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ABSTRACT: Amorphous metal oxides are central to a variety of technological applications. In particular, indium gallium
oxide has garnered attention as a thin-film transistor channel layer material. In this work we examine the structural evo-
lution of indium gallium oxide gel-derived powders and thin films using X-ray diffraction, infrared vibrational spectros-
copy, and pair distribution function analysis of X-ray total scattering from standard (PDF) and normal incidence thin film
geometries (tfPDF). We find that the gel-derived powders and films from the same aqueous precursor evolve differently
with temperature, forming mixtures of Ga-substituted In,O, and In-substituted B-Ga,O, with different degrees of substi-
tution. X-ray total scattering and PDF analysis indicates that the majority phase for both the powders and films is an
amorphous/nano-crystalline B-Ga,O, phase, with a minor constituent of In,O; with significantly larger coherence lengths.
This amorphous B-Ga,O; phase could not be identified using conventional Bragg diffraction techniques traditionally used
to study crystalline metal oxide thin films. The combination of Bragg diffraction and tfPDF provides a much more com-
plete description of film composition and structure, which can be used to detail the effect of processing conditions and
structure-property relationships. This study also demonstrates how structural features of amorphous materials, tradition-
ally difficult to characterize by standard diffraction, can be elucidated using tfPDF.

Introduction (HAADF-STEM),*** extended X-ray absorption fine
structure spectroscopy (EXAFs),”**” and solid state nucle-
ar magnetic resonance (ss-NMR).”** Although these tra-
ditional techniques provide a variety of structural details,

there remains a distinct deficiency in accurately deter-

Amorphous metal oxide films exhibit a range of attrac-
tive properties for technological applications and are can-
didate materials for next-generation thin-film devices,
such as thin-film transistors.”™ In particular, amorphous

semiconducting oxides such as Zn-O, In,0,, amorphous
In-Ga-O, amorphous In-Ga-Zn-O, amorphous In-Sn-O,
amorphous Zn-In-Sn-O, and amorphous Zn-Sn-O have
garnered significant interest.”*®*® Such materials have
been shown to have high electron mobilities,”” tunable
conductivity," high optical transparency,>® mechanical
stress tolerance,”®" and compatibility with organic dielec-
tric and photoactive materials,” making them applicable
for a number of applications.>*"™> The performance of
these materials is strongly correlated with the structure
and disorder of the material.®"® However, the inherent
complexity of amorphous oxide structures has hindered
our understanding of chemical transformations and their
influence on structure-property relationships.

A variety of approaches have been used to gain insight
into the structure of amorphous films, including X-ray
reflectivity (XRR),”™ ellipsometry,* grazing incidence X-
ray diffraction (GIXRD),” transmission electron micros-
copy (TEM),” electron diffraction,” high angle annular
dark field-scanning transmission electron microscopy

mining the local and mid-range atomic structure of
nanostructured materials. X-ray total scattering meas-
urements and pair distribution function analysis have
yielded significant structural information about bulk
amorphous and nanostructured materials, specifically in
determining local to long range order.>*>* However, there
has been much less reported using pair distribution func-
tion analysis to examine thin films on a substrate, due to
complicated data analysis procedures and assumptions
required about the sample volume and geometry.**° Addi-
tionally, in the case of amorphous metal oxides, the low
scattering power of O further complicates X-ray structural
studies. Because previous experiments on thin films yield
only qualitative pair distribution functions (PDF)"*
powders made by dehydrating precursor solutions or
“gels” have been used as analogues for films.”*

