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Role of the electronically-active amorphous state
in low-temperature processed In2O3 thin-film
transistors†

Ahmad R. Kirmani, ‡ Emily F. Roe,‡ Christopher M. Stafford and
Lee J. Richter *

Metal oxide (MO) thin-film transistors (TFTs) are expected to enable low-cost flexible and printed

electronics, given their excellent charge transport, low processing temperatures and solution processability.

However, achieving adequate mobility when processed scalably at low temperatures compatible with plastic

electronics is a challenge. Here, we explore process-structure-transport relationships in blade-

coated indium oxide (In2O3) TFTs via both sol–gel and combustion chemistries. We find that the sol–gel

chemistry enables n-type TFTs when annealed at 200 1C to 225 1C with noticeable electron mobility

((3.4 � 0.4) cm2 V�1 s�1) yet minimal In2O3 crystallinity and surprisingly low levels of the metal–oxygen–

metal (M–O–M) lattice content (E46%). Increased annealing temperatures result in the appearance of

nanocrystalline domains and an increase in M–O–M content to E70%, without any further increase in

mobility. An acetylacetone combustion-assisted ink lowers the external thermal budget required for In2O3

crystallization but bypasses the electronically-active amorphous state and underperforms the sol–gel ink at

low temperatures. Grain boundary formation and nanocrystalline inclusions in these films due to rapid

combustion-assisted crystallization are suggested to be the likely origin behind the significantly

compromised charge transport at low-temperatures. Overall, this study emphasizes the need to understand

the complex interplay between local order (nanocrystallinity) and connectivity (grain boundary, amorphous

phases) when optimizing low-temperature processed MO thin films.

Introduction

Metal oxides (MOs) have been extensively explored for wide-
ranging applications in flexible electronics, optoelectronics and
biosensing.1–3 Thin films of these MOs can be produced from
solution-based inks, enabling low-cost, large-area printing of
next-generation thin-film semiconducting devices. Given their
wide bandgaps (E3.0 eV), these materials promise fabrication
of transparent electronics.4,5 A major reason behind the inter-
est in these materials is their ability to conduct charges even
when their crystal lattices are in a disordered, amorphous
state.4 Unlike silicon, where a transition from crystalline to the
amorphous state is accompanied with a significant depreciation in
charge transport due to the directionality of sp3 orbitals, ns orbitals
of the transition metal form the MO conduction band.4,6 Being
spherical and isotropic, these orbitals enable charge transport that
is not substantially affected by disorder in the amorphous state.

Since the amorphous state requires lower annealing temperatures
compared to the crystalline state, amorphous MOs are naturally
more compatible with flexible electronics.

Amongst MOs, indium oxide (In2O3) has garnered signifi-
cant attention owing to its excellent carrier mobilities and ease
of fabrication. In 2004, a facile route to flexible MO thin-film
transistors (TFTs) was demonstrated, which sparked great
interest in finding solution-processable alternatives to amorphous
silicon.4 In general, sol–gel processed thin films cast from an ink of
an indium precursor dissolved in a polar solvent, such as water or
2-methoxyethanol (MeOEt), are annealed at an elevated tempera-
ture resulting in conversion to In2O3.1,7–11 These efforts have
allowed fabrication of high field-effect mobility n-type In2O3 TFTs
(ca. 10 cm2 V�1 s�1) at annealing temperatures in the range of
300 1C to 400 1C via a condensation reaction that converts the
indium precursor to the oxide.1,12–15 With an aim of reducing
the thermal budget, combustion synthesis has been recently
introduced, targeting both TFT and electron transport layer
applications.11,16,17 Aided by a fuel that is mixed with the
precursor solution, the processing temperature required for
In2O3 conversion is reduced. The resulting exothermic reaction
has been found to reduce the oxide conversion temperature to
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ca. 250 1C to 300 1C.11,16 In2O3 and other technologically
relevant MO-TFTs have been explored using blade-coating and
spray coating.5,9,10,18,19 Recently, combustion blade coating has
been demonstrated to reduce film-processing time and improve
industrial compatiblity.9 In2O3 is a particularly interesting system for
fundamental study as, unlike in the common InGaZnO quaternary
system, both crystalline and amorphous films can be realized.
Amorphous oxide phases should confer advantages in flexible
applications. Recent studies have employed organic and inorganic
additives to intentionally frustrate crystallization.7,11,20,21 However,
fundamental studies aimed at the low-temperature processed amor-
phous phase in solution-deposited In2O3 TFTs are limited,22,23 and
therefore needed.

