Kenyon, A. J. Light-activated resistance switching in SiOx RRAM devices.
Appl Phys Lett 111, 233502 (2017).

Hu, D. C,, Yang, R,, Jiang, L. & Guo, X. Memristive Synapses with Photoelectric Plasticity Realized
in ZnO1-x/AlOy Heterojunction. ACS Appl Mater Interfaces 10, 6463—6470 (2018).

Zhou, Z., Pei, Y., Zhao, J., Fu, G. & Yan, X. Visible light responsive optoelectronic memristor device

based on CeOx/Zn0O structure for artificial vision system. Appl Phys Lett 118, 191103 (2021).

Song, S. et al. Solution-processed oxide semiconductor-based artificial optoelectronic synapse

array for spatiotemporal synaptic integration. J Alloys Compd 857, 158027 (2021).

Yan, F. et al. Toward High-Performance Photodetectors Based on 2D Materials: Strategy on

Methods. Small Methods 2, 1700349 (2018).

Wang, M. et al. Robust memristors based on layered two-dimensional materials. Nat Electron 1,
130-136 (2018).

Bertolazzi, S. et al. Nonvolatile Memories Based on Graphene and Related 2D Materials. Ad-

vanced Materials 31, 1806663 (2019).

Sun, B. et al. Tunneling of photon-generated carrier in the interface barrier induced resistive

switching memory behaviour. J Colloid Interface Sci 553, 682—687 (2019).

Jaafar, A. H. & Kemp, N. T. Wavelength dependent light tunable resistive switching graphene
oxide nonvolatile memory devices. Carbon NY 153, 81-88 (2019).

Wang, Y. et al. Near-Infrared Annihilation of Conductive Filaments in Quasiplane MoSe2/Bi2Se3

Nanosheets for Mimicking Heterosynaptic Plasticity. Small 15, 1805431 (2019).

Zhou, Y. et al. Black Phosphorus Based Multicolor Light-Modulated Transparent Memristor with
Enhanced Resistive Switching Performance. ACS Appl Mater Interfaces 12, 25108-25114 (2020).

Zhang, Z. et al. 2D materials and van der Waals heterojunctions for neuromorphic computing.

Neuromorphic Computing and Engineering 2, 032004 (2022).

178



7. RECENT PROGRESS IN OPTOELECTRONIC MEMRISTORS

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Huh, W., Lee, D. & Lee, C. H. Memristors Based on 2D Materials as an Artificial Synapse for Neu-
romorphic Electronics. Advanced Materials 32, 2002092 (2020).

Chen, Y. et al. Broadband Bi202Se Photodetectors from Infrared to Terahertz. Adv Funct Mater
31, 2009554 (2021).

Qiu, Q. & Huang, Z. Photodetectors of 2D Materials from Ultraviolet to Terahertz Waves. Ad-
vanced Materials 33, 2008126 (2021).

Liu, L. et al. Optoelectronic Artificial Synapses Based on Two-Dimensional Transitional-Metal
Trichalcogenide. ACS Appl Mater Interfaces 13, 30797-30805 (2021).

Wang, W. et al. Artificial Optoelectronic Synapses Based on TiNxO2—x/MoS2 Heterojunction for
Neuromorphic Computing and Visual System. Adv Funct Mater 31, 2101201 (2021).

Ding, G., Zhou, K., Li, T., Yang, B. & Zhou, Y. One-dimensional materials for photoelectroactive
memories and synaptic devices. in Photo-Electroactive Nonvolatile Memories for Data Storage
and Neuromorphic Computing 179-200 (LTD, 2020). doi:10.1016/b978-0-12-819717-2.00008-4.

Milano, G., Porro, S., Valov, I. & Ricciardi, C. Recent Developments and Perspectives for Memris-
tive Devices Based on Metal Oxide Nanowires. Adv Electron Mater 5, 1800909 (2019).

Lu, W. & Lieber, C. M. Nanoelectronics from the bottom up. Nanoscience and Technology: A
Collection of Reviews from Nature Journals 6, 841—-850 (2009).

Park, J., Lee, S. & Yong, K. Photo-stimulated resistive switching of ZnO nanorods. Nanotechnology
23, 385707 (2012).

Park, J., Lee, S., Lee, J. & Yong, K. A light incident angle switchable ZnO nanorod memristor: Re-
versible switching behavior between two non-volatile memory devices. Advanced Materials 25,
6423-6429 (2013).

Zhou, W. et al. Optically modulated electric synapses realized with memristors based on ZnO

nanorods. Appl Phys Lett 113, 061107 (2018).

Hu, L. et al. Phosphorene/ZnO Nano-Heterojunctions for Broadband Photonic Nonvolatile

Memory Applications. Advanced Materials 30, 1801232 (2018).

Ren, Y. et al. Phosphorene nano-heterostructure based memristors with broadband response

synaptic plasticity. ] Mater Chem C Mater 6, 9383—9393 (2018).

Pei, Y. et al. A Multifunctional and Efficient Artificial Visual Perception Nervous System with
Sb2Se3/CdS-Core/Shell (SC) Nanorod Arrays Optoelectronic Memristor. Adv Funct Mater 32,
2203454 (2022).

179



References

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Guo, L. et al. Stacked Two-Dimensional MXene Composites for an Energy-Efficient Memory and
Digital Comparator. ACS Appl Mater Interfaces 13, 39595-39605 (2021).

Shan, X. et al. Plasmonic Optoelectronic Memristor Enabling Fully Light-Modulated Synaptic Plas-
ticity for Neuromorphic Vision. Advanced Science 9, 2104632 (2022).

Wang, Y. et al. Synergies of Electrochemical Metallization and Valance Change in All-Inorganic
Perovskite Quantum Dots for Resistive Switching. Advanced Materials 30, 1800327 (2018).

Zhang, X. et al. Photoresponse of nonvolatile resistive memory device based on all-inorganic per-
ovskite CsPbBr3 nanocrystals. J Phys D Appl Phys 52, 125103 (2019).

Chen, Z. et al. Light assisted multilevel resistive switching memory devices based on all-inorganic

perovskite quantum dots. Appl Phys Lett 114, 181103 (2019).

Zhou, Y. et al. White-light-induced disruption of nanoscale conducting filament in hafnia. Appl

Phys Lett 107, 072107 (2015).

lelmini, D., Cagli, C., Nardi, F. & Zhang, Y. Nanowire-based resistive switching memories : devices

, operation and scaling. 46, 074006 (2013).

Russo, P., Xiao, M., Liang, R. & Zhou, N. Y. UV-Induced Multilevel Current Amplification Memory
Effect in Zinc Oxide Rods Resistive Switching Devices. Adv Funct Mater 28, 1706230 (2018).

Zhao, W. X. et al. Light-controlled resistive switching of ZnWO4 nanowires array. AIP Adv 4,
077127 (2014).

Han, P. et al. An optoelectronic resistive switching memory behavior of Ag/ o -SnWO4/FTO de-

vice. J Alloys Compd 681, 516-521 (2016).

Sun, B., Li, X., Liang, D. & Chen, P. Effect of visible-light illumination on resistive switching char-

acteristics in Ag/Ce2W3012/FTO devices. Chem Phys Lett 643, 66—70 (2016).

Sun, B., Wu, J,, Jia, X,, Lou, F. & Chen, P. Preparation and light-controlled resistive switching

memory behavior of CuCr204. J Solgel Sci Technol 75, 664—669 (2015).

Liu, Y. et al. Topochemical Synthesis of Copper Phosphide Nanoribbons for Flexible Optoelec-
tronic Memristors. Adv Funct Mater 32, 2110900 (2022).

Liu, Y. et al. Plasmon resonance enhanced multicolour photodetection by graphene. Nat Com-

mun 2, 579 (2011).

Cheng, Z. et al. Antimony thin films demonstrate programmable optical nonlinearity. Sci Adv 8,
2004185 (2021).

Emboras, A. et al. Nanoscale plasmonic memristor with optical readout functionality. Nano Lett
13, 6151-6155 (2013).

180



7. RECENT PROGRESS IN OPTOELECTRONIC MEMRISTORS

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Hoessbacher, C. et al. The plasmonic memristor: a latching optical switch. Optica 1, 198-202
(2014).

Xiao, Z. & Huang, J. Energy-Efficient Hybrid Perovskite Memristors and Synaptic Devices. Adv
Electron Mater 2, 1600100 (2016).

Lu, Z. et al. Nonvolatile Electric-Optical Memory Controlled by Conductive Filaments in Ti-Doped
BiFeO3. Adv Electron Mater 4, 1700551 (2018).

Zakhidov, A. A,, Jung, B., Slinker, J. D., Abruiia, H. D. & Malliaras, G. G. A light-emitting memristor.
Org Electron 11, 150-153 (2010).

Zhu, Y. et al. Light-Emitting Memristors for Optoelectronic Artificial Efferent Nerve. Nano Lett 21,
6087—6094 (2021).

Zhao, J. et al. A Boolean or gate implemented with an optoelectronic switching memristor. Appl

Phys Lett 115, 153504 (2019).

Berco, D., Ang, D. S. & Kalaga, P. S. Programmable Photoelectric Memristor Gates for In Situ Im-

age Compression. Advanced Intelligent Systems 2, 2000079 (2020).

Mao, J. Y., Zhou, L., Zhu, X., Zhou, Y. & Han, S. T. Photonic Memristor for Future Computing: A
Perspective. Adv Opt Mater 7, 1900766 (2019).

Mao, J. Y. et al. Artificial synapses emulated through a light mediated organic-inorganic hybrid

transistor. ] Mater Chem C Mater 7, 48-59 (2019).

Liu, X. & Zeng, Z. Memristor crossbar architectures for implementing deep neural networks. Com-

plex and Intelligent Systems 8, 787-802 (2022).

Nagqi, M. et al. Multilevel artificial electronic synaptic device of direct grown robust MoS2 based

memristor array for in-memory deep neural network. NPJ 2D Mater Appl 6, 53 (2022).

Mehonic, A. et al. Memristors—From In-Memory Computing, Deep Learning Acceleration, and
Spiking Neural Networks to the Future of Neuromorphic and Bio-Inspired Computing. Advanced

Intelligent Systems 2, 2000085 (2020).

Li, H. et al. Memristive Crossbar Arrays for Storage and Computing Applications. Advanced Intel-

ligent Systems 3, 2100017 (2021).

Hu, M. et al. Memristor-Based Analog Computation and Neural Network Classification with a Dot

Product Engine. Advanced Materials 30, 1705914 (2018).

Yao, P. et al. Fully hardware-implemented memristor convolutional neural network. Nature 577,
641-646 (2020).

181



References

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Moon, K. et al. RRAM-based synapse devices for neuromorphic systems. Faraday Discuss 213,
421-451 (2019).

Lee, M. et al. Brain-Inspired Photonic Neuromorphic Devices using Photodynamic Amorphous
Oxide Semiconductors and their Persistent Photoconductivity. Advanced Materials 29, 1700951
(2017).

Chang, T., Jo, S. H. & Lu, W. Short-term memory to long-term memory transition in a nanoscale

memristor. ACS Nano 5, 76697676 (2011).

Shan, X. et al. Optoelectronic synaptic device based on ZnO/HfOxheterojunction for high-perfor-

mance neuromorphic vision system. Appl Phys Lett 121, 263501 (2022).

Brelsford, J. W. & Atkinson, R. C. Recall of paired-associates as a function of overt and covert
rehearsal procedures. J Verbal Learning Verbal Behav 7, 730-736 (1968).

Nishitani, Y., Kaneko, Y. & Ueda, M. Supervised learning using spike-timing-dependent plasticity
of memristive synapses. IEEE Trans Neural Netw Learn Syst 26, 2999-3008 (2015).

Mathieson, K. et al. Photovoltaic retinal prosthesis with high pixel density. Nat Photonics 6, 391—
397 (2012).

Kwon, S. M. et al. Environment-Adaptable Artificial Visual Perception Behaviors Using a Light-

Adjustable Optoelectronic Neuromorphic Device Array. Advanced Materials 31, 1906433 (2019).

Zhang, L. et al. Building Light Stimulated Synaptic Memory Devices for Visual Memory Simulation.
Adv Electron Mater 7, 2000945 (2021).

Chen, S., Lou, Z., Chen, D. & Shen, G. An Artificial Flexible Visual Memory System Based on an
UV-Motivated Memristor. Advanced Materials 30, 1705400 (2018).

Xiao, C. et al. Wide Waveband Light Detection and Storage Device for Visual Memory. Physica
Status Solidi (A) Applications and Materials Science 219, 2100881 (2022).

Dang, B. et al. One-Phototransistor-One-Memristor Array with High-Linearity Light-Tunable
Weight for Optic Neuromorphic Computing. Advanced Materials 2022, 2204844 (2022).

Tian, H., Wang, X., Wu, F.,, Yang, Y. & Ren, T. L. High Performance 2D Perovskite/Graphene Optical
Synapses as Artificial Eyes. Technical Digest - International Electron Devices Meeting, IEDM

38.6.1-38.6.4 (2019) d0i:10.1109/IEDM.2018.8614666.

Seo, S. et al. Artificial optic-neural synapse for colored and color-mixed pattern recognition. Nat
Commun 9, 5106 (2018).

182



7. RECENT PROGRESS IN OPTOELECTRONIC MEMRISTORS

171. Bibi, T., Manzoor, S., Azhar, S., Saeed, M. & Raheem, M. A. Multi-modulated Optoelectronic
Memristor Based on Ga203/MoS2 Heterojunction for Bionic Synapses and Artificial Visual Sys-
tem. 2, 54-59 (2019).

183






Optoelectronic memristive devices based on oxide semiconductors for the next generation of

Information technology

‘ CHAPTER 8

OPTOELECTRONIC IGZO-BASED MEMRISTOR

Optoelectronic memristors (OEMs) based on amorphous oxide semiconductors (AOS) are promising
devices for the development of spiking neural networks (SNNs) hardware in neuromorphic vision sen-
sors. In such devices, the conductance state can be controlled by both optical and electrical stimuli
while the typical persistent photoconductivity (PPC) of AOS materials can be used to emulate synaptic
functions. However, due to the large bandgap of these materials, sensitivity to visible light
(red/green/blue) is hard to accomplish which hinders applications in which color discrimination is re-
quired. In this work, we report on a 4 um? hydrogen doped (H-doped) IGZO optoelectronic memristor
that emulates all the important rules of SNNs such as short to long-term memory transition (STM-
LTM), paired-pulse facilitation (PPF), spike-time-dependent plasticity (STDP) and learning and forget-
ting capabilities. By incorporating hydrogen gas in the sputtering deposition of IGZO, visible sensitivity
was achieved for green and blue wavelengths. Additionally, extremely high light/dark ratios of 179, 93
and 12 are demonstrated for wavelengths of 365, 405 and 505 nm, respectively, due to hydrogen in-
duced sub-gap states and device miniaturization. Therefore, the proposed device shows remarkable
potential for integration with the pixel circuits of IGZO-based displays with extreme resolution, for a

true intelligent self-processing display.

The results presented in this chapter are published in:

M.E. Pereira, J. Deuermeier, R. Martins, P. Barquinha and A. Kiazadeh, “Unlocking Neu.romorphic
Vision: Advancements in IGZO-based Optoelectronic Memristors with Visible Range Sensitivity”, in
ACS applied electronic materials, 2024.
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8.1 Introduction

In common image processing systems based on deep-learning, two-dimensional arrays of pho-
todetectors and image sensors that use semiconductor technology are employed to collect light infor-
mation as digital inputs. This information is then converted into electric data and saved in a separated
memory unit. A processing computing unit with software-based artificial neural networks (ANNs) is
required to execute computer vision algorithms, such as object classification.? Apart from the obvious
delay in response time, due to the necessary data shuffle between the sensors and the processing unit,
as well as the high-power consumption required to run these complex neural networks, conventional
image processing systems face a significant limitation that further aggravates the previously men-
tioned challenges. The light sensors capture visual information based on a fixed frame rate, with each
recorded frame retaining data from all pixels within the array. On the one hand, low frame rate may
lead to the loss of crucial information, on the other hand, a high frame rate results in the generation
of excessive and unnecessary data. In either case, redundant data is shuffled, stored, and processed,
coming from the recorded pixels in which no new information was created.®*

An ideal artificial visual system should be able to read, recognize and perform parallel processing
of electrical and optical signals, just as the human brain does. In fact, about 80 % of the data collected
from the human brain is acquired through light signals by visual perception.> In more detail, our eyes
can sense light information and convert it to electrical data, which is subsequently processed and saved
in the visual cortex of the brain. Here, the connection between two neurons is referred to as synapse,
involving the transmission of chemical or electrical spikes. The connection between two neurons can
become stronger or weaker, which is known as synaptic plasticity and is closely tied to the memory
capacity of the human brain. Naturally, short-term memory (STM) denotes a temporary change in syn-
aptic connection that rapidly decays to its original state once the spike has ended. On the contrary,
long-term memory (LTM) is the long lasting, and sometimes permanent, transformation of the synaptic
weight.®’

Neuromorphic vision sensors possess the ability to directly detect rapid changes, similarly to the
human eye. In such, the sensor captures movement as a continuous flow of data rather than a frame-
by-frame approach. By allowing each pixel to independently record when triggered, only relevant in-
formation is sent to the post-processing stages.®! This novel approach not only produces far less data
than the conventional one, resulting in increased energy efficiency, but also significantly decreases the
response time of the system. Emerging optoelectronic memories, using both light and electrical signals
as inputs, can behave as sensory artificial synapses with high energy-efficiency, low crosstalk and fast
data processing and are, thus, suitable for spiking neural networks (SNNs) hardware applications in

neuromorphic vision sensors.'>13
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Amorphous oxide semiconductors (AOS) are a specially interesting class of materials to be em-
ployed as photosensitive layer in such devices.' Firstly, AOS have high flexibility and low-processing
temperatures, allowing the use of flexible substrates, which is crucial for Internet-of-things (IoT) appli-
cations.'™ Additionally, using AOS in optoelectronic memories allows to benefit from the mature AOS
pixel-driver circuit technology employed in commercial flat panel displays. This holds great promise
for a straight-forward integration of AOS optoelectronic memories into neuromorphic system on panel
(SoP) technology.