Recently, a normal incidence thin film PDF approach
was reported that simplifies the data processing and al-
lows for quantitative analysis of the total scattering data.*
Here we apply this approach, termed tfPDF, to indium
gallium oxide films deposited from aqueous precursor
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solutions to understand differences between the structur-
al evolution of ‘gel-derived’ powders and films. Aqueous
solution deposition routes have recently received great
interest for their promise of high throughput, low cost
production of metal oxide films,>**>* although little is
known about the chemical transformations during pro-
cessing. We observed several differences in the structures
between the gel-derived powder samples, commonly used
as a model for films, and film samples. We find that the
gel samples crystallize at a lower temperature than the
films, and that the composition and coherence length of
the crystalline phase formed in the gels is different from
that seen in the film samples. Furthermore, we find that
for both the gel and film samples, the crystalline phase
formed after annealing only constitute a minor phase in
the samples, as most of the metal oxide remain in a Ga-
rich amorphous phase. These amorphous phases cannot
be characterized with conventional diffraction methods,
and thus often go unnoticed when coexisting with a crys-
talline phase. The ability to follow structure evolution of
films as a function of annealing temperature enables cor-
relation between the changes in properties and the
changes in local, mid, and long range order. This study
also highlights the need to study thin film materials di-
rectly rather than relying on gel-derived powders as struc-
tural analogues.

Experimental

Both the gel-derived powders and thin films were pre-
pared from the same aqueous solutions. Ga(NO,), * xH,O
(Alfa Aesar, 99.9%) and In(NO,); * xH,O (Sigma Aldrich,
09.9%) were dissolved in 18.2 MQ-cm H,O for a total
metal concentration of 1.5 M (7:6 Ga:In ratio). This solu-
tion was filtered through a 0.45 pm syringe filter. The gel-
derived powders (“gels”) were prepared by rotary evapora-
tion of a solution to dryness and were subsequently an-
nealed in a furnace to specific temperatures, ranging from
200 to 800 °C. For the preparations of thin films, fused
silica microslip substrates (Ted Pella, 22x22x0.25 mm)
were cleaned using a piranha acid rinse followed by 10
min O, plasma etch using a PE-s0 Benchtop Plasma
Cleaner (Plasma Etch, Inc.) set to maximum power.

Thin films were fabricated by depositing precursor so-
lutions onto cleaned SiO, substrates through 0.2 pm PTFE
filters. The precursor-coated substrates were then spun at
3000 RPM for 30 seconds and then immediately placed on
a preheated hot plate. For films with a final annealing
temperature of 200 °C, each layer was heated at 200 °C for
15 min. Layers for all other films were annealed at 300 °C
for 5 min. This process was repeated ten times to achieve
the desired film thickness. The ten layer films were then
ramped at 3.33 °C-min” to their final annealing tempera-
tures (200, 300, 400, 600, and 800 °C) and held there for 1
h. All spin-coating and annealing was performed under
ambient air.

Fourier transform infrared (FTIR) spectroscopy data
were collected using a Thermo Scientific Nicolet 6700
FTIR at room temperature. Data from the gel-powder
samples were collected in air using an ATR configuration.
Data for thin films, deposited on ~2000 Q-cm Si, were

collected in transmission mode in a N, environment. All
measurements were averaged over 128 spectra, with data
spacing of 0.964 cm™.

GIXRD data on thin film samples were collected using a
Rigaku Smartlab (Cu K«) equipped with parallel beam
optics, soller slits, and a scintillation detector using an
incident angle of 0.75°. For the gel powder samples, Bragg
Brentano diffraction data were collected using a Rigaku
Smartlab (Cu Koa) with focused beam optics and a 1-
dimensional D/tex Ultra detector. Rietveld refinements
were done using FullProf Suite.®

X-ray total scattering data were collected at room tem-
perature using a wavelength of 0.2114 A at beamline 11-1D-
B of the Advanced Photon Source, Argonne National La-
boratory. The gel powder samples were packed into kap-
ton capillaries (1.1 mm inner diameter), and data were
collected using the RA-PDF setup.*” The X-ray total scat-
tering data for the films were collected using the tfPDF
technique, where data for both clean substrates and thin
films are collected in normal incidence.>* Pair distribution
functions were obtained using PDFgetX3," with Qu. =
23.0 A, Real space modeling was done in PDFgui.*