In this study, we explore blade-coating of In2O3 films using
both sol–gel and acetylacetone combustion synthesis-based
inks. We observe that the sol–gel chemistry allows fabrication
of electrically-active amorphous In2O3 TFTs at process temperatures
as low as 200 1C, with electron mobilities approaching 1 cm2 V�1 s�1

(max. 4.6 cm2 V�1 s�1 at 212 1C). Notably, these films are found to
feature only E45% of the metal–oxygen–metal (M–O–M) lattice
content, suggesting minimal formation of the oxide matrix is
adequate for charge carrier percolation pathways. Surprisingly,
devices fabricated via the acetylacetone combustion synthesis ink
underperform those from the sol–gel. X-ray scattering indicates the
combustion-processed films crystallize at lower processing tem-
peratures and bypass the electronically-active amorphous state.

Results and discussion

Sol–gel (hereafter, sg-) ink was produced by dissolving indium
nitrate hydrate (In(NO3)3�xH2O) precursor in MeOEt followed by
vigorous mixing over several hours. To enable blade-coated
films from the ink, coating conditions were first optimized.
Blade coating is a meniscus-guided large-area compatible coating
technique and is similar in principle to slot-die coating, an
established technique for upscaling film coating.24,25 We note
that it was not possible to blade-coat these inks uniformly at
room temperature due to a de-wetting instability of the ink which
resulted in non-uniformities (thickness gradients) and pin-holes
(Fig. S1, ESI†). Optimization of the substrate temperature appro-
priately tuned the ink surface tension and resulted in highly
uniform films at 60 1C. The high quality of these films is reflected

in the observation of clear thin-film interference features along
qz, due to X-rays forming standing waves within the well-defined
top- and bottom-interfaces of the films during X-ray scattering
(Fig. S2, ESI†). All films reported were coated at 5 mm s�1.
Freshly-coated sg-In2O3 films were E28 nm thick and shrank to
E8 nm upon annealing resulting in a E72% volume contraction,
as determined by spectroscopic ellipsometry (SE). Characterization
of the thickness dependence on the coating speed (Fig. S3, ESI†)
indicates the films were deposited in the Landau–Levich–Derja-
guin regime.26,27

Fig. 1 depicts the various steps involved in fabrication of
blade-coated sg-In2O3 TFTs for this study. Photographs of the
initial precursor solution and the final device are included in
the inset. As shall be discussed later, the same protocol was
followed for combustion (hereafter, c-) In2O3 TFTs, with the
only difference being the composition of the initial precursor
solution. Freshly-coated c-In2O3 films were E47 nm thick and
shrank to E8 nm upon annealing resulting in a E83% volume
contraction, noticeably more than the corresponding sg-In2O3

films. 10 mL of the filtered precursor solution was introduced
into the blade-substrate gap (ca. 200 mm), with the cleaned
230 nm SiO2/Si substrate maintained at 60 1C. The blade was
subsequently translated at 5 mm s�1 using a programmed
translating stage along the substrate length. As the meniscus
front moved with the blade, the ink was pushed out of the gap
and deposited on the substrate in the form of a thin film. Care
must be taken to immediately initiate the blade translation
after the ink comes in contact with the heated substrate. The
coated film was then annealed at a specific temperature for
15 min. Annealing densified the film and led to formation of an
M–O–M framework. Due to the significant volume change upon
annealing, film porosity may develop. Prior reports have typi-
cally deposited channels via multiple (2 to 4) coating cycles, in
an effort to fill in pores and minimize cracks.7,9 In this study we
used two coats for every device condition resulting in E16 nm
thick channels. Atomic force microscopy (AFM) data on
sg-In2O3 films shows a slightly reduced surface roughness after
two coats compared to a single coat (Fig. S4, ESI†). Our AFM
lateral resolution is limited to E10 nm and nanoscopic
features/grains below this size regime cannot be resolved.

