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Abstract

Solution processing of amorphous metal oxides has been lately used as an option to
implement in flexible electronics allowing to reduce the associated costs and get a better
performance. However the research has focused more on semiconductor layer instead of
focusing on the insulator layer that is related to the stability and performance of the devices. This
work aims to evaluate amorphous aluminum oxide thin films produced using different precursor
solutions and processing synthesis, and the influence of different annealing parameters on
properties of the insulator layer in thin film transistors (TFTs) using different semiconductors.
Optimized dielectric layer was obtained for aluminum nitrate based precursor solution using urea
as fuel with 0.1 M concentration for an annealing of 30 min assisted by far ultraviolet (FUV)
irradiation at a lamp distance of 5 cm. These thin films were applied in gallium-indium-zinc oxide
(GIZO) TFTs as dielectric showing the best results for TFTs annealed at 180 °C with FUV
irradiation: a good reproducibility with an average mobility of 17.32 + 4.15 cm? V™' s7', a
subthreshold slope of 0.11 + 0.01 V dec™" and a turn-on voltage of - 0.12 + 0.06 V; a low operating
voltage and a good stability over 9 weeks. Finally the dielectric layer was applied in solution
processed indium oxide (In203) TFTs at low temperatures and in flexible substrates for GIZO/AIOx
TFTs annealed at 200 °C with FUV irradiation. The obtained results are equivalent to the
published ones and in some cases surpassing the actual state of the art.

Keywords: Aluminum oxide, combustion reaction, FUV irradiation, low temperature, solution
TFTs, low operating voltage
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Resumo

O processamento por solucéo de 6xidos de metal amorfos tem sido usados como opgéo
para implementar em eletronica flexivel permitindo reduzir os custos associados e obter um
melhor desempenho. No entanto a investigacao tem-se focado mais ha camada do semicondutor
e nao tanto na camada isolante que esta relacionada com a estabilidade e desempenho dos
dispositivos. Este trabalho tem como objetivo avaliar filmes finos amorfos de 6xido de aluminio
produzidos usando diferentes solucdes precursoras e sinteses de processamento, assim como
a influéncia de diferentes parametros de recozimento nas propriedades do isolante em
transistores de filme fino (TFTs) utilizando diferentes semicondutores. A camada dielétrica
otimizada foi obtida para a solucdo precursora baseada em nitrato de aluminio usando ureia
como combustivel com uma concentracéo de 0,1 M para um recozimento de 30 min assistida
pela irradiacdo Far UltraViolet (FUV) para uma distancia da lampada de 5 cm. Estes filmes finos
foram aplicados em TFTs de 6xido de galio — indio — zinco (GIZO) como dielétrico apresentando
0s melhores resultados para os TFTs recozidos a 180 °C com irradiacdo FUV: uma boa
reprodutibilidade com uma mobilidade média de 17,32 + 4,15 cm2 V-' s~1, um subthreshold slope
de 0,11 £ 0,01 V dec™'e uma tensdo de abertura de - 0,12 + 0,06 V; uma baixa tensédo de
funcionamento e uma boa estabilidade ao longo de 9 semanas. Por fim aplicou-se a camada
dielétrica nos TFTs de oxido de indio (In203) processado por solucdo a baixas temperaturas e
em substratos flexiveis para TFTs de GIZO/AIO« recozidos a 200 °C com irradiacdo FUV. Os
resultados obtidos sdo equivalentes aos publicados internacionalmente e em alguns casos
superam o atual estado da arte.

Palavras-chave: Oxido de aluminio, reacdo de combust&o, irradiagdo FUV, baixa temperatura,
TFTs por solucédo, baixa tenséo de funcionamento
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Motivation and Objectives

Printed electronics is an area of research in great expansion due to potential applications
in technology and their impact today in society. Consequently, the development of materials with
applications in flexible electronics that can be processed by solution is of extreme importance, so
solution-processed metal oxide thin-film transistors (TFTs) have been widely studied. In order to
ensure a good viability, TFTs must have a good performance, reproducibility, low cost, reliability
associated to a low temperature processing method to be compatible with low cost flexible
substrates. The small size of transistors leads to technological problems in the semiconductor
industry, however the performance of TFTs is also dependent of dielectric layer because the
insulating layer between the gate electrode and the semiconductor contributes greatly to the
electrical performance and stability of the devices. Taking this into account, the dielectric layer
produced by solution will be studied in this master thesis.

The main objective is to produce, study and optimize thin films of aluminum oxide (Al203)
by solution and apply these in electronic devices to determine which are the effects of annealing
process on the overall performance. This will involve several tasks to evaluate the dielectric layer:

» Production and characterization of different precursor solutions;

» Production and characterization of MIS (Metal-Insulator-Semiconductor) structures using
different solutions and temperatures;

> Influence of combination of ultraviolet (UV) irradiation with annealing in thin films properties.

Another goal is to implement the insulator in TFTs with several semiconductor oxides and
characterize them, one produced by solution process (ZTO) and another by sputtering (G1ZO),
developed by the research group of CENIMAT in silicon substrates at 350 °C. The optimized
precursor solution of alumina and semiconductor will be used to produce TFTs at low
temperatures.

Finally TFTs all processed by solution using a semiconductor reported in the literature will
be produced and characterized.

XX
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1. Introduction

Nowadays silicon-based materials have been less used due to the necessity for emerging
applications in electronics such as transparent flexible displays, flexible solar cells and large area
applications because they do not show optical transparency. Organic materials have other
problems like low carrier mobility and environmental issues. [1], [2] Solution-processed
amorphous metal oxides can solve those problems, as well as demonstrate exceptional large-
area uniformity, high dielectric constants and no need for vacuum processing conditions. Their
solution processability have released new possibilities for low cost printable, as roll to roll (R2R),
and transparent devices using flexible substrates.[1]-[4] Typically spin-coating, inkjet-printing,
dip-coating and spray-coating are the main options to solution process oxide semiconductors and
gate dielectrics.[3], [5]

1.1 High-k dielectrics

By going to a small size scale of the field effect transistor in integrated circuits, the thickness
of SiO2 has to go to the nanometer scale, but the leakage current of SiO: is affected, due to the
appearance of tunneling effects.[6]-[10] Therefore researchers took measures to solve the
problem by finding ultrathin dielectrics with high-k dielectric, high capacitances, low leakage
current densities, smooth surfaces and high thermal stability.[11]-[13] The combination of these
characteristics allows to induce large charge densities in the semiconductor and assure low
voltage operations.[9, 14] Some of the most studied inorganic dielectrics are aluminum oxide
(Al203), hafnium oxide (HfO2), tantalum oxide (Ta20s), zirconium oxide (ZrO2) and their
mixtures.[15], [16]

Amongst many potential materials (Figure 1.1), Al2Osis a desirable gate insulator because
of its characteristic properties such as high dielectric constant (~9) combined with large band gap
(8.9 eV), low interfacial trap density with semiconductors, compatibility at low temperatures, high
breakdown electric field (4 — 5 MV/cm) and remains amorphous after typical processing
conditions. Also it is an amphoteric oxide and has a quite high thermal conductivity (30 Wm-K-1).
[7], [171-[19]
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Figure 1.1 — Relation between the energy gap and the static dielectric constant for
different materials considered as high-k dielectrics.[20]

1.2 High performance TFTs at low temperatures

In the last years, amorphous metal oxides produced by solution can be compared with
oxide semiconductor films developed by physical vapor deposition (PVD), but usually it is
necessary an extra annealing process at high temperatures to induce a condensed and uniform
film, which is not compatible with flexible low cost substrates.[21]-[24]

In order to solve the above problem, researchers tried a new strategy to reduce the
temperature needed for the production of solution-processed metal oxide TFTs by using self-
energy generating combustion chemistry.[1] The process of solution combustion synthesis (SCS)
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allows to reach the energy-efficient synthesis of bulk materials such as carbides, -V
semiconductors, metal oxides, refractory nitrides and intermetallic compounds.[25]-[27] One of
the advantages of using the SCS method is that there is no need of any special equipment to
provide the additional heat, due to the combustive reaction of the precursor compounds which
produces self-sustaining heat and supplies sufficient energy to decompose all matter to form the
metal oxide (Figure 1.2). Typically the solution of the redox system is constituted by an oxidizer,
normally nitrates of metal precursor and a fuel like acetylacetone, urea or citric acid.[1], [27]-[29]

Conventional

Lower reaction energy
lby combustion reaction

Energy ==
%
%
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Figure 1.2 — Comparison of the energy required for a conventional reaction relatively to
a combustion one.[6]

Another way to get good viability of the devices and integrated circuits at low temperatures,
is combining deep-ultraviolet (DUV) treatment with thermal annealing in order to have an
improved condensation and film densification in amorphous metal-oxide semiconductors.[2] The
solution based amorphous metal oxides thin films require DUV treatment (UV lamp main peaks
at 184.9 nm (10%) and 253.7 nm (90%)) to remove a substantial amount of residual organic
components. The exposure to high energy photons induces a cleavage of alkoxy groups, active
metals and oxygen atoms to simplify M-O-M network formation. The UV irradiation can break the
polymeric chains into smaller fragments in less than 10 min which induces a rapid degradation,
removal of oxygen and carbon that promotes the densification of the film.[2], [30]-[34]

Recently a group of researchers used a shorter UV wavelength (160 nm) combined with
thermal annealing at low temperatures that accelerates the condensation process resulting in a
rapid formation of a continuous M-O-M structure in the In20z film. Furthermore this allowed a
reduction of process time making it more compatible with R2R process.[35]

1.3 Metal-Insulator-Semiconductor capacitors

Capacitors are part of electronic circuits used to store electric power by accumulating
internally unbalanced levels of electrical charges. This electric component can have various sizes
and shapes but the typical structure consists of two conductors, named plates, which transport
equal but opposites charges (-q and +q) and the insulator, with a fixed thickness (d), used to
separate the conductive plates.[36] The charge is given by the potential difference (V) between
the plates and by the capacity (C); q = CV.

Faraday defined that the capacity, measured in Farads, of any capacitor with parallel-
plates depends of the plates area (A), the thickness of the dielectric (d), the dielectric constant of
the insulating material (k) and vacuum permittivity (&,). Therefore C depends on the size and
geometry of the plates but does not depend on the charge or the potential difference. [37]

A
C =xegy— 1.1
= (1.1)
For the Metal-Insulator-Semiconductor (MIS) capacitors case, the capacity value
changes with the applied voltage due to the presence of a semiconductor like silicon. To
determine the capacity value in MIS capacitors, the characterization is done with the capacity-
voltage (CV) curves and involves the application of a biased voltage at the capacitor terminals.
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The voltage in the capacitor splits between the semiconductor and the insulating oxide,
considering that, the total capacity (C;) of the MIS structure shown in Figure 1.3 a), is equal to
the capacities of the oxide (C,,) and semiconductor depletion-layer (Cp) associated in series and
given by:[36], [38]-[40]
1 1 + 1 (1.2)
Ct Cox CD '
Applying a voltage sweep, the capacitor has three operating domains, 1) the
accumulation, 1) the depletion and Ill) the inversion regions as shown in Figure 1.3 b).
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Figure 1.3 — a) MIS structure b) Example of a typical CV curve for a p-type silicon
semiconductor based MIS.

