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ABSTRACT: In this contribution, the structural and electronic Crystalline F:In-O Amorphous F:In-O
effects of fluoride doping in both crystalline and amorphous indium
oxides are investigated by both experimental and theoretical
techniques. Pristine crystalline and amorphous fluoride-doped
indium oxide (F:In—O) phases were prepared by solution-based
combustion synthesis and sol—gel techniques, respectively. The
chemical composition, environment, and solid-state microstructure

of these materials were extensively studied with a wide array of . =
state-of-the-art techniques such as UV—vis, X-ray photoelectron "50 0 -50 -100 -150 -200 -250 0 .50 100 -150 -200
spectroscopy, grazing incidence X-ray diffraction, ’F and '"“In *F shift (ppm) “F shift (ppm)

solid-state NMR, high-resolution transmission electron microscopy

(HR-TEM), and extended X-ray absorption fine structure (EXAFS) as well as by density functional theory (DFT) computation
combined with MD simulations. Interestingly, the UV—vis data reveal that while the band gap increases upon F~-doping in the
crystalline phase, it decreases in the amorphous phase. The 'F solid-state NMR data indicate that upon fluorination, the InO;F,
environment predominates in the crystalline oxide phase, whereas the InO,F, environment is predominant in the amorphous oxide
phase. The HR-TEM data indicate that fluoride doping inhibits crystallization in both crystalline and amorphous In—O phases, a
result supported by the 1511 solid-state NMR, EXAFS, and DFT-MD simulation data. Thus, this study establishes fluoride as a
versatile anionic agent to induce disorder in both crystalline and amorphous indium oxide matrices, while modifying the electronic
properties of both, but in dissimilar ways.

Bl INTRODUCTION Much of the technological success of a-MO semiconductors
in thin-film transistor (TFT) applications originates from the
high electron mobility in the amorphous state. Because
performance uniformity over large areas in TFT panels is
generally inversely related to the crystallinity of the metal oxide
matrices, there have been extensive efforts to tune charge
transport—microstructure properties primarily through doping
with cations functioning both as “oxygen getters” and
enhancers of the crystallization temperature. In the case of
In-based MOs, these cations have stronger M—O bonding than
In—0O (e.g, Ga*, Sc**, Y**, and Zn**).>**~** For example, in a
pioneering study, Mofhitt et al. showed that in In—-Ga—0O, Ga
prefers the local oxygen environment of pure Ga,Oj; to that of
the In—O matrix owing to stronger Ga—O versus In—O
bonding, therefore increasing the crystallization temperature of

In recent years, solution-processed metal-oxide (MO)-based
semiconductors have brought about a revolution in the field of
high-resolution, transparent, and flexible display technologies
because of their superior charge transport properties (carrier
mobility, 4 ~ 1-100 cm* V™' s7') in the amorphous state,
excellent visible light transparency (>85%), as well as proven
mechanical flexibility.' ™ Compared to conventional widely
used low-temperature polycrystalline silicon technologies,
amorphous MOs (a-MOs) offer unique advantages, partic-
ularly in fabrication by solution processing using inexpensive
and air-stable inorganic salt precursors."’”'* Furthermore, a-
MOs can overcome the low electron mobility (¢ ~ 0.5—1.0
ecm® V7' s7') and poor optical transparency of amorphous
silicon, the current semiconductor of choice in most
displays.'>'* Compared to other next-generation unconven-
tional semiconductors such as organic and 2D (e.g., graphene,
MoS,, etc.) materials, a-MO semiconductors exhibit superior
scalability, chemical stability, amenability to integration, and
excellent optical transparency,'>™"" thereby finding applica-
tions ranging from solar cell interfacial layers to gas sensors and
bioelectronics.”’ >
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In—Ga—O, hence the amorphous character of this oxide
material.”” Alternatively, this Laboratory discovered that
insulating polymers such as polyethyleneimine (PEI) and
poly(vinyl phenol) (PVP) can be used to reduce the
crystallinity, control the carrier concentration, and tune the
work function of metal oxide matrices.>**™>* For example, the
addition of PVP to In,O; matrices inhibits its crystallization
and reduces its mobility; however, PEI also amorphizes the
matrix but also increases the mobility for optimal PEI
contents.”’ >* We also recently discovered that the addition
of poly(vinyl alcohol) in IGO enhances mobility by ~70 times
via hydrogen doping. The process creates a Ga---H distance of
~3.4 A and conversion from six- to four-coordinate Ga, which
also suppresses deep trap defect localization.”” Building further
on these results, a two-dimensional electron gas based on high-
performance oxide homojunction TFTs has also been
realized.”

