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ABSTRACT: In the past decade, solution-based dielectric
oxides have been widely studied in electronic applications
enabling the use of low-cost processing technologies and
device improvement. The most promising are the high-k
dielectrics, like aluminum (AlO,) and hafnium oxide (HfO,),
that allow an easier trap filling in the semiconductor and the
use of low operation voltage. However, in the case of HfO,, a
high temperature usually is needed to induce a uniform and
condensed film, which limits its applications in flexible
electronics. This paper describes how to obtain HfO,, dielectric
thin films and the effect of their implementation in multilayer
dielectrics (MLD) at low temperatures (150 °C) to apply in
thin film transistors (TFTs) using the combination of solution

1 layer

2 layers

3 layers

combustion synthesis (SCS) and ultraviolet (UV) treatment. The single layers and multilayers did not show any trace of residual
organics and exhibited a small surface roughness (<1.2 nm) and a high breakdown voltage (>2.7 MV cm™"). The resulting TFT's
presented a high performance at a low operation voltage (<3 V), with high saturation mobility (43.9 + 1.1 cm* V™' s7!), a small
subthreshold slope (0.066 + 0.010 V dec™), current ratio of 1 X 10° and a good idle shelf life stability after 2 months. To our
knowledge, the results achieved surpass the actual state-of-the-art. Finally, we demonstrated a low-voltage diode-connected
inverter using MLD/IGZO TFTs working with a maximum gain of 1 at 2 V.

KEYWORDS: low temperature, nanomultilayer dielectric oxides (AlO, and HfO,), DUV irradiation, solution combustion synthesis,

low operating voltage TFTs

1. INTRODUCTION

Technology has been growing exponentially, leading to the
necessity of low-cost processes and materials that allow a more
sustainable world. For that, printable, flexible, disposable, and
transparent electronics have been highly explored.”” However,
the typical fabrication techniques for oxide films and devices are
vacuum-based techniques, like atomic layer deposition and
chemical and physical vapor deposition. These techniques
require expensive high-vacuum equipment, resulting in high
production costs." For the production of printed electronics,
suitable materials and optimized processes or techniques with
low-cost manufacturing need to be identified and developed. As
a result, solution-based thin films have gained a lot of attention
due to the low cost, simplicity and good film uniformity in large
areas.’ Spin-coating, screen printing, inkjet printing, bar-
coating, and spray pyrolysis are the most-used techniques for
solution processing oxide semiconductors and gate dielec-
trics.>™” Actually, choice of suitable functional/active materials
that can be printed is essential for the performance of the
printed electronic devices. In thin film transistors, the

v ACS Publications  © Xxxx American Chemical Society

semiconductor layer has been used in organics and inorganics
(oxides) with high success at low temperature.”’

The insulator layer plays a crucial role in the devices
performance too, by mainly defining the devices stability and
operation voltages.* "' Also, the solution process of this layer
has been frequently used, either for organics or oxides
materials. In the case of organic materials, PVA or PVP are
possible alternatives;'>~'* however, these have some setbacks,
such as the operation voltage control with the decrease in
thickness, low carrier mobility, and instability issues, which limit
their application.””"" By using solution-based high-x inorganic
dielectrics is possible to enhance the capacitance coupling
between the gate dielectric and the channel layer in TFTs. As a
result, the subthreshold slope is improved and the operating
voltage is reduced leading to low consumption electronic
devices.">'® Moreover, the use of multilayers allows the

Received: August 7, 2017
Accepted: November 1, 2017
Published: November 1, 2017

DOI: 10.1021/acsami.7b11752
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX

61


www.acsami.org
http://dx.doi.org/10.1021/acsami.7b11752

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
9
92
93
94
95
9%
97
98
99
100
10
102
103
104
105
106
107
108

—

=

ACS Applied Materials & Interfaces

Research Article

Table 1. Literature of Developed High-k Solution-Based Hafnium Oxide Single Layers and Multilayers Applied in TFTs

Year TFT (dielectric/semiconductor) T (°C) SS (V dec™?)
2012 (HfO, 1A10,)/ ZTO 400 0.12
(AlO, IHfO,)/ ZTO 0.16
2012%° (HfO,)/ZTO 300 0.11
2015%° (HfO,)/HIZO 500 1.1
2015% (HfO,)/Zn0O 380
2015 (HfO,) /120 300 0.72
200 1.32
2017"° (HfO,)/ZTO 350 0.07
present study (Hf0,)/1GZO 150 0.082 + 0.002
(HfO, IHfO,)/ IGZO 0.066 + 0.010
(HfO, 1A10,)/ 1GZO 0.076 + 0.009
(HfO,|AIO,IHfO,) /IGZO 0.101 + 0.004
(AlO, HfO,)/IGZO 0.099 + 0.019
(AIO,IHfO,|AI0,) /IGZO 0.133 + 0.013