I) With no voltage applied, a p-type semiconductor has holes (majority carriers) in the valence
band. When a negative voltage (Vg) is applied between the metal gate and the semiconductor,
more holes will appear in the valence band at the oxide-semiconductor interface. This is because
the negative charge of the metal causes an equal net positive charge to accumulate at the inter-
face between the semiconductor and the oxide (dielectric). This state of the p-type semiconductor
is called accumulation. For a p-type MIS capacitor, the total capacity (C;) in this region is given
by the oxide capacity (C,,) because the capacitor behaves as one parallel plate capacitor. [38],
[41]

I) Then the majority carriers are repelled from the semiconductor-oxide interface, when a positive
voltage (Va) is applied between the gate and the semiconductor. This state of the semiconductor
is called depletion because the surface of the semiconductor is depleted of majority carriers. This
area of the semiconductor acts as a dielectric because it can no longer contain or conduct charge.
The total measured capacity (C;) now becomes the oxide capacity (C,,) and the depletion layer
capacity (Cp) in series, and as a result, the measured capacity decreases. [38], [41]

IIl) As the gate voltage (Vc) of a p-type MIS capacitor increases beyond the threshold voltage
(VT), the depletion region reaches a maximum depth and further gate-voltage increases do not
further deplete the semiconductor. The positive gate voltage attracts electrons (minority carriers)
towards the gate. These minority carriers accumulate at the silicon/oxide interface. The
accumulated minority-carrier layer is called the inversion layer because the carrier polarity is
inverted. When the depletion region reaches a maximum depth, the capacity is measured by the
oxide capacity (C,,) in series with the maximum depletion capacity (Cp). This capacity is often
referred to as minimum capacity.[38], [41]
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1.4 Thin-Film Transistors

Thin-film transistor (TFT) is a field effect transistor (FET) with three electrodes, the gate
electrode which functions as a switch to open or close the other two electrodes, the source and
drain, where a vertical electrical field is applied to form a conducting channel. Therefore this
device is normally used as an electronic switch, as an example, to turn on or off the pixels of
active matrix liquid crystal displays (LCDs) or organic light-emitting diode (OLEDs). The structure
is similar a MOSFET built on silicon-on-insulator, the difference is that the active layer is a thin
film and the substrate can be of any form, such as a flexible substrate. Apart from the electrodes,
the TFT have two other layers, the semiconductor layer, between the source and drain, where
the conduction channel is formed, and the dielectric layer used to isolate the semiconductor from
the gate electrode (Figure 1.4). [42], [43]

The most common TFTs structures are the staggered and coplanar, each one with two
configurations, the top-gate and bottom-gate, depending if the gate electrode is on top or bottom
of the structure.[44] Silicon can be used to act as substrate and gate electrode in a staggered
bottom-gate configuration, shown in Figure 1.4.

= iVDs

p- Si (Substrate/ Gate)

Figure 1.4 — Structure of a TFT in a configuration staggered bottom-gate with the region
of the channel depicted, the length (L) and the width (W).

The ideal operation of an n-type TFT depends on the existence of an electron
accumulation layer at the dielectric/semiconductor interface. This is achieved for a gate voltage
(Ves) higher than a certain threshold voltage (Vr), corresponding to downward band-bending of
the semiconductor close to its interface with the dielectric. For Ves > V7, provided that a positive
drain voltage (Vbs) is applied, current flows between the drain and source electrodes (Ips),
corresponding to the on-state of the TFT. For Vs < V1, regardless of the value of Vbs the upward
band-bending of the semiconductor close to the interface with the dielectric is verified, resulting
in a low Ips that corresponds to the TFT off-state.[44]—[46] Depending on Vbs, different operation
regimes can be observed during the on-state:

» The linear regime, being Ipos described by:

w 1
Ips = Tci"uFE (Vos = Vr)Vps — EVDSZ ,when Vpg < Vg —Vp (1.3)

where C; is the gate capacity per unit area, pre is the field-effect mobility, W is the channel width
and L is the channel length. For very low Vps, the quadratic term can be neglected, yielding a
linear relation between Ips and Vps. In this case, the accumulated charges are considered to be
uniformly distributed throughout the channel. [44]-[46]

» The saturation regime, being lps described by:

w
Ips = ﬁci-.usat(vcs —Vr)? ,when Vpg > Vg — Vp (1.4)

where Usa iS the saturation mobility. In this regime, the semiconductor close to the drain region
becomes depleted, a phenomenon designated by pinch-off that leads to the saturation of Ips.
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IENCIAS E TECNOLOGIA

The static characteristics of TFTs are accessed by their output and transfer
characteristics, depicted in Figure 1.5 a) and b), respectively.

140

120

100

80

60

40

20

Saturation region s T
4 -
VDS> VGS- VT (b)10
.,
-------------- 10_5 Subthreshold
slope region 16
Linear region = i 14
Vo< V- Vs Increasing STn 10° E - 12
L /‘ v, - ratio E 10
.7 —8 8
107 6
4
10° | 2 Yy
g -1 0 1 2 3
Ves (V)
= = 1 = 1 1 109 S B 1 1 1 1
0.5 1.0 1.5 20 25 3.0 1 0 1 2 3
Vys (V) Ves (V)

Figure 1.5 — Typical a) output and b) transfer characteristics of a n-type oxide TFT with the threshold voltage
(V7).

In the output characteristics, Vos is swept for different Ves values, allowing one to observe clearly
the linear and saturation regimes described above. The transfer characteristics, where Ves is
swept for a constant Vps, permit one to extract a large number of quantitative electrical
parameters, like On/Off ratio?, Vr, turn-on voltage? (Von), mobility* (1) and subthreshold slope? (S)
mentioned below. [44]-[46]

-1

dlog(l
S = (l 8Up) ) (1.5)
Vs max
Mobility of a TFT can be extracted using different methods, which are described below:
> Field-effect mobility (pre) — obtained from the transconductance (gm) with low Vp:
iy = Im
FE — W (1.6)
T Ci' VDS
» Saturation mobility (usar) — obtained from the transconductance with high Vp:
2
04/ Ips
Wes (1.7)
Hsat =~y
2L

1pefined as the ratio of the maximum to the minimum Ips.

2The concept of is widely used in the literature, simply corresponding to the Vgs at which Ips starts to increase as seen
in Figure 1.5 b).

3The inverse of the maximum slope of the transfer characteristic, it indicates the necessary Vs to increase Ips by one
decade.

4 Mobility is related to the efficiency of carrier transport in a material, affecting directly the maximum lps and operating
frequency of devices.
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2. Materials and Methods

In order to study the aluminum oxide dielectric produced by solution, the synthesis
parameters and the annealing temperature of the films were changed with and without far
ultraviolet (FUV) exposure. In case of using the FUV the exposure time and distance were altered.
For a better understanding of the dielectric in TFTs the standard semiconductor GIZO developed
by the research group of CENIMAT was used.[47] Solution-based ZTO and In203 [35], [48]
semiconductors were combined with optimized solution-based AIOx, in order to achieve fully
solution-based TFTs.[35], [48]

2.1 Precursor Solutions Preparation and Characterization

The dielectric precursor solutions were prepared with aluminum nitrate nonahydrate
(AI(NO3)3-9H20, Fluka, 98%) or aluminum chloride hydrated (AlClz.6H20, BDH Chemicals, 97%)
dissolved in 2-methoxyethanol (2-ME, C3HsO2, ACROS Organics, 99%), in a concentration of 0.1
M. For combustion reaction precursor solutions, the fuels, urea (CO(NH2)2, Sigma, 98%) or citric
acid (CsHsO7, Sigma, >99.5%) were added to the prepared solutions which were maintained
under constant stirring for at least 1 h.

For aluminum nitrate based precursors the urea or citric acid to aluminum nitrate molar
proportion was 2.5:1 and 0.83:1, respectively, to guarantee the redox stoichiometry of the reaction
(Annex A).

Aluminum chloride based precursors were maintained under constant stirring for 12 h.
Then oxidizing agents, ammonium nitrate (NH4NOs, Roth, 98%) or silver nitrate (AgNOs, Roth,
99%), and the fuels were added. For solution with ammonium nitrate precursor, the urea or citric
acid molar proportion was 1:1 and 0.33:1, respectively. In case of solution with silver nitrate the
molar proportion of fuels was 2.5:1 and 0.83:1, respectively. Before the addition of fuels these
solutions were centrifuged for 4 min at 4000 rpm (Focus instruments, model F140) to remove
AgCl formed. (Annex A)

The semiconductor precursor solutions of ZTO were prepared by mixing zinc oxide and tin
oxide precursor solutions in a 2:1 proportion. Zinc oxide precursor solution was obtained by
dissolving zinc nitrate hexahydrate (Zn(NOs3)2-6H20, Sigma, 98%) and urea in a 1:1.6 proportion
in 2-ME, to yield solutions with 0.05M concentration. Tin oxide precursor solutions were prepared
by dissolving tin chloride (SnClz-2H20, Sigma, 98%), urea and ammonium nitrate (NHsNOs, Roth,
98%) in a 1:1:1 proportion in 2-methoxyethanol, to yield solutions with 0.05 M concentration.
Individual solutions were magnetically stirred for 1 h at room temperature in air.[48]

Indium oxide precursor solution was prepared by dissolving indium nitrate (In(NOz)3.xH20,
Sigma, 99.9%) in 2-ME for inks with 0.2 M concentration. All precursor solutions were stirred at
430 rpm in air environment at room temperature, to a volume of 10 mL and were filtrated through
0.20 um hydrophilic filters.[35]

Thermal and chemical characterization of precursor solutions were performed by
thermogravimetry and differential scanning calorimetry (TG-DSC) and Fourier Transform Infra-
Red (FTIR) spectroscopy. TG-DSC analysis were performed under air atmosphere up to 500 °C
with a 5°C/min heating rate in an aluminum crucible with a punctured lid using a simultaneous
thermal analyzer, Netzsch (TG-DSC - STA 449 F3 Jupiter). FTIR 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 1800-540 cm~! and with a 4 cm™ resolution.
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2.2 Thin Film Deposition and Characterization

Prior to deposition all substrates (silicon wafer and soda-lime glass with an area of 2.5x2.5
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 N2; followed by a 10 min UV/Ozone surface activation step for a distance
lamp of 5 cm using a PSD-UV Novascan system. Thin films were deposited by spin coating a
single layer of all the Al2O3 precursor solutions (Figure 2.1 a)) with a concentration of 0.1 M for
35 s at 2000 rpm (Laurell Technologies) followed by an immediate hot plate annealing at 350 °C,
250 °C, 200 °C, 180 °C and 150 °C for 30 min in ambient conditions. To study the effect of solution
concentration thin films with different concentrations 0.1 M and 0.25 M, were deposited followed
by an immediate hot plate annealing for 30 min at 250°C or by combining a short-wavelength far
ultraviolet (FUV) photochemical activation with a lamp (H2D2 light source unit, model L11798) at
a distance of 9 cm with conventional thermal annealing for 30 min in Nz condition. To study the
influence of annealing at 200 °C, 180 °C and 150 °C thin films with a solution concentration of 0.1
M were deposited followed by combining a FUV exposure at different lamp distances, 9 cm, with
a thermal annealing of 30 min, and 5 cm with a thermal annealing at different times, 15 min and
30 min (Figure 2.1 b) and c)). Just for 180 °C was deposited a thin film followed by 2h in PSD-UV
Novascan surface activation step to a distance lamp of 2 cm.

The films structure was assessed by glancing angle X-ray diffraction (GAXRD) performed
by an X’Pert PRO PANalytical powder diffractometer using with Cu Ka line radiation (A = 1.540598
A) with 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 scanning electron
microscopy (SEM, Zeiss Auriga Crossbeam electron microscope). A cross section of produced
devices was performed by focused ion beam (FIB). In FIB milling experiments, Ga* ions were
accelerated to 30 kV at 5 pA and the etching depth was around 200 nm. Spectroscopic
ellipsometry measurements to determine the thickness of thin films deposited on silicon
substrates were made over an energy range of 1.5-6.0 eV with an incident angle of 70° using a
Jobin Yvon Uvisel system.[49] ATR FT-IR spectroscopy characterization of thin films deposited
on Si substrates was performed as described for precursor solutions. The optical properties were
obtained using a Perkin Elmer lambda 950 UV/VIS/NIR spectrophotometer. The absorbance (A)
was obtained from 190 to 800 nm and the transmittance (T) was obtained from 200 nm to 1450
nm.