Discussion and Results

FTIR spectroscopy highlights chemical differences be-
tween thin films (Figure 1a) and gel-derived powders
(Figure 1b) annealed at 200, 300, 400, 600, and 800 °C.
The IR data allow us to track metal oxide (absorption be-
tween 400 and 820 ¢m™), nitrate (peaks from ca. 700 to
1oo cm” and 1200 to 1600 cm™), water (centered around
1650 cm™), and hydroxide (peaks between 2900 and 3700
cm’™) content as a function of annealing temperature. For
samples annealed at 200 °C, there is a large difference
between the gel powder and film sample. While bulk
metal nitrates In(NO,), and Ga(NO,),; decompose at 240
°C and 224 °C, respectively,?** both persist in gels and
films to above 400 °C. The reduced sharpness and num-
ber of discernable nitrate absorptions***® and the pres-
ence of very broad metal-oxide absorptions from the thin
film suggest a higher degree of conversion to the metal
oxides and/or hydroxides than for the gel sample. For
both gel-derived powder and thin film samples, absorp-
tions from water, hydroxide, and nitrate gradually de-
crease with increased annealing temperature due to loss
of H,0O (1650 cm™) and condensation reactions between
metal hydroxides (2900-3700 cm™). A gradual evolution of
the position and sharpness of the metal-oxide absorptions
in the thin-film samples indicates that the bonding ar-
rangements are still changing with annealing tempera-
ture. This is in contrast to the powder samples, where the
data change very little for samples treated between 300 to
800 °C, which suggests that only small changes to the
bonding arrangements occur as annealing temperature
increases.
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ies on an analogous heterometallic Ga,Ins aqueous coor-
dination cluster (Ga,Ing(p,-OH)s(p-OH),5(H,0),,(NO,),s),
which shows a different majority crystalline phase at the-
se temperatures, based on the different location and rela-
tive intensities of the Bragg reflections.*®
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27 Figure 1. (a) FTIR spectra of indium gallium oxide films and
28 (b) ATR-IR of indium gallium oxide gel powders annealed to
29 various temperatures. The large absorption and shoulder
30 feature, labeled “SiO”, around 1025 cm™ is from thermal
31 growth of SiO, at the substrate/IGO interface at elevated
32 temperatures.*’
33 Figure 2 shows the diffraction patterns of the annealed
34 films and gel-derived powders. The evolution of the scat-
35 tering pattern with increasing annealing temperature in-
36 dicates that the crystallization pathways are different in
37 film and gel samples, as seen with IR. GIXRD of the solu-
38 tion-deposited films (Figure 2a) indicates that the films
39 are amorphous at annealing temperatures < 400 °C. Sig-
40 nificant differences are seen in the scattering pattern for
41 the samples annealed between 200 and 400 °C indicating
42 large differences in local atomic structure. Weak Bragg
43 peaks from the 600 °C film topping a large background
44 indicate the formation of small crystallites. These Bragg
45 reflections are more apparent in the film annealed at 8oo
46 °C. Figure 2b contains powder XRD (PXRD) data for the
47 gel-derived powders, which illustrate that the gels contain
48 crystallites after annealing at 200 °C. The samples an-
49 nealed at higher temperatures show much more distinct
50 and sharp Bragg peaks, and only slight differences are
51 seen in the diffraction patterns as the gel-derived powder
52 is annealed at higher temperatures. Overall, the gel-
53 derived powder samples have a greater degree of crystal-
54 linity and much larger crystallite size than the film sam-
55 ples, which is supported by the intensity of the reflec-
56 tions, the peak full width at half maxima, and the pres-
S57 ence of more distinguishable reflections. The PXRD data
58 for the gel-derived powder differ with powder XRD stud-
59
60
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Figure 2. (a) Grazing incidence X-ray difiraction patterns of
indium gallium oxide films annealed to various temperatures
(b) Bragg-Brentano X-ray diffraction patterns of indium
gallium oxide gel-derived powders annealed to various
temperatures.