With the goal of further enhancing MO semiconductor
opto-electronics properties, anion-doping of other metal oxides
has recently been explored, albeit to a much lesser degree.*>™*’
Taking advantage of the variable electronegativities, band gaps,
and microstructures that groups 15, 16, and 17 elements can
potentially impart, their anion-doping may provide unusual
and instructive opto-electronic performance modifications.
Fluoride (F7) is an especially suitable anion to dope MOs
due to a similar ionic radius to an oxide dianion (F!™: 1.285 A,
0%": 1.35 A).”® Indeed, upon fluoride-doping of MOs by both
physical vapor deposition (PVD, e.g., sputtering and pulsed-
laser deposition)*”~* and sol—gel techniques,M_46 the carrier
mobility of MO-based TFTs (e.g, In—Ga—Zn—0, ZnO, and
Zn—Sn—0) is found to increase by ~30—40%.”"~* However,
PVD-based techniques are capital-intensive and incompatible
with next-generation roll-to-roll fabrication techniques, and
anionic precursors can be very corrosive to vacuum systems.
Also, sol—gel processes typically require long annealing times
and high temperatures.”*~*° Importantly, unlike the cation-
doping of metal oxides, structure—function relationshigs have
not been widely explored in anion-doped systems,”~*° which
hinders further development of these materials. Thus, it is
important to explore new anion-doped MOs, and to find new
ways to produce them, for a better understanding of how
properties are affected as well as routes to implement them in
unconventional optoelectronics.

Recently, this Laboratory investigated the effect of fluoride-
doping on structure—function relationships in amorphous
indium oxide matrices.*” Charge transport properties measured
in TFTs reveal that as the F~ content in F:In—O increases,
both I g and I, fall, while I /I increases, thus affording
superior TFT switching properties versus undoped In—O-
based TFTs. Also, in contrast to previous literature
reports,”~*** F~-doping generally reduces the electron
mobility in MO matrices.*” Furthermore, extended X-ray
absorption fine structure (EXAFS) analysis revealed that F~-
doping disrupts crystallization by enhancing the local and
medium-range disorder. The aforementioned charge transport
and structural properties of these films were in excellent
agreement with ab initio MD simulations and density
functional theory (DFT) calculations. Thus, F -doping
increases atomic mobility and enhances deep trap state
localization, rationalizing the depression in I and electron
mobility. This was the first in-depth study accurately describing
structure—function relationships in a technologically relevant
amorphous F~-doped oxide semiconductor. Intrigued by these
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interesting results and their implications in display technolo-
gies, further investigation was warranted to probe the chemical
nature of the fluoride anions as well as their role in the
microstructure of amorphous versus crystalline indium oxides.
The key questions here are whether fluoride anion can also
introduce disorder in crystalline oxide matrices similar to that
in amorphous oxide matrices and how the chemical environ-
ment of fluoride in amorphous oxides compares to that of the
analogous crystalline oxides. Ultimately, these questions
directly concern the opto-electronic properties of the
corresponding amorphous versus crystalline materials, serving
as ideal platforms for theoretical analysis to guide future
materials design.