2.3 Electronic Device Fabrication and Characterization

Metal-insulator-semiconductor (MIS) capacitors were produced by Al2Os thin film
deposition onto p-type silicon substrates (1-10 Q cm) as described above (see section 2.2).
Aluminum gate electrodes (100 nm thick) with an area of 7.85 x 1072 cm? were deposited by
thermal evaporation via shadow mask. A 100 nm thick aluminum film was also deposited on the
back of the silicon wafer to improve electrical contact. Electrical characterization was performed
measuring both the capacitance-voltage and capacitance-frequency characteristics in the range
of 10 kHz to 1 MHz of the devices using a semiconductor characterization system (Keithley
4200SCS).

The TFTs were produced in a staggered bottom-gate, top-contact structure by depositing
Al2Os3 thin films onto p-type silicon substrates (1-10 Q cm) as described above. The zinc tin oxide
(ZTO) semiconductor layer was deposited by sequentially spin coating (for 35 s at 2000 rpm) four
layers of ZTO precursor solution 0.05 M onto the Al2Os thin films and annealed in air at 350 °C
for 30 min after each layer deposition.[48] The indium oxide (In203) semiconductor was deposited
by spin coating (for 5 s at 500 rpm followed by 45 s at 6000 rpm) one layer of In2Os precursor
solution 0.2 M onto the AlzOs thin films and annealed at 200 °C, 180 °C, 150 °C by combining
FUV exposure (distance 5 cm) with thermal annealing at different times, 15 min and 30 min.[35]

The GIZO semiconductor film was sputtered onto the Al2Oz thin films via shadow mask
(Figure 2.1 d)), from a commercial ceramic target (LTS Chemical) Inc.) by rf magnetron sputtering
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without intentional substrate heating in an AJA 1300-F system. The GIZO deposition parameters
were a composition target of 1:2:1, an Air:Oz flow ratio of 14:2, a pressure deposition 0.3 Pa, a
power of 100 W and a deposition time of 13 min 30 sec to obtain a 30 nm thickness.[47]

Finally, source and drain aluminum electrodes (100 nm thick) were deposited by thermal
evaporation via shadow mask onto annealed films (Figure 2.1 e)), defining a channel width (W)
and length (L). Hereafter the GIZO TFTs with the dielectric layers produced at 150 °C were
annealed at 150 °C and all others were annealed at 180 °C, for 1h in air. A 100 nm thick aluminum
film was also deposited on the back of the silicon wafer to improve electrical contact and in the
flexible substrate of Polyethylene terephthalate (PET) as gate electrode using mechanical masks.
The current—-voltage characteristics of the devices were obtained in continuous mode with both
back and forth sweeps recorded in ambient conditions inside a Faraday cage using a
semiconductor parameter analyzer (Agilent 4155C).

@ Dielectric (ALD,)

@ Substrate/ Gate ( p-type Si)

(") Source, Drain and Ohmic contact (Al)
() Semiconductor (GIZO)

Figure 2.1 — Fabrication of GIZO TFTs with dielectric by solution-based after the cleaning process: a)
Deposition of Al20z precursor solution by spin coating; b) Thermal annealing of dielectric assisted by FUV
exposure; c) Dielectric after the anneling treatment; d) After sputtering deposition of GIZO via shadow mask;
e) Final TFTs with different channels after source and drain deposition.

Gate bias stress tests were performed on TFTs produced at 180 °C (combining 30 min FUV
exposure with thermal annealing) under vacuum environment in a semiconductor characterization
system (Keithley 4200SCS). Transfer characteristics were measured at different times during
stress and recovery processes, in the dark.
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3. Results and Discussion

This chapter discusses the results regarding the solutions characterization, the thin films
characterization and the electric characterization of MIS capacitors and TFTSs.

3.1 Solutions characterization
3.1.1 Thermal characterization

Thermal analysis of precursor solutions was performed to investigate the decomposition
behavior of the metal oxide precursors. Figure 3.1 shows the differential scanning calorimetry
(DSC) and thermogravimetry (TG) results for aluminum nitrate ((AI(NOs)s), with and without
combustion in 2-Methoxyethanol (2-ME), and semiconductors In20s and ZTO precursors up to
350 °C, since above this temperature no further events were observed.

3 " exo exo
(a) O oo 1
= ‘g‘ 04’
: 3
0
3 @
o a -1
2
100 : Combustion [AI(NO,), U, 2-ME]
- - - -Sol-gel [A(NO,),, 2-ME]
80
S \
-_—50 \
- 1
w \
© '
= 40 .
20
0
50 100 150 200 250 300 350 50 100 150 200 250 300 350

Temperature ('C) Temperature ("C)
Figure 3.1 — TG-DSC analysis of a) aluminum nitrate precusor (Al(NO3)s using urea (U) as
fuel or not, and semiconductors b) In20s and ZTO based precursor solutions using 2-
methoxyethanol (2-ME) as solvent.

As depicted in Figure 3.1 a), aluminum nitrate precursor solution with urea shows an intense

exothermic peak which is obtained at 176 °C, and a smaller endothermic peak at 250 °C attributed
to the degradation of residual organics. Aluminum nitrate precursor solution without any fuel does
not show any exothermic peak, only endothermic peaks, at 78 °C, 79 °C and 131 °C with
corresponding abrupt mass loss where the solvent evaporation occurs. In that case the reaction
is not exothermic because there is no fuel.
For different semiconductors In2Ozand ZTO precursor with the same solvent 2-ME, Figure 3.1 b),
exhibit an intense exothermic peak with corresponding abrupt mass loss, at 110 °C and 104 °C,
respectively, which is attributed to the combustion reaction of the organic fuel with the metal
nitrates. In case of In20s it is not necessary have fuel to form the exothermic peak.

Thermal analysis of the precursor solutions indicate that the minimum temperature
required for full degradation is 250 °C in case of aluminum nitrate precursor solution with urea.
For that ultraviolet (UV) irradiation was used on annealing process to reduce the temperature
required because that aid on the degradation of residual organics.
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3.1.2 Optical characterization

In order to know if aluminum precursor solutions absorb UV irradiation due to the use of
UV lamps in combination with the annealing of the films the absorbance of all the solutions in that
region was measured from 190 nm to 400 nm. Figure 3.2 shows that all the solutions show
absorption peaks between 400-200 nm.

3.0 3.0 T
€) Solvent 2-ME (b) ‘ Solvent 2-ME
25} AI(NO,), 25} AICI,
35 AI(NO,), U 3 ——AICL,NAU
820 AI(NO,), CA & 20 AICI, NA CA
§ ot AICI, SN U
g 15 & 15 AICI, SN CA
2 2 s
o o]
§ 1.0 § 1.0
0.5 0.5
00 1 1 1 1 1 1 il I 1 1 1 1 1 1 P

20 240 260 280 300 320 340 360 380 400
Wavelength (nm)

200 220 240 260 280 300 320 340 360 380 400 2002

Wavelength (nm)

Figure 3.2 — Absorbance spectra of all aluminum oxide precursor solutions: a) Aluminum
nitrate using urea (U) or citric acid (CA) as fuel and without; b) Aluminum chloride with nitrate
precursors, ammonium nitrate (NA) or silver nitrate(SN) and without. In the aluminum
chloride solutions with nitrate precursors U or CA was used as fuel.

The absorption peaks for the different solutions are depicted in Table 3.1. The solutions
shown in Figure 3.2 with nitrate precursors without being silver nitrate (SN) precursors (saturated
in that region) or aluminum chloride precursor (AlCl3), absorb near the peak which has higher
intensity of DUV lamp, 253.7 nm. Taking that into account one film with the solution of aluminum
nitrate (Al(NOs)3) with urea using this lamp was produced. In relation to the UV lamp more used
in this work cannot know much information about the absorption of the same solutions because
the main peak of this stands at 160 nm (Annex B), which is not possible to measure the
absorbance of this equipment that is limited by 190 nm and by the cuvette cell material.

Table 3.1 — Main absorption peaks of all aluminum precursor solutions.

Solution Main Peaks (nm) Solution Main Peaks (nm)
AI(NOs)s (239); (296) AIClz NA U (248); (299)
Al(NOs)s U (245); (299) AICIs NA CA (233); (281)
AI(NO3)s CA (248); (275) AICI3 SN U (302)
AICl3 (203) AICI3 SN CA (275)

3.2 Thin films characterization
3.2.1 Optical characterization
3.2.1.1 Thickness of dielectric thin films

The thickness of all dielectric thin films was measured by ellipsometry due to their small
thickness. For alumina thin films annealed at 350 °C with different precursor solutions for a
concentration of 0.1 M, with and without fuel, the thickness of the dielectric thin films had an
average of 12 + 1 nm. The thickness of aluminum chloride film without nitrate precursors is not
accounted on average due to the presence of chlorides in the film which contributes to a higher
thickness and less uniformity, as can be seen in the attached image depicted in Annex C. For a
higher concentration of 0.25 M the thickness of the film increased as expected, being around of
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30 nm. In all the other conditions for a concentration of 0.1 M with FUV irradiation, the thickness
of the films was around 12 nm and without were slightly higher, as shown on table of Annex C.

3.2.1.2 Transmittance

The transmittance of alumina thin films with different processing conditions and In203
were measured on glass between 190 nm and 1450 nm with a wavelength step of 3 nm. By
analysing the Figure 3.3 a) it was observed that transmittance is around 91% for alumina thin
films regardless of using fuel or not at 350 °C and 90% for In203 thin films at 200 °C , Figure 3.3
b), between 400 nm and 1450 nm. For low temperatures the thin films with different processing
conditions showed the same transparency in visible region (Annex D).
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[ | 1 Solvent 2-ME, Glass | 200°C, FUV 30 min, d= 5 cm, In(NO,),
& 0 | —— AI(NO,), ® 70F
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Figure 3.3 — Transmittance spectra of thin films in a glass substrate: a) Alumina dielectric
using the same precursor solution without and with fuel (U or CA) at 350 °C and b) In203
semiconductor precursor solution at 200 °C with assistance of far ultraviolet (FUV) treatment
for different exposure times, 15 and 30 min.

3.2.1.3 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of alumina dielectric thin film was performed to identify the elements
through characteristic spectra. The spectra of dielectric thin films for several processing
temperatures and for solutions with different processing conditions deposited on silicon
substrates were measured using the attenuated total reflectance (ATR). Data are presented

(Figure 3.4) between 2500 and 540 cm-! because above these values no spectral changes are
observed.

IT=350°C, 30 min
‘

|__Solvent 2-ME_ |

e
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2400 2200 2000 1800 1600 1400 1200 1000 800 600
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Figure 3.4 — FTIR spectra of alumina dieletric thin films using the same precursor
solution with combustion (U or CA) and without at 350 °C.
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Figure 3.4 show the FTIR spectrum of alumina thin films, with variation on the properties
of the solutions at 350 °C. After correction of the atmosphere contribution, the spectra for all
samples are found to be similar, with slight changes at low temperatures, showing the CO:
(between 2390 and 2300 cm') and H20 (between 1700 and 1500 cm-!) bands (Annex E). The
absorbance peaks of the thin films that appear between 1000 and 600 cm™ in Figure 3.4 are
characteristic of vibrational modes of alumina, as shown in Table 3.2.[50] The present peaks in
this spectrum confirm the presence of alumina, essential as dielectric layer. For low temperatures
the thin films with different processing conditions were not exhibited because showed similar
results although with less intensity (Annex E).

Table 3.2 — Characteristic absorbance peaks and associated vibrational modes of the

corresponding chemical bonds for the spectrum of aluminathin film on silicon.[50]

Number Position Mode Chemical
(cm?) type Bond
1 1107 Transversal Optic Stretching Si-0
2 968 Longitunal Optic Stretcing Al-O
3 889 Condensed Tetraedra Al-O4
4 739 Condensed Tetraedra Stretching Al-O4
5 611 Transversal Optic Bending Al-O2

3.2.2 Structural and morphological characterization
3.2.2.1 X-Ray Diffraction (XRD)

There is a great need to know if the dielectric thin film has an amorphous structure that
allow the use of lower temperatures when compared with the polycrystalline structures. Unlike
these the amorphous structures do not suffer from grain boundaries allowing to have low leakage
currents and present smoother and uniforms films, affording better interface properties.[11]

The absence of diffraction peaks in XRD diffractograms at 350 °C, shown in Figure 3.5,
confirms the amorphous nature of the deposited films on glass, independently of the precursor
solutions.
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Figure 3.5 — XRD diffractograms of dielectric thin film using different precusors solutions
deposited in glass: a) aluminum nitrate without and with combustion (U or CA) and b) aluminum
chloride without and with nitrate precursor solutions, silver nitrate (SN) or ammonium nitrate (NA),
using U or CA as fuel.