Based on previous investigations in this system, either
the In-doped B-Ga,O, phase (C 1 2/m 1) or the GaInO, (P
63/m m c) phase are expected to crystallize.**> However,
the reflections observed are inconsistent with both of
these compounds (Figure 3). Instead, the reflections in
the diffraction patterns from the crystalline samples can
be indexed to a cubic body centered unit cell, which is
consistent with a Ga-doped In,O, phase (Ia -3).
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Figure 3. DBragg-brentano X-ray diffraction patterns of
indium gallium oxide gel-derived powder annealed to 8oo °C
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compared to simulated diffraction patterns for In,O; (I a -3),
GalnO; (P 63/m m c), and B-Ga,O, (C12/m1).

A least squares fit of the GIXRD data of the film and a
Rietveld refinement (Figure 4) of the PXRD data of gel-
derived powder showed that the a lattice parameter of the
film annealed to 8oo °C is 9.77(2) A, while a lattice pa-
rameter for the gel-derived powder is 10.077(2) A. A
smaller lattice parameter than bulk In,O; (a = 10.17 A) is
consistent with doping with the smaller Ga** ion for In*
(ionic radii 76 pm and 94 pm, respectively). However,
both of these lattice parameters (and that for the film in
particular) are significantly smaller than those given in
the literature for bulk (In,,Ga,),0,, which has been re-
ported to form a single phase solid solution only for x <
o0.10. The precursor for our samples had a In:Ga ratio of
6:7, corresponding to X = 0.54, assuming 100% reaction
yield. The stoichiometry and observed lattice parameters
thus suggest that the samples are outside of the homoge-
neity range reported for the previously prepared bulk
phases. Interestingly, nanowires have been prepared with
x = 0, 0.1 and o0.25, having lattice parameters of 10.17 A,
10.100 A, and 10.094 A, respectively.” Furthermore, the
analogous heterometallic Ga,Ins aqueous coordination
cluster (Ga,Ing(p;-OH)¢(p-OH),5(H,0),,(NO,),s), resulted
in a majority phase In-doped B-Ga,O, phase (C 1 2/m 1)
and a minority Ga-doped In,O; phase (I a -3) phase. The a
lattice parameter of the minority phase agrees well with
the a-lattice parameter for the gel samples (10.0783(4) and
10.077(2) A, respectively). Interestingly, the lattice param-
eters reported in the literature vary considerably from
that expected from Vegards law, presumably because the
samples are inhomogeneous and overall compositions
were used when reporting stoichiometry. This makes the
reported homogeneity range somewhat uncertain.

Rietveld refinements were also performed on the gel-
derived powder annealed at lower temperatures (Table S3
and Figures S2, S3). The refinements converged to a lat-
tice parameter of 10.085(1), 10.091(1), and 10.102(1) A for
gel-derived powders annealed to 600, 400, and 300 °C,
respectively (Figure S2). Interestingly, the decrease in
lattice parameter with increasing temperature suggests
additional Ga-substitution with increasing temperature in
the gel-derived powder samples. This could point to the
presence of an amorphous phase, which contains the Ga
that is eventually incorporated into the lattice at a higher
temperature.

The PXRD data do not allow us to characterize the hy-
pothesized amorphous phase in the gel samples and thus
hinders us in understanding the behavior of the unit cell
parameter. Furthermore, the low degree of crystallinity
and small apparent crystallite size observed for the film
samples mean that very limited structural information
can be obtained with conventional Bragg diffraction
techniques. Therefore, total scattering measurements
were conducted to obtain pair distribution functions
(PDF) allowing analysis of the local atomic structure (Fig-
ure 5) for both films and powders. In the case of the films,
the PDF was obtained from the difference of the total
scattered intensity of the sample and a measured clean
substrate (Figure S4, S5).
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Figure 4. Rietveld refinement of the Bragg-bBrentano X-ray
diffraction pattern of the indium gallium oxide gel-derived
powder annealed to 8oo °C.