psar (cm?> V7' s7h) Ton/ore Von (V) Vi range (V)
3.8 1x10° 0.4 —2t03
12 —02
1.1 1% 107 0.2 —5t0 5
3.6 1 x 10* —0.1 -5-10
42 + 14 1 x 107 —0.4 —1to6
25.7 1% 10° 1.5 —1to 5
6.2 1x10° 0.8
132 1x 108 —0.1 -1-2
312 + 14 1x10° —0.04 + 0.05 -1-2
439 + 1.1 1% 10° 0 + 0.03 -1-2
23.6 + 0.6 1x10° 0.01 + 0.03 -1-2
37.5 +£22 0.03 + 0.06 -1-3
372+ 19 —0.01 + 0.06 -1-2
30.5 + 1.8 —0.09 + 0.09 -1-3

insulator to achieve remarkable properties with just one
material (e.g, high-k and band gap).'”'® The most used
inorganic dielectrics are zirconium oxide (ZrO,), tantalum
oxide (Ta,O), aluminum oxide (Al,O;), hafnium oxide
(HfO,) and their mixtures.”'”'"™*" The larger capacitance
obtained with these allows a higher density of charges induced
in the semiconductor, which lead to an easier trap filling.
Solution-processed Al,O; and HfO, are the most promising
candidates, with high dielectric constant, 9 and 25 respectively,
and in the case of HfO, a lower bandgap (5.8 eV) when
compared with ALO; (8.9 eV).'"" Because the bandgap is
smaller in the case of HfO,, the carrier injection is easier than in
ALO;."”** However, these materials needed high annealing
temperatures, so new methods and techniques have been
developed, like solution combustion synthesis (SCS) and deep
ultraviolet (DUV) treatment, to obtain high-quality films at low
temperature that are compatible with low-cost flexible
substrates.”” In the case of SCS, an oxidizer (nitrates) and a
fuel (urea, citric acid) are added to the precursor solution.
During the annealing process a exothermic reaction occurs,
resulting in a reduction of the external heat required for the film
formation; the remove of organic solvents and film
densification.”"? By using a DUV treatment, the films are
exposed to high-energy photons, which causes the cleavage of
alkoxy groups, active metals, and oxygen atoms to simplify M—
O—M network formation. After less than 10 min of UV
irradiation, the polymeric chains break into smaller fragments,
which induces degradation, leading to removal of oxygen,
carbon and improving the film densification.'"**** The
combination of these methods improves the reliability of the
nanoscale film morphology, composition of metal oxides and
stability over time. The additional energy provided by the
exothermic combustion reaction contributes to enhanced film
densification in a short annealing time.

In this work, we report for the first time the combination
between the solution combustion synthesis (SCS) and deep
ultraviolet (DUV) treatment in HfO, single and nanomultilayer
dielectrics (composed by AlO, and HfO, thin films) at low
temperature (150 °C) in gallium-indium-zinc oxide (IGZO)
TFTs (Table 1). The effects of increasing the number of
dielectric layers in the electric performance were investigated
using different characterization techniques. Finally, stable and
low voltage (HfO,/HfO,)/IGZO TFTs have been applied to a
diode-connected inverter.

2. EXPERIMENTAL DETAILS

2.1. Precursor Solution Preparation and Characterization.
Aluminum nitrate nonahydrate (Al(NO;);-9H,0, Fluka, 98%) was
dissolved in 2-methoxyethanol (2-ME, C;HgO,, ACROS Organics,
99%), to yield solution with an AI** jon concentration of 0.1 M. Urea
(CO(NH,),, Sigma, 98%) was then added to the prepared solution
which was maintained under constant stirring for at least 1 h. The urea
to aluminum nitrate molar proportion was 2.5:1, to guarantee the
redox stoichiometry of the reaction.'” Hafnium chloride-based
precursor (HfCl,, Alfa Aesar, 99.9%) was dissolved in 2-methox-
yethanol (2-ME, C;HgO,, ACROS Organics, 99%) and maintained
under constant stirring for 4 h. Then the oxidizing agent, ammonium
nitrate (NH,NOj;, Roth, 98%) and the fuel, urea was added and stirred
at least 2 h for a concentration of 0.1 M. For the ammonium nitrate
precursor, the urea molar proportion was 1:(1/3). All precursor
solutions were filtrated through 0.20 ym hydrophilic filters before use.