The only peak observed is characteristic of the glass used as a substrate. The films at low
processing temperatures show the same characteristics (Annex F), despite being deposited on
silicon substrates.
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3.2.2.2 Atomic Force Microscopy (AFM) and Scanning Electron Microscope
(SEM)

Surface morphology of alumina dielectric thin films, AlOx, based on aluminum nitrates
using urea as fuel in 2-ME and the semiconductor, In203, deposited onto alumina thin films at
different temperatures and annealing conditions, were measured by AFM. The determination of
the surface roughness (Rms) was acquired in alternate mode and the topographic images were
analysed in data analysis software Gwyddion. Figure 3.6 shows that the roughness of the
dielectric thin films increases for low annealing temperatures, however remains below 2 nm which
reveals an adequate smooth surface.

SifAIOx (350 °C) Si/AlOx (250 °C) Si/AlOx (150 °C)
Rms =0.223 nm Rms = 1.880 nm Rms =1.181 nm

| 3.80m

“ 0.0 nm

%
2

Figure 3.6 — Morphological characterization of 2-methoxyethanol (2-ME) solution based AlOx thin
films for a concentration of 0.1 M. AFM deflection images of 1 x 1 ym? to an anneling of 30 min for
different temperatures of annealing: a) 350 °C, b) 250 °C and c) 150 °C.

All of the other AlOx thin films had a surface roughness lower than 2.16 nm for different
concentrations and conditions of annealing, shown in Annex G. As the dielectric thin films were
used in TFTs with GIZO, ZTO or In203 as active layer, the surface roughness of TFTs with In203
semiconductor processed by solution and deposited at low temperatures was studied. Figure 3.7
shows AFM and SEM images of the surface roughness before, Figure 3.7 a), and after, Figure
3.7 b), the deposition of the In2Os semiconductor onto dielectric layer at a temperature of 180 °C
(other conditions in Annex G).

Si/AlOx Si/AlOx/In203

AFM

Rms = 1.404 nm Rms =1.071 nm

SEM

Figure 3.7 — Morphological characterization of thin films produced by solution combining FUV treatment to
a lamp distance of 5 cm with annealing at 180 °C for 30 min. AFM deflection images of 1 x 1 ym? surface
area and SEM surface: a,c) AlOx thin film; b,d) In20z deposited onto AlOx thin film.
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The films roughness was determined from the AFM height profile of a 1 x 1 ym?2 area
scan. AlOx based films demonstrate a higher surface roughness, 1.404 nm, than In2Oz deposited
onto AlOx thin films, 1.071 nm. But such differences are not significant due to AlOx films were only
measured after two months of production which can influence the roughness due to exposure of
the samples in air. Nevertheless smooth and uniform films are obtained for the AlOx, Figure 3.7
¢), and AlOx/ In203 thin films, Figure 3.7 d), produced by solution as confirmed by surface SEM
images.

The morphology of GIZO TFTs with a solution based dielectric thin film annealed at 180
°C for 30 min combined with FUV radiation to a lamp distance of 5 cm were investigated using
SEM-FIB. For study the alumina dielectric was chosen GIZO for being a standard semiconductor
deposited by sputtering, allowing to focus on the dielectric behavior on TFTs under different
conditions. SEM-FIB cross-section images of bottom gate AIOX/GIZO TFTs produced on highly
doped p-Si (gate) with aluminum source/drain contacts clearly show all layers (Figure 3.8).

Figure 3.8 — SEM-FIB cross section images of bottom gate AlOx/GIZO TFTs produced on highly
doped p-Si (gate) with aluminum source/drain contacts.

The average thickness of the constituent layers of the TFTs were measured using the
program Imajed. The thickness of aluminum source/drain contacts and GIZO thin films has on
average of 85.2 nm and 27.1 nm, respectively. Comparing the thickness of AlIOx thin film
measured by the image of SEM-FIB with the ellipsometry technique was confirmed that the values
were similar, 12.2 nm and 11.9 nm, respectively.

All aluminum oxide precursor solutions absorbed in the UV region and the thin films of
alumina showed an amorphous nature, transparency (91%) and good uniformity.

3.3 Electrical characterization of solution-based AlO capacitors

The quality of TFTs is highly dependent on characteristics of the insulating material and
the properties of insulator-semiconductor interface. For this, the insulating layer has been studied
using metal-insulator-semiconductor (MIS) structures. The electrical characterization of these
structures is done by capacity-voltage (CV), capacity-frequency (Cf) and current-voltage (IV)
curves which enable to acquire information about the dielectric constant and the breakdown field
of the dielectric layer.

In the CV curves, the oxide capacity corresponds to the maximum capacity measured in
the accumulation region, according to Figure 1.3 b). These curves show hysteresis in a clockwise
direction in this work for all the processing temperatures, which is assigned to the trapping of
charges in the dielectric layer from the metal. [51] The Cf curves allow to see the changes of
capacity with the frequency (in a range of 10 kHz to 1 MHz) to different applied voltages Ves and
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the IV curves enable to determine the current behaviour when it passes through the device
according to the voltage applied to the gate.

The frequency chosen to measure capacity of the dielectrics was 100 kHz to have all the
dielectrics in the same condition because in certain cases for lower frequencies the capacity
increases exponentially with the decreasing of frequency, which can be explained by the response
time to changes in the applied electric field or due to ionic polarization contribution. This might
result in overestimation of the mobility value which is not correct.

3.3.1 Influence of precursor reagents

Firstly the effect of the dielectric thin film for different precursor solutions was tested
without and with combustion reaction using urea (U) or citric acid (CA) as organic fuels in 2-
methoxyethanol ( 2-ME) annealed at 350 °C for 30 min and a concentration of 0.1 M. In Figure
3.9 is displayed the electrical characteristics of MIS capacitors produced with aluminum nitrate
precursor solution in those conditions.
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Figure 3.9 — a) Capacity-frequency and b) Capacitance-voltage characteristics with IV curves of p-Si/AIOx/Al

MIS capacitors produced with aluminum nitrate precursor solution without and with combustion using urea (U)

or citric acid (CA) as fuels in 2-methoxyethanol ( 2-ME) annealed at 350 °C for 30 min to a frequency of 100
kHz.

The capacity of the dielectric using aluminum nitrate precursor solution without fuel is
higher and have a bigger variation with frequency when compared with the precursor solutions
where the combustion reaction occurs, as shown in Figure 3.9 a). Among the three dielectrics,
the one who has the aluminum nitrate precursor solution with citric acid is the worst because have
a higher leakage current density (J) and hysteresis, presented in Figure 3.9 b). That can be
explained by the size of the citric acid organic molecule when compared to urea, causing low
agglomeration of particles when occurs the combustion reaction resulting in a porous film, i.e.,
less uniform surface.[52]-[54]

The dielectrics with aluminum chloride as precursor solution show a higher hysteresis or
a bigger variability of the capacity with frequency, as shown in Annex H. Taking into account all
this information the dielectric with aluminum nitrate precursor solution using urea as fuel was
chosen, not only because of the electrical characteristics, low hysteresis and lower capacity
variation at low frequencies, but also due to the use of nitrates and urea in solution, which helps
in the condensation of the films at relatively low temperatures when compared with chloride
precursors.[55]
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3.3.2 Influence of solution concentration and FUV irradiation

The influence of solution concentration and FUV irradiation was assessed on MIS
structures annealed at 250°C. For different concentrations, 0.1 M and 0.25 M, just thermal
annealing of the film or thermal annealing combined with a far ultraviolet (FUV) photochemical
activation (lamp distance of 9 cm) were performed. Results are depicted in Figure 3.10. For higher
concentrations the capacity is lower due to the increase of the film thickness, Figure 3.10 b),
verified by the equation 1.1.

8 [ rooceacooo o
1 Electrode diameter = 1 mm: 10‘
(@ V,=-5V, [T=250 °C, 30 min, C = 0.1M) (b) 500 i =00k 1o
r V_=-5V, [T= 250 °C, FUV 30 min, d = 9cm, C = 0.1M] 450
6L V=5V, ] WE 400 |
— V_=-7V, [T= 250 °C, FUV 30 min, d = 9cm, C = 0.25M] L 350
L 5} G Lé |
£ 5 300
> L
T 4 S 250
8 8 I
@ [5] 2
o 3 g 00
©
8 150}
r 100
1F 50
0k
L ! 1 - L L L L L E . 1 1 1 i 1 i 1 i 1 1 i 1 i 1 1
100 200 300 400 500 600 700 800 900 1000 7 B 5 4 3 2 4 0 1 2 3 a4
Frequency (kHz)
V()

Figure 3.10 — a) Capacity-frequency and b) Capacitance-voltage characteristics with IV curves of p-Si/AIOx/Al
MIS capacitors annealed at 250 °C without and with FUV irradiation for different concentrations to a frequency
of 100 kHz.

By using the FUV irradiation combined with thermal annealing for both concentrations
expedites film formation, densification, condensation, and impurity decomposition.[34],[35]
Therefore the film thickness gradually decreased with the ultraviolet exposure as shown
previously in ellipsometry measurements (Annex C). For a higher concentration the capacitor
showed a lower capacity variation with frequency, Figure 3.10 a), and the exposure of FUV
irradiation is not very efficient resulting in higher hysteresis, Figure 3.10 b). The use of FUV
irradiation simultaneously with the thermal annealing worked better at a lower concentration
resulting in a lower leakage current density, as depicted in Figure 3.10 b).

3.3.3 Effect of FUV exposure parameters for low temperature annealing

In order to have compatibility with flexible substrates low annealing temperatures, 200 °C,
180 °C and 150 °C, were tried for different annealing conditions. At these temperatures was
confirmed that using FUV irradiation helps in reducing hysteresis and on densification of the film.
To increase the irradiation intensity a shorter distance of 5 cm to the FUV lamp was tried; causing
a lower hysteresis and a smaller variation of capacity with the frequency. Establishing the proper
irradiation distance the annealing time was reduced to 15 min to determine if the process would
become more compatible with R2R process. To illustrate these conditions the most suitable
temperature of 180 °C was chosen where the dielectric presented a higher performance for a FUV
lamp distance of 5 cm (Figure 3.11 a)). The devices produced at 200 °C and 150 °C are depicted
in Annex H and CV curves showed the same behavior with the implementation of FUV irradiation
during annealing.
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Figure 3.11 — a) Capacity-frequency and b) Capacitance-voltage characteristics with IV curves of p-Si/AlOx/Al
MIS capacitors annealed for different times at 180 °C with and without FUV irradiation (frequency of 100 kHz).

For shorter annealing (15 min) for 180 °C curing temperature combined with FUV
irradiation; the devices exhibit a large hysteresis in the CV curves and higher capacity at low
frequencies Figure 3.11 b) and a), respectively, when compared with the device annealed for 30
min.

It was observed that the hysteresis decreases with the increasing of temperature but can
decrease to lower temperatures when FUV irradiation is used.

Most of the films to different temperatures presented a high density of leakage current
owing to the presence of fixed charges attributed to structural defects in the dielectric-silicon
interface (Figure 3.11 b) and Annex H). The effect of trapped charge in the dielectric, typically
located at the interfaces of the constituent layers of the capacitor, must also be considered. But
one of the main reasons for leakage current is the low thickness of the dielectric films because
when aluminum electrodes are deposited by resistive thermal evaporation can cause short
circuits, thus becoming a current path through the dielectric, which contributes to high leakage
current. Nevertheless the FUV irradiation helps film densification and a slight decrease of leakage
current.