In the Rietveld refinement, we initially assumed the
stoichiometry of the phase to be the same as the precur-
sor solution, i.e. (In, ,Ga,s,),0,. To test any sensitivity to
x, refinements with various values were performed. In-
deed, the refinement is not very sensitive to the value of
x, yielding similar refinement quality as x is increased at
least to 0.65 (Figure Si, Tables S1 and S2). Further charac-
terization is thus needed to explain the lattice parameter
observations.
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Figure 5. Pair distribution function of indium gallium oxide
(a) films and (b) gel derived powders annealed to various
temperatures.

In the PDFs of the films (Figure 5a), peaks at higher
values of r appear with increasing temperature, indicating
that structural order in the film increases with increasing
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temperature. This is corroborated by the IR and GIXRD
data. The PDFs of the gel-derived powder (Figure 5b)
have peaks extending to much higher values of r at all
temperatures, showing significantly more long-range or-
der than the films, as also expected from the PXRD data.
Further, they change little with increasing annealing tem-
perature. Even at the lowest annealing temperature inves-
tigated (200 °C) the gel-derived powder has long-range
order, showing that low temperature nucleation and
growth of crystallites occurs in the gels, which agrees well
with the FTIR data (Figure 1). Although there are differ-
ences in the extent of long-range order, the low r-range of
the PDF show that similar atom-atom distances are pre-
sent in both the gel and film.

The gel-derived powder data were first modeled as a
single crystalline phase (Ga-substituted In,O,) using the
structural model from the Rietveld analysis of the powder
data. (Figure 6a). While this model shows relatively good
agreement at high r-values, fitting the long-range atomic
order, large disagreements are seen in the local r-range.
There is thus a disagreement between the single phase
model and the data which is evident in the large residual
between 1and 5 A (Figure 6a). The disagreement at low r
indicates the presence of a second component that is
amorphous or has a significantly shorter structural coher-
ence length. If considering the difference curve from the
fit, significant intensity is seen at 1.89 A (blue arrow),
which is smaller than any metal-oxygen distance in In,O,.
The gel powder PDF also has significant intensity at 3.35
A, and a less intense maximum at 3.82 A (orange and
green arrows, Figure 6b), corresponding to the metal-
metal distance between the centers of edge sharing (3.35
A) and corner sharing (3.82 A) octahedra. In pure, bulk
In,0;, these maxima in the PDF have equal intensity (Fig-
ure S6).

Journal of the American Chemical Society

Ga distances. (See Figure S6 for a comparison of theoreti-
cal PDFs of In,0O, and B-Ga,O, to the gel-derived powder
annealed to 800 °C.) This matches well with the unfitted
peaks in our data. Additionally, B-Ga,O, was found as a
majority phase by Kamunde-Devonish et al.,, with an
analogous In:Ga metal ratio oxide system.** We therefore
introduced In-doped B-Ga,O; as a second phase in the fit,
and allowed a much smaller coherence length than for
the main crystalline phase. We were able to fit PDF of the
gel annealed at 800 °C using two constituents, 24(3)% of a
crystalline Ga-doped In,Ojand 76(3)% of an amorphous
phase, whose local structure can be described as In-doped
‘B-Ga,0y;’; these phase percentages result from the least
squares fitting of the PDF data. The coherence length
(‘particle size’) refines to 1.3(2) nm (Figure 7, gel 7a). The
difference in refined particle sizes explains why we only
observe Bragg peaks from the In,O; phase in the gel-
derived powder diffraction pattern while the amorphous
B-Ga,O, like phase will only give diffuse scattering, seen
as a background in the PXRD data (Figure 4). This illus-
trates how characterization of crystalline fractions of a
sample is inadequate, as PXRD only gave information
about the minority phase in the system.

¥ T L] T v T . T . T

@) i = Data
B — Fit N
—— Residual |

G(r) (Arb.)

G(r) (Arb.)

L i i
0 5 10 15 20 25 30

r(A)

T ¥ T * T 1
Data
— Fit

Fa) Gel ;

—— Residual |

G(r) (Arb.)

