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ABSTRACT: The use of ultrasonic spray pyrolysis is
demonstrated for the growth of polycrystalline, highly uniform
indium oxide films at temperatures in the range of 200—300
°C in air using an aqueous In(NO;); precursor solution.
Electrical characterization of as-deposited films by field-effect
measurements reveals a strong dependence of the electron
mobility on deposition temperature. Transistors fabricated at
~250 °C exhibit optimum performance with maximum
electron mobility values in the range of 15—20 cm® V ~' s7*
and current on/off ratio in excess of 10° Structural and
compositional analysis of as-grown films by means of X-ray
diffraction, diffuse scattering, and X-ray photoelectron spec-
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troscopy reveal that layers deposited at 250 °C are denser and contain a reduced amount of hydroxyl groups as compared to films
grown at either lower or higher temperatures. Microstructural analysis of semiconducting films deposited at 250 °C by high
resolution cross-sectional transmission electron microscopy reveals that as-grown layers are extremely thin (~7 nm) and
composed of laterally large (30—60 nm) highly crystalline In,O; domains. These unique characteristics of the In,O; films are
believed to be responsible for the high electron mobilities obtained from transistors fabricated at 250 °C. Our work demonstrates
the ability to grow high quality low-dimensional In,O; films and devices via ultrasonic spray pyrolysis over large area substrates
while at the same time it provides guidelines for further material and device improvements.
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1. INTRODUCTION

Transparent oxide semiconductors have been attracting
significant interest in recent years due to their potential for
applications in a range of emerging ogtoelectronic devices
including display backplanes, solar cells,” and organic/hybrid
light emitting diodes.” This interest is primarily driven by the
continuously increasing demand for high performance semi-
conductors that can be processed over large areas using simple
and inexpensive processing methods that are compatible with
temperature-sensitive substrate materials such as polymer foils.
One metal oxide semiconductor that has received significant
attention over the years is the wide band gap indium oxide
(InyO3). In its intrinsic form, In,O; behaves as an electron
transporting (n-type) semiconductor and combines a high
electron mobility (up to 160 cm® V™' s7* for single crystals*)
with high optical transparency. Additionally, indium (In) is
often employed as a key component in high performance
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ternary/quaternary oxide semiconducting systems in which the
overlap of its large spherical Ss orbitals provides the foundation
for effective charge transport, even in disordered systems.’
Indium oxide can be processed by a diverse range of vapor
phase techniques such as sputtering,® reactive thermal
evaporation,” and pulsed laser deposition.® Potentially inex-
pensive and high throughput solution-based deposition
techniques such as spin-casting, inkjet printing” and spray
pyrolysis (SP)'* have also been demonstrated with some
success. Among these, SP represents one of the simplest and
most scalable deposition methods demonstrated to date for the
growth of a variety of metal oxide materials and active devices
such as thin-film transistors."'~'> The SP process is simple and
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is based on the atomization of the precursor solution and the
direction of the mist toward a heated substrate where chemical
conversion of the precursor to the final material takes place
upon contact. Among the several key process parameters such
as precursor solution feed rate, solvent, precursor and precursor
concentration in the solution, as well as hotplate temperature,
the droplet size has been shown to have a direct impact on the
film structure and chemistry. A narrow distribution with small
droplets is generally favored'® and this can be more easily
achieved using an ultrasonic atomization process rather than,
for example, with gas-assisted atomizers (airblast atomizers
etc.). Over large areas, the SP process can be material efficient
(only about 20 uL cm™ in our setup) and, contrary to eg. spin
coating, a direct patterning is possible using stencil masks'® or a
gas flow assisted deposition as in aerosol jet printing.17

Despite its potential, however, use of SP has so far been
limited to processing temperatures in excess of 300—400 °C.
This high temperature requirement is primarily dictated by the
decomposition temperature of the precursor molecules
employed. As such, significant research efforts in recent years
have been devoted to the study of precursor compounds with
lower decomposition temperatures. Among the studied
materials are compounds such as InCl;,'*™** indium
acetylacetonate,” and indium nitrate. Of particular relevance
to this work is the recent use of indium nitrate for the growth of
high quality In,O; layers and active devices at temperatures in
the range 200—300 0226728