As such, the research community has dwelled into understanding how to develop an AOS-based
synaptic device for neuromorphic vision. The persistent photoconductivity (PPC) and associated relax-
ation process in oxide semiconductors can be used as a basis to emulate synaptic functions.’”*® The
precise mechanism for the photogeneration and recombination of charges in oxide semiconductors
has not yet been conclusively proven. However, the prevailing theory states that, under light stimula-
tion, neutral oxygen vacancies (VOs) are ionized and become positively charged (VO* or VO?). Follow-
ing light interruption, a slow deionization process takes place in which electrons slowly move back to
V0s.%1820.21 The activation energy for neutralization of the ionized VOs strongly influences the decay
of photocurrent, following light irradiation. Notably, this activation energy has been observed to be
particularly elevated in Indium-Gallium-Zinc oxide (IGZO), in the range of 0.7 eV.?2 Moreover, |GZO-
based memristors can be seamlessly integrated with the pixel circuits of IGZO-based displays for ultra-
high-resolution SoPs, for a new era of neuromorphic displays systems. These displays would not only
emit light to create images but would also possess the ability to sense and process visual information
in real-time. By detecting the intensity of incident light, and discriminate between different colors,
dynamically adjusting its resistance, the IGZO optoelectronic memristor emulates synaptic plasticity,
enabling the pixel to adapt its response to different lighting conditions and visual stimuli.

Nevertheless, IGZO has a bandgap of 3.05 eV, which means it is mostly sensitive to UV light. 2
The effective tunability of its sensitivity to the visible range is of the most importance for applications
in which color discrimination is necessary. Therefore, strategies such as adding an absorbing layer com-
posed of organic materials,?® 2D materials,”” quantum dots® or the engineering of a defective 1GZO
absorbing layer?® have been successful in 3-terminal phototransistors used as synaptic devices. How-
ever, this heterostructure approach has its own drawbacks such as high device to device (D2D) varia-
bility due to increased process complexity, high off-currents (dark current) which then decrease the
total photocurrent and worse overall transistor performance. Hydrogen-doping (H-doping) has also
been suggested for visible range detection either in a double-layer structure30 or by spontaneous
doping within one of the device's interfaces.! The hydrogen atoms incorporated in the IGZO serve as

electron donors, that increase the concentration of free electrons,3?3*

and create subgap states in the
IGZO layer with different energy levels that can be stimulated by visible light.303!
Although 3-terminal optoelectronic synaptic devices can effectively sense and process optical

image information in nearly real-time, demonstrating considerable potential for ultrafast machine
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vision applications, they also show large-scale integration restrictions due to increased pixel area. Such
neuromorphic visual devices with a planar structure are unsuited for applications such as self-driving
cars and robots where the capture of stereo dynamic images with a wide-field of view with high reso-
lution is imperative.? In such, optoelectronic memristors (OEMs), with a two-terminal configuration,
can meet the criterion due to their smaller cell size, simpler device structure and fabrication process
and lower energy requirements.

While several studies on electrically controlled IGZO memristors have been reported showcasing
its great potential for both analog and digital resistive switching (RS) behaviors,®-3 the advantages of
the optoelectronic memristor have not yet been fully investigated. A complete review on the available
literature demonstrates that low photocurrent is one of the biggest limitations currently hampering
further development of optoelectronic memristors in general.®® On 1GZO-based optoelectronic
memristors, only few articles have been published to date. An UV-sensitive device was reported, using
solution-processed IGZ0, in which some of the synaptic functions could be realized, such as spike-time-
dependent-plasticity (STDP) and STM-LTM transition.3® Hu et al. proposed an interesting device based
on an IGZO double layer in which a resistance decrease (Set) could be induced by blue light irradiation
(420 nm) and a resistance increase (Reset) by red light (800 nm).*° More recently, in 2024, an hetero-
structure based on IGZO/tungsten oxide (WOs-x) was demonstrated with sensitivity up to the 420 nm
wavelength for image segmentation and object tracking.*! Although these studies demonstrate tre-
mendous potential of IGZO optoelectronic memristors, they all report low lignt/lqark ratios (below 10)
for all demonstrated wavelengths even after a few seconds of light irradiation, and none have ex-
plored the patterning of miniaturized devices, which should be critically considered. According to the
review manuscript on the recommended methodology of RRAM studies published in 2019,%? it is evi-
dent that with a large device area, distinct RS properties and related physical mechanisms can emerge,
potentially differing from those observed in miniaturized, patterned devices. Patterning is also funda-
mental for large-scale implementation of optoelectronic memristors, which to our knowledge has not
been reported.

Here, we report a 4 um? optoelectronic memristor based on a H-doped IGZO layer, with visible
range sensitivity with wavelength of up to 505 nm. Extremely high liight/ldark ratios of 179, 93 and 12 are
achieved for wavelengths of 365, 405 and 505 nm, respectively. This is explained by both the H-doping
and by the use of a thin Ti/Au layer as top electrode which, despite its lower than 65% transmittance,
increases the VOs concentration in the IGZO layer, increasing photosensitivity. We also provide a com-
parative study on devices with different patterned areas, demonstrating the impact of device area on
the lignt/ldark ratio and on the sensitivity to less energetic wavelengths, proving miniaturization is a pri-
ority in this field. All significant synaptic functions are demonstrated such as STM to LTM transition,
paired-pulse facilitation (PPF), STDP, and learning and forgetting capabilities, unravelling the device’s
potential for integration with the IGZO-based display mature technology for neuromorphic vision sen-

sors. The combination of light sensing and synaptic functionality at the pixel level opens up a myriad
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of possibilities for applications such as adaptive brightness control, dynamic scene enhancement, and
even image processing tasks. Moreover, by reducing system complexity and energy consumption,
these neuromorphic display systems pave the way for immersive and adaptive display technologies
that enhance user experience across various domains, including augmented reality, smart signage, and

human-machine interfaces.

8.2 Experimental

The devices were fabricated on Corning Eagle glass, previously cleaned in repeated ultrasonic
baths of acetone and isopropanol and rinsed with deionized water and dry nitrogen.

For the bottom electrode of the OEMs, radio-frequency (RF) magnetron sputtering was used to
deposit a 70 nm thick Mo layer in an AJA ATC-1800 system with a flow rate of 50 sccm of Ar, a sputter-
ing power of 175 W (3” target) and a deposition pressure of 1.7 mTorr. Then reactive ion etching in a
Trion Phantom 3 system was used with SF¢ to pattern this layer.

Then, an oxygen plasma treatment was carried out on the bottom electrodes inside the sputter-
ing chamber prior to IGZO deposition. The parameters used were a flow rate of 20 sccm of oxygen gas
with 10 W of substrate bias and an RF power to the Ga,0s target of 40 W to create the plasma for 10
minina 20 mTorr pressure. 110 nm of IGZO were deposited by RF magnetron co-sputtering from three
ceramic oxide targets. The sputtering powers used on each target (all 2” diameter) were In;03: 121 W,
Ga05: 100 W, and ZnO: 50 W using a flow rate of 20 sccm of Ar and 5 of O, for the standard IGZO film
and 14 sccms of Ar, 3 sccms of O, and 0.3 sccms of H; for the hydrogen-doped IGZO film. The deposition
pressure was kept constant at 2.3 mTorr. The In:Ga:Zn atomic composition of the deposited films was
2.2:1.0:1.1, for a normalized Ga concentration. The IGZO compositions were estimated by X-Ray Pho-
toelectron Spectroscopy (XPS) results through the area report on the Ga 3s, Zn 3s and In 4s spectra.

A lift-off procedure was employed to pattern the IGZO and the top electrodes. A thin 1 nm layer
of Ti was deposited immediately followed by the evaporation of 6 nm of Au by e-beam evaporation in
a homemade apparatus, without breaking vacuum. For the devices with ITO as top electrode, a 65 nm
thick ITO layer was deposited in an AJA ATC-1800 system using a single target (2” diameter, 90:10 wt%)
with a flow rate of 20 sccm of Ar and 0.25 sccm of O,, a sputtering power of 95 W and a deposition
pressure of 1.2 mTorr. All the depositions were carried out with no intentional heating and no anneal-
ing steps were performed.

A UV-VIS-NIR spectrophotometer, Perkin EImer Lambda 950, was used to acquire the transmit-
tance of the various transparent films, between 1000 and 299.5 nm with 1.5 nm steps. The sheet
resistances of the films were measured by the four-point probe method.

The electrical characterization of the optoelectronic memristors was conducted at a Keithley

4200 SCS semiconductor analyzer connected to a Janis ST-500 probe station. The DC sweeps and
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transient responses were acquired by applying a read voltage (Vread) to the bottom electrode while
maintaining the top electrode connected to ground. Fiber-coupled light-emitting diodes (LEDs) of 660,
505, 405 and 365 nm wavelengths from Thorlabs were then placed on top of each measuring device
by an optical arm, part of the Janis probe station. These LEDs were connected to a LED driver from
Thorlabs that allows the accurate application of pulses from 1 Hz on.

The XPS measurements were performed with a Kratos Axis Supra, using a monochromatic Al Ka
source running at 150 W. The analyzer was set to a pass energy of 10 eV for detail scans and 80 eV for
surveys. CasaXPS Version 2.3.25PR1.0 was used for data analysis. The Fermi level was calibrated using
a sputter-cleaned gold sample. AFM topographs were acquired with an Asylum Research MFP-3D
Standalone system (Oxford Instruments, UK) operated in tapping mode at ambient room conditions.
Commercially available silicon probes were used (Olympus AC160TS, Olympus Corporation, Japan; fo =
300 kHz, k = 29 N/m) and the resulting topographs were exported using Asylum Research's software

packages after low-level flattening.

8.3 Results and discussion

8.3.1 Influence of top contact on optoelectronic properties

The undoped OEM structure can be found in Figure 8.1(a). Mo was used as bottom contact, as
it is often employed in TFTs and would facilitate the targeted pixel integration.®** An oxygen plasma
treatment was carried out on the Mo bottom contact, to create a thin MoOx layer, following our pre-
vious work.* This oxide layer creates a barrier for electron injection and is usually the reason for the
rectification found in the pristine devices. The photosensitive IGZO layer was then used as active ma-
terial, deposited by sputtering in an Ar/O, atmosphere.* Two different transparent top electrodes
were investigated with the intent of comparing electrical and optical device performance: indium-tin
oxide (ITO) and thin titanium/gold (Ti/Au). ITO was deposited by sputtering with a 65 nm thickness and
presented a sheet resistance of 124 Q/sq. Ti/Au was deposited by e-beam with 1 nm of Ti and 6 nm of
Au. The atomic force microscope (AFM) image of the Ti/Au film is shown in Figure E.1 - Appendix E
with a very low root mean square (RMS) roughness of 402.2 pm. The absence of island formation con-
firms the morphological integrity of the top electrode. The devices were patterned via conventional
photolithography into 4 um? devices. More details on the fabrication procedure can be found in the
Experimental section. In Figure 8.1(b), the current-voltage (I-V) characteristics, between -0.5 V and 0.5
V, of the pristine of both devices is presented. Voltage is applied to the bottom Mo contact while
keeping the top electrode (ITO or Ti/Au) grounded. A rectification ratio of more than 2 orders of mag-

nitude is presented for the ITO configuration, with higher conductivity for positive polarities while the
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Ti/Au device presents a slight rectification in the opposite direction (higher conductivity for negative
polarities).

In order to investigate the reason for the different rectifications, XPS measurements were con-
ducted on the bulk IGZO film and the IGZO/ITO and Ti/Au interfaces. To ensure XPS detection of the
IGZO cations at the interfaces, thin 1/3 nm Ti/Au and 4 nm of ITO were deposited on top of thick IGZO
films on Si substrates. In Figures 8.1(c) and 8.1(d), the O 1s spectra is shown for the bulk IGZO film and
the IGZO/Ti/Au interface. The peaks were fitted with a Gaussian-Lorentzian (G-L) function and a Shirley
background subtraction. The O 1s spectra is deconvoluted into two peaks with binding energies of
530.1 eV and 531.8 eV, which are assigned to metal-oxygen bonds (M-0) and to oxygen from oxygen-
poor regions, respectively. The oxygen deficiency increases drastically at the interface of IGZO/Ti/Au.
In fact, the Ti oxygen getter effect has been reported several times.>** In this case, Ti reacts with the
IGZO layer by removing oxygen ions increasing VOs concentration at the interface. The titanium oxi-
dation is confirmed by the Ti 2ps/; binding energy at 458.8 eV (Figure E.2 - Appendix E). Note that the
change to the O 1s emission cannot be related with the TiOx formation, because its lattice oxygen peak
is at the same binding energy as of IGZ0.#” Unfortunately, the same analysis cannot be conducted at
the IGZO/ITO interface because ITO itself contains a large fraction of oxygen. The Zn LMM Auger emis-
sion further reveals that the zinc in IGZO is reduced to a metallic state. The modified Auger parameter
can be employed to determine the chemical state.®® The parameter was calculated by adding the bind-
ing energy of the Zn 2ps/, peak and the kinetic energy (Ex) of Zn L3M45M45 Auger peak (Table 8.1).
There is a clear reduction of Zn at the interface with Ti/Au, due to the oxygen deficiency on 1GZO found
at the interface and the well-known Ti oxygen getter effect. For the IGZO/ITO interface, the Zn LMM

Auger peak cannot be measured due to overlap with the Sn 3d emission.

Table 8. 1 Modified Auger parameter of the bulk IGZO and the IGZO/Ti/Au interface.
EnZn2p3/2(eV) ExZnLMM (eV) M-Auger parameter Dominant species
1GZO 1021.85 988.2 2010.05 Zn (Il) oxide

IGZO/Ti/Au 1021.55 991.2 2012.75 Zn (0)
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Figure 8. 1 Analysis of I-V characteristic in the dark. (a) Schematic illustration of the proposed IGZO devices, with Mo as
bottom contact and Ti/Au or ITO as top contact. (b) |-V characteristic of the pristine of both devices from -0.5 V to 0.5 V with
voltage sweep applied to bottom contact and ground at top contact, displaying different rectification for different top con-
tacts. (c) and (d) Fitting of O 1s XPS spectra displaying the oxygen vacancies (VOs) percentage compared to the metal-oxygen
(M-0) bonds for the IGZO bulk film and the IGZO/Ti/Au interface, respectively. (e) Valence band spectra of the bulk 1GZO
film, used to calculate the valence band maxima (VBM). (f) Core levels spectra of Zn 2p, Ga 2p, Zn LMM and In 3d of the IGZO
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and the Ti/Au and ITO interfaces displaying the offsets. (g) and (h) Schematic illustrations of the energy band diagram for the
IGZO/Ti/Au and the IGZO/ITO interfaces, respectively.

The energy band alignment of the interfaces was also investigated by XPS. Figure 8.1(e) shows
the valence band spectrum of the bulk IGZO film, used to calculate the valence band maxima (VBM) of
2.74 eV determined by linear extrapolation of the leading edge of the spectrum. Since IGZO presents
an optical bandgap of 3.05 eV,* the difference between the E¢and conduction band minimum (E.) can
be calculated to 0.31 eV. The energy band alignment at the interfaces is then derived from the offsets
of the core levels spectra.>®*! The Zn 2p, Ga 2p, Zn LMM and In 3d spectra of the IGZO bulk film and
both studied interfaces (IGZO/Ti/Au and IGZO/ITO) are presented in Figure 8.1(f). The core level Ga 2p
emission at the interface has too low intensity to be analyzed with confidence. The core level In 3d has
to be discarded for the IGZO/ITO interface because it is present in ITO. In the IGZO/Ti/Au interface, the
In 3d spectra shows a 0.3 eV shift to lower binding energies and it has become asymmetric which
shows high conductivity. By considering the core level Zn 2p at both interfaces, 0.3 eV shifts to lower
binding energies were identified. For such low shifts, it is concluded that potentially a slight differential
charging was present at the plain IGZO surface. This means that the band alignment of both interfaces
shows flat bands in the 1GZO.

Based on these results, the schematic illustration of the energy band diagrams of the IGZO/Ti/Au
and IGZO/ITO interface are presented in Figures 8.1(g) and 8.1(h). For the TiO,, optical band gap and
VBM values were extracted from elsewhere.*? In the current work, the reference electrode functions
as the bottom contact for voltage application. Previously, we reported the presence of a rectifying
barrier at the bottom interface of MoO,/IGZ0.% In the ITO device, an ohmic junction is also present at
the top interface IGZO/ITO, and therefore the rectification comes from the bottom interface, demon-
strating consistent properties with our prior findings. However, in devices with a thin Ti/Au top elec-
trode, the 1 nm of Ti, which absorbs oxygen from the 1GZO, becomes fully oxidized. This creates a
TiO2/Au junction, which can therefore present a barrier to electron injection from Au.* In this case,
the slight rectification observed in this device can be explained by the second barrier arising from the
Au/TiO; interface.