Fig. 2a and b show representative transfer curves for the
bladed sg- and c-In2O3 devices. Minimal hysteresis was found

Fig. 1 Schematic representation of the various stages involved in blade-coating of In2O3 TFTs.
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in the transfer curves, which was independent of the annealing
temperature (Fig. S5, ESI†). Output curves for a representative
device for each temperature condition are shown in Fig. S6

(ESI†). ION/IOFF ratio for temperatures 4225 1C are in the range
of 106. Dependence of saturation mobility (msat) on annealing
temperature is shown in Fig. 2c and d. sg-In2O3 TFTs achieve

Fig. 2 Representative transfer curves for (a) sg-In2O3, and (b) c-In2O3 TFTs for various annealing temperatures (VDS = 40 V). Saturation mobilities (msat)
and threshold voltages (VTH) for 10 to 20 devices per condition are shown for sg- (c and e) and c-In2O3 TFTs (d and f). Boxes represent the 1st and 3rd
quartiles of data, whiskers denote the highest/lowest datapoint, dashes represent medians, solid circles denote the means.
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reasonable electron mobilities at annealing temperatures as
low as 200 1C (with peak msat at 212 1C = 4.6 cm2 V�1 s�1, Fig. S7,
ESI†). Mean mobility shows an increase up to 225 1C beyond
which it nominally saturates at E(2 to 4) cm2 V�1 s�1. These
values are in line with previous reports that have employed
spin-coating,7,11,14 and a recent report of blade-coating.9 In contrast,
c-In2O3 TFTs show a monotonic mobility trend wherein the mobi-
lities keep increasing with annealing temperature. Surprisingly, in
this case, mobilities are lower than sg-In2O3 TFTs, specially at low
temperatures (200 1C to 250 1C). For high temperatures (325 1C), msat

is E 2 cm2 V�1 s�1. VTH are shown in Fig. 2e and f and are negative
for high-mobility (high temperature) TFTs. The dependence of
VTH on annealing temperature is similar for both sg- and
c-In2O3. Generally, highly negative VTH in In2O3 has been linked to
an overabundance of oxygen vacancies in the oxide which behave as
electron donors and result in a large bulk electron concentration.28,29

Device parameters are summarized in Table 1.
To understand and explain these charge transport trends,

we carried out studies of chemical composition, crystallinity and
nanoscale structure. X-ray photoelectron spectroscopy (XPS) mea-
surements were performed on the oxygen (O) 1s, indium (In)
3d5/2, carbon (C) 1s and nitrogen (N) 1s core levels for sg- and

c-In2O3 annealed at 225 1C and 325 1C. E20% C and E1% N
were found in all the samples, irrespective of the annealing
temperature, in agreement with earlier findings.30 The significant
amount of C in the films is likely due to residual solvent and/or
solvent decomposition fragments. The O1s core level peak
contains information about the various chemical environments
of oxygen in the matrix, such as hydroxylated oxygen (M–OH),
oxygen bonded to organic functionalities (M–OR) and lattice
oxygen (M–O–M), all appearing at slightly different binding
energies (BE).8,11,16,19 The latter component, M–O–M, belongs
to the oxide network and increases with oxide formation. Fig. 3a
shows the O1s core peak for 225 1C and 325 1C annealed sg- and
c-In2O3 films. These films are E16 nm thick and are blade-
coated following the TFT fabrication protocol to mimic device-
relevant channel conditions. All the peaks are referenced to the
285.0 eV amorphous component of C1s.