The precursor’s solvent evaporation with a rotatory evaporator
(Heidolph, model Hei-VAP Value/G3) was done before the
thermogravimetry and differential scanning calorimetry (TG-DSC)
at 70 °C with a rotation of 50 rpm during 1 h 30 min. A thermal
characterization of precursors was then performed by TG-DSC under
air atmosphere up to 500 °C with a 10 °C min™' heating rate in an
aluminum crucible using a simultaneous thermal analyzer, Netzsch
(TG-DSC - STA 449 F3 Jupiter). The optical properties were
obtained using a PerkinElmer lambda 950 UV/vis/NIR spectropho-
tometer by measuring absorbance (A) in the wavelength range of
190—400 nm.

2.2. Dielectric Deposition and Characterization. Prior to
deposition all substrates (silicon wafer and corning glass with an area
of 2.5 X 2.5 cm?) were cleaned in an ultrasonic bath at 60 °C in
acetone for 10 min, then in 2-isopropanol for 10 min and dried under
nitrogen (N,); followed by a 10 min UV/Ozone surface activation step
in a PSD-UV Novascan system. Thin films were deposited by spin
coating, forming a single layer (AlO,; HfO,) and multilayers (AlO,/
HfO,; AlO,JHfOJAIO,; HfOHfO,; HfOAIO,; HfO,IAIO,IHfO,)
using the AlO, and HfO, precursor solutions with a concentration of
0.1 M for 35 s at 2000 rpm (Laurell Technologies). That was followed
by an immediate thermo annealing at 150 °C assisted by ultraviolet
irradiation (UV) (PSD Pro Heated Series, PSDP-UVT Novascan
system; emission wavelengths of 253.7 (90%) and 184.9 nm (10%);
area of 20 X 20 cm?®) at a lamp distance of 2 cm (the output energy
intensity of the lamp was 75 mW-cm ™ at 254 nm) for 30 min each
layer in nitrogen ambient, with a gas flow of 240 mbar. The films
structure was assessed by glancing angle X-ray diffraction (GAXRD)
performed by an X'Pert PRO PANalytical powder diffractometer using
Cu Ka line radiation (1 = 1.540598 A) with an angle of incidence of
the X-ray beam fixed at 0.9°. The surface morphology was investigated
by atomic force microscopy (AFM, Asylum MFP3D) and the film
thickness by scanning electron microscopy analysis of a sample cross-
section prepared by focused ion beam using Ga* ions (SEM-FIB, Zeiss
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Auriga Crossbeam microscope). Fourier Transform Infra-Red (FTIR)
spectroscopy characterization of thin films deposited on Si substrates
data were recorded using an attenuated total reflectance (ATR)
sampling accessory (Smart iTR) equipped with a single bounce
diamond crystal on a Thermo Nicolet 6700 Spectrometer. The spectra
were acquired with a 45° incident angle in the range of 4500—540
cm™" and with a 4 cm™ resolution.

2.3. Electronic Device Fabrication and Characterization.
Metal—insulator—semiconductor (MIS) capacitors were produced by
depositing a single layer, AlO, or HfO,, and multilayers onto p-type
silicon substrates (1—10 Q-cm) as described above. Aluminum
electrodes (80 nm thick) with an area of 1.96 X 10™° cm* were
deposited by thermal evaporation via shadow mask on top of the
insulators, with similar but unpatterned electrodes being also
deposited on the back of the silicon wafer. Electrical characterization
was performed measuring both the capacitance—voltage and
capacitance-frequency characteristics in the range of 1 kHz to 1
MHz of frequency using a semiconductor parameter analyzer
(Keithley 4200SCS) and probe station (Janis ST-500). The TFTs
were produced in a staggered bottom-gate, top-contact structure by
depositing the single layers or the nanomultilayers onto p-type silicon
substrates acting as gate electrodes.

The IGZO semiconductor film (30 nm thick) was sputtered onto
the dielectric thin films via shadow mask for all temperatures. The
deposition was performed using a commercial IGZO ceramic target
(2:1:2 In:Ga:Zn atomic ratio) by rf magnetron sputtering in an Ar+O,
atmosphere without intentional substrate heating in an AJA 1300-F
system.”®

Finally, source and drain aluminum electrodes (80 nm thick) were
deposited by thermal evaporation via shadow mask onto the films.
Hereafter the IGZO TFTs were annealed at 150 °C, for 1 h in air. An
80 nm thick aluminum film was also deposited on the back of the
silicon wafer.

The current—voltage characteristics of the devices were obtained in
double sweep mode in ambient conditions using a semiconductor
parameter analyzer (Agilent 4155C) attached to a microprobe station
(Cascade M150) inside a dark box, at room temperature.

The saturation mobility (y541) was determined from the following
equation

( CDXW#SAT
I, = | —=SAr

oL )(VG - VT)

(1)

where C,, is the gate dielectric capacitance per unit area, the channel
length (L) and width (W) are 90 and 1000 ym, Vj; is the gate voltage,
and Vp is the threshold voltage, which was determined in the
saturation region by linear fitting of a I"/* vs Vg plot.