Data
- — Fit -
— Residual -

i i 1 i i
0 10 20 30 40
r(A)

Figure 6. (a) Pair distribution function of mdium gallium
oxide gel-derived powder annealed 800 °C. Pair distribution
functions was fit with (b) crystalline Ga-substituted In,O;.
Arrows correspond to different atom-atom distances in Ga-
substituted In,O,, the light and dark polyhedra correspond
to the two different metal sites in In,O; and have split In-Ga
occupancy.

To explain the difference between the model and data,
other possible structures were considered. The calculated
PDF of B-Ga,O, contains maxima at 1.89 A due to Ga-O
bonds and its largest maxima at 3.35 A resulting from Ga-

Figure 7. Pair distribution function of indium gallium oxide
(a) gel-derived powder and (b) film annealed 8oo °C. Pair
distribution functions were fit with a mix of crystalline Ga-
substituted In203 and an amorphous B-Ga203 phase as
described in the text.

The a-axis lattice parameter for the Ga-doped In,O,
phase obtained in the PDF fit agrees decently with that
obtained from Rietveld refinement of the powder
(10.096(5) and 10.077(2), respectively). The lower Q-
resolution in RA-PDF measurements means that Rietveld
analysis may give a more reliable determination of the
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lattice constant. However, comparison of the refined pa-
rameters with annealing temperature show that the PDF
derived lattice constant shows similar trends as was seen
from Rietveld refinements (Figure 8a, Figures S6 - S8 and
Tables S4, S5), i.e. a decrease in lattice parameter with
annealing temperature. Again, the decrease in a indicate
larger Ga incorporation at higher temperature. The PDF
refinements do indeed show that the fraction of the Ga,O,
phase decreases with increasing annealing temperature
(Figure 8, Figure S7). The PDF analysis thus explain the
behavior of the lattice constant, as Ga is incorporated into
the In,O; lattice from the amorphous gallium rich phase
during annealing. While additional Ga incorporation at
higher temperatures appears to take the system further
from the equilibrium phase distribution, the system is not
at equilibrium and the phase diagram describes only the
equilibrium phase distribution not the kinetics of how the
final equilibrium phase distribution is reached. Thus, the
system lowers its free energy by forming more crystalline
material with a greater Ga incorporation.
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Figure 8. (a) Lattice parameter for In,0; phase as
determined by least squares and Rietveld refinements of
diffraction and a least squares fit of the pair distribution
functions and (b) relative amount of the amorphous p-Ga,O,
phase as determined by a least squares fit of the pair
distribution functions. The gel-derived powder and film
values are shown in green and blue, respectively.

The PDF from the film annealed at 800 °C is shown in
Figure 7b. As can be seen on comparison with Figure 5,
the film PDF shows a large dependence of the annealing
temperature, where increasing structural order is seen
with annealing temperature. Just as for the powder sam-
ples, the PDF of the film samples could be modeled as the
sum of the signals from a crystalline and an amorphous

component. Due to the similar local range order, we be-
gan with the same structural model as was used for the fit
of the gel-data. We were able to fit the PDF of the film at
800 °C using two constituents, 39(8)% of a crystalline Ga-
doped In,O, (I a -3) with a particle size of 5(1) nm and
61(8)% of an In-doped B-Ga,O, (C 1 2/m 1) with a particle
size of 1.5(4) nm (Figure 7b). The PDF for the film an-
nealed to 400 °C and 600 °C were fit to the same model
(Figures Sg - Su and Tables S6,S7). The percentage of the
Ga-doped In,O, phase increases by a factor of two be-
tween the 600 °C and 8oo °C anneals, explaining the evo-
lution of the thin film diffraction pattern as a function of
annealing temperature seen in Figure 2a (Figure 8, Figure
S10). The PDFs from films annealed at lower temperatures
show shorter correlation lengths (i.e. are completely
amorphous), however the metal-oxygen and metal-metal
distances are still recognized. For the sample annealed at
200 °C, a peak at 1.9 A agrees well with a Ga-O bond, 2.16
A agrees well with a In-O bond, 3.4 A agrees well with a
In-In distance. Unfortunately, the presence of nitrate is
difficult to comment on due to the similarity of N-O and
Si-O bonds, 1.33 A and 1.54 - 1.71 A respectively, compli-
cates the subtraction of the amorphous background.