The peaks were deconvoluted into three components: M–O–M
species (pink, centered at (529.8 � 0.1) eV), M–OH species (green,
centered at (531.2 � 0.1) eV) and M–OR species (grey, centered at
(532.2 � 0.1) eV), as widely reported in literature.5,7,9,11,16–18,31–33

An alternate assignment of the (531.2 � 0.1) eV component
considers it to be arising from oxygen atoms present next to

Table 1 Summary of device results for sg- and c-In2O3. Averages were performed over 10 to 20 devices. � represents standard error of the mean.
Parameters for the best device for each condition are shown in parentheses

T (1C)

msat (cm2 V�1 s�1) VTH (V) log10(ION/IOFF)

Sol–gel Combustion Sol–gel Combustion Sol–gel Combustion

200 0.7 � 0.2 (2.3) 0.007 � 0.0 (0.04) 15.5 � 6.5 20.5 � 6.1 6.2 � 0.3 3.8 � 0.2
225 3.4 � 0.4 (6.0) 0.09 � 0.02 (0.18) �23.7 � 2.2 �20.3 � 5.2 5.8 � 0.4 3.6 � 0.2
250 4.2 � 0.2 (6.7) 0.6 � 0.1 (1.2) �23.0 � 3.1 �12.0 � 3.0 5.8 � 0.2 5.3 � 0.3
275 1.9 � 0.3 (3.6) 1.2 � 0.1 (1.4) �22.3 � 2.3 �14.6 � 1.7 4.9 � 0.2 5.7 � 0.2
300 2.7 � 0.3 (4.2) 1.0 � 0.0 (1.1) �17.9 � 3.6 �4.3 � 3.3 5.0 � 0.1 5.5 � 0.1
325 3.3 � 0.4 (6.3) 2.1 � 0.1 (2.5) �18.6 � 3.5 �38.2 � 2.1 4.5 � 0.1 4.8 � 0.1

Fig. 3 (a–d) High-resolution XPS O1s core level peaks. The peaks are deconvoluted into M–O–M (pink), M–OH (green) and M–OR (grey) components.
Intensity is normalized to the overall peak area. (e) Relative concentrations of the M–O–M, M–OH and M–OR components of the O1s peaks shown in
(a–d), averaged over 3 spots. Error bars represent � one standard deviation of the mean.
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oxygen vacancies (VO).1,28,30 Choice of the assignment does not
change the peak fit and conclusions drawn. In the current study,
we have considered the (531.2 � 0.1) eV component to be M–OH,
and not VO. As annealing temperature is increased to 325 1C, this
component is slightly suppressed for both sg- and c-films (Fig. 3e),
as would be expected for –OH species.

From Fig. 3 and Table 2 it is clear that, for both sg- and
c-In2O3, increasing the annealing temperature from 225 1C to
325 1C increases the M–O–M content, while suppressing the
M–OH and M–OR species. Fig. S8 (ESI†) shows In 3d5/2 core
level peaks for the various conditions. Fitted In 3d5/2 peak
components are shown in Table S1 (ESI†).30 The component
corresponding to the M–O–M lattice content is found to increase
with temperature, accompanied with a reduction in metallic In,
M–OH and M–OR species, in agreement with O1s trends.

It is important to note that XPS is a highly surface-sensitive
characterization tool and does not probe more than the top
E10 nm of the film. The films considered in the above analysis
were 16 nm thick and the entire thickness, specially the
bottom, is crucial when these are used as the channel layer in
bottom-gate-top-contact TFT configuration. Although Ar+ depth

Table 2 M–O–M, M–OH and M–OR components (%) of the O1s core
level for the different samples. All uncertainties are � one standard
deviation of the mean

Sample M–O–M M–OH M–OR

sg 225 1C 45.8 � 0.3 35.7 � 0.3 18.5 � 0.1
sg 325 1C 69.6 � 1.3 17.9 � 1.0 12.6 � 2.3
c 225 1C 52.8 � 1.4 27.2 � 1.0 19.9 � 2.1
c 325 1C 62.2 � 0.3 23.7 � 0.1 14.1 � 0.3

Fig. 4 (a) and (b) 2D GIWAXS patterns for T = 200 1C, 225 1C, 250 1C and 350 1C sg- and c-In2O3 films. White bars are detector blind spots.
Corresponding sector averages over all azimuthal angles in the range of 01 to 901 are shown in (c) and (d), respectively.
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profiling is a viable route to probe chemical composition and
oxidation states deep inside the film, the destructive nature of
the process can result in undesirable chemical modifications.
To test for vertical gradients in the oxygen state, we repeated
the XPS measurements on thinner (8 nm) films. Data is shown
in Fig. S9 and S10 (Tables S2 and S3) (ESI†) and the findings are
similar to the 16 nm films. Fig. S11 and Table S4 (ESI†) show
the relative concentrations of O, In, C and N for all the samples.