Gate bias stress tests were performed on TFTs with one and two
layers of dielectric under air environment by applying a constant gate
voltage (0.5 MV cm™ electric field) for 1 h, after which the devices
were allowed to recover. Transfer characteristics were measured at
fixed time intervals during stress and recovery processes.

To investigate the possibility of solution-based TFTs in circuit
application, we constructed the inverter structure with two TFTs in
different substrates. A semiconductor parameter analyzer (Keysight
B1500A) was used for the DC characterization of the inverter. For
transient measurements of the inverter, the input waveforms were
generated by a function generator (Wavetek 395) and the output
signal was acquired by an oscilloscope (ISO-TECH IDS 8062).

3. RESULTS AND DISCUSSION

Solution combustion synthesis of nanomaterials has been
crucial for the fabrication of high-quality metal oxides at low
temperature.9 In combustion synthesis at certain temperature, a
violent redox reaction between an organic fuel, urea, and the
oxidizer, ammonium nitrate, occurs, related with the release of
massive reaction heat. This local heat results in the increase of
local temperature inside the dielectric films, which promotes
the precursors conversion into oxides at low temperature.'’

Since 2011, the solution combustion synthesis of AlO, thin
films applied in TFTs has been reported; however, for HfO,,
only a few results have succeeded with high—gperformance TFTs
requiring high temperatures (Table 1).>">

The solution combustion synthesis of HfO, from hafnium
chloride and ammonium nitrate (oxidizer), and urea (reducing
agent) can be represented by the combination of ammonium
nitrate decomposition reaction (eq 2) and urea oxidation
reaction (eq 3).

HfCl, + 4NH,NO, — HfO, + 6H,0 + 4N, + 4HCI

2)
CO(NH,), + (%)02 - 2H,0 + CO, + N, o
The overall reaction can thus be written as bellow (eq 4):
3HfCI, + 12NH,NO, + 4CO(NH,),
— 3HfO, + 16N, + 4CO, + 26H,0 + 12HCl  (4)

This is a theoretical reaction equation that neglects possible
secondary reactions, although, it allows the calculation of a
stoichiometric condition that can be used as a reference. In
the oxide formation, the chemistry of the redox reaction is
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determinant for the thermodynamics, particularly, the nature of 239

the reagents and the fuel/oxidizer (¢).”

The optimal stoichiometry composition of the redox mixture
is obtained for ¢ = 1; however, to achieve lower temperatures
in the thin film formation, as shown by DSC-TG analysis
(Figure 1 a), was used ¢ = 1.1. In this composition, the redox
mixture is under fuel-rich condition, requiring molecular
oxygen to fully convert the fuel.’** The oxidizing/reducing
characteristics of a mixture can be calculated by the Jain
method, which is based on propellant chemistry.”> In this
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Figure 1. (a) TG-DSC analysis of HfO, precursor solution and (b)
absorbance spectra of both AlO, and HfO, precursor solutions.
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method carbon and hydrogen are considered as reducing
elements with final valences of +4 and +1, respectively; hafnium
metal ions are also considered reducing elements with a final
valence of +4. Oxygen and nitrogen are considered oxidizers
with their final valences of —2 and 0, respectively. The reducing
valence of urea is +6 and the oxidizing valence of ammonium
nitrate is —2 as calculated by the Jain method hence (1/3) mol
of urea are required per mole of the nitrate precursor
(ammonium nitrate) to ensure redox stoichiometry. In this
condition, to minimize the generation of cracks and pores in
metal oxide films, which can significantly contribute to leakage
current in the vertical direction, deep ultraviolet (DUV)
treatment was used.”'’ The condensation and film densifica-
tion in metal oxides are improved with DUV irradiation in
nitrogen environment; however, some ozone (0;) is also
formed, which in this case helps to fully convert the fuel in the
combustion reaction at low temperatures.

3.1. Precursor Solution Characterization. Thermal
analysis of precursor solutions was performed to investigate
the decomposition behavior of the hafnium oxide precursors
with different stoichiometry compositions. Figure 1a shows the
differential scanning calorimetry (DSC) and thermogravimetry
(TG) of the HfO, up to 350 °C, as above this temperature no
further events were observed. The most promising precursor
solution with a fuel rich condition, ¢ = 1.1, exhibits an intense
exothermic peak at 221 °C and small peak at 304 °C, which is
attributed to the combustion reaction of residual fuel resulting
in a mass loss of 40%. Also, two endothermic peaks were
observed at 139 and 172 °C, which are related to the solvent
evaporation and some residual organics. In the case of the
stoichiometry condition, ¢ = 1, the precursor solution show a
smaller exothermic peak at 232 °C and the most intense one at
273 °C, which is higher than the fuel rich condition. Thermal
analysis indicates that the minimum temperature required for
full degradation is 304 °C. The DSC-TG analysis 2-ME based
of AlO, precursor solutions, has been previously reported by
our group,”* and shows an intense exothermic peak at 176 °C
corresponding to oxide formation, and a residual endothermic
peak at 250 °C attributed to the degradation of residual
organics. The difference in combustion reaction temperature of
HfO, and AlO, is expected as it depends on the specific
bonding energy of the ligands with the metal ions in solution
which varies from metal to metal, as reported by Epifani et al.”’