Therefore, in this contribution, we compare and contrast the
effects of F~-doping in both amorphous and crystalline In—0O.
The synthetic procedures are optimized to yield fluoride-
doped In—O (F:In—O) powders with F~ incorporation
ranging from 0.0 to 9.2 at. % (at. % vs In 3d) in crystalline
oxides and 0.0—19.4 at. % (at. % vs In 3 d) in amorphous
oxides. Grazing incidence X-ray diffraction (GIXRD) and X-
ray photoelectron spectroscopy (XPS) were used to probe
crystallinity and the chemical composition of F:In—O,
respectively. '°F magic-angle spinning (MAS) NMR probed
the fluoride local chemical environments in crystalline versus
amorphous F:In—O samples—the InO;F; environment is
found to predominate in the crystalline oxide phase, and the
InO,F, environment predominates in the amorphous oxide
phases. In addition, '"*In solid-state NMR probed the effects of
fluorination on the indium local environment and the degree of
order in the crystalline and amorphous In—O matrices. Finally,
the experimental trends are examined in the light of ab initio
molecular dynamic (MD) simulations, revealing that F~-
doping inhibits crystallization by enhancing the local and
medium-range disorder, which in turn is confirmed by EXAFS.
High-resolution transmission electron microscopy (HR-TEM)
and selected area electron diffraction (SAED) furthermore
show that F™-doping decreases grain size in amorphous oxide
and weakens diffraction patterns in the crystalline oxides. UV—
vis data indicate that while the F™-doping in crystalline In—O
increases the band gap, the opposite trend occurs in the
amorphous phase, in excellent agreement with DFT calcu-
lations. Thus, the close agreement achieved between the theory
and experiment provides convincing insights into how F~-
doping differently affects structure—property relationships in
crystalline versus amorphous indium oxides.

B RESULTS AND DISCUSSION

Synthesis of Crystalline and Amorphous Fluoride-
Doped Indium Oxide. For this study, we investigated the
archetypal MO system In—O because it is widely investigated
for TFT applications and one of the compositionally simplest
MO semiconductors.'"**~>* Furthermore, any effect of
fluoride-doping can be more easily tracked in this system via
both theoretical and experimental analyses.”” The goal is to
synthesize pure amorphous and crystalline F:In—O samples in
sufficient quantities (~200 mg) to carry out thorough
experiments. Thus, multiple MO synthesis procedures for
both crystalline and amorphous samples were explored and
optimized (see a summary in Table S1), which includes
preparation of precursor solutions of an indium salt, a fluoride
source, and optionally, additional components in a solvent
(vide infra) followed by deposition of the solution by methods
such as spin-coating or drop-casting. Drop-casting was deemed

https://doi.org/10.1021/acs.chemmater.2c00053
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more suitable for this purpose because highly pure F:In—O
samples can be prepared in larger quantities (Figure S1).
F:In—O Synthesis. For the synthesis of crystalline F:In—O
(c-F:In—0), combustion synthesis was employed, a technique
where a redox (oxidizer + fuel) reagent pair generates
appreciable heat to decompose the reactants and form dense
MO.>* Here, indium nitrate [In(NO;);] was used as the
indium and oxidizer (NO;~) sources, acetylacetone (AcAcH)
as the fuel, ammonium hydroxide (NH,OH) as a base, and 2-
methoxyethanol as the solvent. Ammonium fluoride (NH,F)
was used as the fluoride source as it has been previously used
to introduce fluoride in the In—O system.”” The precursor
solution was drop-cast on Si wafers and heated at a desired
annealing temperature and time on a hot plate to obtain drop-
cast MO films (Figure S1). The powder is then obtained by
scraping off the film with a razor blade. First, annealing time
and temperature were optimized to minimize the amount of
carbon and nitrogen impurities (Table S2). The atomic
composition (e.g, C and N impurities and fluoride content)
was quantified by XPS. Note that even at a low temperature
and for short annealing times (120 °C/1 min + 250 °C/1
min), crystalline F:In—O was obtained, although significant N
impurities were detected (N:In ~ 3.3 at. %) (Table S2). As the
annealing time and temperature were increased (120 °C/1 min
+ 330 °C/S min), relatively pure crystalline F:In—O samples
were obtained (C:In ~ 3.2—4.8 at. % and N:In ~ 0 at. %)
(Figure S2 and Table S2). Next, varying amounts of NH,F
(0—50 at. %) were added to the precursor solution to prepare
0—9.2 at. % doped F:In—O samples. As shown in Table 1, the

Table 1. Fluoride Incorporation in Crystalline and
Amorphous In—O Samples

NH,F soln. F:In (in soln.)  F:In (crystalline F:In (amorphous
concentration [at. %]° oxide) l'Eiat. %]¢ oxide) [at. %]°
0.00 M NH,F N/A 0 0

soln.

0.025 M NH,F S 29 2.5
soln.

0.075 M NH,F 15 5.7 7.2
soln.

0.15 M NH,F 30 7.3 11.9

soln.