In Figure 8.2(a), a photograph is provided in which the transparency of the IGZO, Ti/Au and ITO
can be separately evaluated. In Figure 8.2(b), optical measurements reveal that IGZO and ITO have
similar transmittance values, while Ti/Au transmittance does not surpass 65 % for wavelengths ranging
from 300 and 1000 nm. For the evaluation of the device response to light, LEDs with wavelengths of
660, 505 nm, 405 and 365 nm were chosen for irradiation and placed on top of the devices, as pre-
sented in photographs of Figure 8.2(c). In Figure 8.2(d) is depicted a micrograph of a 4 um? device with
ITO as top contact. The optical response of the memristor can be evaluated in Figure 8.2(e), where the
I-V characteristic is presented in the dark and under irradiation. Before any optical measurement, the

devices underwent electrical Resets, which are clarified in section 8.2.3 of this chapter, to eliminate
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any photoexcitation from ambient or microscope light. As explained before, under light stimulation, it
is expected that neutral VOs on the IGZO are ionized and become positively charged (VO* or VO%).
With a bandgap of 3.05 eV, IGZO is expected to respond to UV light (3.1 eV) mostly,* and even if the
focus of this work is on visible light sensitivity, the UV performance is always shown throughout the
paper for proper comparison with the state of the art. Accordingly, there seems to be no response to
660 nm red light as the I-V characteristic falls precisely on top of the measurement performed in the
dark. The highest ratio between measured current in the dark (lsar) and in light irradiation (light) can
be distinguished at -0.5 V for all other wavelengths and this is, therefore, the read voltage (Vgead) ap-
plied for the transient test presented in Figure 8.2(f). Here, the current state is recorded for 10 s of
constant light irradiation, followed by 30 s in the dark. The lack of response to red light is confirmed
and for the other wavelengths, lignt/lark ratios of 15, 10 and 2.3 are achieved for 365, 405 and 505 nm
irradiation, respectively. Photocurrent saturation is reached for all three wavelengths within 1 s of
illumination which means the device is extremely fast. The PPC effect seems to have a fast decay,
which is due to the high negative voltage applied. This voltage provides enough energy to accelerate
the movement of electrons into the VOs, increasing the rate of neutralization of photoexcited defects.
It can be inferred then that, even if -0.5 V as Vgead provides higher lignt/ldark ratio, it also hinders the PPC
effect and slowly decreases the photocurrent with increasing illumination time. Figure E.3 - Appendix
E displays the same test with a Vgeag Of 0.1 V that shows the current state slightly increasing during
irradiation. PPC decay is still quite fast, but this could be related to the low liignt/lqark ratio.

Similarly, the analysis for the device with Ti/Au as top contact is presented in Figure 8.2(g), 8.2(h)
and 8.2(i). The green response is very faint since the Ti/Au has a transmittance of 61.5% at 505 nm.
However, despite the even lower Ti/Au transmittance of 40.5% (at 365 nm-UV) and 42.9 % (at 405 nm
— blue), the light/l4ark ratios achieved with this device are 46 and 14, respectively. This indicates that the
benefits from using Ti/Au as top electrode outweigh the losses derived from its lower transparency. A
positive 0.1V is applied as Vread and after 10 s of illumination the photocurrent is still increasing, which
means that it has not reached saturation. Comparing with the results of the device with ITO as top
contact, it can be concluded that the Ti/Au device has lower switching speed. This is easily explained
by the lower transmittance of Ti/Au which in turn results in a lower energy reaching the photosensitive
layer IGZO. However, PPC effect can be seen clearly with two different current levels retained after
blue or UV irradiation.

It is important to note that the polarity of the Vgeas should be chosen for the lowest lgar to pro-
vide the highest liignt/ldark ratios. For the ITO device, this means a negative Vread and for the Ti/Au this
means a positive Vread. The lgark of the Ti/Au device is lower than the lgark of the ITO device. However,
the lignt is comparable in both devices, despite the lower Ti/Au transmittance, because of the higher

VOs content at its top interface, which explains the superior performance of the Ti/Au devices.
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Figure 8. 2 Optoelectronic properties of the IGZO-based memristor. (a) and (b) Photograph and transmittance results on

IGZO, Ti/Au and ITO films deposited on glass. (c) Photographs of a device being irradiated by the chosen light wavelengths.
(d) Micrographs of the 4 um?2 ITO device with no intentional light input. (e) I-V characteristic and (f) transient response with

VRead Of -0.5 V of 10 s of irradiation followed by 30 s in the dark of the ITO device with wavelengths of 660, 505, 405 and 365
nm. (g) Micrograph of the 4 um? Ti/Au device. (h) I-V characteristic and (i) transient response with Vgeag of 0.1 V of 10 s of
irradiation followed by 30 s in the dark of the Ti/Au device with wavelengths of 660, 505, 405 and 365 nm.
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8.3.2 Optimization for visible light detection by hydrogen-doping

To improve visible range sensitivity, H-doping was performed on the IGZO film with both ITO
and Ti/Au as top contacts, as schematically illustrated in Figure 8.3(a). In more detail, IGZO deposition
was carried out in an Ar/O,/H, atmosphere with 2 % of hydrogen gas. As can be seen in Figure 8.3(b),
the transmittance of the doped-1GZO film is decreased in the green wavelength, indicating that the
film absorbs more of the incident radiation than the undoped-1GZO. In fact, even macroscopically, the
doped film presents a greenish tone while the undoped-IGZO shows more of a blueish tonality. The
atomic composition of the IGZO was calculated to be 2.2:1:1.1, through XPS measurements of the
cations s orbitals (Ga 3s, Zn 3s and In 4s), for both the doped and undoped film. The VOs percentage
was also not modified, as can be seen in Figure E.4(a) - Appendix E. However, the VBM was found to
be 0.08 eV closer to the Fermi level in the IGZO:H films, compared to undoped samples as can be seen
in Figure E.5 - Appendix E. With a constant band gap, this means that the doped films have 22 times
lower carrier concentration than the undoped films (Boltzmann approximation). In Figure 8.3(c), the
I-V characteristic of the pristine for the doped and undoped-IGZO devices, with Ti/Au as top contact,
is compared. It is clear that by H-doping, the device has become less conductive overall. This can be
explained by the lower carrier concentration in the doped film which increased the series resistance
of the IGZO:H layer.>*

Similarly to the undoped IGZO device, the VOs percentage increases at the interface with Ti/Au,
as can be confirmed in Figure E.4(b) - Appendix E. It is known that H atoms can passivate VOs and
create stable states in which H atoms become trapped at VOs (VO/2H). The resulting VO/2H is referred
to as shallow-level donor.>® Moreover, in AOS, H atoms can also bond with oxygen, forming O-H bonds
and creating free electrons. Both these processes increase sub-gap states, leading to improved optical
absorption.3%3! By passivating the defect states, hydrogen doping can also improve the mobility of the
charge carriers. This allows for faster and more efficient transport of photogenerated carriers, leading
to a higher photocurrent and quicker response times.>®>” This is confirmed by the significantly in-
creased photocurrents of the doped-memristor, presented in Figures 8.3(d), 8.3(e) and 8.3(f). In fact,
for 10 s illumination, the lignt/lqark ratio increases from 1.3 to 12, from 14 to 93 and from 46 to 179 for
wavelengths of 505, 405 and 365 nm, respectively. The photoresponsivity speed is also improved by H
doping as saturation of the photocurrent is achieved much faster. Moreover, doping does not seem to
fasten the PPC decay, which means the device presents outstanding performance for SNNs applica-
tions, namely neuromorphic vision sensors.

For the H-doped device with ITO as top contact, the same results could not be replicated, as
shown in Figure E.6 - Appendix E. In the doped device, the rectification ratio is significantly decreased
and the conductance increases, with lgark NOw more than one order of magnitude higher. ligh: is also
higher for all tested wavelengths, nonetheless, due to the lg.r increase, the lignt/lqark ratio is not im-

proved with H-doping. One possible explanation is the fact that ITO is also strongly affected by H-
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doping. In fact, H-doping of ITO has been reported to enhance its conductivity.>® It is possible that

there is an exchange of H-atoms at the ITO/IGZO interface, increasing ldark. Another possible explana-

tion is that the H-doping of the IGZO film is decreasing the barrier at the bottom interface MoO,/IGZO

and, therefore, decreasing the rectification ratio. This explanation is in line with previously reported

findings of decreased contact resistance between Mo and IGZO by hydrogen plasma treatments.>

(b) 365 405 660 (c)
100 208
1-"7-\ " Dark
;; 80L N 1077}
8 Corning glass 2
e 60F Zqp-10
s IGZO | I1GZO:H =
= s 5}
§ 1 R ; S10-1]
& 2] CENIMAT |i3N o]
‘ :::%E’:‘%:‘:%":":E 10-12|
0 . . L L L . . . L L | L L
300 400 500 600 700 800 900 1000 -04 02 00 02 04
Wavelenght (nm) Voltage (V)
(d) (e) (f)
365 nm Vieaa = 0.1V 180 179
ol g @ MWicm? 405 nm 5 Tiightjdarie = 179
10 8.2 mWicm 10-10} _
. Light/dark =93 140 .
< — Tiighe/dark =12 ° Mo/IGZO/Ti/Au
= < pi=|
210710 = o
9] € 100 93
3 E10-11} <
Yqp-11L 505 nm = o
17.6 mW/cm? 660 nm e E° 60 46
4 um? 32 mW/cm? -
o 20 14 12
—-12 L . -
10712 MollGZO:H/Ti/Au Dark . Lo-al! : . : . i 13
04 -02 00 02 0.4 0 10 20 30 40 365 405 505
Voltage (V) Time (s) Wavelength (nm)
(8) 10_””‘) i)
. 405 nm 8.2 mW/cem?2 505 nm 17.6 mWicm? 180F LT
10-11 ~- nm 8.2 milem . 500 Mo Mo/lGZO:H/TilAu
/ 0-0-0-0-0-0-0-0-0-0-0-0-0 ./ .—._P'—\;—._.:B—.l—\; r 365 nm 9 mWicm?
; VRead = 0.1V 10-12} Read = o 140f 405 nm 8.2 mW/cm?
ok U SN < g 505 nm 17.6 mW/cm?
= e | T et £ 100F
5 Vieaa =001V | @ 4q-13 / Viea =0.01V | & T
£ 1070 /A = ‘ g
=3 . T —e— | s
o Vgead = 0.001V | — — ey s - i
10-14} { E.=0.011J 10~ 14¢ / Viead = 0.001V 20!
¢ E. = 0.009 fJ
5 10 15 20 5 10 15 4 25 100 400 2500 10000
Time (s) Time (s) Memristor size (um?)

Figure 8. 3 Optoelectronic properties of the hydrogen-doped (H-doped) IGZO memristor. (a) Schematic illustration of a H-
doped IGZO memristor device. (b) Photograph and transmittance results on IGZO and H-doped IGZO films deposited on glass.
(c) Comparison of the I-V characteristic in the dark of the IGZO and the H-doped IGZO devices. (d) I-V characteristic and (e)
transient response with Vgeaq 0f 0.1 V and 10 s of irradiation followed by 30 s in the dark of the H-doped device for 660, 505,

405 and 365 nm illumination. (f) liight/ldark ratio comparison of both mentioned devices. (g) Photocurrent response to 100 ms
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pulse of blue light with Vgeaq 0f 0.1, 0.01 and 0.001 V. (h) Photocurrent response to 500 ms pulse of green light with Vgeaq of

0.1, 0.01 and 0.001 V and (i) lignt/l¢ark ratio comparison of devices with different sizes.

The switching speed of the optimized device was analyzed and can be found in Figures 8.3(g)
and 8.3(h) for different Vgead for 100 ms of blue light irradiation and for 500 ms of green light illumina-
tion, respectively. Following a previously reported strategy,® the energy consumption (E.) per single

pulse was calculated through Equation 8.1:

E; = Vgeaa X Iphoto Xt (8.1)

Therefore, for Vreaq 0f 0.001 V, E. can be decreased to 0.01 fJ for blue and 0.009 fJ for green light,
which is much lower compared to both biological synapses and to the state-of-the-art artificial pho-
tonic synapses for visible light detection, as summarized in Table E.1 - Appendix E. This shows the
proposed doped device is extremely power efficient which is due to both the doping effect on the
switching speed and the decreased patterned memristor area.

The |-V characteristic comparison in the dark can be consulted in Figure E.7 - Appendix E, to-
gether with the full analysis of miniaturization. In summary, by decreasing the memristor area, the lgar«
and lignt are decreased and the lignt/ldark ratio is greatly enhanced, as showcased in Figure 8.3(i). As an
example, by increasing the area of the device 100 times (400 um?), the lignt/ldark ratio decreased from
179, 93 and 12 to 61, 24 and 3 for 10 s illumination with wavelengths of 505, 405 and 365 nm, respec-
tively. This can be explained by the current density increase with downsizing, also observed for IGZO-
based diodes,®! indicating that the current flow is not uniform across the entire device area, and in fact

it flows through local current conduction paths.®

8.3.3 Emulation of synaptic properties

Having developed a device (Mo/1GZO:H/Ti/Au) with such potential for neuromorphic vision sen-
sors, other figures of merit were investigated in that regard. Firstly, the device should be fully control-
lable concerning Set - the increase of conductance by light - and Reset - the decrease of conductance
by electrical pulse. In Figure 8.4(a), different current states can be distinguished from irradiation with
light of different wavelengths. The higher the current state reached by light, the higher the voltage (or
the longer the electrical pulse duration) required to perform a Reset and bring the current back to the
value in dark. The same test can be found in Figure E.8 - Appendix E, for the H-doped IGZO memristor
with ITO as top contact. Apart from the decreased lignt/ldark ratio, a similar behavior is observed. Low
cycle-to-cycle (C2C) and device-to-device (D2D) variabilities are also a crucial requirement for any en-

visioned application. In Figure E.9 - Appendix E, 10 cycles of UV illumination, followed by 10 s in the
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dark and a Reset pulse, are depicted with no considerable change in device performance. Moreover,
10 devices with an area of 4 um? were measured in terms of their optical performance and lgar. The
results are displayed in Figure E.10 - Appendix E and show low variability. Moreover, this minimum
variability can be ascribed to expected fabrication variability and the unavoidable randomness of the
measurement in terms of LED positioning on top of the device. Since physical vapor deposition tools
that ensure good uniformity on large areas are used for all layers on the proposed structure, batch to
batch variability is also not expected to be significant.®®

As formerly discussed, the PPC decay on AOS can be used to emulate synaptic functions of the
human brain. As such, this decay should be accurately controlled to simulate the transition between
STM and LTM, schematically illustrated in Figure 8.4(b). According to the memory model suggested by
Atkinson and Shiffrin, most of the information we receive is saved by the brain only temporarily, which
is called STM. Subsequently, if the input is repeated several times, STM can transition to LTM. This
behavior can be simulated by the H-doped IGZO OEM by increasing power, illumination time or fre-
quency of the light input. Figures 8.4(c), 8.4(d) and 8.4(e) show the impact of these three parameters
using blue radiation (405 nm). In Figure 8.4(c), 6 different current states can be distinguished following
30 s of illumination and powers ranging from 0.1 to 8.2 mW/cm?, Figure 8.4(d) shows the effects of
illumination time on the photocurrent and Figure 8.4(e) presents the PPC with varying frequency, from
0.1 to 1 Hz. The same measurements were performed for UV (365 nm) and green (505 nm) radiation,
as presented in Figure E.11 - Appendix E. In all trials, different conductance states can be achieved by
the varying conditions.

It is believed that the ionization of VOs (VO -> VO* + 1e” or VO -> VO + 2e’) is responsible for
the photocurrent observed in AOS. Following light irradiation, a recombination reaction takes place in
which free electrons neutralize VOs (VO* + 1e”-> VO or VO + 2e"->V0).%* Therefore, the manipulation
of the PPC decay in AOS requires control of this reaction rate, which is directly related to the energy
barrier necessary for neutralization of ionized VOs. Therefore, while the ionization is a rapid process
occurring due to the optical energy provided to the system, neutralization is a thermally activated
process with activation energy, that will take place gradually.®® IGZO is one of the AOS materials with
higher activation energy, which explains the prolonged PPC characteristic observed here. Additionally,
it has been reported that higher activation energies can be achieved with lower wavelengths. This is
related to a shift in the Fermi level to values closer to the conduction band minimum as a result of
increased free electron concentration.?? A higher activation energy can, therefore, be achieved with

not only lower wavelengths, but also with prolonged irradiation time or a more frequent input.
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Figure 8. 4 Reset by electrical pulse and PPC dependence on power, time and frequency of optical input. (a) Increased

conductance states achieved by decreased wavelengths illumination and respective electrical Reset pulse. (b) Schematic il-

lustration on the transition from short-term memory (STM) to long-term memory (LTM). Different conductance states

reached by (c) increased power, (d) increased frequency and (e) increased time of illumination with a 405 nm wavelength

LED. (f) Characteristic relaxation time and stretch index for different irradiation times.

In this work, the PPC decay was fitted following the Kohlrausch stretched exponential function,

as it has been previously shown to well describe the transition from STM to LTM,
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00 = Ipexp |- (;)ﬁ] (8.2)

in which, @ (t) is the relaxation function, T is the characteristic relaxation time, lo is the current
state immediately after light illumination, and f3 is the stretch index (0 < 8 < 1). The increase in the
characteristic relaxation time implies a lower forgetting rate, demonstrating the transition from STM
to LTM.%® It is important to note that the decay profile and characteristic relaxation time 7 will be in-
fluenced by the initial carrier density, making it challenging to isolate the effects of recombination
dynamics from the effects of initial carrier density. Therefore, here, the fittings were performed on the
decay of different irradiation time, that had reached the same or very similar photocurrent (60 s, 30's,
15 s and 5 s), to ensure the same initial photogenerated carrier density which enables the accurate
comparison of the recombination rate. The fittings can be found in Figure E.12 - Appendix E for all
tested wavelengths. In all cases, the relaxation time constant t is increasing for longer irradiation
time as can be inferred from Figure 8.4(f) for blue light irradiation and Figure E.12 - Appendix E, cor-
responding to a clear transition from STM to LTM, meaning we can effectively control the PPC behavior
of the proposed device.

As illustrated in Figure 8.5(a), eyes collect information through light. This information is then
processed in the visual cortex of the human brain by neurons and their synapses, involving the trans-
mission of chemical or electrical spikes. Synapses are connected by a pre-synaptic neuron and a post-
synaptic neuron. The connection between the two can be enhanced or weakened, which is known as
synaptic weight change, and is responsible for mechanisms such as learning and memorizing. An arti-
ficial synapse should follow the learning rules of the human brain to accurately simulate it.