Here we explore the use of ultrasonic spray pyrolysis in
combination with the low conversion temperature precursor
indium nitrate hydrate (In(NO,);-H,0) for rapid and large-
area deposition of high quality In,O; films and devices at
temperatures in the range 200—300 °C. Electrical field-effect
measurements reveal that films and devices grown at 250 °C
exhibit optimum performance with maximum electron mobility
values and channel current on/off ratios exceeding 20 cm?/(V
s) and >10° respectively. Deposition of In,O; films at either
higher or lower deposition temperatures is found to degrade
the device’s operating characteristics dramatically. Through
extensive material analysis using a range of complementary
techniques we show that the observed performance degradation
at these higher and lower temperatures is directly linked to
increased film porosity (i.e., reduced density) and the presence
of an increased amount of hydroxyl groups. Importantly,
control experiments reveal that transistors fabricated by
ultrasonic spray pyrolysis outperform devices prepared via
spin-casting in air, hence highlighting the advantages associated
with this simple, rapid and highly scalable deposition method.
Most importantly, analysis of In,O; films grown at 250 °C by
high resolution transmission electron microscopy (HR-TEM)
reveals that as-grown layers are extremely thin (~7 nm) and
composed of long-range epitaxial-like crystalline In,0;
domains. The findings highlight the tremendous capabilities
of the SP method to grow low-dimensional layers with chemical
and structural quality resembling that of films deposited by
highly sophisticated techniques such as metal organic chemical
vapor deposition (MOCVD), etc. Understanding of the
reaction kinetics during film growth by SP is expected to lead
to further improvements in film’s stoichiometry/morphology
and potentially device performance. This work is the first to
demonstrate the technological potential of SP as a viable
deposition method for the growth of high quality In,O; films
and field-effect transistors at low temperatures.
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2. EXPERIMENTAL SECTION

2.1. Transistor Fabrication and Characterization. Doped
silicon (Si**) wafers with a 400 nm thick thermally grown SiO,
layer acting as the common gate and gate dielectric, respectively, were
employed for the fabrication of bottom-gate, top-contact transistors.
Prior to indium oxide deposition, the Si**/SiO, substrates were
cleaned by sequential ultrasonication in deionized water, acetone, and
IPA, with each step lasting for approximately 10 min. Substrates were
subsequently exposed to atmospheric pressure UV/ozone for 10 min
at room temperature. Solutions of 30 mg/mL indium nitrate hydrate
(In(NO4);-H,0) in deionized water were used as the precursor for the
growth of the indium oxide layers. Ultrasonic spray pyrolysis was
performed using a fully automated Sono-Tek Corporation coating
system. The deposition process consisted of four spraying steps with a
2 min resting time in between coating steps, with the entire deposition
lasting 10 min (deposition area 15 X 10 cm). During processing, the
deposition temperature (Tp) was set to a fixed value in the range 200—
300 °C. The resulting film thickness was found to vary with the
deposition temperature. To reduce unwanted effects such as fringing
currents around the channel and lateral gate leakage currents, all
indium oxide films were patterned using stencil masks. Device
fabrication was completed with the thermal evaporation of aluminum
source-drain (S-D) contacts in high vacuum (107 mbar) using
shadow masks. Transistor characterization was carried out in nitrogen
atmosphere with the samples maintained at room temperature using
an Agilent B2902A parameter analyzer. The field-effect electron
mobility was extracted from the saturation regime using the gradual
channel approximation according to

L azID(SAT)

Hsat = WCI aVé

(1)

Here, Wis the channel width, L the channel length, Iysar) the channel
current in saturation, and C; the geometric capacitance of the gate
dielectric employed.

2.2. Material Characterization Techniques. The surface
morphology was investigated using atomic force microscopy (AFM)
in intermittent contact mode using an Agilent SSO0AFM system. UV—
vis transmittance and reflectance spectra of as-deposited indium oxide
films on quartz substrates were recorded with a Shimadzu 2600 UV—
vis spectrophotometer equipped with an ISR-2600Plus integrating
sphere.

Measurements of X-ray diffraction (XRD) in Bragg—Brentano
geometry and grazing incidence XRD (GIXRD) in asymmetric
geometry were performed using a Bruker D8-ADVANCE X-ray
diffractometer equipped with Cu X-ray tube (at 40 kV and 40 mA),
parallel beam optics (Gobel mirror), and a solid state linear strip
detector (Bruker’s LynxEye). Contributions of the substrates to the
XRD/GIXRD signals were evaluated and subtracted by measuring the
back sides of the samples. Crystallite size analysis was carried out using
the Scherrer method.

The X-ray photoelectron spectra (XPS) were acquired in a
KRATOS Axis Ultra DLD system equipped with a monochromated
Al Ka X-ray source. The XPS measurements were acquired using 20
eV pass energy.