The dielectric constant (Annex C) of the materials were obtained using the equation 1.1,
these are lower than expected for Al203,~9, however, these are in agreement with reported values
for solution processed aluminum oxide.[56]

3.4 Electrical characterization of TFTs using AlOy as dielectric
3.4.1 Influence of the semiconductor layer

The thin film of AlOx using different precursor solutions in 2-ME has been implemented in
TFTs with different semiconductors, ZTO by solution process and GIZO by sputtering, to a
temperature of 350 °C. The TFTs using aluminum chloride as precursor solution showed worse
behavior (Annex J) as mentioned earlier in section 3.3.1, when compared TFTs using aluminum
nitrate as precursor solution. These are extremely affected by fringing electric field effect because
the leakage current is higher or very close to the Ibs current and have smaller On/Off ratios.[57]
Therefore solutions with aluminum nitrate as precursor solution was chosen for further studies.
Figure 3.12 shows the transfer curves of ZTO TFTs, Figure 3.12 a), and GIZO TFTs, Figure 3.12
b), with dielectric based solution for different process conditions and the output curves of each
TFTs with aluminum nitrate precursor solution with urea in 2-ME as dielectric, Figure 3.12 ¢) and
d), respectively.
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Figure 3.12 — Transfer curves of a) GIZO TFTs and b) ZTO TFTs, with dielectric of aluminum nitrate precursor
solution with and without fuel (U or CA) in 2-ME. Output curves using aluminum nitrate precursor solution with
urea as dielectric in ¢) GIZO TFTs and d) ZTO TFTs.

The characteristic parameters presented in Table 3.3 to analyze the performance of the
devices were obtained taking into account the equations and graphs mentioned previously in
section 1.4. The exact channel widths depicted in Annex I, were measured with an optical
microscope.

Table 3.3 — Characteristic parameters of GIZO and ZTO TFTs using (Al(NOs)3z) with (U or

CA) and without fuel in 2-ME at 350 °C.

Dielectric T=350 °C
Semiconductor = Solution W | Von S HsAT Vhyst

w low/l i ls max (A)

(AINO3)s) T (V) ONTIOFF (V)  (Videc) (cm2/Vs) (V) G max
270 2-ME 14 -0.25 1.84x10* 0.63 0.31 333 013  1.02x10*
solution U 2-ME 14 -0.84 1.50x10* 048  0.32 6.68  0.17 2.28x10*
CA 2-ME 14 -0.48 1.83x10* 0.63 0.32 361 007 552x105
G 2-ME 14 -0.26 1.92x105 044  0.13 14.40  0.03 7.28x10*
sputtering U, 2-ME 14 -0.88 7.24x10°  -0.14 0.14 27.93 0.13 9.15x10*
CA 2-ME 3 -368 7.67x10° 0.05  0.55 47.04 016 5.22x10*

Initially ZTO TFTs were produced with all the dielectric solutions of alumina to obtain all
solution processed TFTs. The best TFTs obtained were of aluminum chloride precursor (AICls)
with ammonium nitrate (NA) using urea (U) as fuel (Annex J) and with aluminum nitrate precursor
(AI(NOs3)s) solutions without citric acid. Then GIZO TFTs were produced to study more deeply the
dielectric. When compared the two different semiconductors, in Table 3.3, was observed that
GIZO TFTs were less affected by the fringing electric field resultant of the leakage current, have
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a higher On/Off ratio and lower hysteresis for dielectrics with aluminum nitrate precursors, as
depicted in Figure 3.12 b).

The higher mobility for both semiconductors was achieved using aluminum nitrate
precursor with urea as fuel, since the high mobility of GIZO using Al(NO3)s with citric acid (CA) as
dielectric solution is the effect of the fringing electric field of using small channel ratio that leads
to significantly overestimated field-effect mobility, as shown in Table 3.3 .[57] All the TFTs with
dielectric solutions using citric acid as fuel were more affected by the fringing electric field because
is formed a porous film in combustion reaction which leads to a high leakage current.[53] The
GIZO TFTs have better subthreshold slope than ZTO TFTs due to a greater semiconductor quality
and to a lower defects between semiconductor and dielectric, depicted in Table 3.3 and Figure
3.12 a),b).

The devices show significant leakage as depicted by the dashed squares on the output
curves of TFTs for both semiconductors, Figure 3.12 c¢) and d). This is due to unpatterned
semiconductor layer and lower Ic can be obtained by patterning the semiconductor, in this case
using mechanical masks.[58]

The ZTO semiconductor was not used to proceed for lower temperature because is not
optimized for such. Considering the results achieved GIZO and aluminum nitrate precursor with
urea were chosen to pursue lower temperatures.

3.4.2 Influence of solution concentration and FUV irradiation

All the devices were patterned when decreasing the annealing temperature of TFTs to
250 °C resulting in a lower leakage current. For this temperature different concentrations of
dielectric solution, 0.1 M to 0.25 M, and different processes of annealing, just thermal annealing
or combined with FUV photochemical activation to a lamp distance of 9 cm, were used.

Figure 3.13 a) shows that TFTs for a higher concentration precursors in dielectric, the On
current decrease almost one order of magnitude due to the channel size whereas the hysteresis,
the subthreshold slope, the threshold voltage and saturation mobility are higher. The highest
mobility is explained due to the film has a greater thickness that makes the capacity being smaller,
as shown in equation 1.1. The Von stay more close to zero for a highest concentration, as shown
in Table 3.4.

(a)102 ¢ 250°C, 30 min, C = 0.1M, WIL = 10 1 (b) 140 2O
1ZO/Al
250°C, FUV 30 min, d= 9cm, C = 0.1M, W/L = 10 120 .
107 F — 250°C, 30 min, C = 0.25M, WIL = 1 - Vg=0102V, 5 steps
250°C, FUV 30 min, d= 9cm, C = 0.25M, WL = 1 100 L 250°C, 30 min, C=0.1M i
4 =
10*E - WiL=10
GIZO/ AIO
—~ g & Tz 81 4
S 107 fVes=2V 3 =
1 @
== _O 60} 4
-6
107k E
40 - -
107 :
20 -
-8
107 F .
0 p#
9 S 1 1 1 1 1 1 1 1 1
107k -

S = A L 00 02 04 06 08 10 12 14 16 18 20
-04 00 04 08 12 16 20
V(v Vs (V)
es(V)
Figure 3.13 — a) Transfer curves of GIZO/AIOx TFTs for different concentrations annealed with and without FUV
irradiation and b) output curve for the TFT with a concentration of 0.1 M without FUV irradiation at 250 °C.

-1.2 -0.8

The effect of leakage current on the output curve was not observed for patterned devices,
Figure 3.13 b), when compared with the output curve of TFT annealed at 350 °C.

21




c CENIMAT
T

FCAINREE e Oxide Transistors produced by solution: =
SHNEISBASENGUA 50 Influence of annealing parameters on properties of the insulator

The use of FUV irradiation combined with the thermal annealing provides an additional
energy which induces a degradation of volatile organic residues and a M—-O-M network
reorganization via efficient condensation and subsequent densification.[35] That irradiation
worked better at a lower concentration because there is less organic to degrade resulting in a
lower hysteresis, Figure 3.13 a), and in a thinner film confirmed by ellipsometry. For higher
concentration the TFTs do not show significant influence of FUV on leakage current and lower Il
is mainly due to higher thickness. Consequently the dielectric solution with the lowest
concentration was chosen to proceed to low temperatures. For this temperature the FUV lamp at
a distance of 5 cm was not used because the temperature could damage the lamp.

Table 3.4 — Characteristic parameters of GIZO/AIOx TFTs for different concentrations of dielectric annealed
with and without FUV irradiation at 250 °C

Concentration . W Von VT S MsaT Vhyst
M) Condition =y lowlore () (videc) (emavs) (V)
250 °C 10 -0.30 8.3x104 0.15 0.10 9.63 0.02

0.1 250 °C
’ + 10 -0.36 5.6x104 0.18 0.12 11.76 0.03

FUV
250 °C 1 -0.14 1.2x104 0.37 0.15 31.67 0.18

0.25 250°C
+ 1 -0.05 9.7x103 0.29 0.13 34.30 0.14

FUV

3.4.3 Effect of FUV exposure parameters for low temperature annealing

TFTs were produced at 200 °C, 180 °C and 150 °C in order to have compatibility with
flexible substrates. For those temperatures a thermal annealing of dielectric film with and without
FUV irradiation assistance were performed. In the case of using FUV irradiation were changed
the lamp distances from the heating plate and time of annealing. The main contribution of the use
of FUV irradiation in the performance of devices is the reduction of leakage current (lc) by the
elimination of the organic residue present in dielectric, as shown in Figure 3.14 a) and b), which
is more effective when reducing the distance of the lamp to 5 cm.

Figure 3.14 shows the transfer curves a) and b) of TFTs at 200 °C and 150 °C,
respectively for different annealing conditions using FUV irradiation or not, and the output curves
¢),d) for the devices with FUV irradiation for a lamp distance of 5 cm for 30 min. By reducing the
annealing temperature of dielectric the hysteresis in the TFTs increases independently of the
conditions used (Table 3.5). The TFTs produced at 150 °C have lower On/Off ratios, a worse
quality in the interface between the dielectric-semiconductor and output curve, Figure 3.14 b) and
d), when compared with devices at 200 °C and 180°C in Table 3.5. These problems may be due
to the fact of not achieving the temperature required to cause the combustion reaction, resulting
only in solvent evaporation, as indicated in Figure 3.1 a).
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Figure 3.14 — Transfer curves of GIZO/AIOx TFTs annealed at a) 200 °C and b) 150 °C for different annealing
conditions and b) output curves for the TFTs with FUV irradiation combined with annealing for 30 min, ¢) and
d), respectively.

So the temperature chosen to analyse the different conditions in further detail was 180
°C because does not differ much of the characteristics parameters obtained for 200 °C, Table 3.5,
and is still compatible with flexible substrates.

Figure 3.15 a) shows the transfer curves of TFTs at 180 °C in different conditions of
annealing. By introducing FUV irradiation in the process of annealing the leakage current and
hysteresis decrease, which is due to densification of the film, as seen in Table 3.5. Also, reducing
the FUV lamp distance from 9 cm to 5 cm, decreases the leakage current almost an order of
magnitude (Figure 3.15 a)), but the characteristic parameters remain very similar. After knowing
that the leakage current was lower for a distance of 5 cm, due to irradiation being more efficient
the annealing time was reduced to be more compatible with R2R process. As a result the On/Off
ratio decreases slightly and threshold voltage (VT), subthreshold slope (S) and hysteresis (Vhyst)
increase as can be seen in Table 3.5. Mobility is higher but that is an effect of the fringing electric
field of using small channel ratio that leads to significantly overestimated field-effect mobility.[57]
Taking this into account the best condition to use on TFTs with this dielectric is a combination of
FUV irradiation, for a distance of 5 cm, with an annealing at 180°C for 30 min. Figure 3.15 b)
shows the output curve of TFT produced under these conditions.
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Figure 3.15 — a) Transfer curves of GIZO/AIOx TFTs for different annealing conditions and b) output curve for
the TFT with FUV irradiation combined with annealing for 30 min at 180 °C.

To study the uniformity and reproducibility of these devices, a set of 22 GIZO/AIOx TFTs
was processed in identical conditions, 180 °C annealing with FUV irradiation for 30 min, and
characterized. These presented an average of saturation mobility (usat) of 17.32 + 4.15 cm?/Vs, a
subthreshold slope (S) of 0.11 + 0.01 V/dec, a turn-on voltage (Von) of -0.12 + 0.06 V, a threshold
voltage (V1) of 0.13 + 0.04 V, a hysteresis (Vhyst) of 0.06 + 0.02 V and an On/Off ratio of 5.30x104
+ 2.72x10* depicted on Annex K.

Table 3.5 — Electrical properties obtained for the devices depicted in Figure 3.14 a),b) and
Figure 3.15 a).