In a biological synapse, PPF relates to the synaptic weight becoming stronger after the applica-
tion of two spikes in the pre-synaptic neuron. In other words, the post-synaptic current (PSC) triggered
by the second pulse will increase the PSC caused by the first pulse due to memory effect. The time
interval between the two pulses (At) dictates the increase of PPF index. The higher the At, the lower
the PPF index should be. In Figure 8.5(b), the PSC evolution in the H-doped IGZO optoelectronic
memristor, for Vreaq 0f 0.1 V, can be seen during a PPF test for two optical pulses with 500 ms each and
a At of 10 s. It is confirmed that the PSC is enhanced by the second spike. The PPF in the memristor is
calculated by the following Equation 8.3:

. A; — Ay
PPF index =

2
a4 (8.3)

in which A; is the PSC after the second pulse and A; is the PSC of the first pulse. The PPF index for

increasing At can be consulted in Figure 8.5(c). The experimental data was then fitted with Equation
8.4:
PPF index = c,e /™1 + c,e™2t/72 (8.4)
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where c¢; and c; are the initial facilitation magnitudes of different phases, and t; and 1, are the charac-
teristic relaxation times of the respective stages. In biological synapses, the decrease of the PPF decay
with pulse interval can be ascribed to a transition between a fast memory stage of tens of milliseconds
and a slower phase lasting hundreds of milliseconds.” The memristor also presents this behavior, as
can be seen by the fitting with equation 2 returning t; of 1.82 s and 1, of 32.55 s.

Another important synaptic rule is STDP. According to STDP, the synaptic weight change (AW)
is positive (connection becomes stronger) if a pulse applied to the pre-synaptic neuron arrives before
a pulse is applied to the post-synaptic neuron. Contrarily, if the post-synaptic pulse arrives before the
pre-synaptic pulse, AW is negative (connection becomes weaker). Moreover, AW should be weakened
by non-coincidental neuronal firing.” Here, At represents the time interval between the pre- and post-
synaptic pulses. AW represents the difference between the PSC after both spikes have been applied
and the PSC before any pulse arrives. Therefore, the higher the At, the lower the AW should be. To
simulate this behavior with the H-doped IGZO OEM, the pre-synaptic and post-synaptic pulses were
first decided as an optical pulse of 1 s (blue light) and an electrical pulse of 2.5 V for 1 s applied to the
bottom contact, respectively. The results are displayed in Figure 8.5(d) in which the AW is positive for

At>0 and negative for At<0. Moreover, a decrease in | AW| is also observed for At>>0 and At<<0. The
STDP learning rule was, therefore, successfully replicated in our optoelectronic synapse. The STDP time

window was fitted by Equation 8.5:

Aw =

+,—|At|t* :
{A e , if At >0, (8.5)

A"e 14t if 4t <0

where A*, A', 1" and T are free parameters representing the scaling factor and time constant of the
exponential function, respectively, that can be discovered by fitting the experimental data with no
restriction.®” The STDP data is well described using this equation returning T of 32 ms and T of 54 ms.
It is important to note that the STDP characteristic presents the typical asymmetric Hebbian learning
rule form, similar to a hippocampal neurons culture,®® as often shown in previous works reporting on
synaptic devices.®® Here, since the effect caused by the pre-synaptic pulse (optical) does not corre-
spond to the one caused by the post-synaptic pulse (electrical), the synaptic weight changes are not
symmetric in At>0 and in At<0. The higher current change achieved in positive time interval can
come from more significant Joule heating, which can enhance mobility and accelerate the switching
process. This can be adjusted with calibration of different pulse schemes (duration, amplitude), wave-
form shape (rise and fall time) or even application of current limiting technique. As other studies re-
port, the STDP characteristic can be tuned by the development of appropriate spiking inputs and order

that depend on the envisioned application.”
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Figure 8. 5 Synaptic functions emulated by the H-doped IGZO optoelectronic memristor. (a) Schematic illustration of the
human visual system. (b) Post-synaptic current (PSC) evolution during a pair of optical pulses of 500 ms each with time interval
10 s. (c) Paired-pulse facilitation (PPF) index for different time intervals. (d) STDP learning rule. An optical pulse of blue light
for 1 s serves as the pre-synaptic pulse and an electrical pulse of -2.5 V for 1 s is implemented as the post-synaptic pulse. (e)
Learning and Forgetting demonstration. Learning is performed by illumination with 405 nm wavelength and 0.1 mW/cm?2.

Forgetting is performed in the dark by applying the Vgeaq 0f 0.1 V.

Finally, learning and forgetting behaviors were also reproduced by our memristor. In Figure
8.5(e), 4 cycles of learning and forgetting processes are shown. Learning is simulated by applying
constant blue light with 0.1 mW/cm? intensity. Each learning cycle is stopped as soon as the maximum
current achieved in the first learning is reaches. Forgetting is performed in the dark by applying solely

the Vread 0f 0.1 V. Each forgetting cycle is stopped as soon as the current state from the first forgetting
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process is reached. The time it takes the device to learn decreases with each cycle, starting with 10 s
in the first cycle and finishing with 2.2 s at the fourth cycle, indicating faster relearning with task
repetition. On the contrary, the forgetting time increases with each cycle, starting with 21.1 s in the
first cycle and finishing with 109.3 s in the fourth cycle, indicating harder forgetting, once again
successfully mimicking the human brain. In Figure E.13 - Appendix E, the learning and forgetting

behavior is shown in a different form and by pulsed light.

8.4 Conclusions

In summary, a 4 um? optoelectronic memristor based on IGZO is presented in this work with
enhanced characteristics. Thin Ti/Au is employed as transparent top electrode since it increases VOs
concentration at the IGZO interface due to the oxygen affinity of Ti, improving optical performance. H-
doping is performed by introducing H, in the IGZO sputtering deposition to induce the creation of sub-
gap states for visible range photodetection. Extremely high light/dark ratios of 179, 93 and 12 are
observed for UV, blue and green illumination, respectively. Moreover, all relevant synaptic functions
for SNNs are demonstrated such as STM to LTM transition, PPF, STDP and learning and forgetting ca-
pabilities by manipulating the PPC decay. Therefore, the proposed optoelectronic memristor can be
considered for applications in flexible neuromorphic vision sensors, representing an enormous en-
hancement on conventional artificial visual systems, and in more detail to the IGZO-based display AOS

pixel-driver circuit technology employed in commercial IGZO flat panel displays.
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Optoelectronic memristive devices based on oxide semiconductors for the next generation of

Information technology

‘ CHAPTER 9

PHOTOPERCEPTRON HARDWARE FOR ARTIFICIAL VISUAL
SYSTEMS

Traditional image sensor technologies are limited in efficiently capturing dynamic visual information.
Neuromorphic vision sensors, inspired by biological vision systems, offer continuous motion detection
and selective data processing, minimizing redundancy and enhancing energy efficiency. Leveraging op-
toelectronic synaptic devices, near-sensor and in-sensor computing paradigms enable real-time image
processing within hardware. In fact, implementations of neuromorphic vision sensors using optoelec-
tronic devices, in crossbar and pixel arrays, with trainable photoresponsivities illustrate their potential
in pattern recognition and object tracking applications. Here, we propose an IGZO-based photoper-
ceptron hardware designed for neuromorphic vision sensors and evaluate its potential across various
tasks including contrast enhancement, color detection, pattern recognition, and motion tracking. The
prototype development of this hardware stands as a natural future perspective of this Ph.D. work, and
is already in progress. The IGZO-based photoperceptron hardware for neuromorphic vision sensors
promises efficient manufacturing and integration, potentially revolutionizing high-resolution display

systems with real-time sensing and processing capabilities.

The results presented in this chapter are being prepared for submission in:

M.E. Pereira, R. Martins, E. Fortunato, P. Barquinha and A. Kiazadeh, “All-in-one photoperceptron

hardware based on IGZO for neuromorphic vision sensors”, under preparation, 2024.
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Introduction

9.1 Introduction

Modern image sensors predominantly rely on photodetectors, such as charge-coupled devices
(CCD)* and CMOS active pixel sensors (APS),? organized in 2D arrays to capture digital images of the
environment. These systems typically include a memory unit for storing images and a processing unit
for executing algorithms for tasks such as pattern recognition and motion detection. Operated by ar-
tificial timing and digital signals, the sensors capture a series of static images called frames, recording
data from all pixels regardless of changes since the previous frame. This frame-based method can miss
critical information at low frame rates or generate excessive redundant data at high frame rates, es-
pecially problematic in applications requiring real-time data and high-speed processing, such as auton-
omous navigation and motor control. The transfer of large volumes of visual data to processing units
results in delays, increased bandwidth demands, and high-power consumption.?™®

In contrast, neuromorphic vision sensors emulate the human eye by detecting rapid changes
directly and continuously recording motion data. Each pixel operates independently, activating only
when a change occurs, ensuring only relevant data is processed.’®!® This approach significantly re-
duces data volume, enhances energy efficiency and accelerates system responses. The most suitable
neural network architecture for processing this type of data is Spiking Neural Network (SNN), which
mirrors biological neural networks. Unlike conventional artificial neural networks (ANNs), SNN neurons
fire only when their membrane potential exceeds a threshold, sending spike signals that adjust the
synaptic weights of connected neurons and potentially triggering them to fire as well. However, the
vision algorithms such as motion detection are still in the early stages of development. Therefore, it is
important to highlight that just as event cameras are designed based on biological sensing principles,
the algorithms for processing event-driven data should also be bio-inspired, obtaining relevant data in
a similar approach to biological vision.*3

Optoelectronic synaptic devices are emerging as promising components for the future of artifi-
cial vision due to their ability to directly respond to optical signals, present temporary or permanent
optical memory, and process visual data in real time.}* Unlike typical image sensors that measure light
intensity linearly at each pixel, these novel devices can sense visual information with light wave-
length/intensity and time-dependent memory. Having initially being conceived for in-memory compu-
ting using optical signals to modulate conduction states without crosstalk,>*” these devices have re-
cently gained attention as neuromorphic vision sensors capable of both optical sensing and in-memory
computing. Consequently, neuromorphic vision sensors can be categorized into near-sensor and in-
sensor computing, reflecting the optoelectronic synaptic devices’ dual functionality in sensing and pro-
cessing visual data.'?

Neuromorphic vision sensors for in-sensor computing perform optical sensing and post-pro-
cessing within a single device, enabling self-processing of image recognition tasks. This integration can

minimize data transmission and significantly enhance the efficiency of the image recognition process.
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In-sensor computing is therefore ideal for future artificial visual systems and mobile electronic devices,
paving the way for more efficient and compact Al technologies.’ In this regard, Jang et al. developed a
32x32 crossbar array based on MoS; FET transistors for pattern recognition, employing the array first
as an optical image sensor and then reconfiguring it for analog vector-matrix multiplications (VMMs)
for image recognition. The FETs' persistent photoconductivity (PPC) allowed the crossbar to store op-
tical images as electrical data, which were then used as input to the software-based convolutional
neural network (CNN) for pattern recognition. The crossbar array was then optically reprogrammed
based on the training weights returned by the software-based CNN, to recognize images, achieving
94% accuracy on 1000 MNIST digits. Thus, the proposed crossbar could perform sensing and processing
to pattern recognition but could not perform both tasks simultaneously.’® In another work, Mennel
and his team designed a 9x9 pixel array with trainable responsivities using lateral p-n junction photo-
diodes, enabling real-time multiplication of projected images with a photoresponsivity matrix. Each
pixel employed three photodiodes coupled with two controlling gates.'® In a similar strategy, another
study demonstrated that image sensors based on vertical heterostructures could emulate biological
photoreceptors and bipolar cells, enabling simultaneous image sensing and processing for tasks like
pattern recognition.?° Although these works show outstanding potential for future applications, using
light as synaptic weight modulator and as sensing unit, impedes the implementation of advanced
multi-layer neural networks. The optical inputs cannot be cascaded into subsequent hidden layers,
limiting processing performance and accuracy. Additionally, the proposed complex architectures re-
quire multiple devices per pixel to allow light to be both the training and sensing source, further com-
plicating the system.?

In contrast, near-sensor computing can perform a pre-processing of an input image, enhancing
electrical signals, to be sent to a post-processing unit for image recognition. Visual information arrives
to the synaptic device array and changes the conductance state in each pixel in a non-volatile manner,
by making use of PPC. The conductance states can be additionally updated via subsequent image ex-
posures, owing to the existence of analog conductance states. Consequently, by mapping the updated
conductance values of the synaptic array, an incident image can be captured and converted into a
more refined image. This pre-processing step greatly reduces the computational load and processing
time in the post-processing unit compared to working with raw image data. Accordingly, in near-sensor
computing, the image sensor and the processing unit are separated.?? For instance, Zhou et al. intro-
duced an optoelectronic memristor (OEM) composed of Pd/MoO,/ITO, capable of sensing ultraviolet
(UV) light and displaying light-tunable synaptic behaviors. The memristor array enabled image sensing,
memorization, and pre-processing. Due to the light-dosage tunable plasticity of the memiristor, it ef-
fectively highlighted key features of the input images while reducing background noise, which was
shown to enhance the efficiency and accuracy of the image recognition task. It was then proposed by
the authors that after pre-processing, the enhanced electric signals would be transferred to a soft-

ware-based ANN for final image recognition.?

213



Introduction

Even more advanced, an all-in-one neuromorphic vision sensor can be designed to be able to
simultaneously perform image sensing and neuromorphic in-memory computing during and after the
input of visual data. In such a system, image sensing and primary in-situ processing is achieved by the
optoelectronic synaptic device array and the enhanced data is then processed in hardware as well,
allowing for truly real-time tasks in a power-efficient manner. In this regard, Seo et al. proposed an
optic-neural network by implementing a synaptic device (memristor) and an optical-sensing device on
h-BN/WSe; heterostructure. The authors simulated a 28x28 crossbar using the extracted device pa-
rameters of the heterostructure. This system would perform color and color-mixed identification be-
tween red, green and blue while distinguishing between the algorithms 1 and 4 (e.g. red algorithm 1,
green algorithm 2, etc). However, from what can be understood, since the input voltage is also de-
pendent on the color being applied to each pixel, the proposed system is not in fact realizing color
discrimination by itself. For that, the only changing parameter would have to be the photocurrent
produced by each pixel. Nonetheless, the accuracy of the task was greatly enhanced by this color fil-
tering function. Moreover, this work has shown the potential of this kind of systems for color discrim-
ination applications and suggested the integration of sensing ability in the first layer of a neural net-
work composed of memristors.?* In another work, a coordinated perceptive computing scheme was
proposed using vertically integrated dual-mode organic memristors in sequential integration of a sin-
gle-layer perceptron (SLP) neural network and a CNN. Light would pass through lenses and filters,
reaching the optoelectronic perceptive layer where it would be converted into a photocurrent signal.
In the upper layer, device photoresponsivity’s could act as synaptic weights for VMM operations in a
SLP neural network, enabling preliminary image processing and classification based on contours. In the
lower layer, further VMM operations were carried out, enhancing recognition accuracy with the CNN
algorithm.?! Finally, a more recent, and very exciting study, introduced a flexible artificial visual system
that combines optical perception, in-memory computation, and on-chip learning. Using SnO-based op-
toelectronic synaptic transistors as event-driven sensors, the system enabled dynamic image percep-
tion, noise reduction, detection, and recognition. The transistors could produce a gate-tunable bidi-
rectional optical response, mimicking the biological functions of bipolar cells. Each pixel would inde-
pendently trigger an ON or OFF action according to changes in light intensity, by the increase and de-
crease of the transistors’ conductance states. Pre-processed images were then inputted as voltage
signals into a multilayer neural network for on-chip learning, achieving up to 95.2% accuracy in pattern
recognition tasks.? This latter work has shown the immense possibilities for neuromorphic vision sen-
sors all built in hardware. However, using transistors as synaptic element for sensing unavoidably in-
creases cell area when compared with vertical memristors.?

In our previous work, we developed an OEM based in IGZO that could successfully emulate all
relevant synaptic functions of SNNs, such as learning and forgetting behavior, spike-time dependent
plasticity (STDP) and paired-pulse facilitation (PPF). This hydrogen-doped device presented extremely

high liight/l4ark ratio and was photosensitive to green, blue and UV light in different conductance ranges.
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9. PHOTOPERCEPTRON HARDWARE FOR ARTIFICIAL VISUAL SYSTEMS

In another study, we have also proposed a 1T1M crossbar for in-memory computation in which cross-

1.2 The memristor

talk was solved by the IGZO-thin film transistor (TFT) added to each memristor cel
itself was also based in IGZO and presented analog conductance states.?”-?® Here, we discuss the po-
tential applications of our developed IGZO-based OEM as a sensor unit and our 1T1M crossbar as a
processing unit for a all-in-one neuromorphic vision sensor using near-sensor computing, aiming for
an upcoming prototype development.

Neuromorphic vision sensors are generally designed for computing tasks such as denoising (con-
trast enhancement), spectral filtering, pattern recognition of visual information, and/or object track-
ing, which are therefore the main tasks discussed here. The proposed hardware for neuromorphic
vision sensors, all based in IGZO, could be termed a "photoperceptron", and could be manufactured
very efficiently. This is due to the shared material layers among all devices and the utilization of the
same deposition and patterning techniques, allowing for a straightforward, cost-effective, and rapid
fabrication process that can accommodate flexible substrates due to low processing temperatures.
IGZO TFTs could also compose the peripheral circuits for on-chip learning. The integration of 1GZO-
based devices with pixel-driver circuit technology utilized in commercial flat panel displays could pave
the way for ultra-high-resolution System on Panel (SoP) applications, ushering in a new era of neuro-
morphic display systems. These displays would not only emit light to generate images but also have
the capability to sense and process visual information in real-time. Collectively, these factors could

culminate in the development of an exceptional and highly advanced prototype for neuromorphic vi-

sion sensors.

9.2 Neuromorphic vision sensor tasks

9.2.1 Pre-processing by contrast enhancement

The task of contrast enhancement can be performed by employing an OEM crossbar as the sens-
ing unit in neuromorphic vision hardware, utilizing the analog conductance states. Figure 9.1(a) pre-
sents a schematic illustration of an experiment design for proof-of-concept, involving the developed
IGZO-OEM. In this design, a shadow mask allows green light from a LED common source to pass
through in the shape of the letter X to a 3x3 crossbar, composed of nine 4 um? OEMs. The considered
experimental device parameters are shown in Figure 9.1(b), demonstrating the photoresponse in-
creasing during 30 seconds of exposure time and the PPC in the dark after exposure. Figure 9.1(c)
depicts theoretical color maps of the crossbar, illustrating conductance state changes after 1, 5, and
30 seconds of exposure. The contrast enhancement is evident at each step.