High resolution transmission electron microscopy (HR-TEM)
measurements were acquired using a Titan 80—300 Super Twin
microscope (FEI Company) operating at 300 kV, equipped with a
US4000 charged couple device (CCD) camera (Gatan Inc.). A CCD
camera (Model: US1000, Gatan Inc.) was used to record the HR-TEM
images. Samples were prepared in a focused ion beam (FIB; Helios
400s, FEI) equipped with a nanomanipulator (Omniprobe, AutoP-
robe300) using the lift-out method. Electron beam assisted carbon and
platinum deposition was performed on the sample surface to protect
the thin film surface against the ion beam bombardment during ion
beam milling. A Ga ion beam (30 kV, 9 nA) was first used to cut the
sample from the bulk (30 kV, 9 nA), after which it was attached to a
Cu grid using a lift-out method. The sample was subsequently thinned
down to ca. SO nm thickness (30 kV, 93 pA) and cleaned (2 kV, 28
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pA) to get rid of areas of the sample damaged during the thinning
process.

3. RESULTS AND DISCUSSION

3.1. Film Deposition and Characterization. Figure la
displays the atomic force microscopy (AFM) images of the
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Figure 1. (a) AFM topography images of indium oxide films deposited
at different temperatures. The top row shows 5 X 5 um? scans whereas
the bottom row shows higher magnification 1 X 1 ym?® scans. (b)
Evolution of the root-means-square (rms) of the surface roughness of
indium oxide films as a function of Tp,. (c) Height distribution
extracted from the AFM topography images for several indium oxide
films grown at different temperatures in the range 200—300 °C.

surfaces of several In,O; films grown at temperatures (Tp) in
the range 200—300 °C at two different magnifications (5 X §
pm* and 1 X 1 um?). It can be seen that the surface topography
of the films depends strongly on Tp. This effect is better
illustrated in Figure 1b where the root-mean-square (rms)
surface roughness of each film is plotted versus Tp, and in
Figure 1c where the height distributions are plotted for indium
oxide films grown at different temperatures. Films grown at 200
°C appear to be highly nonuniform and thick (100—400 nm)
and exhibit extremely high surface roughness with typical rms
values of ~38 nm. On the other hand, films deposited at Tp, >
250 °C are found to be extremely smooth with surface
roughness rms < 1 nm. These differences are most likely
attributed to the different reaction kinetics responsible for the
formation of the indium oxide layer during growth. To this end,
a higher Tp is expected to result in accelerated chemical
reactions, thus leading to more compact films whereas a lower
Tp to lower kinetics and rougher films. Interestingly, even at
higher Tp’s the films’ surfaces bear spherical features (better
observed in the 5 X S um” images in Figure la) that are
believed to be the residual marks of individual droplets
impinging on the substrate surface, possibly in a process similar
to a transition boiling film formation as described in ref 29.
There, the droplets reach the substrate surface and then form a
cushion of vapor underneath them, allowing for a film forming
process from the vapor phase. The droplets then touch the
substrate when the unstable vapor cushion collapses, leading to
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the formation of spherical features. Although visible by means
of AFM, these features are themselves extremely flat, thereby
not deteriorating the overall film roughness/continuity.
Similarly, electron transport in these films, evaluated via field
effect measurements, appears to be independent of these
nanoscale topographical features with the most critical
parameter remaining the growth temperature and physical
continuity of the as-grown films (see section 3.4).

The film thickness of the deposited oxide is also found to
decrease with increasing deposition temperature and reducing
precursor solution molarity. This may be unexpected,
considering that the same volume of precursor solution was
sprayed on the substrates at each temperature. However, similar
results were reported for spray pyrolysis of ZnO from zinc
acetate by Krunks et al.** In the latter study, the authors argued
that the increased heat convection above the hotplate at a high
Tp is repelling a fraction of droplets away from the substrate.
This mechanism would also be consistent with the decrease in
occurrence and size of the residual droplet marks observed in
larger (S X S ym) AFM scans of films deposited at Tp, > 250
°C. Finally, close examination of the AFM images, especially for
the 250 °C sample, shows signatures of structural regularity as
would be expected for a polycrystalline film. However, due to
the limited AFM resolution, these microstructural features
could not be fully resolved by tapping-mode scanning probe
technique with limited lateral resolution and required more
advanced microanalysis tools, as will be discussed in section 3.4
where HR-TEM microscopy is employed to elucidate the
thickness and crystallinity of the as-grown films.