. Time Distance @ W  Von Vr S SAT VHhyst
Condition iy “em) T (v) Vo) (videc) (c#wZ/vS) W)
200°C 30 i 10 -0.25 220x10* 016 012 1347 005
200°C 30 9 10 -0.30 6.69x10° 014 010 1192  0.03
¥ 30 5 4 014 225x10° 022 043 = 1289 003
FUV 15 5 10 -041 588x10° 018 011 1365  0.05
180°C 30 : 5 .025 646x10° 019 011  17.05  0.08
180°C 30 9 10 -0.36 855x10° 014 010 1924 005
¥ 30 5 10 -0.30 667x10° 007 010 1602 0.5
FUV 15 5 1 -014 128x10* 017 013 2581 007
150°C 30 i 10 -041 654x10° 028 015 = 3286 0.2
150°C 30 9 4 057 289x10° 021 018 1668 012
¥ 30 5 4 030 1.20x10° 016  0.17 666 006
FUV 15 5 1 -052 731x10° 018 023 1150 0.8

3.4.4 Stress measurements of optimized GIZO/AIOx TFTs

For the best production condition stress tests in GIZO/AlOx TFTs were performed in order
to know if the devices were stable. Gate bias stress tests were performed in vacuum conditions
(102 mbar, leaving the device at this pressure for 1 h prior starting the stress experiment) on
these devices by applying a constant gate voltage equivalent to a 0.8 MV cm™" electric field while
maintaining source and drain electrodes grounded. The devices were stressed for 2 h, after which
these were allowed to recover in the dark. Transfer characteristics were obtained in saturation
regime, with a Vos = 2 V at selected times during stress and recovery processes. Positive gate-
bias stress (PBS) displaces the transfer curves to the negative direction (Annex L). Figure 3.16
shows the variation of Vr and S with the time during stress and recovery phases.
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Figure 3.16 — Results obtained for a constant Ves stress measurements on GIZO/AIOx TFTs

annealed at 180 °C with FUV irradiation: Threshold voltage variation (AVT) and subthreshold slope variation
(AS) with the time during a 0.8 MV/cm a positive gate bias stress test at vacuum.

A negative V7 shift is observed when the device is subjected to a positive bias stress, with a Ves=
1V, and the value of subthreshold slope (S) does not change significantly during the course of
stressing. In amorphous oxide TFTs, there are two possible reasons for the negative Vr shift, the
ion migration within the gate dielectric [59] and charge trapping/detrapping in the gate dielectric
causing instability in stress condition.[60], [61]. If ion drift were the reason for instability, after an
extended period the device do not recover, because there is no driving force for ions to diffuse
back to their original locations [59]. However, these devices show fast recovery of Vr when
relaxed without the annealing treatment (Figure 3.16). Consequently the charge detrapping in the
gate dielectric can be attributed to the observed negative shift under PBS process.

In contrary, the V1 shift under negative bias stress (NBS) shows smaller negative shift
which is already reported for n-type semiconductor TFTs.[62] Figure 3.17 shows a negative Vr
shift with little degradation of S. Humidity has a large impact in the negative shift of threshold
voltage under NBS. So the device does not recover back very fast which is suggesting that the
negative shift is due to the surface conduction in air (Annex L). Passivation or encapsulation of
the TFT channel can improve stability.
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Figure 3.17 — Results obtained for a constant Ve stress measurements on GIZO/AIOx TFTs
annealed at 180 °C with FUV irradiation: AVt and AS with time during a 0.8 MV/cm a negative gate bias
stress test at vacuum.
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3.4.5 Stability over time of optimized GIZO/AIOx TFTs

Influence of annealing parameters on properties of the insulator

Optimized TFTs were produced at low temperatures with different times of annealing
combined with FUV irradiation with a lamp distance of 5 cm. To know how TFTs behaved over
time measurements after 6 and 9 weeks were done, Figure 3.18.
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Figure 3.18 — Aging effects of GIZO/AIOx TFTs with different annealing conditions: Annealed
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at 200 °C ((a) and (b)) and 180 °C ((c) and (d)) with FUV irradiation for 30 and 15 min.

For 200 °C the devices presented good stability after 6 weeks showing only a slight
decrease in On/Off ratio, depicted in Figure 3.18 a),b). After 9 weeks the TFT subjected to 30 min
of annealing at 200 °C had an abrupt reduction of two orders of magnitude of On/Off ratio, Figure
3.18 a), and showed a decrease in the quality of the interface between the semiconductor and
dielectric associated with an increasing of subthreshold slope (S).

Table 3.6 — Electrical properties obtained for the devices depicted in Figure 3.18.

Condition T'“."e
(min)
200 °C 30
+
FUV
d =5cm 15
180 °C 30
+
FUv
d=5cm 15

Measure
initial
6 weeks
9 weeks
initial
6 weeks
9 weeks
initial
6 weeks
9 weeks
initial
6 weeks
9 weeks

10

10

10

Von
%)
-0.25
-0.30
-0.14
-0.14
-0.20
-0.20

-0.30
-0.25
-0.25
-0.09
-0.09
-0.09

lon/lore

2.85x10%
3.10x104
7.32x102
4.57x104
2.71x10%
1.20x104

4.39x104
4.18x104
3.26x104
5.45x10%
6.08x10%
1.67x10%

V1
V)
0.15
0.07
-0.03
0.22
0.11
0.14

0.13
0.03
0.06
0.15
0.12
0.14

S
(V/dec)
0.11
0.11
0.25
0.11
0.11
0.14

0.11
0.10
0.11
0.10
0.09
0.11

HsaT
(cm?/Vs)
10.64
10.87
15.29
23.71
18.52
19.60

11.15
13.28
16.79
14.71
15.09
17.94

VHyst
V)
0.03
0.03
0.04
0.05
0.04
0.05

0.04
0.04
0.04
0.04
0.04
0.04
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At 180 °C the TFTs demonstrate improved stability (Table 3.6) showing only a higher
decrease of On/Off ratio on TFT annealed for 15 min after 9 weeks, Figure 3.18 d), when
compared with the TFT annealed for 30 min, Figure 3.18 c). For the lowest annealing temperature
at 150 °C a slight improvement of the devices occurred over time; turn-on voltage became closer
to zero and the subthreshold slope decreased (Annex M).

In conclusion all devices operate at low voltages and are affected over time by humidity
exposure of the environment due to the surface adsorption of water causing a decrease of On/Off
ratio independently of the conditions used.[63] To solve this problem is necessary to passivate
the devices.

3.4.6 Fully solution-based In,03/AlOx TFTs

Fully solution-based TFTs using a semiconductor present in literature [35] processed by
solution, In203, were produced after know that dielectric have a good performance at low
temperatures. For these devices the combination of FUV irradiation with thermal annealing at 200
°C and 180 °C, for 15 or 30 min was used on each constituent layer, dielectric and semiconductor.
Figure 3.19 present the transfer curves of devices annealed at a) 200 °C and b) 180 °C, and their
output curves for 30 min of annealing, Figure 3.19 c¢) and d), respectively.
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Figure 3.19 —Transfer curves of In203/AlOx TFTs for different times of annealing with FUV at a) 200 °C and ¢) 180 °C.

Output curves for the devices annealed for 30 min at ¢) 200 °C and d) 180 °C.

For 15 min of annealing of each layer all the devices showed a lower subthreshold slope
(S) compared to 30 min, Figure 3.19. At 200 °C TFTs showed a better performance: a higher
saturation mobility of 5.57 cm?/Vs, a better interface between semiconductor and dielectric, and
a lower hysteresis when compared with TFTs produced at lower temperature as depicted in Table
3.7. Nonetheless these devices deteriorate over time , as shown in Figure 3.20 a),b), when
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compared with TFTs annealed at 180 °C that remain more stable, as presented in Figure 3.20
c),d).
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Figure 3.20 — Aging effects seen by the evolution of the transfer characteristics of 1203/ AlOx TFTs
with different annealing methods: Annealed each layer at 200 °C with FUV radiation for a) 30 and b)
15 min; Annealed each layer at 180 °C with FUV radiation for ¢) 30 and d) 15 min.
The output curves illustrates the same behavior than for TFTs produced at 350 °C (Figure
3.12 d)) where gate leakage current increase with positive Ves for different temperatures, Figure
3.19 c¢) and d), which is due to non-patterned semiconductor with common gate, can be improved
by patterning the semiconductor layer.
Table 3.7 — Electrical properties obtained for the devices depicted in Figure 3.19 a), b) and

Figure 3.20.

. Time W Von Vr S HsaT Vhyst
Condition (min) Measure T V) lon/loFF V) (Videc)  (cm?Vs) (V)

initi 8
200 °C 30 7|n|t|al 0.02 7.76><103 0.51 0.20 5.57 0.06
N weeks 3 -0.52  5.80%x10 0.57 0.28 5.57 0.57
FUV 15 initial 0.34  3.40x10% 0.57 0.15 3.02 0.04
7 weeks 0.18 1.46x102 = 0.30 0.32 0.35 0.19
initial 0.23 1.45x10% = 0.53 0.24 1.26 0.07
180°C 30 Jweeks ° 013 152x10° 047  0.24 101 011
FUV 15 initial 14 0.18 = 1.70x10°® @ 0.50 0.23 0.55 0.06
7 weeks -0.09 1.32x10% 0.43 0.35 0.48 0.05

Taking into account the results obtained it was concluded that before measuring the
devices over time the best condition was using an annealing at 200 °C for 30 min, however TFTs
annealed at 180 °C for 30 min show improved stability over time.
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3.4.7 Influence of DUV irradiation in GIZO/AIOx TFT

As deep ultraviolet (DUV) lamp have a lamp peak (253.7 nm) near to the dielectric
solution absorption peak (245 nm) was tested the influence of DUV irradiation (lamp distance of
2 cm) in the dielectric film for 2 h in an ozone environment without annealing. However the GIZO
semiconductor was annealed for one hour at 180 °C subjecting the dielectric at that temperature.
Figure 3.21 shows a) the transfer and b) output curves. The characteristic parameters presented
were a subthreshold slope of 0.10 V/dec, a turn-on voltage of -0.30 V, a threshold voltage of 0.11
V, a hysteresis of 0.07 V, an On/Off ratio of 9.84x10% and a saturation mobility of 28.35 cm?/Vs.
This device showed good performance, low operating voltages, high On/Off ratio and higher
saturation mobility than other devices that used the FUV irradiation lamp for the same
temperature.
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Figure 3.21 — a) Transfer and b) output curves of GIZO/AIOx TFT using DUV irradiation for 2 h in
dielectric.

3.4.8 Flexible GIZO/AIOL TFT

As final step of this work, optimized GIZO/AIOx TFTs were produced at low temperatures
with FUV irradiation on flexible PET substrates. The device was annealed at 200 °C with FUV
irradiation for 30 min, and the results are depicted in Figure 3.22. The device showed a saturation
mobility of 7.66 cm?/Vs, a Von0f -0.36 V, a V1 of -0.18 V, a subthreshold slope of 0.21 V/dec and
an On/Off ratio of 1.40x103. Although performance is not as good as for devices in Si substrates,
but the results are promising and process optimization should lead to further improvement.
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Figure 3.22 — a) Transfer and b) output curves of GIZO/AIOx TFTs with the dielectric annealed
at 200 °C combined with FUV irradiation in a PET substrate.
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4. Conclusions and Future Perspectives

The work in this dissertation was focused on the study and optimization of the annealing
processes of alumina dielectric processed by solution in order to have compatibility with flexible
low cost substrates based on polymeric materials. After optimization the dielectric was applied in
TFTs with different oxide semiconductors produced by solution and by sputtering in order to
evaluate their performances.