The absorbance of the precursor solutions in the UV—vis
range was performed to assess the efficiency of irradiation with
a DUV lamp with a maximum emission at 254 nm (90%) to
enhance film condensation and densification.*** Figure 1v
shows that both solutions absorb in that wavelength, being
more significant for the hafnium oxide precursor solution.
Therefore, DUV treatment is expected to contribute to
degradation of organic residuals and decreasing the temperature
required for the formation of M-O-M.*

3.2. Dielectric Thin Film Characterization. The optical
transmission of single and multilayer thin films was measured.
Figure 2 shows that all films are highly transparent (>89%) in
the visible range. However, with an increase in the number of
layers and film thickness, total transmittance is slightly
decreased. The optical bandgap (E,), determined via Tauc
plot analysis is 4.9 eV for HfO, thin films, as shown in Figure 2.
This value is lower than the expected 5.8 eV reported for
physical vapor deposition (PVD) techniques.'”** HfO, thin
films produced by solution may have some residual chloride
species which slow down the dehydroxylation process and

——Hfo,  ——AIOHfO, —— AIO JHfO JAIO,
[—— HfO,|HfO,—— HfO JAIO, —— HfO JAIO |HfO,

—— Ao, /

-
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Figure 2. Optical transmittances of the single and multilayer dielectric
thin films. The inset shows the Tauc plot of HfO,.

increase the amount of oxygen vacancies in the thin film, which
results in a decrease of the bandgap energy due to the
increasing of density of states.'” The bandgap of the other
layers was not obtained because of the presence of aluminum
oxide, which has a large bandgaE (8.9 eV) unable to be
measured using Tauc plot analysis.”®

The dielectric thin films produced were characterized with
ATR-FTIR before and after annealing, as shown in Figure 3a.

All samples show an absorbance peak at 1107 cm™" attributed
to the Si—O transversal optic stretching.
(@)

—~ | Hfo, (150 °C + DUV)

s

s

§ | AlO_ (150 °C + DUV)

2

8 OH O-H

2  HfO,_ as deposited

O-H

AlO, as deposited R

3000 2000
Wavelength (cm™)

4000

—_~
(=3
~

Intensity (a.u.)
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20 ()
Figure 3. (a) FTIR spectra of AlO, and HfO, thin films before and
after annealing; (b) XRD diffractograms, AFM deflection images (1 X

1 pm?) of both dielectric thin films, and high-resolution SEM-FIB
cross-section image of HfO, thin film.

Prior to annealing absorption bands related to organic
precursors in the film can be observed, namely, a broad band
between 3700 and 3000 cm™' and bands at 1630 and 1575
cm™! assigned to O—H stretching vibrations associated with
water absorption and OH increase; weak absorption bands
between 3090 and 2800 cm ™! associated with the C—H stretch
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328 and between 1500 and 1300 cm ™" with C—H deformation and
329 carbonate.”” After annealing at 150 °C assisted by DUV
330 treatment, none of these bands were observed, confirming the
331 elimination of all residual organics.

332 The absorption peaks at 889, 739—748, and 611—601 cm™"
333 are attributed to the presence of metal oxide (M—O) chemical
334 bonds, Hf—O and Al-0.>7*° The FTIR analysis of multilayer
335 thin films showed similar results, as depicted in Figure SI.

336 The structure of the solution based dielectric thin films was
337 investigated by X-ray diffraction (XRD). The absence of
338 diffraction peaks in Figure 3b reveals that amorphous thin films
339 are obtained in the single layer and multilayer samples (see
340 Figure S2). Amorphous materials have less grain boundaries
341 and are expected to have a small surface roughness, low leakage
342 current, and high breakdown voltage.29

343 Atomic force microscopy (AFM) images were used to
344 analyze the surface morphology. The lowest roughness was
34s observed for single layers, AlO, and HfO,, 0.15 and 0.17 nm,
346 respectively, as depicted in Figure 3b. Figure S3 shows that all
347 multilayer samples have a smooth surface morphology and a
348 surface roughness bellow 1.2 nm. The surface morphology was
349 not affected by the release of dichloride during the combustion
350 reaction.”” The low surface roughness leads to a better interface
351 between the dielectric layer and the IGZO improving the
352 electrical performance.