3.2. Optical Characterization of In,0; Films Grown by
Spray Pyrolysis. The optical properties of indium oxide films
grown by spray pyrolysis on quartz substrates at different Ty,
values were investigated. Figure 2 displays the transmittance
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Figure 2. (a) Specular transmission and reflection spectra of indium
oxide films grown by ultrasonic spray pyrolysis at temperatures in the
range 200—300 °C.

and reflectance measurements obtained for indium oxide films
grown at three different temperatures. All as-grown films are
found to be highly transparent in the visible part of the
electromagnetic spectrum, with an average transmittance in the
range 87—91%. A sharp drop in film’s transmittance is observed
in the UV range as expected for a wide band gap semiconductor
due to interband absorption. The values of the optical band
gap, extracted via Tauc plot analysis (see the Supporting
Information, Figure S1), are between 3.77 and 3.81 eV. These
numbers are slightly higher than the typical band gap values
reported indium oxide films grown by spray pyrolysis (3.5-3.7
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eV)20212372531 1y i good agreement with values measured
for single crystal In,O3>> As the deposition temperature
increases, the films appear less reflective. This can be explained
by the change in surface morphology, since rougher surfaces
with coarse features can lead to increased off-specular light
scattering and hence to higher reflectance while smoother
surfaces tend to be less scattering and do not sufter from off-
specular scattering losses.

3.2. Grazing Incident X-ray Diffraction and X-ray
Diffused Scattering Measurements. As-grown indium
oxide films were characterized via X-ray diffraction (XRD) in
Bragg—Brentano geometry and grazing incidence XRD
(GIXRD) measurements. The XRD survey scans are shown
in Figure S2 (Supporting Information). All three investigated
samples show five distinct peaks at the same 26 values,
regardless of their deposition temperature. The peak positions
identify the thin films as crystalline, cubic In,O; belonging to
the space group Ia3. There are no significant variations between
the obtained diffraction patterns and the reference powder
diffraction file 06-0416 (JCPDS-PDF 06-0416). Analysis of the
mean grain size was also carried out using the Scherrer method
using

A
] = —m8
¢ fwhm cos 0y ()
Here, 03 is the Bragg angle and fwhm is the full width of half-
maximum of the (222) peak (Figure 3a). For deposition
temperatures of 200, 250, and 300 °C, the resulting mean
crystallite sizes were calculated to be 8.1, 9.3, and 8.4 nm,
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Figure 3. (a) Close-up view of the (222) XRD peak along with the
Lorentzian fits (solid lines) used to determine the grain size for three
indium oxide films grown at different temperatures. (b) GIXRD
patterns of the same In,O; films. The green markers represent the
peak positions of the cubic indium oxide powder reference. In both
cases, the patterns are vertically moved for better visibility and
represent data after subtraction of substrate contributions.
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respectively. The largest grains were therefore obtained at a
deposition temperature of 250 °C. However, the overall
variation is very small and in terms of grain size alone, the
deposition temperature is therefore not considered to be
critical.

As the weaker peaks of the powder diffraction reference
could not be resolved, additional grazing incidence XRD
experiments were carried out, using an angle of incident o = 2°.
This geometry increases substantially the signal-to-noise ratio
(due to the longer path of the X-rays into the film) but it has
poorer focusing conditions of the diffracted beam to the
detector, resulting in slightly broader peaks. Compared to the
XRD data, the GIXRD diffraction patterns, shown in Figure 3b,
successfully resolve an increasing number of peaks. Again, all
features can be matched to the indium oxide powder reference
file (see the Supporting Information, Figure S3), hence
confirming the presence of a cubic In,O; crystal structure.

X-ray diffused scattering (XDS) measurements were carried
out in order to study the density of the as-deposited indium
oxide films (see the Supporting Information, Section S4, Figure
S4). Although the XDS technique is better suited to study
rough films than, for example, X-ray reflectivity,”>>> measure-
ments performed on indium oxide films grown at Tp, = 200 °C
did not yield sufficient signal for analysis to be performed,
indicating the sample roughness was still too high. Samples
grown at 250 °C were found to be substantially denser (p =
4.75 g cm™*), as compared to film grown at 300 °C (p = 3.25 g
cm™?) (Figure S4, Supporting Information). Both density
values are lower than that of crystalline In,O; (p = 7.179 ¢
cm™) but are close to the density of indium hydroxide
(In(OH);), which is p = 4.38 g cm™. This suggests that
chemical conversion of the initial In(NO,); precursor to In,O4
is not entirely completed for either temperature and significant
residues of In(OH); most likely still remain inside the as-grown
films. On the basis of this analysis, we conclude that the indium
oxide films grown by spray pyrolysis at T, values in the range
250—300 °C are rather porous and consist of a mixture of
In,O; and In(OH),. This is an important finding because
further improvement in electronic properties of the films would
require the In,O, phase to be increased while the In(OH), to
be reduced or completely eliminated.