First different aluminum oxide precursor solutions were studied. All of them absorbed in
the UV region and the thin films of alumina showed an amorphous nature, transparency (91%)
and good uniformity. MIS structures produced at 350 °C with dielectric using aluminum nitrate
precursor solution shows better results; lower hysteresis and higher stability when compared with
chloride precursors. The use of fuel in reaction was required to provide additional heat in the
combustion reaction in order to proceed for low temperatures as such two different fuels, citric
acid and urea, were tested. Urea has a smaller molecule size resulting in a higher agglomeration
of particles when the combustion reaction occurs, this leads to more uniform films and lower
leakage current density. Therefore the best alumina precursor solution to proceed for low
temperatures was aluminum nitrate and urea as fuel in 2-ME. The implementation of FUV
irradiation at a lamp distance of 9 cm combined with thermal annealing at 250 °C for a low
concentration of 0.1 M reveals a significant improvement in leakage current and hysteresis
because absorption of ultraviolet is more efficient and helps in densification, condensation and
impurity decomposition of the thin film. For lower temperatures a lower distance to the FUV lamp
was implemented being more efficient on densification of the films resulting in a low hysteresis
and thickness when compared with just thermal annealing. Also, the time of annealing combined
with FUV irradiation was reduced to make it more compatible with R2R. The ideal conditions for
this dielectric were obtained using a lamp distance of 5 cm with an annealing time of 30 min.

After study the dielectric, different precursor solutions were applied in TFTs at 350 °C for
different semiconductors. Then the GIZO/AlIOx TFTs were chosen instead of ZTO/AIOx TFTs to
proceed for low temperatures because they had a lower hysteresis, a higher On/Off ratio and a
better interface quality between dielectric and semiconductor. All the TFTs presented a higher
leakage current due to non-patterning of semiconductors; knowing that all TFTs for lower
temperatures were patterned. For low temperatures the devices depicted a good behavior and
the temperature chosen to analyze in further detail was 180 °C for 30 min assisted by FUV
irradiation at a lamp distance of 5 cm. A study of uniformity and reproducibility of these devices
was made where 22 TFTs presented a good performance with an average saturation mobility of
17.32 + 4.51 cm?/Vs, a subthreshold slope of 0.11 + 0.01 V/dec, a turn-on voltage of -0.12 + 0.06
V and a threshold voltage of 0.13 £ 0.04 V. These TFTs demonstrate the best stability over time
showing only a small increase of Off current due to the exposure to the environment which can
be solved with the passivation of devices.

The In203/AlOx TFTs fully solution based are equivalent to the published ones and in
some cases surpassing the actual state of the art (Annex N).

The GIZO/AIOx TFT where the dielectric used DUV irradiation followed by thermal
annealing at 180 °C exhibited a better mobility when compared with the TFT exposed to the FUV
irradiation, but have a higher leakage current.

In conclusion, all the TFTs that use lower temperatures operate at low voltages and can
be applied in flexible substrates as seen for GIZO/AIOx TFTs in a PET substrate using a thermal
annealing of 200 °C combined with FUV irradiation. However, the performance is not as good as
for devices in Si substrates, but the results are promising and process optimization should lead
to further improvement.

31




rCt

FACULDADE DE
CIENCIAS E TECNOLOGIA
uuuuuuuuuuuuuuuuuuuuuuu

Oxide Transistors produced by solution: “

Influence of annealing parameters on properties of the insulator

In this research work some questions and routes remain unknown and unanswered after
this dissertation. Based on the results obtained here, some suggestions for future work are made:

v

v
v
v

Increase the thickness of the dielectric slightly at low temperatures in order to
decrease the leakage current that limit the Off current improving the On/Off ratio;
Pattern the semiconductor of TFTs all based solution to decrease the leakage current;
Passivate all the devices to avoid being affected by the environment over time;
Study in further detail the use of DUV irradiation in dielectric but with thermal annealing
for low temperatures;

Use multilayers to improve the dielectric performance;

Improve the behaviour of TFTs in flexible substrates by reducing the thickness of
aluminum electrodes on gate of 100 nm to 40 nm because, as the dielectric is so thin,
during the deposition the dielectric could not stay well dispersed in gate electrode.
Another improvement is use phosphoric acid to remove the insulator from the top of
gate electrode which can cause an increase in the On/Off ratio and reduce leakage
current;

The GIZO TFTs at low temperatures can be applied in basic building blocks, sensors
and OLEDs (Figure 4.1).

Figure 4.1 — Flexible OLED display with TFT backplane (Image property of
TNO/Holst Centre, under the framework of the FP7 project ORAMA).
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Annex A

The synthesis of aluminum oxide with and without combustion using metal precursors
and fuels in case of combustion, mentioned previously, follow the balance between aluminum
nitrate decomposition reactions and the oxidation reaction of the fuels:[17], [51-53]

Table 6.1 — Reactions of reduction and oxidation.

Reduction reaction

Aluminum nitrate
nonahydrate

15
241(N0y); - 9H,0 — Al,05 + 18H,0 + 3N, + (7) 0,

Ammonium nitrate

1
NH4N03 g 2H20 + NZ + (E) 02

Aluminum Chloride
hydrated +
Ammonium nitrate

1
2AICl; - 6H,0 + 4NH,NO; — Al,05 + 20H,0 + 4N, + 3Cl, + (E) 0,

Aluminum Chloride
hydrated + Silver

15
24ICl; - 6H,0 + 6AgNO; — Al,05 + 12H,0 + 6AgCl + (7> 0, + 3N,

nitrate
Oxidation reaction
3
Urea CO(NH,), + (E) 0, » 2H,0 + CO, + N,
Citric acid

9
CGH8O7 + <E) 02 d 4’H20 + 6602

2-Methoxyethanol

CsHg0, + 40, — 4H,0 + 3C0,

The reactions are given by the combination of reduction and oxidation reaction. In these
combustion reactions occurs the formation of different gaseous products (H20, N2, CO2, Oz and
Cl2) depending of the reaction.

Table 6.2 — Overall reaction given by the combination of reduction and oxidation reaction.

Precursor Fuel

Overall reaction

24L(NO3); - 9H,0 + CO(NH,), - ALO5 + 20H,0 + CO, + 4N, + 60,

2AL(NO3)5 - 9H,0 + C4Hg0, — Al,05 + 22H,0 + 6CO, + 3N, + 30,

Urea
Aluminum | Citric
nitrate acid
nonahydrate 2-
ME

7
2AL(NO3)3 - 9H;0 + C3Hg 0, — Al,05 + 22H,0 + 3C0; + 3N, + (E) 02

Aluminum | Urea | 2AICl; - 6H,0 + 4NH,NO; + CO(NH,), — Al,05 + 22H,0 + CO, + 5N, + 3Cl, + 0,

Chloride

hydrated + | Citric

Ammonium | acid | 2ALCL - 6H,0 + 4NH,NOs+ CoHg0; — Aly05 + 24H,0 + 6CO, + 4N, + 3Cl, + 40,

nitrate

Aluminum | Urea | 24ICl; - 6H,0 + 6AgNO; + CO(NH,), — Al,05 + 14H,0 + 6AgClL + CO, + 4N, + 60,

Chloride

hydrated + | CUC |5 011 6H 0 4+ 64gNO, + CoHg0, — AL,O + 16H,0 + 6AgCL + 6C0, + 3N, + 30,

Silver nitrate | acid

To ensure the redox stoichiometry of the reaction, using the relationship between redox
stoichiometry and the molar ratio of the reactants, it is necessary to determine the valency of the
reducing / oxidizing reagent (RV:0V):[67]

il 1 ov 1.12
= —ns = —_— .
¢ OVn " X RV ( )
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Where n (Table 6.5) is the number of moles of fuel per mole of oxidant.

The ideal stoichiometric composition of redox mixture is obtained when is not necessary
any molecular oxygen for the reaction being complete (¢ = 1). When ¢ <1 the redox mixture is
under a regime in poor fuel resulting in the production of molecular oxygen. On the other hand, if
¢> 1 the redox mixture is under fuel-rich condition, requiring molecular oxygen to fully convert the
fuel. In order to get ¢ =1, we have to calculate the oxidizing/reducing valences of a redox mixture.
Metals, carbon and hydrogen are considered as reducing elements with the corresponding metal
valence, +3 for aluminum, +4 for carbon and +1 for hydrogen. Oxygen is seen as an oxidizer with

the valence -2 and nitrogen is considered with valence 0.[64]

Table 6.3 — Valence of all reagents

Reagents Chemical Calculation Total
formula
Oxidizing Al(NO3)3" 3+(3x0)+(3x3x-2) -15
reagent
o) NH4NOs (1x0)+(1x4)+(1x0)+(3x-2) -2
Reducing CO(NH2)2 4-2+2x0)+(2x2x1) +6
reagent CsHsO2 (B3x4)+(1x8)+(2x-2) +16
(RV) CeHsO7 (6x4)+(8x1)+(7x-2) +18

*Hydration water does not affect the overall compound valence

Therefore it is possible to know the number of moles needed to ensure stoichiometry of
the redox reaction. Now we can rewrite all the global reactions.[51, 54]

Table 6.4 — Number of moles (n) to ensure stoichiometry of the redox reaction.

Precursor (0] Fuel n
. . Urea (E)
Aluminum nitrate 2
nonahydrate L . . 5
Citric acid (E)
Aluminum Chloride Urea 1
hydrated + 1 _. ] 1
Ammonium nitrate Citric acid (§)
5
Aluminum Chloride Urea <_>
hydrated + Silver 1 %
nitrate Citric acid (E)

Table 6.5 — Overall reaction with the correct stoichiometry.

Precursor Fuel Overall reaction
Aluminum | Urea 241(N0Os)3 + 5CO(NH,), = Al,05 + 10H,0 + 5C0, + 8N,
nitrate Citric 5 20
Aluminum | Urea 2AICl; + 6NH,NO; + 2CO(NH,), - Al,05 + 13H,0 + 2C0, + 8N, + 6HCl
Chloride
hydrated + itri
prsipnend (;'g('jc 2A1CL; + 6NH,NOs+ ( 2) CoHgO; + () 0, = ALO; + 12H,0 + 4C0; + 6N, + 6HCI
nitrate
Aél;]rpingm Urea 2AICl; + 6AgNO; + 5CO(NH,), - Al,05 + 6AgCl+5C0, + 8N, + 10H,0
oriage
Citric 5 20
hydrated + aCid 2AICL; + 6AgNO; + (—) CoHg0, — Al,05 + 6AgCl + (—) H,0 + 10C0, + 3N,
Silver nitrate 3 3
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Annex B

Normalized spectral distribution of the FUV lamp used in dielectric and In20s3 films.
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Figure 6.1 — Normalized spectral distribution of the FUV lamp
(Hamamatsu Phothonics) with a higher incidence at a wavelength of

160 nm.[68]
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Annex C

Thickness, capacitance and dielectric constant of all dielectric thin films produced.

CENIMAT

13N

Table 6.6 — Thickness of all the AlOx thin films produced for different temperatures with different
processing conditions in 2-ME for a frequency of 100 kHz.

Temperature . . Thickness | Capacitance Dielectric
Solution Conditions constant
(°C) (nm) (nF/cm?) ®
Al(NO3)3 10.64 535 6.43
Al(NO3)s U 10.91 396 4.88
Al(NO3)3 CA 12.16 281 3.87
350 AICl3 ta=30 min 20.52 328 7.52
AICIz NA U c=0.1M 11.63 407 5.35
AICIz NA CA 13.07 326 481
AICIz SN U 10.58 494 5.91
AICIz SN CA 13.37 432 6.52
c=0.1 M, ta=30 min 12.10 458 6.27
¢=0.1 M, taA=30 min with FUV,
d =9 cm 10.20 452 5.21
2 AI(N
>0 (NOs)sU ¢=0.25 M, ta=30 min 30.15 292 9.93
¢=0.25 M, ta=30 min with FUV,
_ 30.40 185 6.34
d=9cm
¢=0.1 M, taA=30 min 12.03 409 5.56
¢c=0.1 M, ta=30 min with FUV,
_ 13.36 335 5.06
d=9cm
200 AI(NO3)3 U ¢=0.1 M, ta=30 min with FUV,
_ 11.51 349 4.54
d=5cm
¢=0.1 M, ta=15 min with FUV,
_ 12.07 354 4.83
d=5cm
¢=0.1 M, ta=30 min 13.98 438 6.92
¢=0.1 M, ta=30 min with FUV,
_ 12.67 336 4.81
d=9cm
¢=0.1 M, ta=30 min with FUV, 11.87 381 511
180 AI(NO3)3 U d=5cm ' '
¢c=0.1 M, ta=15 min with FUV,
_ 11.58 381 4.98
d=5cm
¢=0.1 M, ta=30 min, DUV 2h,
_ 14.97 334 5.64
d=2cm
c=0.1 M, ta=30 min 15.36 376 6.52
¢=0.1 M, ta=30 min with FUV,
~ 11.65 401 5.28
d=9cm
150 AI(NO3)3 U ¢=0.1 M, ta=30 min with FUV,
_ 12.05 334 454
d=5cm
¢=0.1 M, ta=15 min with FUV,
R 12.04 358 4.87
d=5cm
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Images obtained by the optical microscope for different precursor solutions.