353 High-resolution SEM-FIB cross-section imaging of all the
354 dielectric multilayer thin films was performed to measure the
3ss films thickness. Single layer HfO, thin film has a thickness of
356 about 18 nm (Figure 3b); multilayer films have a thickness of
357 about 26 nm for HfO,IHfO,, 28 nm for HfO,lAlO,, 44 nm for
3ss HfO,JIAIO,IHfO,, 30 nm for AlO,/HfO,, and 44 nm for AlO,|
359 HfOIAIO, (see Figure 4 and Figure S4). To demonstrate a
360 better film densification achieved with the combination of UV
361 treatment and combustion synthesis, a study was done with
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Figure 4. Statistical analysis of capacitance measured at 1 kHz,
dielectric thickness, breakdown voltage, and dielectric constant of all
dielectric thin films.

AlO,, for different concentrations showing thinner films when 362
combustion method with UV was used (see Figure SS). The 363
film densification is more significant for higher concentration 364
because of the higher amount organics to be decomposed; 365
nevertheless, the film degradation is relevant regardless of the 366
film densification. 367

3.3. Dielectric Multilayer Electrical Characterization. 3cs
The increasing number of high-x dielectric layers using 369
combustion synthesis and DUV treatment were studied to 370
determine the best dielectric composition and dielectric/ 371
semiconductor interface. The electrical characterization of all 372
dielectrics was performed by measuring the capacitance— 373
voltage (C—V), capacitance-frequency (C—f), and breakdown 374
voltage (E) of metal—insulator-semiconductor (MIS) struc- 375
tures, see Figure S6. 376

In order to clarify the dielectrics performance a statistical 377
analysis was done, as depicted in Figure 4 and Table S1. Higher 378
dielectric constants for the multilayer dielectrics with three 379
layers, AlO,HfO,|AIO, (13.5) and HfO,AIO,/HfO, (12.5) 3s0
were obtained, as depicted in Figure 4. However, dielectric 381
constant is slightly higher for the AlO,IHfO,IAIO, due to the 382
higher capacitance of the multilayer. In the case of HfO,, the 383
highest dielectric constant was obtained, as expected, but when 384
you add a second layer of HfO,, the dielectric constant 385
decreases because the thin film produced has more residual 386
chloride species. This species will slow down the dehydrox- 387
ylation process and increase the amount of oxygen vacancies in 388
the thin film, which affects the dielectric constant.'"> In the 389
other cases, when a layer of HfO, in AlO, is added, the 3%
dielectric constant increases because of the higher dielectric 391
constant of HfO,. The breakdown voltage using a single layer 392
of HfO, was improved from 2.7 MV cm™ to 3.6 MV cm ™ with 393
a bilayer due to the thickness increase and interface quality. The 394
highest breakdown field of 4.9 MV cm™ was achieved for the 395
HfO,IAlIO, multilayer, which was also enhanced when 39
compared with the AIOJHfO, multilayer, 4.3 MV-cm™', 397
meaning a better interface when AIO, is in the top of HfO,, 398
as shown in Figure 4. HfO, presents a lower band gap 399
facilitating carrier injection when compared to AlO,. Also, the 400
fact that HfO, precursor contains chlorides leads to increased 4o1
interface charge defects. Therefore, a higher breakdown voltage 402
is achieved when the AlO, is deposited over HfOx. To further 403
improve the AlO,|HfO, interface quality, a longer annealing 404
could be performed. 405

By increasing the number of layers, the capacitance decrease 406
showing fairly a constant value over the range of frequencies, as 407
presented in Figure Sé6a. 408

Hysteresis starts to increase in the capacitance—voltage 409
characteristics of the MIS structure, with the increase of the 410
number of layers, as shown in Figure S6b. The flat band voltage 411
is changed with respect to the different layer composition and 412
increasing the number of layers. The HfO, bilayer shows less 413
hysteresis change when compared with a single layer of HfO,. 414

Taking into account the properties achieved, the most 415
promising dielectrics were all the ones with more than one 416
layer. 417

3.4. Low Voltage Multilayer TFTs. All the TFTs 418
produced at low temperature (150 °C) demonstrated low 419
voltage operation (maximum 3 V) and exhibited a good 420
electrical performance with low gate leakage current. To our 421
knowledge this is the first time that TFTs with a single layer of 422
HfO, and multilayers combining AlO, and HfO, solution based 423
dielectrics are reported at 150 °C. This was possible by the 424
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Figure 5. (a, b) Typical transfer characteristics of the single and multilayers insulator thin films applied in IGZO TFTs; (c) statistical distributions of
device parameters, hysteresis (VHN), saturation mobility (yssr), current on—off ratio (Ioy/ops), turn-on voltage (Vi) and subthreshold slope (SS).