3.3. Elemental Composition and Chemical Bonding
States Analysis by XPS. The surface elemental composition
of as-deposited indium oxide films on Si wafers was determined
by X-ray photoelectron spectroscopy (XPS). The wide scan
spectra are presented in Figure 4 and show the characteristic
photoelectron lines of In, O, adventitious C, Si (due to the
presence of pinholes in the films), and N (due to incomplete
precursor conversion). The elemental compositions, deter-
mined under consideration of the In 3d, O 1s, N 1s, C 1s, and
Si 2p peaks, are listed in Table 1. In all cases, the [O]/[In] ratio
is found to be higher than the nominal value of 1.5 for In,O;
due to a combination of factors such as the existence of oxygen-
rich In(OH);, adventitious O, and the contribution of oxygen
from exposed SiO, regions (substrate material) due to pinholes
in the film. The Si contribution is increasing with increasing T'p,
which is in accordance with the trend toward a reducing film
thickness and the formation of pinholes. Residual nitrogen (N)
due to an incomplete conversion reaction was detected only for
samples deposited at 200 and 300 °C, but not in films grown at
250 °C.

The process of In,O; formation during spray pyrolysis needs
to be considered as interplay of different factors such as the
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Figure 4. XPS survey scan wide scan spectra obtained for three In,0;

films grown at 200, 250, and 300 °C. The legends indicate the
assignment of the corresponding photoelectron and Auger lines.

number and volume of droplets reaching the surface and their
spreading behavior, the kinetics of the conversion reaction,
and/or the rate of solvent evaporation. With that in mind, given
our material system and process parameters, the deposition
temperature of 250 °C appears to provide the best conditions
for In,O; growth, as it combines the highest percentage of
precursor conversion with the formation of denser and more
uniform films. Although serendipitous, this is an important
finding as it enables the growth of high quality indium oxide
films at temperatures compatible with certain plastic substrates
(e.g., polyimide). Therefore, further optimization of any of the
deposition parameters may lead to significant improvements in
the film’s stoichiometry and potentially the resulting charge
transporting characteristics.

The high resolution XPS spectra were measured (Figure S)
and analyzed to gain more information about the types of
chemical bonds present within the spray deposited indium
oxide films. Unlike the indium spectra, which do not exhibit
significant changes between In—O and In—OH bonds,*® the O
Is spectra are a very sensitive indicator of bonds between
oxygen and other elements and it can thus be used to
distinguish between different contributions to the overall
oxygen signal recorded in the wide range XPS scans. The O
1s spectra corresponding to indium oxide films deposited at
200, 250, and 300 °C are summarized in Figure 5. In all cases,
the O 1s envelope can be deconvoluted to three individual
peaks located at 529.5 eV (In—O bonds in In,0;), 530.2 eV (O
adsorbates on the surface), and 532 eV (water and In—OH
bonds).*” The sample grown at 200 °C exhibits high
contributions related to oxygen adsorbates and In—OH
bonds, but only a small amount of signal intensity relates to
In—O bonds. Less than 20 at. % of oxygen is thus present in the
In,O; phase, indicating that 200 °C is not sufficient for an
effective precursor conversion reaction to occur. Sample grown
at 250 °C still shows hydroxyl related contributions, but
features the highest amount of In—O bonds. Finally,
deconvolution of the O 1s spectrum for the 300 °C films

o -ty
200 °C O1s
." PRERN "\
B / N
2 \ Y
// \ “-
\_
// ./'?' 8
N
P = N el Sy
] 1 ] ] ] ] 1
Experiment .
—-=-In-0 N 0
A5
In-OH i 250°C
— — - Adsorbates o '
----- Envelope

Photoelectron Intensity (a.u.)

T T T T T T 1
535 534 533 532 531 530 529 528 527
Binding Energy(eV)

Figure S. XPS O 1s high resolution spectra (circles and solid line
envelope) for indium oxide films grown at 200, 250, and 300 °C (top-
down). Together with the experimental data, plots illustrating the
deconvolution into In—O (dash dot line), O adsorbates (dash line), as
well as In—OH peaks (long dash dot dot line), are also shown. The
inset in the 300 °C plot displays the contributions of the respective
peaks.

reveals that the major contribution comes from the In—OH
bonds and to a lesser degree from the In—O and O-adsorbate
bonds. The reason for this may be the fact that at this elevated
temperature the rate of solvent evaporation is significantly
faster, thus kinetically hampering complete conversion of the
indium nitrate precursor, which in turn prevents formation of
dense In,O; films.