Fig. 4 shows the 2D grazing-incidence wide-angle X-ray
scattering (GIWAXS) patterns for sg- and c-In2O3 films and corres-
ponding sector-averages. These films were fabricated following the
same protocol as the corresponding TFTs to mimic channel
fabrication conditions. For T = 200 1C and 225 1C, a weak
amorphous halo around 2.2 Å�1 is visible for sg-In2O3, pointing
toward the amorphous nature of this film. At higher temperatures,
several well-defined Bragg diffraction rings emerge as the films
become crystalline. The strongest peak is at 2.22 Å�1 corres-
ponding to the (222) plane of the cubic oxide phase.34,35 The
crystallites are randomly oriented and lack texture. Noticeable
diffuse spots in the 2D patterns are the diffuse scattering from
the silicon (substrate). For the case of c-In2O3, well-defined
features are observed for all temperatures in the range of
200 1C to 350 1C. This suggests that, as expected, the added
fuel lowers the process temperature required for crystallization

and indicates the film bypasses the low-temperature amorphous
phase observed for sg-In2O3.

Grazing-incidence small-angle X-ray scattering (GISAXS) was
next used to probe the nature of the crystallinity evolution seen
in GIWAXS. GISAXS probes the local electronic density contrast at
the nanoscale and has been the technique of choice for under-
standing formation and self-assembly of colloidal nanocrystals.36,37

2D GISAXS patterns and the corresponding horizontal line-averages
of the Yoneda enhanced scattering for sg- and c-In2O3 are shown in
Fig. 5. sg-In2O3 films do not show any significant scattering contrast
for T = 200 1C and 225 1C. Contrary to this, c-In2O3 exhibits
scattering intensity corresponding to formation of lateral
domains for temperatures as low as T = 200 1C. Based on
correlation between the scattering and the crystallinity reflected
in GIWAXS we attribute the coherence peaks (Fig. 5c and d) to
the lateral separation between nanocrystalline domains. The
nature of the low-density phase (amorphous In2O3, void, etc.)
cannot be determined. Analysis of these patterns allows us to
estimate the evolution of this distance with temperature. As the
temperature increases, the amorphous phase begins to crystallize
and In2O3 nanodomains ripen. For sg-In2O3, domains do not
develop until T = 250 1C. In contrast, for c-In2O3 an inter-domain
distance of E7.0 nm is found at T = 200 1C, which increases
slowly to E8.0 nm for T = 350 1C.

Fig. 5 (a)–(c) 2D GISAXS patterns for T = 200 1C, 225 1C, 250 1C and 350 1C sg- and c-In2O3 films. Black bars are detector blind spots. Corresponding
horizontal line-averages are shown in (c) and (d), respectively.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 5

/5
/2

02
4 

4:
42

:3
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00072h


This journal is©The Royal Society of Chemistry 2020 Mater. Adv., 2020, 1, 167--176 | 173

From the combined X-ray scattering and XPS results, a
consistent picture of the film structure emerges that can be
correlated to the TFT performance. These results reveal the
crystallization of sg- and c-In2O3 and its impact on charge
transport. Complete conversion of the as-cast film to the oxide
phase has not taken place at 225 1C, with a large fraction being
comprised of M–OH and M–OR. The surprising observation of
appreciable charge transport at these low temperatures for
sg-In2O3, therefore, implies the presence of a sufficiently percolative
network of the converting oxide network to enable flow of electrons.
sg-In2O3 TFTs are in an electronically-active amorphous state at
these temperatures. This result is in line with recent reports where
the amorphous state with appreciable charge transport has been
achieved by deliberately introducing additives to frustrate In2O3

crystallization.7,11,20 Further increase in annealing temperature
results in formation of nanoscale domains along with an
increase in (222) peak intensity suggesting onset of oxide
crystallization. This happens at 250 1C for sg-In2O3. At 325 1C,
these films show a marked increase in M–O–M content and
appearance of (211), (222) and (400) peaks signaling oxide
crystallization. However, no improvement in charge transport
upon crystallization is observed for these sg-In2O3 films.