For pattern recognition of the input letter X, this pre-processing layer would then be connected

to either a software or hardware neural network. The accuracy of the task would be significantly
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Neuromorphic vision sensor tasks

enhanced if performed after 30 seconds of exposure due to the contrast enhancement. The same ex-
periment could be performed using light pulses instead of constant exposure. Device-to-device varia-
bility is not considered here, though it will be in practical experiments, as it has been shown to be
extremely small (Chapter 8). As described previously, a study by Zhou et al. demonstrated through
simulation that recognition accuracy reached 98% after 1000 training epochs with pre-processing
through an OEM crossbar, whereas double (2000) training epochs were required to achieve the same
accuracy without OEMs. Consequently, the image-recognition efficiency, including processing speed
and energy consumption, was also significantly improved by 41.5% to reach a pattern recognition ac-
curacy of 99%.% This work showcased the potential of the optoelectronic device, which in the case
was sensitive only to UV light. Our IGZO memristor would be able to perform not only the same tasks
while using visible light as input, launching unlimited possibilities in a range of applications such as in

displays and cameras, where visible light LEDs are used as light sources.
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Figure 9. 1 Experiment design for in-situ preprocessing of data through the IGZO optoelectronic memristor crossbar. (a)
Schematic lllustration showing a shadow mask for the letter X allowing green light to pass to a 3x3 optoelectronic memristor
crossbar. (b) Experimental transient response of the 4 um?2 IGZ0O-based optoelectronic memristor during 30 s of exposure to
green light and 1 min. of PPC effect. (c) Theoretical color maps of the conductance in each cell of the IGZO crossbar during
exposure for 1, 5 and 30 s of exposure, showcasing contrast enhancement features. (d) Theoretical color map of the conduct-

ance in each cell of the IGZO crossbar after 30 s in the dark following 30 s of exposure.
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9. PHOTOPERCEPTRON HARDWARE FOR ARTIFICIAL VISUAL SYSTEMS

Another advantage of using OEMs instead of standard photodetectors is that the PPC effect can
be used to store the input image after stimuli. As an example, Figure 9.1(d) presents the theoretical
color map of the IGZO optoelectronic memristor crossbar 30 seconds after stimuli to the letter X. Here,
the contrast enhancement feature can also be employed by changing exposure time; more exposure

time results in less pronounced state decay and, therefore, an image with enhanced features.

9.2.2 Motion detection by SNNs rules

As explained, neuromorphic vision sensors have as a primary goal to mimic the human eye by
detecting changes and recording motion data continuously. Each pixel should activate independently
when changes occur, processing only relevant information, reducing data volume. SNNs are ideal for
processing this data, as their neurons fire only when a certain threshold is met. However, developing
vision algorithms like motion detection is challenging, and there have been limited efforts to address
the application challenges posed by 3D signals, such as videos. This limits memristor-based neural net-
works to simpler tasks and prevents them from achieving complex biomimetic functions.

In a recent work by Wu et al., object tracking was simulated using experimental data from OEMs
by marking the object to be tracked in the first frame of a video.? Thus, here a similar experiment is
designed for future practical demonstration. A shadow mask is once again employed to allow blue light
in the form of the letter T to pass through to a 3x3 optoelectronic memristor crossbar. The light is
inputted through a 500 ms pulse. After 1 second, the shadow mask moves to the right, and another
500 ms pulse is applied. Relevant SNN rules demonstrated by the IGZO- OEM are shown in Chapter 8.
For this experiment, PPF is used to exemplify the motion tracking task. Figures 9.2(a), 9.2(b), and 9.2(c)
display the experimental device parameters (Ggar, G1, G2, and Gateer15). Figure 9.2(d) depicts theoretical
color maps of the crossbar, showing conductance state changes before and after the shadow mask
movement. If the threshold is set slightly higher than the first pulse, only neurons a; and as, subjected
to two consecutive pulses, will fire, signaling the system that there was movement, as illustrated in
Figure 9.2(e). With the information from the two consecutive pulses on specific pixels, the system can
determine the direction of the letter T's movement and follow it. Naturally, the timing between con-
secutive pulses should be studied and optimized to determine the speed at which the hardware system

can operate. Acommand can also be implemented to record changes, similar to event-driven cameras.
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Figure 9. 2 Experiment design for motion tracking through the IGZO optoelectronic memristor crossbar. (a) Experimental

paired pulse facilitation test by applying two 500 ms blue light pulses with different intervals. (b) Experimental PPC decay

after one pulse of 500 ms. (c) Post-synaptic current (PSC) evolution during a pair of optical pulses of 500 ms. (d) Theoretical

color maps of the conductance in each cell of the IGZO crossbar during the first pulse and during the second pulse, after letter

T movement, for time interval of 1 s. (d) Schematic of the conductance evolution in each pixel showing only a; e a3 firing.
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9. PHOTOPERCEPTRON HARDWARE FOR ARTIFICIAL VISUAL SYSTEMS

9.2.3 Color discrimination neural network

As the IGZO OEM exhibits different photoconductivity depending on the wavelength of the vis-
ible light input, it can be used to develop an optic-neural network for color discrimination and pattern
recognition, similar to the proposal by Seo et al..?* Figure 9.3(a) schematically illustrates an experiment
with four possible inputs: a blue X, a blue T, a green X, and a green T. These inputs can be applied
through a shadow mask to a 3x3 crossbar, as described in the above experiment designs. The input
voltage would remain constant for all the pixels, while the conductance of each device would depend
on whether their particular pixel was exposed to blue light, green light or no light at all. The experi-
mental conductance for the color maps were extracted from the graph presented in Figure 9.3(b). Pre-
processing could be performed in-situ through contrast enhancement as previously explained, after
which this unit would be connected to the input layer of a software or hardware neural network for
data processing. This neural network would have nine input neurons, one for each pixel, and four out-

put neurons, one for each possible solution.
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Figure 9. 3 Experiment design for color discrimination and pattern recognition through the IGZO optoelectronic memristor
crosshar. (a) Schematic illustration of the envision neural network displaying the theoretical color maps of the conductance

in each cell of the IGZO crossbar for each possible input. (b) Experimental transient response of the 4 um? IGZO-based
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Neuromorphic vision sensor tasks

optoelectronic memristor during 10 s of exposure to red, green and blue light and PPC effect. (c) Strategy for red detection
showing micrographs of fabricated optoelectronic memristors with an implemented mesh as the top contact (Ti/Au) to im-

prove transmittance.

Only green and blue light were considered since the IGZO memristor cannot detect red light, as
shown in Figure 9.3(b). Future strategies to improve detection include replacing the Ti/Au layer with a
Ti/ITO layer as the top contact. As shown in Chapter 8, the Ti/Au top contact provided higher photore-
sponse than the ITO layer, despite having less than 60% light transmission, due to the Ti effect of oxy-
gen gettering, which leaves more oxygen vacancies (VOs) in the IGZO to be photoexcited. However,
using Ti/ITO is expected to maintain the Ti effect while allowing higher transmittance. Another strategy
is to apply a photonic structure for light trapping® or a simple mesh,3%*? as shown in the micrograph
of Figure 9.3(c), as the top contact. This approach would allow light to directly reach the 1GZO layer
using Ti/Au, potentially increasing the lignt/lqdark ratio for all wavelengths, improving photoresponsivity

speed, and enabling red light detection.

9.2.4 All-in-one IGZO photoperceptron hardware

For the all-in-one neuromorphic hardware, a simpler neural network has been envisioned to
copulate both a sensing unit composed of an OEM crossbar and a processing unit composed of 1T1M
cells, all built in hardware. Such a system can be named a photoperceptron hardware. The concept
dates back to 19573 when the term photoperceptron was first introduced as a system designed to
accept optical or visual patterns as inputs. Here, we develop a single-layer photoperceptron network
as schematically illustrated in Figure 9.4(a). It consists of nine binary inputs (ai) corresponding to a 3 x
3 pixel array and one binary output Y. The inputs have the values 1 or 2 and the outputs have logical
values +1 or -1. The task of the photoperceptron is to organize the input patterns, displayed in Figure

9.4(b), into two groups by following Equation 9.1:

Y =sgn (zj_laiWi) 9.1)

where Wi is the analogue weight representing the synaptic strength between i-input and output. The
considered sets of patterns (Figure 9.4(b)) represent the letters “X” and “T” and their noisy versions
and are adopted from previously reported strategies.3*3> Such weights cannot be calculated analyti-
cally for the considered patterns but are found via an optimization procedure, such as the training
process in the context of ANNs. During one training epoch, randomly ordered patterns from the train-
ing set are individually fed to the perceptron, and the weights are updated according to the following

training rule (Equation 9.2) every time a new pattern is processed:
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AW, = a x a]* x (L1 —Y¥1)  (9.2)

where a is the learning rate, afl is the input from neuron i in pattern X; and L*1 and Y*1 are the
labeled outputs and the actual output for the particular pattern Xi. It is important to note that the
proposed perceptron is a feed-forward neural network and, therefore, does not use the back propa-
gation algorithm for weight update, as commonly reported.

Figure 9.4(c) shows the schematic of the photoperceptron hardware implementation. The phys-
ical variables corresponding to ajand Wi are the voltage drops in I, nodes and the equivalent memris-
tor conductance (G;) of the parallel memristors G;" and G; . This means each synaptic weight of the
neural network is represented by a pair of memristors to allow the implementation of negative values
of weight. By grounding the outputs (BLs), the crossbar circuit will efficiently implement VMM opera-
tions by multiplying V,, by the correspondent G; and the summation of the resulting currents in each

1T1M cell on each BL.
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Figure 9. 4 Pattern classification setup for the all-in-one IGZO photoperceptron. (a) Schematic illustration of a single layer

perceptron neural network with 9 input neurons and 1 output neuron. (b) The 28 considered patterns in the classification

221



Neuromorphic vision sensor tasks

experiment divided into their correspondent categories “X” (class Y=+1) and “T” (class T=-1). (c) Schematic illustration of the

proposed photoperceptron hardware implementation.

As in the above experiments, the input patterns to the photoperceptron can be carried out by
photonic inputs to an OEM crossbar through shadow masks. When light reaches the memristor cell,
the OEM will be in the LRS and therefore present the value of maximum conductance (Ggy75). Con-
trary, when the light is blocked by the shadow mask, the OEM will be in the HRS and present the value
of minimum conductance (G;’;,ig},). These operations will then dictate the inputs I, on the neural net-
work.

For simplicity, ex-situ training can be performed via a software-implemented precursor network
and, then, the final set of weights can be imported to the hardware. The code, written in python, can
be consulted in Figure F.1 - Appendix F.

For the purpose of showcasing the feasibility of the proposed photoperceptron, the experi-
mental values in Table 9.1 were used for the calculations of the theorical outputs of the circuit, ac-

cording to the developed devices during this PhD work.

Table 9. 1 Experimental values for maximum and minimum conductance used in the IGZO photoperceptron simulation.

TFT in sat. Memristor

G (S) OEM (25 um?) 1T1M cell
(W/L=20/5) (25 pm?)
Gmax 3.1x10° 3.3x10° 3.2x10°%
1x10*
Gmin 4.1x1011 6.8x108 6.8x108

The final G;"+and G; and the theoretical output currents in each BL and the correspondent Y,
for all 28 patterns representing “X” or “T”, were calculated according to the ex-situ trained W;. The
results were estimated according to the conditions in Equation 9.3 and the results can be consulted in

Table 9.2 and Table 9.3. As can be seen, all 28 theoretical experiments were successfully conducted.

G = W; X (Gmax - Gmin) + Gmin

Table 9. 2 1T1M cells conductance values to be programmed in the photoperceptron hardware resulting from ex-situ

training.
i Trained weights G; (uS) G{(ps) G; (pS)
(W)
1] 0.54 17 Grin-0.068 1,670
[2] -1.00 3.2 Gmin=0.068 3.093
[3] 0.60 1.9 1.856 Gmin-0.068
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(4] 0.18 62 0.556 Grmin-0.068
[5] -0.12 44 Grmin-0.068 0.371
(6] -0.03 16 Grmin-0.068 0.928
7 0.80 2.5 2.474 Grmin-0.068
(8] -1.00 3.2 Grmin-0.068 3.093
[9] 0.80 2.5 2.474 Grmin-0.068

Table 9. 3 Calculated photoperceptron output for all 28 photonic patterns representing the letters ‘X’ and ‘T’ and their

noisy versions. Vgead =0.5 V and assuming blue light as input.

Pattern I (nA) I~ (nA) Y
- 4.856 2.999 +1.00
- 4.629 1.706 +1.00
- 5.502 3.872 +1.00
. 4.805 1.521 +1.00
- 4.747 3.111 +1.00
- 4.898 4.505 +1.00
X - 4.898 4.505 +1.00
- 3.381 2.945 +1.00
- 3.769 2.538 +1.00
- 6.231 3.165 +1.00
- 5.535 5.377 +1.00
- 3.368 2.958 +1.00
- 3.145 1.652 +1.00
- 1.936 5.928 -1.00
- 1.876 4.451 -1.00
- 1.903 4.423 -1.00
- 3.434 5.969 -1.00
- 1.903 4.423 -1.00
- 3.302 6.095 -1.00
- 2.574 6.801 -1.00
T - 0.453 5.874 -1.00
- 1.819 6.040 -1.00
- 3.066 4.802 -1.00
- 3.242 4.617 -1.00
- 1.870 2.917 -1.00
- 4.563 4.843 -1.00
- 3.434 5.969 -1.00
- 2.541 5.295 -1.00
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The fabrication of this photoperceptron hardware involves the integration of several devices
and therefore, it requires an optimization procedure to make sure D2D variability is low enough for
the proof-of-concept. In Figure 9.5, a picture of one fabrication batch taken through a magnifying glass
is presented. Adapting the concepts from the work first describing perceptrons, the sensory system
(S-system) consists in the photonic inputs through the shadow masks. During inference, these masks
would be placed on top of the OEM crossbar in a 3 x 3 configuration for image sensing, which is the
association system (A-system) with in-situ pre-processing capabilities. Each pixel is then connected to
one input of the 1T1M crossbar which is the processing unit, also called response system (R-system),
comprising a 9 x 2 1T1M crossbar in which the memristors conductance has been previously pro-
grammed following the calculated G; from the in-situ training explained above.

In summary, by applying an input voltage at Vgread and using a shadow mask to control the expo-
sure of each pixel to blue light at the sensing unit, this proof-of-concept can distinguish between a
letter X and a letter T, as well as their noisy versions. If the output current at the BLs of the 1T1M
crossbar is higher at BLj, then the input is an X. If the output current at BL; is higher, then the input is
a T. Additionally, PPC can be used to determine the input after it has been turned off.

a o vz
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pattern recognition
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Figure 9. 5 Photograph of fabricated IGZO photoperceptron for neuromorphic vision sensor hardware. (a) Schematic illus-
tration of two possible inputs pattern “X” and “T”. Light should pass through the blue squares and perform Set on the OEMs
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exposed. The final circuit will be composed of an OEMs crossbar for image sensing and SNNs and a 1T1M crossbar for image

recognition through DNNs.

9.3 Conclusions

In this chapter, an 1GZ0O-based photoperceptron hardware designed for neuromorphic vision
sensors is proposed and its potential is evaluated across various tasks including contrast enhancement,
color detection, pattern recognition, and motion tracking. The prototype development, optimization
and fabrication of this hardware is a logical future perspective of this Ph.D. work and is already in
progress. The IGZO-based photoperceptron hardware for neuromorphic vision sensors promises effi-
cient manufacturing and integration, potentially revolutionizing high-resolution display systems with
real-time sensing and processing capabilities. This work therefore builds upon the development of the
devices presented in previous chapters, highlighting their potential for real-life applications such as

advanced surveillance systems, autonomous vehicles, and interactive display technologies.
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‘CHAPTER 10

FINAL CONCLUSIONS AND REMARKS

The research presented in this PhD thesis has significantly contributed to the field of neuromor-
phic computing through the development and optimization of amorphous indium-gallium-zinc-oxide
(a-1GZ0) based memristive devices. The project aimed to develop AOS-based memristors with area-
dependent switching, leveraging their superior performance for applications in neuromorphic compu-
ting such as spiking and deep neural networks (SNNs and DNNs), with special focus on artificial visual
systems. Crosstalk in crossbars was to be solved by the integration with thin-film transistors, to act as
selector devices. Moreover, the development of an IGZO-based optoelectronic memristor with visible
light sensitivity was targeted for applications in neuromorphic vision sensors and a multifunctional
optoelectronic system was to be proposed. Every single goal was successfully achieved as follows.

An a-IGZO memristor device was proposed using Mo as bottom and top electrodes, releasing
the fabrication procedure of the common noble-metals. Endowed with area-dependent switching, ex-
cellent reliability and stability with no need for electroforming was achieved, which is crucial for large-
scale manufacturing and integration into commercial systems.

The reported devices effectively emulated several synaptic functions, including synaptic poten-
tiation and depression, short- to long-term plasticity transition (STP to LTP), and learning experience
properties, making them ideal candidates for brain-inspired computing applications such as spiking
neural networks (SNNs). Pushing the boundaries further, a thorough investigation into their potential
for deep neural networks (DNNs) was conducted. Through meticulous optimization on the pulse
scheme to achieve linear and symmetric plasticity characteristics, a remarkable pattern recognition
accuracy of up to 91.82% using the MNIST dataset in simulations was attained, showcasing the poten-
tial for integration into neuromorphic hardware for in-memory computation. Since DNNs usually re-
quire a long period of retention of the programmed state, this figure of merit was meticulously opti-
mized by the addition of an Al,Os layer at the active interface, aiming nonetheless for online learning

applications that do not require a full retention, usually only observed in filamentary resistive
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switching. Detailed studies on the eightwise resistive switching mechanism revealed the critical role of
Schottky barrier modulation and oxygen ion exchange at the bottom interface of the memristor device.

The crosstalk problem was addressed by integrating the developed IGZO-memristor with the
already commercialized IGZO TFT. As a proof-of-concept, a 4x4 1T1M crossbar array was fabricated on
a flexible polyimide substrate, illustrating the potential for wearable and IoT applications, with the
devices demonstrating low cycle-to-cycle and device-to-device variability and with the effective sup-
pression of sneak-path currents. Scaling up manufacturing for very-large-scale integration should not
pose a significant challenge in the future, and 1T1M IGZO crossbars can effectively serve as neuromor-
phic processors.