On the basis of these results, we conclude that indium oxide
films grown at 200 °C, 250 and 300 °C are all characterized by
incomplete precursor conversion, the degree of which depends
strongly on Tp. Of particular importance is the finding that
In,O; films grown at T, = 250 °C show the highest amount of
In—O bonds that can directly be linked to a highest degree of
precursor conversion and thus are expected to exhibit optimum
electrical characteristics, in terms of charge carrier mobility, as
they combine key favorable attributes such as the largest grain
size, a reduced amount of hydroxyl groups and a lower film
porosity. Finally, these findings also hint at the possibility for
further improvements of process conditions aiming toward
more complete precursor conversion and the formation of films

Table 1. Results of XPS Surface Elemental Analysis of Indium Oxide Films Grown at Different Temperatures

temperature (°C) [In] (% at) [O] (% at)
200 26.9 533
250 25.3 49.8
300 12.6 48.7

[N]
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(% at) [Si] (% at) [C] (% at) [0]/[In]
18 0.0 180 1.98
0.0 8.4 165 1.96
0.4 16.7 216 3.87
DOI: 10.1021/am5072139
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with significantly increased density and/or crystallinity. A
possible option for that purpose is the usage of a self-energy
generating precursor containing a fuel and an oxidizer
cor:lpz(gnent as demonstrated in the pioneering work by Kim
et al.

3.4. Indium Oxide Thin-Film Transistors Grown by
Ambient Ultrasonic Spray Pyrolysis. To study the impact
of the processing conditions and film stoichiometry on the
charge transport properties of as-grown In,O; layers, we
fabricated thin-film transistors based on the bottom-gate, top-
contact (BG-TC) architecture (Figure 6a). Figure 6b displays a
set of representative transfer characteristics measured in
saturation (drain voltage (V},) = 60 V) for several transistors
fabricated in air at temperatures in the range 200—300 °C. The
complete sets of the transfer and output characteristics of these
transistors are shown in Figure SS (Supporting Information),

250°C
275°C
225°C
300°C
200°C

80
—~ 10+ 16th day -
NE 1< Ng E
O E 3
01 r ]
o V.13 0 day 3
= 1o z
0.01 I ' \ ' \ ' I ' |
200 225 250 275 300

Deposition Temperature T (°C)

Figure 6. (a) Schematic of the bottom-gate, top-contact transistor
architecture employed for the field-effect measurements. (b) Transfer
characteristics of indium oxide transistors fabricated on Si/SiO, wafers
processed at temperatures in the range 200—300 °C. All devices
featured channel widths (W) and lengths (L) of W = 1000 ym and L =
100 pm, respectively. (c) Plot of electron mobility versus deposition
temperature (Tp) for as-prepared devices measured immediately after
fabrication (day 0), and after 16 days of storage in dry nitrogen.
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whereas Table S2 (Supporting Information) summarizes the
key operating parameters. As can be seen, all transistors
independent of processing temperature exhibit electron trans-
porting (n-channel) characteristics with clear channel current
(Ip) saturation [for Vp > (Vg — Vp)], minor operating
hysteresis between forward and reverse gate voltage sweeps and
Ohmic-like injection characteristics as evident from the linear
dependence of I, versus Vp, at low voltages. Based on these
results, it can be concluded that the transistor performance is
primarily determined by the deposition temperature of the
In,O; layer. This is better illustrated in Figure 6¢c where the
electron mobility (pg,r), measured in saturation, for several
transistors (error bars included) is plotted as a function of Tp,
(square symbols). Devices fabricated at 200 °C exhibit poor
performance, with a mean electron mobility value of ~0.01 cm®
V™' s, A dramatic increase of pigar to >16 cm® V7! s7! s
obtained for transistors prepared at T, = 250 °C. An increase of
Tp to >300 °C, and maintaining the same film deposition
procedures, leads to a significant reduction in pgyy to <0.4 cm®
V™! 57, This dramatic drop in electron mobility may be partly
attributed to the reduced thickness of the semiconducting film
and associated layer discontinuities. To investigate this further
we deposited In,O; films using 25 spraying cycles (instead of 4)
and evaluated the electron mobility of the resulting transistors.
Despite the presence of significantly thicker oxide films, the
electron mobility remained relatively low and on the order of 3
cm?/(V s). Therefore, we can conclude that although the active
layer thickness does play a role, it cannot be held fully
responsible for the dramatic reduction in electron mobility
observed in devices grown at 300 °C. Following a similar trend,
the on/off ratio of the channel current reaches a maximum of
~7 X 10° for In,O; transistors prepared at T, = 250 °C,
whereas lower or higher deposition temperatures lead to
smaller on/off ratios that are typically in the range 10*—10°.
Worth mentioning is that all devices exhibit stable operation
even after storage for 16 days in dry nitrogen (Figure 6b
(circles)).