By combining the results from FTIR, PXRD, and PDF
analysis, we gain a new level of insight into the B-Ga,O,/
In,O, system. For both film and gel samples, we see the
presence of both a crystalline and amorphous phases,
with the amorphous phase dominating. This illustrates
that just characterizing the crystalline part of a sample is
not sufficient: Our analysis of the samples suggests that
previous results, which indicated that Vegard's law did
not hold, should not have used the nominal composition
of the sample as the composition for the Ga doped In,O;,
as a large portion of the Ga/In may be present in amor-
phous or nanostructured phase. The differences between
the film and the gel-derived powder are considerable con-
sidering that they were formed from the same precursor
solution. While both the gel-derived powder and films
resulted in the same structural phases (In,,Ga,),0, and an
amorphous phase with B-(Ga,,In,),0; like structure, the
refined lattice constants from PDF analysis and Rietveld
refinement indicate that the degree of Ga-substitution
into In,O; and In-substitution into B-Ga,O, is different.
Both the lattice parameter and the refined phase fractions
show that more Ga*" is incorporated into the In,O, phase
in the film, which at the same time form much smaller
crystallites than for the gels.

We explain these differences by invoking different reac-
tion mechanisms: The spin coating procedure used for
film preparation leads to a faster condensation than the
happening in the gel samples during the rotary evapora-
tion and following annealing. This can be seen by the
metal-oxide absorptions in the IR data. In the gel-derived
powders, the atoms were thus able to diffuse and form
much larger crystallites than in the more rapidly con-
densed film, where evaporation and condensation happen
at the same time over a much shorter time. The longer
time required to evaporate the gel to a dry powder yields
a product closer to the thermodynamically stable phase
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configuration, as seen by lattice parameters more closely
representing the previously reported bulk materials. In
contrast, rapid film formation during spin coating limits
the time that atoms have to diffuse, and thus form very
small nanoparticles with compositions far from the previ-
ously reported homogeneity range. Traditional nucleation
and growth models would predict that the Ga-doped
In,O; crystallites form from the amorphous network. This
would result in a morphology wherein Ga-doped In,O,
crystallites are embedded within the amorphous matrix.
Surprisingly, the gel and film maintain their differences
throughout our annealing study, suggesting that even
higher temperatures and/or longer reaction times are
required to converge to the same product.

CONCLUSIONS

The local, mid, and long range structure of gel-derived
powders and thin films of indium gallium oxide made
from the same precursor solution were investigated using
PDF and a suite of corroborative techniques. The data
indicates that processing conditions play a pivotal role in
the evolution and crystallization of the aqueous precursor
into the mixture of compounds formed. This study high-
lights the need to study thin film materials as thin films
rather than relying on gel-derived powder surrogates, and
highlights the utility of tfPDF analysis of the X-ray total
scattering data for structural analysis of amorphous films.
The tfPDF analysis enabled the structure of amorphous
and nanocrystalline films to be followed as a function of
processing conditions, which had been previously inac-
cessible for oxide systems. Furthermore, PDF analysis of
both the film and gel samples revealed that the majority
of the product is present as an amorphous phase, which
cannot be characterized using standard PXRD and may be
erroneously ascribed as a background in the diffraction
pattern. The ability to use pair distribution analysis on
both films and gels thus provides a powerful tool for
comparing short, mid, and long range order of these
largely amorphous materials. This combination of analyt-
ical approaches (Bragg diffraction, IR analysis, total scat-
tering and pair-distribution analysis) is particularly prom-
ising for investigating structural evolution in films derived
from aqueous inorganic systems, due to the complex solu-
tion chemistry that can occur as the system evaporates to
dryness. Determination of the evolution of amorphous
and crystalline constituents in films is essential to under-
standing synthetic pathways and, ultimately, will allow
for the optimization of the performance of thin-film de-
vices.
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