Additionally, for artificial visual systems a hydrogen-doped IGZO optoelectronic memristor was
developed with sensitivity to visible light in green and blue wavelengths with the highest light/dark
ratios reported so far in optoelectronic memristors. Moreover, all relevant synaptic functions for SNNs
were demonstrated by manipulation of persistent photoconductivity. A crossbar composed of the re-
ported devices can easily be manufactured as a sensing unit in neuromorphic vision sensors.

Finally, an 1GZO-based photoperceptron hardware design is proposed as proof-of-concept, tai-
lored for neuromorphic vision sensors, using the developed IGZO optoelectronic memristor as sensing
and pre-processing unit and a 1T1M crossbar as processor, showcasing its potential for tasks such as
contrast enhancement, color detection, pattern recognition, and motion tracking. The ongoing opti-
mization and fabrication of this hardware represents a natural progression of this Ph.D. research and
is already in progress. With the potential to enhance high-resolution display systems with real-time
sensing and processing abilities on flexible platforms, this IGZO-based photoperceptron hardware
holds promise for diverse applications, including advanced surveillance systems, autonomous vehicles,
and interactive display technologies, thus amplifying the impact of the devices developed in this work.
Moreover, the use of materials and processes compatible with existing IGZO TFT fabrication tech-
niques suggests that these advancements can be integrated into current manufacturing lines at negli-
gible additional costs, enhancing their commercial viability. Future work should focus on further opti-
mizing device performance and refining integration processes to fully realize the potential of these

technologies in commercial and industrial applications.
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APPENDIX

Appendix A contains additional results to the Chapter 3 of this dissertation. In summary, current
density plots are presented for different memristor areas that further confirm the area-dependent
switching of both the single-target and the co-sputtering devices. Resistance variation of the LRS and
HRS with device size is also demonstrated for the single-target memristor. To complete the main anal-
ysis presented in Chapter 3 on the potential of the co-sputtered device as synaptic element, the same
procedure is applied here on the single-target memristor, showing potentiation and depression tests

and the learning behavior.
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Appendix A

Figure A.1 shows the pristine |-V characteristics of devices with different areas fabricated with
single target and co-sputtered IGZO and corresponding current density plots. All I-V curves are rectify-

ing, related to a limited electron injection at the bottom interface.
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Figure A. 1 |-V characteristic between -1V and 1V, for both conditions of IGZO, with different areas and corresponding cur-

rent density plots.
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Appendix A

Figure A.2 presents the area dependence study for the devices fabricated with single target
IGZO. DC sweeps were performed on devices with different areas. The lowest current at -1 V and the

highest at 1 V was extracted and the resistance was then calculated according to Ohm’s law.
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Figure A. 2 Resistance change for devices fabricated with single-target 1GZO.
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Appendix A

Figure A.3 shows the synaptic tests on the device fabricated with single target 1GZO. The pro-
gramming pulse amplitude and width is + 1.5 V pulse and 100 ms, respectively, as can be seen in Figure
A.3(a). Figure A.3(b) shows the conductance response to a series of negative pulses (potentiation)
immediately followed by positive pulses (depression). Reading is done between each pulse at 0.1V,
the device area is 100 um?. In Figure A.3(c), the learning scheme is demonstrated. First, 100 pulses of
-1.5V (100 ms width) are applied to simulate the first learning process. After this, a memory retention
of 700 s is performed, the read voltage is 0.1 V. By the end of this time, the device “remembers” 32 %
of the signal. Immediately after this process, another set of pulse stimulation is carried out as the sec-
ond learning. Each learning is followed with another memory retention record of 700 s. During the
second learning, only 20 pulses are required to reach the same current state as first learning. The same
experiment of third learning was carried out and after only 14 pulse stimulations the synaptic weight
is again 100 %.
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Figure A. 3 (a) pulse scheme with the positive (green) and negative (blue) bias responding to depression and potentiation
respectively (b) conductance change with negative (potentiation) /positive (depression) pulses (c) synaptic weight change in

percentage with number of pulses for learning 1, learning 2 and learning 3 with their retention after each potentiation.
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APPENDIX

Appendix B contains additional results to the Chapter 4 of this dissertation. In summary, the TFT
transfer curves are presented for transistors fabricated using both discussed IGZO compositions; the
I-V sweeps for Set and Reset for various memristor areas are also shown; the experimental data on
20Ar/200, devices, namely on the pulse scheme modulation for both exponential and linear re-
sponses, and details on the CrossSim simulation can be consulted and D2D variability for 5 different

devices is discussed for both IGZO conditions.

233



Appendix B

Figure B.1 shows the transfer curve of TFTs fabricated with the same two IGZO conditions dis-
played for memristors. One can see that 20Ar/200, TFT does not turn on for the voltages applied while
the 20Ar/50; TFT reveals sufficient output current proving the 1T1M integration possible using the

same IGZO layer for TFT and memristor.
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Figure B. 1 TFTs transfer curves for both IGZO conditions tried, in blue 20Ar/50, and in red 20Ar/200,.
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Figure B.2(a) shows a micrograph of a representative part of the samples displaying devices with
4, 25, 100, 400 and 900 um?. Figure B.2(b)and B.2(c) show the IV sweeps of one Set through current
sweep and one Reset through voltage sweep for various device areas for high (20Ar/200,) and low
oxygen (20Ar/50,) memristors, respectively. Current sweep was used to reduce the overshoot current
and for a precise control of the current state (Doi: 10.1186/s11671-014-0721-2). The switching mech-
anism is area-dependent on both types of memristors since the current state increases with the de-

vices area increase.
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Figure B. 2 (a) micrograph of a representative part of the samples displaying devices with 4, 25, 100, 400 and 900 um?; IV
sweeps of one Set through current sweep and one Reset through voltage sweep for various device areas for (b) high oxygen
memristor 20Ar/200, and (c) low oxygen memristor 20Ar/50,.
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Appendix B

Figure B.3shows the study of the device characteristics under identical pulse train. Potentiation
is simulated by applying negative pulses to the top contact and increasing the current state. Depression
is simulated by applying positive pulses to the top contact and, therefore, decreasing the devices cur-
rent state.

In Figure B.3(a)and B.3(c), the 100 pulses potentiation for the 20Ar/200, memristor with differ-
ent voltage amplitudes for the same width, and the different pulse widths for the same amplitude is
presented, respectively. The read step is always performed immediately after each pulse and at -0.1
V. The higher the pulse amplitude and width, the higher the current reached, but also the faster the
current state gets saturated. A gradual increase seems harder to achieve than the 20Ar/50, devices
presented throughout the manuscript. The pulse amplitude is the parameter that controls the current
state reached while the pulse width controls the gradualness of the increase.

The same tests for depression can be found in Figure B.3(c) and B.3(d), where 100 positive
pulses with different pulse amplitudes for the same width and different pulse widths for the same
amplitude are shown, respectively. Using a higher pulse width means achieving the HRS state too

quickly and the pulse amplitude, controls how low the HRS state can be.

AN
I

/ers,,,/

Figure B. 3 Read current at -0.1 V during application of 100 identical pulses for 20Ar/200, memristors potentiation of (a)

different amplitude, same width; (b) different width, same amplitude; and for depression of (c) different amplitude, same

width; (d) different width, same amplitude.
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Appendix B

Figure B.4 shows the potentiation and depression tests for the different pulse schemes tried to
modulate its characteristics, to improve linearity and symmetry. In purple is the result for identical
pulses and it shows an exponential response where a rapid current increase/decrease takes place
within a few pulses and then reaches a saturated current regime. In red and blue are the results for
non-identical schemes with either increasing pulse amplitude or width, respectively. The red curve
shows a slower current increase/decrease during the first few pulses and it becomes a linear change
after that and the blue curve starts in a linear fashion but it shows a current saturation after some
pulses.

In green a pulse scheme of a consistent increase in pulse amplitude and width in each pulse
were applied. The pulse amplitudes and widths were linearly increased from -2.2 V at 100 ps to -4.5 V
at 500 ps for potentiation and 2.3 at 100 us V to 3 V at 600 ys for depression. A linear and symmetrical
response to the input pulses from beginning to end is accomplished. For all conditions, the read pro-
cess is a pulse of 20 us at -0.1 V.

To compare the linearity and symmetry on the synaptic plasticity tests that resulted from each
pulse scheme, a non-linearity parameter a was extracted. The closer a is to 1, the more linear poten-
tiation/depression is and the smaller the difference between the values of a for potentiation and de-
pression, the more symmetric they are. In Figure B.4(b) the values of a, and aq for the different
schemes are presented. For the scheme of the green curve, the most linear one, a, =0.97 and a4 = -
0.26, these values are close to 1 and to each other, numerically revealing linear and symmetric synaptic

characteristics.
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Figure B. 4 Device with high oxygen 20Ar/200; (a) potentiation and depression results for the different pulses schemes in
purple identical pulses, in blue incremental pulse width, in red incremental pulse amplitude and in green the optimized pulse
scheme with incremental pulse amplitude and width; (b) non-linearity parameter for potentiation and depression for each

pulse scheme, with a, = 0.97 and a4 = -0.26 of pulse scheme D highlighted.
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Appendix B

Figure B.5 shows the potentiation and depression tests carried out with the same optimized

conditions for a linear and symmetric response for 5 different devices with the same area, for the low

oxygen memristor 20Ar/50; in (a) and for the high oxygen memristor 20Ar/200, in (b).
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Figure B. 5 Potentiation and depression tests using the optimized scheme D for 5 different devices of (a) 20Ar/50; and (b)
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Appendix B

Figure B.6 shows the experimental Cumulative Distribution Function (eCDF) lookup tables of the
conductance change ( A G) within the 50 cycles of potentiation/depression for the linear pulse scheme
as a function of conductance (G) for the Set and Reset processes for the 20Ar/200; devices. Here, the
color map of CDF indicates the probability that A G is less than or equal to the value on the y-axis for
a given conductance on the x-axis. For the lowest C2C variability, A G range should be small and the
graph would be mostly blue with this case colormap. When the default test provided by CrossSim that
uses the 25% to 75% range of the on/off window was performed a low 64.49% accuracy was obtained
due to a high variability at the first cycles of depression. An adjustment was made for 10% - 60% range

instead, and a high 90.93 % accuracy was achieved instead.
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Figure B. 6 eCDF) lookup tables of the conductance change ( A G) within the 50 cycles of potentiation/depression for the
linear pulse scheme as a function of conductance for 20Ar/200, with the (a) and (b) default test provided by CrossSim that
uses the 25% to 75% range of the on/off window which revealed a 64.49% accuracy and (c) and (d) adjustment made for 10%

- 60% range which resulted on an improved accuracy of 90.93%.
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APPENDIX

Appendix C contains additional results to the Chapter 5 of this dissertation. In summary, a table
is provided summarizing the state of the art on the 1T1M Integration and details on the proposed
fabrication procedure, for IGZO 1T1M integration, using the same processing steps and materials are
further elucidated. The area-dependent switching of the memristors is confirmed by performing Set
and Reset on different device areas and the TFT scaling potential is briefly discussed to clarify on the
potential for future miniaturization of cell size. Other known strategies for crosstalk elimination, such
as voltage bias schemes, are examined in detail in terms of their results when applied to our IGZO-
memristor, for comparison with the proposed 1T1M method. Moreover, the energy consumption of
the 1T1M cell during training and inference is compared to the analogous 1M cell. The retention prop-
erties of the 1T1M cell are also presented and both memristor and TFT variability is discussed. Finally,
the memristor and TFT characteristics before and after peel-off from the polyimide are directly com-

pared.
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Table C.1 presents a summary of the literature in 1T1M cells.

Table C.1 Comparison of this work with the state of the art on 1T1M integration.

Year/Ref. Transistor technology Memristor structure Memristor Same ma- Array size
(z';% terials for
both de-
vices?
2014 CMOS Cu/HfO,/Pt 1.20x 10* N.A. N.A.
2016 CMOS Ta/TaO,/Pt 3.14 N.A. 4x4
20178 CMOS TiN/HfO/Al,O3/TaOx/ N.A. N.A. 128 X 8
TiN/AI

20174 CMOS TiN/ HfO/Ti 8.00 x 10 N.A. N.A.
20178 CMOS Ta/HfO,/Pd 1.60 x 10* N.A. 128 x 64
20180 Thin-film Pt/Al,O04/IGZO/ITO 3.14 x 10° Not all N.A.
2018 CMOS Pt/HfO./Ta N.A. N.A. 128 x 64
20188@ CMOS Ta/HfO,/Pt N.A. N.A. 128 x 64
2018 Thin-film Ti/TiO,/Pd 2.50 x 10* No N.A.
201910 CMOS Pd/HfO,/Ta 1.60 x 10* N.A. 128 x 64
201914 Thin-film Ag/WSe,/Ag 5.00 x 10° No N.A.
202012 CMOS TiN/TaO,/HfO,/TiN 0.25 N.A. 128 x 16
20201 Thin-film TiN/Ti/HfO/TIN 9.00 No N.A.
202124 Thin-film Au/Fluoropolymer/Ag ~ 2.50 x 10° No N.A.
This work Thin-film Mo/IGZO/Ti/Mo 4.00 YES 4x4
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Figure C.1 provides a schematic illustration displaying all the fabrication steps of the amorphous

oxide-based 1T1M crossbar divided in layers of deposition.
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Figure C. 1 Schematic illustration of the fabrication steps of the flexible IGZO-based 1T1M crossbar.
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Figure C.2 shows the transfer characteristic in the saturation regime for TFTs with different
Ar/0; ratio during IGZO deposition. The 20Ar/50; is the only condition with sufficient output current

to turn on the memristor. Further details on memristor characteristics with different Ar/O; ratio during
IGZO deposition can be consulted in our previous work.”

10°
W/L=240/20
10-5 Virain=7 V
VSOL”'CE:O V
I 107 20Ar100,,
< 2
g
=

20Ar/150 ,

20Ar/200 ,

Figure C. 2 IGZO layer optimization for compatibility with both TFT and memristor. Transfer characteristic in saturation regime
for TFTs with different Ar/O; ratio during IGZO deposition.

246



Appendix C

Figure C.3(a) shows the I-V characteristics of the a-IGZO memristors with different areas (4, 25,
100 and 900 um?), with Set for negative polarities and Reset for positive polarities applied to the top
contact. It is clear the smaller the memristor area, the lower the current state and the higher the
Iirs/Inrs ratio, presented in Figure C.3(b). Iirs/Inrs ratio was calculated by dividing the LRS-state current
by the HRS-state current, extracted from a read process at -0.1 V, applied to the top contact, immedi-

ately after the Set/Reset DC sweep.

12
10.71

10F
— Read at-0.1V
< v 8r
z £
2 % of
3 o 433
2 n

2.67
2r I 1.33
0 g—
25un?  100pn?  900pn?
Voltage (V) Memristor area

Figure C. 3 Different area memristors and their I rs/lurs ratios. (a) I-V characteristics for different area memristors, 4, 25, 100
and 900 um?, showing Set and Reset operations for negative and positive DC sweeps, respectively. (b) Respective Iirs/lnrs

ratios calculated with current states read at -0.1 V at the top contact after the Set and Reset sweeps.
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Figure C4(a) shows the output curves of the integrated TFTs with W/L of 240/20 um. Figure
C4(b) presents the transfer curves in the linear and saturation regime for a smaller TFT with W/L of
4/2 um. The on current with a drain voltage of 5 V reaches 10 pA. If the a-IGZO memristor can be
tunned to lower current states by downsizing, then smaller TFTs can also be employed like the 4/2 or

smaller, increasing the overall circuit density.

(a) (b)

400 [ SV <V g <15V 1Pk Va5V
00| WAL=24020 ' Vian =01V
7F WIL=4/2
10'F
= 0
T E 2,
T5-200 §10
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-400 16"
-600 .
/ 10
-800 f
1 615

Figure C. 4 TFTs characterization and downsizing. (a) Output characteristic of the integrated TFT with W/L of 240/20 um with
gate voltage from -5 V to 15 V. (b) Transfer curves in the linear (drain voltage of 0.1 V) and the saturation regime (drain

voltage of 5 V) of a smaller TFT with W/L of 4/2 um. Insets are micrographs of the TFTs characterized (scale bar, 200 um).
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Figure C.5 shows our previous proposed pulse scheme for the a-IGZO memristor.” It consists of
an incremental pulse amplitude and width in each pulse. For the memristors presented in this paper,
the potentiation operation starts with a -0.8 V pulse for 1 ps and it linearly increases to the 100%™ pulse
of -2.7 V for 70 ps, and depression starts at the 101 pulse of 1.5 V for 10 ps and ends at the 200"
pulse with 2.6 V// 100 ps, as can be seen in the schematic of Figure C.5(a).

In a passive crossbar composed solely of memristors, a selected cell would behave in a very
linear fashion, which is required for ANNs applications. However, the sneak-path current issue would
be a major limitation to a physical implementation. To mitigate this problem, the 1/2 and 1/3 voltage
bias schemes (VBS) have been proposed.®’ Figure C.5(b) shows a schematic for implementing these
methods and Figure C.5(c) presents the experimental results of a single memristor.

Using the 1/2 VBS, the selected cell is biased fully with V Volts at the word line and grounded at
the bit line. The remaining word and bit lines are biased with half voltage (V/2). This means that the
selected cell is under V bias, the unselected cells are under no bias (V/2-V/2) and some cells are half-
selected cells, that either share the word or the bit lines with the selected one, under V/2 bias. For the
1/3 VBS, the selected word line is fully biased, and the bit line is grounded at 0 V. The unselected word
lines are biased with a third of the voltage (V/3) and the unselected bit lines are biased at 2/3 V. There-
fore, the selected cell is, once again, fully biased, the half-selected cells are under 1/3 V bias, and the
unselected cells are under 2/3 V bias.