#25 combination of thermal annealing with deep-ultraviolet (DUV)
426 irradiation to enhance the intrinsic properties of the films,
427 resulting in more uniform and compact films and by using a
428 slightly fuel-rich solution combustion synthesis (SCS) which
429 decreased the ignition temperature of the exothermic reaction,
430 and hence the M-O-M formation. Typical transfer curves of the
431 TFTs can be observed in Figure Sa, b and the output curves in
432 Figure S7. Figure Sb shows that using HfO, layer instead of
433 AlO, in contact with the gate electrode facilitates carrier
434 injection because of the lower bandgap, resulting in an
435 improved interface and lower off current.

436 To study the uniformity and reproducibility of these devices
437 a set of 15 devices was produced and characterized for all the
438 dielectric thin films, as shown in Figure Sc. This analysis was
439 assessed through the measurement of the turn-on voltage
440 (Voy), hysteresis (Vyyy,), drain current on—off ratio (Ion/Iogr),
441 subthreshold slope (SS), and saturation mobility (¢gsr), which
442 was calculated using the dielectric capacitance measured in MIS
443 devices at a frequency of 1 kHz (see Table S1). High mobility
444 that surpassed the state-of-the-art was obtained for all the
445 multilayer dielectric TFTs. The highest mobility, 43.9 + 1.1
46 cm® V™' 57!, was achieved for the bilayer of HfO,IHfO,-based
447 TFTs. The roughness at the HfO,IAIO, surface may form
448 interface charge traps, which increase the carrier scattering
449 centers, explaining the lower mobility obtained.'® Other
450 reasons for the high carrier mobility achieved for the
451 solution-based dielectrics IGZO TFTs are the indium content
452 in the IGZO semiconductor and the high areal capacitance of
453 the dielectrics used.'® In terms of on/off current ratio, most of
454 the devices show 1 X 0°. We note that a ratio of 1 X 10° is
4ss achieved for devices with a bilayer of HfO,, which is high when
4s6 compared with literature (Table 1). The turn-on voltage of
457 most devices was close to 0. The HfO,/HfO, multilayer
458 exhibited less variation of turn-on voltage in different devices.
459 The lowest subthreshold slope (SS) value of 0.066 + 0.01 V

=

just

iy

dec™! was obtained for (HfO,IHfO,)/IGZO TFTs, indicating 40
the enhanced quality of dielectric-semiconductor interface. 461

All devices showed an anticlockwise hysteresis, as shown in 462
Figure Ga, because of mobile ions, namely some organic 463
residues or defects in the gate dielectric. This is a consequence 464
of using a low temperature (150 °C), which can be surpassed 465
by performing a longer annealing time with DUV treatment or 466
using higher temperature. 467

To determine how device performance is affected after aging 468
in air environment, TFTs were again characterized after 2 469
months. The IGZO TFT with the solution-based AlO,/HfO, 470
dielectric showed a slight SS degradation, whereas, the SS of 471
AlO,/HfO,|AIO, multilayer device was larger, as shown in 472
Figure S8 and Table S2. The impact of humidity on the 473
degraded on/off ratio of aged-devices based on the HfO,IAIO,| 474
HfO, multilayer was also observed ."' To improve the quality in 475
the interfaces of layers, longer annealing should be performed 476
and in addition, a device passivation is also suggested.”® All 477
other devices with one and two dielectrics layers showed good 478
stability over time, with only a slight variation of the electrical 479
parameters. The (HfO,IHfO,)/IGZO TFTs revealed the best 4so
switching behavior over time, from 0.061 to 0.068 V dec™, as 481
depicted in Figure Ga. 482

To investigate the devices operational stability, we performed 483
a positive and negative gate bias stress in air environment by 4s4
applying a constant gate voltage equivalent to electrical field of 485
+0.5 MV cm™" while keeping the source and drain electrodes 4s6
grounded. The multilayer devices with 3 layers were not 487
examined due to their instability over time, and also the AlO,, 4s8
single layer did not show an improved performance when 489
compared with literature.'”** The other devices were stressed 490
for 1 h, combined with ~2 h recovery time in dark condition. 491
Transfer characteristics were obtained in the saturation regime 492
(Vps = 2 V) at selected times during stress and recovery 493
processes, as shown in Figure S9 and S10. Figure 6b shows the 494
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environment.

495 threshold voltage variation (AVy) with time during stress and
496 recovery phases.

By applying a positive gate bias stress (PBS) a maximum V7

shift of -0.61 V is obtained for
TFTs. The negative threshold

the HfO,JAIO, multilayer based
voltage shift under positive gate

bias stress of a device employing the AlO, gate dielectric has
been reported in a previous publication, where this
phenomenon was related to the release of hydrogen from the
dielectric to the semiconductor.”