c-In2O3 exhibits a contrasting process-structure-transport
behavior. At lower temperatures, these TFTs are found to
significantly underperform sg-In2O3. Yet GIWAXS indicates that
crystalline domains have formed at temperatures as low as
225 1C. These observations are consistent with the expectation
that the combustion ink will enable oxide conversion at lower
annealing temperatures. c-In2O3 films, therefore, appear to
bypass the low-temperature amorphous state. It is likely that
charge transport in these 200 1C to 250 1C annealed blade-
coated films is limited by grain boundaries due to the more
rapid combustion aided crystallization due to acetylacetone. In
fact, enhanced scattering intensity in GISAXS at these low tem-
peratures strongly points toward presence of internal porosity
and grain boundaries. Also, as discussed earlier, the as-prepared
combustion film undergoes significant volume contraction (83%)
upon annealing and conversion to c-In2O3. This can potentially
lead to increased porosity and poorer grain connectivity. More-
over, it has been suggested that nanocrystalline domains in the
early stages of crystallization can act as charge carrier traps
limiting msat, which might additionally explain the poor charge
transport observed in these low-temperature processed c-In2O3

TFTs.22 More abrupt grain boundaries in c-In2O3 films vs.
sg-In2O3 films is consistent with the overall increased GISAXS
signal in Fig. 5. Further increase in annealing temperature and
M–O–M lattice content possibly creates percolation pathways
for charge carriers and strikes a trade-off with poor grain
connectivity. As a result, msat increases monotonically and
reaches E2 cm2 V�1 s�1 at 325 1C.9

Conclusions

In summary, we have explored low-temperature processing of
blade-coated In2O3 TFTs comparing sol–gel and acetylacetone-
based combustion ink chemistries. We find the oxide crystallization

behaviors via the two processing routes to be very contrasting. We
track the M–O–M content and crystallization with annealing
temperature and observe that sol–gel ink allows fabrication of
electronically-active amorphous TFT channels with noticeable
charge transport (msat E 3 cm2 V�1 s�1) at temperatures as low
as 200 1C to 225 1C. Increase in annealing temperature results in
a higher M–O–M content, an intense and well-defined (222)
crystallographic peak and presence of nanocrystalline domains,
all pointing to conversion of the amorphous film into crystalline
oxide. However, msat is found to remain relatively unchanged as
temperature is increased and is independent of crystallization.
c-In2O3 films bypass the initial electronically-active amorphous
phase, consistent with the latent heat of the combustion reac-
tion. Charge transport in these films during early stages of
crystallization at low temperatures, however, is inhibited possi-
bly due to grain growth and nano-inclusions that act as charge
traps. msat lags behind for low-temperatures (200 1C to 250 1C),
and increases to E2 cm2 V�1 s�1 at 325 1C. It should be noted
that our results regarding the combustion chemistry relate only
to acetylacetone-fuel based combustion synthesis and should
not be generalized to other fuels, such as, urea and glucose. This
work demonstrates the subtle interplay between structural
motifs: amorphous vs. crystalline and defects: nanocrystalline
boundaries, etc. that must be navigated when optimizing ink
formulation and coating conditions. Leveraging the electrically
active amorphous state, we achieve low-temperature In2O3 TFTs
with reasonable charge transport, directly compatible with
flexible electronics.

Experimental section
Synthesis of In2O3 precursor inks

For sg-In2O3, 284 mg In(NO3)3�xH2O precursor was dissolved in
2 mL MeOEt at room temperature in air to form an ink concen-
tration of 0.4 mol L�1. The solution was vigorously stirred at room
temperature (E22 1C) in ambient atmosphere for at least 12 h.
For c-In2O3, 200 mL acetylacetone (fuel) and 100 mL NH4OH were
also added to the above 0.4 mol L�1 solution, followed by vigorous
stirring at room temperature for at least 12 h. In(NO3)3�xH2O
precursor was purchased from Alfa Aeser. (Certain commercial
equipment, instruments, or materials are identified in this paper
in order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or endorse-
ment by the National Institute of Standards and Technology, nor is
it intended to imply that the materials or equipment identified
are necessarily the best available for the purpose.) All the other
chemicals were purchased from Sigma Aldrich. In(NO3)3�xH2O
precursor from Sigma Aldrich was also used in this study to
confirm reproducibility.