Figure 6.2 — Images at optical microscope of AlOx thin films in Si at 350 °C with a) aluminum chloride and b)
aluminum nitrate as precursor solution in 2-ME.
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Annex D

Transmittance spectra for AlOx thin films in a glass substrate for different process conditions.
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Figure 6.3 — Transmittance of thin films with different process conditions in glass: a) Thin films of aluminum chloride
precursors with ammonium nitrate or silver nitrate using fuels (urea or citric acid) and without at 350 °C. Thin films of
aluminum nitrate using urea as fuel without and with FUV radiation: b) for different concentrations at 350 °C; ¢) and d) for
different distances of the lamp and time of annealing at 200 °C and 150 °C, respectively; e) Thin films of semiconductor
and dielectric without and with FUV or DUV radiation for different process conditions at 180 °C.
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Annex E

FTIR (ATR) spectra of AlOxthin films to identify the presence of their elements for
different process conditions on a Si substrate.
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Figure 6.4 — FTIR spectra of AlOx dielectric thin films for different process conditions at different temperatures: a) 350
°C, b) 250 °C, ¢) 200 °C, d) 180 °C and e) 150 °C.
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Annex F

XRD of AlOx thin films produced from aluminum nitrate using urea as fuel in 2-ME deposited on

a Si substrate for different process conditions.
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Figure 6.5 — XRD diffractograms of AlOx dielectric thin film deposited on Si for different process conditions: a)
Annealing the thin film at 250 °C combined or not with FUV radiation for different concentrations, 0.1 M and 0.25 M;
Thin films annealed at b) 200 °C or c¢) 150 °C without FUV assistance and with using different distances of the lamp
for different times of annealing.; d) Thin films annealed at 180 °C without FUV assistance and with using different
distances of the lamp for different times of annealing and a film exposed to radiation DUV for 2 h.

48




FAcnoEDE Oxide Transistors produced by solution: “

R EROE A Influence of annealing parameters on properties of the insulator

Annex G

Surface morphology study of the dielectric (AlOx) thin film with and without FUV irradiation by
AFM.

200 °C - 30 min, 180 °C - 30 min,
Rms =1.870 nm Rms =1.478 nm

2.9nm
0.0 nm

Figure 6.6 — Morphological characterization of 2-methoxyethanol (2-ME)
solution based AlOx (AI(NOz)s with urea) thin films for different annealing
temperatures.

200 °C - FUV 30 min, d=5cm, 200 °C - FUV 15 min, d=5cm, 180 °C - FUV 15 min, d=5cm,
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0.0 nm
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Figure 6.7 — Morphological characterization of 2-methoxyethanol (2-ME) solution based
AlOx (AI(NOs)s with urea) thin films for different annealing temperatures and times
combined with FUV irradiation (lamp distance of 5 cm).
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Figure 6.8 — AlOx thin films surface roughness variation for different conditions of annealing.

For higher annealing temperatures the surface roughness of dielectric is higher and with
the combination of lower annealing time and FUV irradiation is obtained less roughness (Figure
6.8).

49




FAcnoEDE Oxide Transistors produced by solution: “

““““““““““““““““““““ Influence of annealing parameters on properties of the insulator

Surface morphology study of the dielectric (AlOx) thin film and the semiconductor (In203)
deposited onto AlOxthin films by SEM.

200 °C, AlOx,C=0.1 M 180 °C, AlOx, C=0.1 M 150 °C, AlOx, C=0.1 M
200 °C, FuUV d =5cm, 200 °C, FUV d =5cm, 150 °C, FUV d = 5cm,
AlOx, C=0.1 M In(NO3)3, C=0.2 M AlOy, C=0.1 M

Figure 6.9 — Surface morphology of AlOx (AI(NOs)s with U in 2-ME) thin films using
different methods of anneling for 30 min and 2-ME solution based In203 deposited onto
AlOx thin film annealed over 30 min at 200 °C combined with FUV radiation.
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Annex H

Electrical characterization of AlOx MIS devices produced from AICIs (Figure 6.10) and
AI(NOs)3 using urea as fuel (Figure 6.11, Figure 6.12 and Figure 6.13) by capacity-voltage (CV),
capacity-frequency (Cf) and current-voltage (V) curves.
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Figure 6.10 — a) Capacity-frequency and b) Capacitance-voltage characteristics with IV curves of p-Si/AIOx/Al
MIS capacitors produced with chloride precursor solution without and with nitrates ( ammonium nitrate (NA) or
silver nitrate (SN)) using urea (U) or citric acid (CA) as organic fuels in 2-methoxyethanol ( 2-ME) annealed at
350 °C over 30 min to a frequency of 100 kHz
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Figure 6.11 — a) Capacity-frequency and b) Capacitance-voltage characteristics with IV curves of p-

Si/AIOW/Al MIS capacitors annealed at 200 °C without and with FUV irradiation for different times of annealing
and lamp distances to a frequency of 100 kHz.
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Figure 6.12 — a) Capacity-frequency and b) Capacitance—-voltage characteristics with IV curves of p-Si/AIO«/Al
MIS capacitors annealed at 150 °C without and with FUV irradiation for different times of annealing and lamp
distances to a frequency of 100 kHz.
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Figure 6.13 — a) Capacity-frequency and b) Capacitance-voltage characteristics with IV curves of p-Si/AIOx/Al
MIS capacitors using DUV irradiation for 2 h and after an annealing at 180 °C for 30 min to a frequency of 100
kHz.

Annex |
Channel dimensions with and without patterning

Table 6.7 — Different sizes of the channels with and without patterning

Channel W (um) L (pm) WI/L
Patterned 200 50 4
Not patterned 600 50 12
Patterned 200 200 1
Not patterned 600 200 3
Patterned 1000 100 10
Not patterned 1400 100 14
Patterned 1000 200 5
Not patterned 1400 200 7
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Annex J
Transfer characteristics of ZTO and GIZO TFTs using aluminum chloride with and
without fuel as dielectric precursor solution annealed at 350 °C
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Figure 6.14 — Transfer curves of ZTO TFTs with dielectric of aluminum chloride precursor solution with
a) ammonium nitrates (NA) or b) silver nitrates (SN) using urea (U) or citric acid (CA) as fuel in 2-
Methoxyethanol, and without at 350 °C. Transfer curves of GIZO TFTs with dielectric of aluminum
chloride precursor solution with ¢) NA or d) SN using U or CA as fuel in 2-ME, and without at 350 °C.
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Table 6.8 — Electrical properties obtained for the devices depicted in Figure 6.14.
Dielectric
Solution

Semiconductor

GIzO
sputtering

ZTO
solution

(AICI3)
2-ME
NA U,
2-ME

NA CA,
2-ME
SN U,
2-ME

SN CA,
2-ME
2-ME
NA U,
2-ME

NA CA,
2-ME
SN U,
2-ME

SN CA,
2-ME

Von
V)
0.14

-0.36
-0.56
-0.15

-0.21
0.88
-1.38

-5.41
0.04

0.62

lon/lore

5.14x102
3.36x104

3.3x103
3x102

1.21x108
9.78x104
1.28x104

1.08x10°
5.41x102

1.54x10%

Vr
V)
0.25

-0.01
-0.13
-0.04

-0.02
1.20
0.40

0.78
0.32

1.05

T=350 °C
S
(V/dec)
0.30

0.11
0.22
0.19

0.17
0.16
0.46

0.64
0.30

0.14

UsaT
(cm?/Vs)
8.70

18.96
14.54
8.40

5.69
33.40
491

65.46
0.53

0.37

CENIMAT

VHyst
V)
0.07

0.12

0.04

0.18
0.20
0.18

0.16

£

|G max
(A)
6.09x104

2.31x10°
9.08x104
1.67x10°

2.40%x10°
9.55%x103
4.57x10°

4.08x103
3.44x107

1.58x106

54




fCt =

FAcnoEDE Oxide Tran5|stors produced by sollutlon: _
R EROE A Influence of annealing parameters on properties of the insulator
Annex K

Characteristic parameters of 22 devices to study the uniformity and reproducibility of
GIZO/ AlOx TFTs produced at 180 °C combined with FUV radiation at a lamp distance of 5 cm for
30 min. The W/L used was 10.
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Figure 6.15 — Statistical distributions of a) subthreshold slope (S), b) saturation mobility (Usat), ¢) On/Off
ratio (lonioff), d) hysteresis (Vhyst), €) turn-on voltage (Von) and f) threshold voltage (Vr) for GIZO/ AlOx
TFTs on Si.
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Annex L

Stress measurements under a constant Ves in vacuum to study the instability
mechanisms on GIZO/ AlOx TFTs produced at 180 °C combined with FUV radiation at a lamp

distance of 5 cm for 30 min.
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Figure 6.16 — Results obtained for a) a positive gate-bias stress (PBS) and b) a negative gate-bias
stress (NBS) stress measurements on GIZO/AIOx TFTs annealed at 180 °C with FUV irradiation
over 30 min and their recovery, c) and d), respectively.
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Annex M
Aging effects on devices produced with the dielectric at 150 °C combined with FUV
radiation at a lamp distance of 5 cm for 30 and 15 min during 9 weeks.
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Figure 6.17 — Aging effects seen by the evolution of the transfer characteristics of GIZO/AIOx TFTs with different
dielectric processing conditions: Annealed at 150 °C with FUV radiation for a) 30 and b) 15 min.

Table 6.9 — Electrical properties obtained for the devices depicted in Figure 6.17

- Time W | Von V1 S SAT Vhyst
Condition (min) Measure T v lon/loFF W) (V/dec) (cr‘rlﬂ Vs) (\}’)
initial 4 -0.30 1.00x104 0.13 0.17 6.66 0.06

150 °C 30 6 weeks 10 -0.09 2.11x10* 0.16 0.12 14.10 0.07
+ 9weeks 10 -0.20 1.70x104 0.13 0.13 14.62 0.07
FUvV initial -0.52 = 7.24x10% 0.03 0.23 11.50 0.09
d=5cm 15 6weeks 1 -0.14 2.95x10% 0.13 0.19 10.43 0.07
9 weeks -0.04 = 2.08x10% 0.18 0.19 10.65 0.07
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Annex N
Comparison of our devices fully solution based with literature.

Table 6.10 — Selected processing details for several reported solution based TFTs

“« »

deposited by spin-coating (“--” means that the related data is not mentioned in the literature).

. - Ve
T Time of S Mobility Von
Ref. TFT (C) annealing (Vdecl) (cm2Visi) [ONOFE ra&g);e
1 1h 30 min 14 12, 10 1 -06-
[1] '%83/ 200 1h 30 mi 0 2.6 4 0 0.6-2
X
[69] '%83/ 250  3h 50 min 0.27 82 104 -0.1 -1-3
X
7 5 min . 1, 10 5  -25
[70] GAZJ)O/ 350  2h 30 mi 0.30 3 4 0 2
X
Zn0O/
[71]  (ZrOxAbOs- 150 33 min 0.08 1.37 106 0 -01-3
F)
48] ﬂg’ 350 4h 0.25 26 10% ~0 - 1-4
X
[34] 'Arfoxg <150 1h - 7.83 108 02  -05-4
200 1n 0.20 557 -0
This  In20s/ 30 min 0.15 3.02 o 03
study  AlOx 160 1h 0.24 1.26 0.23
30 min 0.23 0.55 0.18
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