On the basis of the results presented so far, it can be argued
that the high pg,r measured for devices prepared at T, = 250
°C is most likely attributed to the improved In,O; morphology
and stoichiometry because films grown at this temperature are
more homogeneous (Figure 1) and significantly denser (Figure
S4, Supporting Information). Furthermore, residual nitrogen
(N), which is known to act as an acceptor in In,O3,°" is
removed more efficiently at elevated temperatures (detected in
the XPS spectrum in Figure 4), thus improving the transport
characteristics of the transistors. The maximum g, obtained
for devices prepared at T, = 250 °C can thus be directly linked
to a combination of improved chemical and structural
characteristics of the In,O; films including the absence of
residual N, relatively low concentration of In—OH groups, high
concentration of In—O bonds, largest crystalline grain size and
therefore reduced number of grain boundaries, highest film
density, and finally, film continuity.

For indium oxide films grown at 300 °C, the [O]/[In] ratio
is found to deviate strongly from the stoichiometric value of 1.5
due to high contributions from the In—OH and low
contribution from the actual In—O bonds. This increased
concentration of In—OH groups together with the reduced film
density, are believed to be the two main reasons for the
significant reduction in the field-effect electron mobility
measured. When the films are subjected to a postannealing
step at 300 °C no significant improvement in devices’
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performance is observed. This suggests that the films’
morphology is the key limiting factor to electron transport.
However, further work would be needed in order to identify the
role of reaction kinetics and its impact on the film’s
morphology (e.g, crystallinity, density of grain boundaries)
and electron transporting characteristics.

Qualitatively similar temperature dependences of the
electron mobility in In,O; films deposited by spray pyrolysis
using indium acetylacetonate and InCl; precursors at different
temperatures have been reported in literature.”***> However,
in these previous studies, emphasis was placed on analyzing the
Hall electron mobility, as opposed to field-effect mobility,
where the electron mobility modulation (versus Tp) was found
to be far less pronounced and was attributed to changes in the
preferred crystalline orientation of In,O;. The latter effect may
also play an important role on the electron transporting
characteristics of our transistors and will be the subject of future
investigations.

To gain a better understanding of the microstructural
properties of In,O; films grown at 250 °C, we have performed
cross-sectional HR-TEM measurements on the channel region
of an actual transistor. Figure 7a—c displays the lower to higher

Sio,

Figure 7. High resolution transmission electron micrographs (HR-
TEM) of the channel SiO,/In,O; cross section. Panel a shows the low
magnification cross-section micrograph of the FIB milled section
whereas panels b and ¢ show the medium and high magnification
micrographs.

magnification HR-TEM micrographs of the In,O; channel layer
grown on SiO, by ambient ultrasonic spray pyrolysis at 250 °C.
Surprisingly, the In,O; layer is found to be highly textured,
polycrystalline, and ultrathin, with an average thickness of ~7
nm. Despite the fact that the In,O; films were grown on
amorphous SiO,, the HR-TEM micrographs reveal the
presence of crystalline domains up to 60 nm in lateral
dimensions. However, randomly oriented crystalline domains
are also observed along the interface, in agreement with the
powder-like X-ray diffraction patterns measured (Figure S3,
Supporting Information), indicating the film is not perfectly
textured. The lattice spacing of 0.36 nm, indicated in the high
magnification micrograph of Figure 7c, matches well with the
(220) crystal plane of the expected body centered cubic
structure of In,O;. The remarkably high crystallinity and long-
range order in these ultrathin In,O; films is rather surprising if
one takes into account the amorphous substrate, the low
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deposition temperature, as well as the ambient atmosphere
conditions in which the spray pyrolysis technique is used.

Although scientifically interesting, the characteristically low-
dimensional nature of the semiconducting channel may have a
negative impact on the overall ambient stability of the device
primarily due to physisorption of atmospheric polar molecules
(e.g, oxygen, water) onto the surface of the ultrathin In,O,
layers. Presence of such species in close proximity to the
semiconducting channel may degrade the performance of the
transistors both in terms of operating hysteresis and electron
carrier mobility. Therefore, device encapsulation may well be
required in order to ensure stability under realistic operating
conditions. To this end, a detailed study of the device operating
stability, including bias stress and the impact of atmospheric
oxidants, is currently under way and will be reported in the
future as it is beyond the scope of this work.