Device fabrication and testing

p-Doped silicon (resistivity = 0.001–0.005 Ohm cm) with 230 nm
thermal SiO2 were used for the bottom gate devices. Thickness
of the thermal oxide was determined using ellipsometry. Sub-
strates were ultrasonically cleaned sequentially with acetone
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and isopropanol, for 15 min each. The substrates were then
exposed to ultraviolet-ozone treatment (UVO) for 10 min prior
to blade coating. After coating, the chips were placed on a hot
plate set at the target temperature for 15 min. Two such coating
cycles were performed for all the devices and X-ray scattering
measurements reported in this study. All coatings and annealing
steps were performed in ambient atmosphere with uncontrolled
relative humidity. 35 nm of aluminum (Al) was thermally depos-
ited as the top electrode, such that the channels had a width of
1000 mm and length of either 100 mm or 50 mm. Transfer curves
were measured using a semiconductor parameter analyzer in satura-
tion regime (VDS = 40 V). A linear fit to the square root of drain
current (in VGS range of 30 V–40 V) was used to extract msat and VTH.

Blade coating of In2O3 inks

A cleaned substrate was placed on the blade coater stage main-
tained at 60 1C and held firm with vacuum. A clean glass slide
(blade) was mounted to the setup and brought to a height of
200 mm from the substrate using a custom-made laser setup.38

Precursor solution was filtered with a 0.45 mm filter. 10 mL of the
solution was introduced into the blade-substrate gap and the blade
was translated across the substrate using a programmed translator
at 5 mm s�1. Coating was done in ambient atmosphere.

X-ray scattering measurements

Samples were blade coated on 230 nm SiO2/Si substrates using
the same protocol as used for TFTs. For GIWAXS, measurements
were done at a detector distance of 0.153 m while a distance of
2.789 m was used for GISAXS. Samples were measured using
X-ray wavelength of 0.826 Å at 0.201 angle of incidence with
respect to the substrate plane. Scattering intensity was detected
by a PILATUS 300 K detector (GIWAXS) and a PILATUS 2M
detector (GISAXS). Nika software package was used to sector
average the 2D GIWAXS and GISAXS images. Data plotting was
done in Igor Pro (Wavemetrics, Inc., Lake Oswego, OR, USA).

Spectroscopic ellipsometry

An M-2000XI, J. A. Woollam Co., Inc. ellipsometer (210 nm to
1700 nm) was used to measure the film thicknesses and complex
refractive indices. The spectra were obtained at incidence angles
in the range 491 to 701 with discrete increments of 71. The film
properties were modelled assuming a Cauchy dispersion relation
in the optically transparent region using the CompleteEASE
software from J. A. Woollam Co., Inc.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed using a Kratos AXIS Ultra
DLD Spectrometer (Kratos Analytical) with a monochromatic Al
Ka source (1486.6 eV) operating at 140 W. The base pressure of
the sample analysis chamber was E1.0 � 10�9 Torr (or 1.33 �
10�7 Pa), and spectra were collected from a nominal spot size of
300 mm � 700 mm and a take-off angle of 901 (normal to the
surface). Measurements were performed in hybrid mode using
electrostatic and magnetic lenses, and the pass energy of the
analyzer was set at 160 eV for survey scans and 20 eV for high
resolution scans, with energy resolutions of 0.5 eV and 0.1 eV.

All XPS data analysis was performed using the CasaXPS soft-
ware package.

Atomic force microscopy

AFM images were collected using a Dimension Icon operating
in tapping mode. Silicon probes (TAP525A, Bruker Nano Surfaces)
with a nominal spring constant of 200 N m�1 and resonant
frequency of 525 kHz were used to image the films. AFM images
were collected over a (5� 5) mm2 area at a scan rate of 0.754 Hz. The
images were analyzed using the NanoScope Analysis software. RMS
roughness was determined using the roughness function within the
NanoScope analysis software after applying a 1st order flattening
function.
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