In Figure C.5(c), the potentiation and depression tests as synaptic weight in percentage are pre-
sented. The synaptic weight is the conductance change with each pulse and should be zero for cells
not selected for the minimum sneak-path current. Using the 1/2 VBS, the half-selected cells show an
increase of the synaptic weight to about half of the selected cell, which means the sneak-path current
would still be significantly high and block large scale implementation. While the 1/3 VBS results on the
half-selected cells show an increase of 16 % on the synaptic weight which is, in fact, lower. However,
the non-selected cells using the 1/3 VBS would not reach the HRS with the depression scheme, which
would affect the performance of the entire crossbar.

Therefore, these VBS methodologies are effective in reducing the leakage current on passive
crossbars, but they are not sufficient for real-world ANNs applications in which large crossbars are

required.
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Figure C. 5 Passive crossbar employing the 1/2 and 1/3 Voltage bias schemes. (a) pulse scheme for a linear potentiation (in
blue) and depression (in green) of increasing pulse amplitude and width. (b) Schematic of the implementation of 1/2 (in red)

and 1/3 (in purple) Voltage bias schemes on passive crossbars highlighting one selected cell in pink, the half selected cells in

yellow and the unselected cells in grey. (c) Synaptic weight change in percentage for potentiation and depression tests using

the 1/2 and 1/3 voltage bias schemes.
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Figure C.6(a) and C.6(b) shows the output of a TFT during the potentiation and depression tests
using the described pulse scheme. Since the current output of the TFT is the input current of the
memristor, the application of this pulse scheme to a TFT with no memristor connected should result
in a stable output during the read pulse. The current should remain unaltered during this phase, ena-
bling a successful control of the memristor input. As can be seen in Figure C.6(a) and C.6(b), the current
state during each read step remains unaffected by the previous pulses as required. The memristor
current state was read at 0.1 V before the application of the pulse scheme on the 1T1M structure,
after potentiation and after depression to validate its successful modulation. In Figure C.6(c), the re-
sults can be assessed. The memristor current state starts at 369 nA, it increases to 13.7 pA after po-

tentiation and decreases once more to 355 nA after depression, achieving a 38.59 lirs/lurs ratio.
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Figure C. 6 Pulse scheme effect on TFT and memristor. Output current of the TFT during the pulse scheme application which
corresponds to the input current on the memristor during (a) potentiation and (b) depression. (c) Memristor current state

read at 0.1 V before the 1T1M pulse scheme application, after potentiation and after depression displaying a 38.59 lirs/Inrs
ratio.
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Figure C.7(a) and C.7(b) presents the energy consumption (E.) of the 1T1M cell for synaptic
pulses and read pulses using the pulse scheme introduced in Figure 5.1 of Chapter 5, respectively.
Figure C.6(c) and C.6(d) shows the E. of the correspondent memristor cell without the TFT for synaptic
pulses and read pulses using the pulse scheme described in Figure C.5(a) - Appendix C. For the calcu-

lation, Equation C.1 was used, according to reference:®

E.=VxIxt (C1)

V is the voltage applied to the source line for the 1T1M cell and the voltage applied to the memristors
top contact for the memristor, | is the current during pulse and t is the synaptic/read pulse width. To
program the 1T1M cell to LRS, an energy consumption of 4 pJ is necessary while for the 1M cell only
0.05 W would be required. For the reading process at LRS, the 1T1M cell requires 500 pJ and the 1M
cell 20 pJ. The 1T1M cell shows an energy consumption of more than one order of magnitude com-
pared to the memristor, due to a slower operation and the need of larger pulses both for synaptic and
read pulses.

In Figures C.7(e) and C.7(f), the effect of the TFT W/L on its output current during synaptic and
read pulses is presented. A gate voltage of 10 V was used for these tests for a precise comparison with
a TFT of smaller W/L which might not stand the 15 V used in the proposed pulse scheme for the read
process. The TFT with W/L of 240/20 takes 733 ps and 659 ps to stabilize during a synaptic and read
pulse, respectively. As an example, switch-on response of TFTs with W/L of 4/2 is much faster.

Downscaling the memristor would result in lower required current input for its conductance
modulation, which in turn would allow for a TFT with smaller W/L to be employed, greatly decreasing

the 1T1M cell energy consumption both during training and inference.
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Figure C. 7 Energy consumption analysis. Energy consumption of 1T1M cell during (a) training and (b) inference. Energy
consumption of one memristor (1M) cell during (c) training and (d) inference. Effect of TFT W/L on stability of TFT output in
time for (e) a synaptic pulse of 10 V at the gate and 5 V at the drain and (f) a read pulse of 10 V at the gate and 0.1 V at the
drain.
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The retention data for different states of the 1T1M cell is shown in Figure C.8. Before each po-

tentiation, a Reset was performed through DC sweep on the memristor of the correspondent cell.
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Figure C. 8 Retention characteristics of 1T1M cell. (a) Selected points/number of applied pulses during potentiation for re-
tention test. (b) Retention data for 103 s at each selected point. Read at -0.1 V at the Source Line (SL), 15 V at the Word Line
(WL) and 0 V at the Bit Line (BL).
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Figure C.9 presents the transfer curves in the linear regime of the individual TFTs as well as the

pristine state of the memristors integrated on the crossbars for evaluation of the device-to-device

variability.

(a)

WORD LINES

SOURCE LINES

(b) BIT LINES
TFT transfer characteristic in the linear regime

10° ¢ Column 1 Column 3

Idrain (A)
=)

Vdrain=0.1V Vdrain = 0.1V

Vdrain = 0.1 V| Vdrain=0.1V

3 -2 10 1 2 3 -‘3‘-‘2‘-1‘0‘1‘2‘3 3 2101 2 3 3 2101 2 3
Vgate (V) Vgate (V) Vgate(V) Vgate(V)

(C) Memristor pristine state

Column 1 Column 3 Column 4

|Current| (A)

10 L L L L L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 -05 00 05 10140 -05 00 05 1010 -05 00 05 1010 -05 00 05 1.0

Voltage (V) Voltage (V) Voltage (V) Voltage (V)

Figure C. 9 Crossbhar D2D variability. (a) Schematic illustration of the 4x4 1T1M crossbar exposing word, source and bit lines
connections. (b) TFT transfer curves in the linear regime of the individual TFTs present on the crossbar arranged through bit
lines. (c) Pristine state of each memristor on the crossbar arranged through bit lines.
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Figure C.10 presents the schematic of the vector-matrix multiplications (VMM) test set-up. A
Keysight B1500A semiconductor parameter analyzer connected to a Cascade Microtech EPS 150 man-
ual probe station was used. 6 probes were necessary for each test, one on the word line, one on the
bit line (output) and 1 for each of the 4 source lines. During measurements, SMU 1 was connected to
probe 1 connected to the word line at 10 V. The output on the bit line was biased at 0 V at the probe
6 connected to SMU 4. The input vector [Vsi1, Vsa, Vss, Vsa] with Vs =0.30V, Vs, =0.15V, Vs3=0.15 V
and Vs, =0.30 V was applied to the source lines and changed by multiplying it with an o parameter that
was swept uniformly from -1 to 1. Source line 1 was connected to probe 2 and source line 4 to probe
3 and both probes were connected to SMU 2, therefore in short-circuit. SMU 3 was connected to both

probe 4 and 5.

(b)

(@) |v§

Probe 1 Word line 14V

Probe 2 Source line 1 [-0.30:0.30]V
Probe 3 Source line 4 [-0.30:0.30]V
Keysight

Probe 4 Source line 2 [-0.15:0.15]V

Probe 5 Source line 3 [-0.15:0.15]V

Bit line 0 V (Output)

Figure C. 10 Set up for VMM tests. (a) Photograph of the crossbar being measured in the manual probe station.
(b) Schematic illustration of the VMM set-up test using the Keysight B1500A semiconductor parameter analyzer
connected to the manual probe station connected to the different terminals of the crossbar. (c) Schematic of the

connections between the SMUs, probes and crossbar terminals.
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Figure C.11 shows the results before and after peel-off and after all bending tests on the indi-
vidual memristor and TFT. Figure C.11(a), the IV sweeps for set and reset of the memristor presented
no performance degradation after all the bending tests. In Figure C.11(b), the TFT transfer curve in the
linear regime (Varain = 0.1 V) shows a variation on the turn-on voltage for more positive gate voltages
immediately after the peel-off. After all the bending tests, the turn-on voltage decreases again closer

to its initial value.

a b

-5
Before peel-off

|Current| (A)

-6 -2 2
Voltage (V) Vgate(v)

Figure C. 11 Flexible individual memristor and TFT bending. (a) I-V characteristics for the memristor set and reset before and
after peel-off and after all bending tests. (b) TFT transfer curve in the linear regime (Vgrain = 0.1 V) before and after peel-off

and after all bending tests.
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Information technology

APPENDIX

Appendix D contains additional results to the Chapter 6 of this dissertation. In summary, In 3d
spectrum are analyzed at the top interface with Ti and at the bulk of IGZO to prove the oxygen getter
effect of the Ti. The annealing study on the devices fabricated without plasma is presented as well as
supporting AFM images. Area-dependency analysis is provided for the Plasma and No Plasma/An-
nealed devices. Device-to-device variability is presented for memristor with different top contacts in
regards to their LRS and HRS and Iirs/lurs ratio. On the aged devices, the Mo 3D spectrum on exposed
Mo in passivated and not passivated aged samples is provided. Further prove on the resistive switching
mechanism is provided in the results of retention properties measured in vacuum. Finally, the results
on the structures in which thin layers of 3 nm and 5 nm of Al,O; were added at the bottom interface

are displayed.
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In Figure D.1(a) and D.1(b), the deconvolution of the XPS In 3D spectra can be found, for the
Plasma/Annealed sample at etching time of 4500 s, which is related to the Ti/IGZO top interface and
at etching time of 8000 s, which corresponds to the bulk IGZO film. Two contributions can be identified:
metallic In°and oxidized In®. It is clear that in the interface there is more metallic In® due to the “oxy-
gen getter” effect of Ti. This is further evidenced by the graph presented in Figure D.1(c), where this
information is summarized for various etching times. From 7500 s onwards the contribution of oxidized
In%* increases to almost 100 %, indicating a movement away from the interface region.

Regarding the bottom interface (IGZO/Mo0y), an example of the fittings performed on the Mo
3D spectrum is depicted in Figures D.1(d) and D.1(e), for the Plasma/Not Annealed and the Plasma/An-
nealed samples, respectively. In order to allow for a direct comparison of the spectrum, and disregard
any contribution of the monoatomic Ar, the first etching time in which the Mo 3D detected any signal
was chosen from the data of the depth profile. The fittings were done according to Baltrusaitis et al.
(DOI: 10.1016/j.apsusc.2014.11.077). There are contributions of Mo®, Mo*, Mo>* and Mo®" in both

structures. However, it is noticeable that the annealed sample has more metallic Mo® and less Mo®*.
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Figure D. 1 (a) and (b) Deconvolution of XPS spectrum through depth profiling with monoatomic Ar of In 3d at the Ti/IGZO
interface and at the bulk IGZO, respectively, in the structure with plasma and annealed. (c) Relative percentages of metallic
In and oxidized In at the top interface and in the bulk. (d) and (e) Deconvolution of XPS spectrum through depth profiling with

monoatomic Ar of Mo 3d at the bottom interface for the structures not annealed and annealed, respectively.
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In Figure D.2, the analysis of the annealing effect on the No Plasma sample is displayed. The
pristine state (Figure D.2(a)), of the memristor with no annealing is very similar to the pristine of the
sample with plasma also without annealing. However, with the annealing step, the No Plasma device
not only lose the rectification but also become more conductive in both the forward and the reverse
polarity direction. The loss of rectification is well explained by the expected structure relaxation of the
IGZO film to accommodate different concentrations of defects, which reduces the Schottky barrier
height/width. No relevant differences are found in the XPS depth profile of the No Plasma/Not
annealed sample (Figure D.2(b)) compared with the No Plasma/Annealed or even with the Plasma
samples. However, Mo® is drastically decreased in the No Plasma devices (Figure D.2(c)).

As in the Plasma devices, the No Plasma memristors without annealing suffer a forming step,
shown in Figure D.2(d). This forming process can be eliminated by the annealing step. In Figure D.2(e),
the full Set and gradual Reset is presented for the device with No Plasma/Annealed, with the red curve
being the first measurement corresponding to the pristine. It can be concluded that the No
Plasma/Annealed device is the low-resistance state (LRS) when in equilibrium (also the pristine). If all
of the so far described devices are compared, the lirs/lurs ratio is higher for the No Plasma/Annealed
procedure. Variability on the Irs/lurs ratio does not seem to be impacted by the plasma treatment.
Once again, due to the filament creation in the Not Annealed sample, recognizable from the required
electroforming step, device-to-device variavility is very much higher in the No Plasma/Not Annealed

samples, which can be reduced by the annealing step.

261



Appendix D

(a) (b) Tinezo  16z0mM00 (c)
107*¢ Pristine 80 No PlasmalNot Annealed = No Plasma/Not annealed
S 82 B0 g0
- 360 g | owen
< jo-st g £ %o Mo
z 8 40
= 3 NotAnnealed o Q 40¢
= o o
[&] -8 =
= 10 >
S 20 £ 20t
3 < ©
No Plasma 0 x L
_10lL A . . , . . ,
10750 05 o0 05 10 12000 13000 . 14000
Voltage (V) Etching time(s)
1073 1073 L
No Plasma/Not Annealed 140 Plasma/Annealed
No Plasma/Annealed
<107 < 1079 £ 100
= = =
S 1077 E 107 = 60
o ]
[ Plasma/Not Annealed
10~ 10-9F 1°f measurement 20| No Plasma/Not Annealed
T WA I N ¢ )
-2 -1 0 1 2 3 -2 A 0 1 2 3
Voltage (V) Voltage (V)
No Plasma/Not Annealed No Plasma/Annealed HRS
HRS °
° 107f )
107¢ ° o o [} ° 5
— o [e] = o
c ° [} c (] o
~ [}
2 o 6 © 0 © o 9 106}
c o o ° <
£ 10%¢ o © 3
w ° 2 108 LRS
7] F o
2 o LRs| & o % o o © 5 00 o
105; 101
1 3 5 7 9 1 3 5 7 9
#Device #Device

Figure D. 2. (a) I-V characteristic of the pristine state, between -1V and 1V applied to the top electrode, of the No Plasma/Not
Annealed and No Plasma/Annealed memristors. (b) XPS argon cluster depth profiling through Ti/IGZO/MoO,/Mo structure
on the No Plasma/Not Annealed structure. (c) Relative percentage of the deconvoluted Mo 3d spectra contributions at the
bottom interface for the No Plasma/Not Annealed structure. |-V characteristic of full Set and gradual Reset for the (d) No
Plasma/Not Annealed and (e) No Plasma/Annealed memristors. D2D variability presented for 10 devices of (f) No Plasma/Not

Annealed and (g) No Plasma/Annealed memristors. (h) Mean On/Off ratio and variability of all studied 4 memristor structures.
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In Figure D.3, the AFM 3D image of the IGZO surface is presented displaying very low RMS rough-

ness of 0.461 nm, which indicates a smooth interface with the Ti/Mo top electrode.

RMS = 0.461 nm 150 am

Figure D. 3 AFM 3D image of the IGZO surface.
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The area-dependent switching can be further confirmed in Figure D.4. Three device areas are
shown for the I-V Set and Reset of the Plasma/Annealed device structure (Figure D.4(a)) and it can be
seen the LRS and HRS increasing. The lirs/lurs ratio also seems to decrease with area-scaling. This is
because, due to the MoOy layer, voltage above 3 V cannot be applied because it causes oxide soft
breakdown- exemplified in Figure D.4(b). Therefore, Vset and Vreset cannot accompany the area-scaling,
gradually reducing the lirs/Iurs ratio. On the contrary, the No Plasma/Annealed device allows for Vgeset
to be progressively higher with increasing device area. In fact, if Vreset is maintained at 3 V for all device
areas, Reset failure starts to be noticeable, as in Figure D.4(d) for a 10000 um? device, since the voltage
is not enough to perform Reset. It is not clear why the MoOy is different for the Plasma and the No
Plasma devices and why it results differently in the Set and Reset characteristics. It can be related to
the Mo® quantity and/or due to different densities/thicknesses. Both types of devices show a linear

fit on the resistance dependency to the device size on both LRS and HRS, as displayed in Figures D.4(e)
and D.4(f).
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Figure D. 4 |-V characteristic of full Set and full Reset for different device areas for the (a) Plasma/Annealed and the (c) No
Plasma/Annealed memristor structure. (b) Reset failure for a 100 um? device with Plasma/Annealed procedure, due to V>3
V. (d) Reset failure for a 1000 um? device with No Plasma/Annealed procedure, due to V=3 V. Linear fitting of the LRS and

HRS dependence of device size of the (e) Plasma/Annealed and the (f) No Plasma/Annealed memristor structure.
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In Figure D.5(a), device to device variability on the LRS and HRS for memristors with different
top contacts can be consulted. 10 devices of each structure were characterized, and the Plasma/An-
nealed procedure was chosen for this study. The mean lirs/lurs ratio and deviation is displayed in Figure
D.5(b). The devices without Ti as interlayer show lower lrs/lurs ratio of less than 40 due to a lower

guantity of VOs in the IGZO, that can then take part in the resistive switching process.

(a) (b)

8 Plasma/Annealed 140t Plasma/Annealed
6 HERS
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Ti/lMo Ti/Au Mo Ti/Mo Ti/Au Mo
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Figure D. 5 (a) D2D variability presented for 10 devices of each memristor structure with different top electrodes (Ti/Au Ti/Mo

and Mo) and (b) correspondent mean On/Off ratio.
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The Mo 3d emission was recorded for both non-passivated and passivated samples (Figure
D.6(a) and D.6(b), respectively). Once again, fittings were done according to Baltrusaitis et al. [Doi:
10.1016/j.apsusc.2014.11.077]. Both samples contained mainly Mo®* and some Mo** and M*. The ma-
jor difference is that only the passivated samples showed metallic Mo®. This is likely related to a re-
duced thickness of the oxidized molybdenum surface layer. Using the Hill equation [DOI:
10.1016/0009-2614(76)80496-4] and inelastic mean free paths from TPP-2M, a Mo oxide thickness of
4 nm was calculated for the passivated sample, whereas this value was 7.5 nm or higher for the non-
passivated sample. Using an aperture, the analysis area was reduced to a diameter of about 100 um
(Figure D.6(c)) and the elemental composition of the exposed Mo contact pads of the passivated sam-
ples was calculated, together. These values are shown in Table D.1, together with the elemental quan-

tification of the parylene surface.