The TFTs with AlO,/HfO,

multilayer, having the HfO, in

contact to the channel show dual shift of threshold voltage (see
Figure S8). Simultaneously, two mechanisms contribute for the
TFT instability: (i) Negative shift related to the AlO, layer” and s07
(ii) charge trapping into the dielectric and/or at the interface of sos
channel and dielectric (HfOx) which results in the positive shift so9
of threshold voltage. Interestingly, the electron donating effect
happens although the AlO, layer is not located at the interface

to the semiconductor. This me
penetrate into the HfO, layer.

The TFTs with HfO,IAIO,
recovered in 15 min, whereas t

ans that the hydrogen can easily

in contact to the channel are
he ones with AlO,/HfO,, are not

fully recovered after 3 h of rest in dark condition. The single

and bilayers of HfO, applied in

IGZO TFTs were the ones that

presented lower positive Vi shift under PBS. However, after
removing the stress, the threshold voltage is still shifting toward
the positive direction even more pronounced than when the

TFT is under PBS (see Figure

S9). The recovery of the devices

to the initial state can be only achieved by a reannealing process
of the TFTs. It is possible that this shows how under PBS
compensating acceptor defects are created which persist
beyond the stressing. In addition, the residual Cl may be a

strong candidate for an extra
Further investigations are requ

trap sites in the HfOx layer."”
ired to elucidate the mechanism
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s34 3.5. Diode-Connected Inverter. Because the (HfO,|
s3s HfO,)/IGZO thin film transistors revealed the best electrical
536 performance, a good stability and uniformity, we applied them
537 in a basic building block, an inverter. The structure of this
s3s circuit was performed using two TFTs, the load and the driver,
539 with the same W/L = 11. The load TFT had the gate short-
s40 circuited with the drain in order to work as a resistor. The
s41 voltage transfer characteristics (VTC) of the obtained inverter
s42 were measured at various supplied voltages (Vpp), 1, 1.5, and 2
s43 V, as shown in Figure 7a. It is noticed that the output high
s44 voltage, 1.9 V, is close to the Vpp, 2 V, and the output low
s4s voltage is 0.3 V, when was supposed to be 0 V. For this
s46 configuration the high output value is Vpp — Vi (1,04p) and for
s47 the low output value a higher than 0 V is expected, as the load
s48 TFT cannot be completely turned OFF. The inverter exhibits a
s49 maximum gain (—0Vour/0Vyy) of 1.1S for the different
sso supplied voltages, but due to the use of two identical TFTs
ss1 the expected value was 1. This difference can be explained by a
ss2 slight mismatch between the two TFTs, as depicted in Figure
ss3 S11.

ss¢  To investigate the alternative current (AC) characteristic of
sss the inverter, we measured the dynamic behavior under AC
ss6 square wave for different frequencies and the result is shown in
ss7 Figure 7b. The device exhibited good inversion properties,
sss however, the gain decreased slightly with the increase of the
sso frequency, more precisely to 1 kHz. The gain values are smaller
s60 in the dynamic measurements when compared with the values
s61 in the static VI'C curve because a buffer was not used to
se2 provide enough current for full voltage swing, losing some
s63 current in the cables. To improve the AC results, some tests of
se4 etching should be done to produce structures suitable for these
seés measurements. Figure 7c shows that the device can achieve
ses sufficient switching speeds for wearable applications.

st

-

4. CONCLUSIONS

s67 In this work, we have demonstrated for the first time the
seés combustion solution synthesis alliance with UV treatment in
seo HfO, dielectric thin films and multilayer thin films using AlO,
s70 and HfO, at low temperatures (150 °C) and their
s71 implementation in electronic structures. The physical proper-
s72 ties of the single layers and multilayers were investigated using a
573 wide range of characterization techniques that revealed smooth
s74 surface (<1.2 nm), high-x (13.5), high transparency (>89%),
s7s low leakage currents, and high breakdown voltages (>2.7 MV
s76 cm™"). The multilayer MIS devices exhibit an improvement by
s77 presenting low capacitance dependence at low frequencies
s78 when compared with the single layers. In terms of thin film
s79 transistors (TFTs), the (HfO,/HfO,)/IGZO TFTs showed the
sso best electrical performance with low voltage operation, low
ss1 subthreshold slope (0.066 + 0.01 V dec™!), 0 V turn-on
ss2 voltage, a high saturation mobility (43.9 + 1.1 cm®> V™' s™") and
ss3 current ratio of 1 X 10°% This device also presented good
ss4 stability over time (2 months) and under positive gate bias
sss stress (PBS) for 1 h, having a maximum threshold voltage
ss¢ variation of 0.06 V. These devices were applied in a diode-
ss7 connected inverter showing good switching speed at 100 Hz
sss with a maximum gain of 1 at 2 V. Taking in consideration the
sso excellent results achieved in this report, the next step will be the
s90 implementation in large-area processing techniques.

st

—
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