Using the electron mobility as the main figure of merit the
performance level of In,O; transistors prepared at 250 °C
reported in this study is comparable or even surpasses recently
reported values for solution-processed indium oxide transistors
based on similar device architectures.”'®'%*57% A potentially
important advantage of spray pyrolysis, as opposed to
conventional solution-based methods such as spin-coating, is
that the former technique can easily be adapted to a continuous
deposition process with minimal material wastage and high
deposition throughput. Therefore, the present work can be
seen as a significant step toward scalable, low temperature
manufacturing of high performance metal oxide opto/
electronics.

3.5. Low-Voltage In,0; Transistors grown by Ultra-
sonic Spray Pyrolysis. Despite the high mobility character-
istics of the In,Oj; transistors shown in Figure 6, all devices
operate at high voltages (typically in the range 50—80 V) and
hence consume much power. The latter is primarily determined
by the 400 nm thick SiO, gate dielectric employed and its
relatively low dielectric constant (~3.9). In an effort to lower
the operating voltage, and hence the overall power con-
sumption of In,O; transistors, we have replaced the SiO,
dielectric layer with a solution-processed high x metal oxide
dielectric composed of a bilayer AlOy/ZrO, (see the
Experimental Section and inset in Figure 8a). The entire
dielectric deposition process was performed at low temperature
using an ultraviolet light-assisted chemical conversion process
described previously,” followed by the deposition of In,O,
layers via spray pyrolysis at 250 °C. A representative set of
transfer and output characteristics measured are shown in
Figure 8. Due to the high geometrical capacitance of the bilayer
AlOy/ZrO, dielectric (~250 nF cm™?), as-prepared transistors
operate at significantly reduced voltages (~I2 V1) and exhibit
low turn-on and threshold voltages (Viy) of ~0 and ~0.4 V,
respectively. Compared to the SiO,-based In,O; transistors,
both the current on/off ratio and electron mobility of the low
voltage devices are consistently lower, with typical values on the
order of 10* and ~1 cm?® V™! s7!, respectively. Despite the
reduced level of performance, however, the results demonstrate
the possibility of fabricating low voltage/power In,0;
transistors from solution over large area substrates at plastic-
compatible temperatures without any special precautions.
Further processing and material chemistry developments and
optimization are most certainly required to lead to additional
improvements of the operating characteristics and will be the
subject of future studies.
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Figure 8. (a) Transfer characteristic of a representative low operating
voltage In,O; transistor fabricated at 250 °C. The transistor structure
features a bilayer AlOy/ZrO, dielectric and symmetric Al source-drain
electrodes. The channel width (W) and length (L) of this particular
transistor were 1000 and 100 pm, respectively. (b) Corresponding
output characteristics measured from the same transistor.

4. CONCLUSIONS

Indium oxide thin-film transistors were successfully fabricated
using the ambient ultrasonic spray pyrolysis method in
combination with a low decomposition temperature (200—
300 °C) indium nitrate-based precursor solution. Although all
as-grown indium oxide films were found to consist of a mixture
of crystalline In,O; and In(OH);, best device performance was
achieved at the intermediate deposition temperature of 250 °C.
Best performing transistors showed to be very reproducible
with a mean electron mobility value of ~16 cm* V! s7! and
typical channel on/off ratios exceeding 10°. Extensive material
and device characterization suggest that the presence of a
reduced concentration of In—OH groups together with the
formation of denser films at 250 °C, are the two primary
reasons for the improved transistor performance observed.
However, other effects such as film continuity, thickness, and
density of grain boundaries may well play important roles and
are currently the subjects of ongoing investigations. Surpris-
ingly, In,O; films grown at 250 °C are found to be highly
continuous, smooth (surface roughness rms <2 nm), extremely
thin (~6—8 nm), and highly crystalline. The potential of
combining the sprayed In,O; layers with solution processed
AlOy/ZrO, high k dielectrics for the development of low
operating voltage (<2 V) transistors was also successfully
demonstrated. The combination of ambient ultrasonic spray
pyrolysis with the aqueous-based indium nitrate precursor
chemistry allows straightforward up-scaling of the processing of
high mobility In,O; layers at low temperatures that are even
compatible with temperature sensitive substrates such as plastic.
We are confident that further device optimization may be
achieved through improved processing protocols and by
establishing a better understanding of the structure—property
relationship in these ultrathin layers of In,O;.

B ASSOCIATED CONTENT
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Tauc analysis, further XRD and XDS investigations, as well as
representative transfer and output characteristics of In,O;
TFTs processed at different temperatures. This material is
available free of charge via the Internet at http://pubs.acs.org
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