Table D. 1 Elemental composition of the exposed Mo contact pads and the parylene of the passivated samples.

%At. Conc. Mo 3d C1ls F1s O1s Si2p Cl2p
on Mo contact pad 8.89 48.98 1.44 38.30 2.39 -
on Parylene - 73.88 1.21 19.41 2.06 3.43

The elemental surface quantification shows that no chlorine was detected on the Mo surface.
However, both on the Mo and the Parylene surface, fluorine was found, as can be seen in Figure D.6(d)
and D.6(e). Although the reactive ion etching was done with oxygen plasma, fluorine is a known con-
taminant in chambers that are wused also with fluorine-containing etchants [Doi:
10.1002/admi.202000264]. It is suspected that the presence of fluorine at the molybdenum surface

hinders the surface oxidation of Mo during storage in ambient conditions.
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Figure D. 6 Deconvolution of XPS spectrum acquired from the surface of exposed Mo in (a) non-passivated and (b) passivated
with parylene-C aged devices. (c) Photography of the aperture to ensure the analysis area was reduced to a diameter of about
100 um (d) Photoelectron imaging of the F 1s emission in the region of a passivated cross-point device. (e) XPS spectra ac-

quired from the surface of exposed Mo in the passivated sample for binding energies correspondent to F 1s.
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In Figure D.7(a) and D.7(b), the retention properties for LRS and HRS in air and in vacuum can
be compared for the Plasma/Annealed and the No Plasma/Annealed devices. It can be seen that the
relaxation decay is lower in vacuum for the Plasma device since its equilibrium state is the HRS. Con-
trary, given that the equilibrium state of the No Plasma device is the LRS, vacuum does not seem to
affect the retention properties.

The extrapolation of the fitting on the experimental data of LRS and HRS is presented in Figure
D.7(c) for the devices without Al,O; as oxygen diffusion suppressing layer. The stretched exponential

equation was used with one characteristic relaxation parameter (t) for HRS, as in:

(1) = Iy exp [(;)B] (0.1)

where @(t) is the relaxation function, T is the characteristic relaxation time, Io is initial current state,
and B is the stretch index (0 < B < 1). For the LRS, two characteristic relaxation time parameters were

used (11 and 1), to achieve the best possible fitting, as in:

@(t) = Iexp [— (%)ﬂ] + Iy exp [— (;)ﬁ] (D.2)

2

By the extrapolation of the fittings, it is found that the equilibrium state (when LRS meets HRS)
is encountered earlier in these devices (Plasma and No Plasma/Annealed without Al,03). This suggests
that Al,Os is delaying the relaxation of the programmed states which is another evidence of the resis-

tive switching being related to ionic movement.
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Figure D. 7 Comparison of retention properties of LRS and HRS in air and in vacuum for (a) Plasma/Annealed and for the (b)
No Plasma/Annealed devices. (c) Extrapolation of the fitting on the experimental data on retention of LRS and HRS to discover
the equilibrium state of the memristors and the time at which LRS meets HRS for the Plasma/Annealed and No Plasma/An-

nealed devices.
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Devices with 3 and 5 nm of Al,O3 were also fabricated to confirm the optimized thickness for

retention. The results are depicted in Figure D.8. 3 nm of Al,Os is already too thick of a layer since it

shifts the resistive switching behaviour to filamentary, proven by the typical random telegraphic noise

(RTN) apparent in the retention measurements. RTN decreases the operational lirs/lurs ratio because

of the extensive fluctuations in the read current, which is not ideal and should be avoided. [Doi:

10.1186/s11671-020-03299-9]. Accordingly, with 5 nm of Al,Os it is completely impossible to see any

resistive switching behaviour.
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Figure D. 8 (a) I-V characteristic of full Set and gradual Reset and (b) correspondent retention properties recorded for 1 hour

at 0.1V after 8 programmed states via |-V sweep with different Reset stop voltages for the No Plasma/Annealed memristors

with 3 nm of Al,Os. (a) I-V characteristic of the No Plasma/Annealed structure with 5 nm of Al,Os displaying leakage current.
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Information technology

APPENDIX

Appendix E contains additional results to the Chapter 8 of this dissertation. In summary, the Ti
2p XPS spectra from the IGZO/Ti/Au interface is presented to prove oxidation of the Ti by extracting O
ions from the 1GZO. The O 1s spectra is also shown for direct comparison of VOs quantity in the bulk
doped IGZ0 film and the doped IGZO/Ti/Au interface. On the ITO top electrode, additional results are
presented namely, the transient response showing photocurrent under Vgeaq of 0.1 V, I-t showing the
photoresponse of the device with doped and not doped IGZO and the electrical Reset operation. On
the optimized device with IGZO:H and Ti/Au as top electrode, the studies on device size, C2C and D2D
variability are provided. Finally, different current states are shown to be achieved by increasing light
power, irradiation time and pulse frequency for green and UV lights. Transitions from STM to LTM are
shown by increasing irradiation time by fittings with the Kohlrausch stretched exponential function. A
table is also provided for comparison of device size and energy consumption of the proposed optimized

device with the state-of-the-art synaptic optoelectronic devices for visible light detection.
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In Figure E.1, the atomic force microscope (AFM) image of the Ti/Au film with 7 nm is presented

showing low root mean square (RMS) roughness of 402.2 pm.

Figure E. 1 AFM image of Ti/Au surface.
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In Figure E.2, the Ti 2ps/2 XPS spectra is shown. The titanium oxidation is confirmed by the Ti
2ps3/2 binding energy at 458.8 eV. Ti reacts with the IGZO layer by removing oxygen ions increasing VOs

concentration at the interface.
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| IGZO:H/Ti/Au

In 3d3/2
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Figure E. 2 Ti 2p XPS spectra
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In Figure E.3, the transient response for 10 s of illumination, followed by 30 s in the dark, of the
Mo/IGZO/ITO device with a Vgeag 0f 0.1 V is presented. There is no response to red light. For the other
wavelengths, lignt/lark ratios of 2.8, 2.3 and 1.2 are achieved for 365, 405 and 505 nm irradiation, re-
spectively. Higher lignt/lqark ratios are accomplished for a Vreag 0f -0.5 V, as discussed in Chapter 8 of this
dissertation. However, the higher voltage applied forces electrons into VOs decreasing the photocur-
rent during illumination and fastening the PPC decay. For a Vreas 0f 0.1 V this is solved, and the photo-
current continues to slightly increase during illumination. The reason why the photocurrent does not
increase during irradiation as much as in the Ti/Au devices lies in the transmittance of the top elec-
trodes. Since ITO is more transparent than the Ti/Au, the light intensity reaching the IGZO layer is
higher and therefore the photoresponse is faster. The PPC decay is still fast, but this could be due to
the very low light/lqark ratios. Moreover, the lgark is more than 1 order of magnitude higher for the ITO

device than for the Ti/Au device for the same Vgead.
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Figure E. 3 Transient response of the Mo/IGZO/ITO device for 10 s of illumination followed by 30 s in the dark with Vgeaq Of
0.1V for different wavelengths.
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In Figure E.4, the O1s spectra is shown for the bulk hydrogen-doped (H-doped) IGZO film and
the H-doped IGZO/Ti/Au interface. The peaks were fitted with a Gaussian-Lorentzian (G-L) function
and a Shirley background subtraction. Similarly to the undoped IGZO results presented in Figure 8.1 of
Chapter 8, the VOs percentage increases drastically from 34.6% to 67.7% at the interface with Ti/Au.

This result confirms the Ti oxygen getter effect.
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Figure E. 4 (a) and (b) Fitting of O 1s XPS spectra displaying the oxygen vacancies (VOs) percentage compared to the metal-
oxygen (M-0) bonds percentage for the doped-IGZO bulk film and the doped-IGZO/Ti/Au interface, respectively.
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In Figure E.5, the valence band spectrum of the H-doped IGZO film is presented, used to calcu-

late the valence band maxima (VBM) of 2.66 eV determined by linear extrapolation of the leading edge

of the spectrum. This presents a decrease of 0.08 eV compared to the undoped IGZO film, which means

the carrier concentration has decreased 22 times with the doping (Boltzmann approximation).
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Figure E. 5 Valence band spectra of the bulk IGZO:H film, used to calculate the valence band maxima (VBM).
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In Figure E.6, the H-doped IGZO device with ITO as top contact is analyzed. Figure E.6(a) shows
the |-V characteristic in the dark, between -0.5 and 0.5 V, of the undoped device and the doped device.
The conductance state is substantially increased, especially for negative polarities which means the
lgark is increased with doping. This can be related to H diffusion to the ITO which would increase the
conductance of the top contact. In Figure E.6(b), the transient response of the optoelectronic memris-
tor can be found for 365, 405 and 505 nm wavelength irradiation. light/ldark ratios of 11.6, 6.5 and 2.2

can be distinguished, respectively, which is not an improvement in relation to the undoped-device.
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Figure E. 6 (a) Comparison of the |-V characteristic in the dark of the IGZO and the H-doped IGZO devices, with ITO as top
contact. (b) Transient response with Vgeaq 0f -0.5 V and 10 s of irradiation followed by 30 s in the dark of the H-doped device
with ITO as top contact for 660, 505, 405 and 365 nm illumination.
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In Figure E.7, H-doped with Ti/Au as top contact devices with different areas are analyzed. The
I-V characteristic comparison in the dark can be consulted in Figure E.7(a) for devices with 4, 25, 100,
400, 2500 and 10000 um?. In Figure E.7(b), the summary of the lgar and lignt for 505, 405 and 365 nm
wavelength illumination is presented in regard to the transient results shown in Figure E.7(c). A steady
increase of all mentioned currents is noted with increasing memristor size. However, the lignt/ldark ratio
is greatly reduced. Green sensitivity is also gradually lost as the memristor size increases. In fact, the
10000 um?2device shows no green detection and reduced ratios of 5 and 3 for UV and blue illumination,

respectively.
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Figure E. 7 (a) |-V characteristic in the dark from -0.5 to 0.5 V for Mo/IGZO:H/Ti/Au devices with different sizes. (b) l4ark and
photocurrents after 10 s of illumination with 365, 405 and 505 nm wavelength for devices with different sizes and (c) Transi-
ent response of devices with different sizes for 10 s of illumination followed by 30 s in the dark with Vgeag 0f 0.1V for different

wavelengths.
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In Figure E.8, the transient response to optical and electrical inputs on the doped memristor
with ITO as top contact can be evaluated. Increasing current states are achieved with more energetic
wavelengths. The Reset electrical pulses are also discriminated. The higher the current state, the

higher the voltage or the longer the pulse required to perform a full Reset.
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Figure E. 8 (a) Increased conductance states achieved by decreased wavelengths illumination and respective electrical Reset
pulse for the Mo/IGZO:H/ITO device.
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Cycle-to-cycle (C2C) variability evaluation was performed on the optimized devices with H-dop-

ing and Ti/Au as top contact. The results can be found in Figure E.9, where the transient response to

10 cycles of UV, blue and green illumination, followed by few seconds in the dark and a Reset pulse, is

presented with no considerable change in device performance.
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Figure E. 9 10 cycles of (a) UV, (b) blue and (c) green illumination, followed by a few seconds in the dark and a Reset pulse for
the Mo/IGZ0O:H/Ti/Au device.
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Device to device variability (D2D) was evaluated by the measurement of 10 devices with area of
4 um? of their optical performance and lgark. The results are displayed in Figure E.10 and show minimal
variability. Moreover, the variability that is presented is due to the unavoidable randomness intro-

duced in the measurement by human LED positioning, on top of the device.

(a)

: -
[ — — 365 nm
L /. ._.-'.—-./. \. 9 mWicm?
405 nm
” 8.2 mWicm?
10719
a E MoIIG420:I-2IITiIAu Viead = 0.1V
= i pm
= L
) r o = ® o0 —@ 505 nm
§ 10-1E @ \.".\._o/ \. 17.6 mWicm?
I /o\ .
(= o O e @ . @ Dark
10—12 . | .—|. | , | | 1 |

1 2 3 4 5 6 7 8 9 10
#Device

Figure E. 10 (@) lgark and photocurrents after 10 s of illumination with 365, 405 and 505 nm wavelengths for 10 randomly

chosen 4 um? devices.
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In Figure E.11, the transition from short-term memory (STM) to long-term memory (LTM) is
shown by increasing power, illumination time or frequency of the light input. E.11(a), E.11(b) and
E11(c) presents the results for optical green inputs (505 nm wavelength) and E.11(d), E.11(e) and
E.11(f) are in regard to optical UV inputs (365 nm wavelength). The PPC decay is effectively manipu-

lated by increased exposure simulating task repetition.
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Figure E. 11 Transition from short-term memory (STM) to long term memory (LTM) by (a) increased power, (b) increased time
and (c) increased frequency of illumination with a 505 nm wavelength LED. Transition from short-term memory (STM) to long

term memory (LTM) by (d) increased power, (e) increased time and (f) increased frequency of illumination with a 365 nm
wavelength LED.
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In Figure E.12, the Kohlrausch stretched exponential fitting (equation 8.2 of Chapter 8) on the
PPC that follows different irradiation times is shown for the tested wavelengths- Figure E.12(a) - 405
nm, Figure E.12(b) - 505 nm and Figure E.12(c) - 365 nm. The same photocurrent is reached in each of
the different irradiation times assuring an accurate comparison of the recombination reaction. It can
be seen that the PPC decay is effectively manipulated by increased exposure simulating task repetition.
In Figure E.12(d) and E.12(e), the characteristic relaxation time and stretch index are presented for
different E.12(d) 505 nm and E.12(e) 365 nm illumination times that further confirm that the PPC decay

is slower for longer irradiation times.
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Figure E. 12 Kohlrausch stretched exponential PPC fitting on different irradiation times for (a) blue, (b) green and (c) UV light
irradiation. Characteristic relaxation time and stretch index for different irradiation times for (d) green light irradiation and

(e) UV light irradiation.
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In Figure E.13, learning and forgetting behavior by pulsing light is shown with 3 cycles. Learning
is simulated by applying 30 optical pulses of 150 ms in at 1 Hz, and forgetting is performed in the dark
by applying solely the Vreaq 0f 0.1 V for 20 s. After the first forgetting process the device has retained
48 % of the learned state. During the second cycle, the memristor needed 4 s to reach the previously
learned state and during forgetting it retained 69 % of the state. In cycle 3, only 1 s was required to
reach maximum current and the device remembered 78 % of the state by the end of the forgetting
process. This indicates harder forgetting and easier relearning by task repetition, once again success-

fully mimicking the human brain.

(a)
| 405 nm Forgetting Forgetting _ Forgetting
S 0.1 mWicm? ,
- 30 pulses
4 150 ms
&Q_\ -
S 3
O
E L
2 -

VReada = 0.1V
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Figure E. 13 Learning and Forgetting demonstration by pulsing. Learning is performed by 30 optical pulses of 150 ms, 405 nm
wavelength, 0.1 mW/cm? of power and 1 Hz of frequency. Forgetting is performed in the dark by applying the Vgead of 0.1 V
for 20ss.
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Information technology

APPENDIX

Appendix F contains additional results to the Chapter 9 of this dissertation. In summary, the
code written in python for the neural network ex-situ training is provided. The code trains the neural

network using the training data defined for 28 patterns that represent the letters ‘X’ and ‘T’ and their

noisy versions.
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In Figure F.1, the code written in python for the neural network ex-situ training is provided. This
code generates nine W; from which the conductance for the 1T1M cells of the photoperceptron can

be calculated.

(@)

import numpy as np

class Perceptron:
def __init__(self, input_size, learning_rate):
self.weights = np.random.uniform(-1, 1, size=input_size).round(2) # Defining Wi between -1 and 1 with two decimal points
self.learning_rate = learning_rate

def predict(self, inputs): # Activation function sgn
summation = np.dot(inputs, self.weights)
if summation >= 0:
return 1
else:
return -1

def train(self, training_inputs, labels):
for _in range(100): # epochs
for inputs, label in zip(training_inputs, labels):
prediction = self.predict(inputs)
self.weights += self.learning_rate * (label - prediction) * inputs # Weight adjustment rule
self.weights = np.clip(self.weights, -1, 1).round(2)

def get_weights(self):
return self.weights

# Defining the training data

training_inputs = np.array([
[2,1,2,1,2,1,2,1,2], [2,1,2,1,1,1,2,1,

2,1,2,2,2], [2,1,1,1,2,1,2,1,2], [2,

[2,2,2,1,2,1,1,2,1], [1,2,2,1,2,1,

2,1,2,1], [2,2,1,1,2,1,1,2,1], [2,

[2,2,2,1,2,1,2,2,1], [2,1,2,1,2,2
)]

2], [21,2,1,2,2,2,1,2], [1,1,2,1,2,1,2,1,2], [21,1,2,2,1,2,1,2], [2,2,2,1,2,1,2,1,2], (21,21,
,1,1,2,1,1,2], [2,1,2,2,2,1,2,1,2], [2,1,2,1,2,2,2,2,2], [2,1,2,1,2,1,2,1,1], [2,1,1,1,1,1,2,1,2],
1, 121,2,1,2,1,1,2,1], [2,2,21,21,2,21], [22,21,21,1,11], [2,222,211,21], [22212,
2,1,1,21], [2,2221,1,1,21], [1,2,22,21,121], [2,1,21,2,1,1,1,1], [2,2,22,1,1221],

# Defining the labels
labels = np.array([1] * 13 + [-1] * 15)

# Creating a Perceptron instance and training it
perceptron = Perceptron(input_size=9, learning_rate=0.1)
perceptron.train(training_inputs, labels)

# Get the trained weights
weights = perceptron.get_weights()

# Display the trained weights
print("Trained Weights:")
print(weights)

Figure F. 1 Code written in python for the proposed feed-forward neural network. The code trains the neural network using

the training data defined for 28 patterns that represent the letters ‘X’ and ‘T" and their noisy versions.
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