0.25 M NH,F NY 9.2 19.4
soln.

“Precursor solution: conventional In—O precursor soln. (2 mL; see
Experimental Section for details) + 7 yL of conc. HNO; + 200 uL of
0.00/0.005/0.025/0.075/0.15/0.25 M NH,F solns. “As added to
solution. “F 1s spectra detected via XPS. F:In ratio calculated by
integrating F 1s peak versus In 3d (In 3d;,, + In 3ds),) peak by
Avantage software.

F~ content in the In—O matrices increases from 0 to 2.9 to 5.7
to 7.3 to 9.2 at. %, as the F:In in the solution increases from 0
to S to 15 to 30 to SO at. %, respectively. GIXRD data show
that all F:In—O compositions as well as In—O powders are
highly crystalline (Figure 1a) and have the bixbyite structure of
In,0, (Figures 1a and S3). Moreover, the log scale plot of the
GIXRD patterns for c-0 and c-9.2 at. % (Figure S4) further
confirms that there are no impurity phases formed upon
fluoride doping.

To synthesize amorphous F:In—O (a-F:In—O) samples, the
sol—gel method was employed because the large internal heat
from the combustion process can crystallize In—O at
temperatures as low as 200 °C.>* For sol—gel synthesis,
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In(NO,); was dissolved in 2-methoxyethanol and a base
(NH,OH) with NH,F as the fluoride source. Employing the
same procedure as that producing the crystalline phase (vide
supra), the amorphous sample was obtained, as shown in
Figure S1, upon optimizing the annealing temperature and
time to 120 °C/1 min + 250 °C/10 min to reduce C and N
contamination (Table S3). Note that above 120 °C/1 min +
275 °C/S min, the In—O begins to partially crystallize (Figure
SS5). These relatively pure and amorphous F:In—O samples
have C:In ~ 6—9 at. % and N:In ~ 1.3—2 at. % (Figures 1b
and S6). From Table 1, it can be seen that, as the F:In in the
solution increases from 0 to 5 to 15 to 30 to S0 at. %, the F~
content in In—O matrices increases from 0 to 2.5 to 7.2 to 11.9
to 19.4 at. %, respectively.

From XPS measurements (Figure 1c,d), the binding energy
of the F 1s is 6844 + 0.4 eV for both amorphous and
crystalline samples, which is in excellent agreement with our
previous report.” Note that the F 1s binding energy of the
fluoride anion in F:In—O indicates that F~ binds ionically with
In (organic fluoride energies lies in the 688—689 eV range)*”
in all samples. Also, In 3d XPS spectra were acquired (Figure
S7). Upon fluoride doping, In 3d binding energy shifts from
443.4 eV in c-In—0O to 444.0 eV in c-9.2 at. % F:In-0. A
similar trend is observed for the amorphous samples: the In 3d
binding energy shifts by 0.5 eV from 443.9 eV in a-In—O to
444.4 eV in a-19.4 at. % F:In—O. The In 3d XPS data further
support the fact that F binds strongly to the In ion in both
crystalline as well as amorphous oxide powders.

'H MAS NMR Spectroscopy. This technique was next
applied to ascertain the purity of the present F:In—O
compounds (Figures lef and S8). The chemical shift of 'H
in NH,F is 6 7.4 ppm (Figure S8). Figures le and S8a show
the '"H MAS NMR spectra for the crystalline samples. Note
that the 'H spectra of c-F:In—O remain mostly unchanged
over the 2.9—9.2 at. % F~-doping range compared to undoped
In—O and several distinct "H resonance peaks, especially at &
1.34 ppm are observed in all crystalline samples (Table S4). In
the case of amorphous F:In—O, a broad peak centered at &
3.39 ppm is observed in all samples (Figures 1f, S8b and Table
SS). Note, 'H solid-state NMR spectra of all samples do not
show a resonance at 6 7.4 ppm, meaning that no NH,F
precursor remains after precursor processing, in excellent
agreement with XPS results (vide supra).

"F MAS NMR Spectra. Next, to investigate the F
environment in detail, *’F MAS NMR spectra were recorded.
As shown in Table 2 and Figure S9, the "°F chemical shifts (&)
of the oxide precursors and relevant standard reference
compounds were acquired. The "F signal of NH,F and InF,
are found at 6 —82.3 ppm and 6 —207.88 ppm, respectively, in
good agreement with the literature values.”>”” To the best of
our knowledge, we report the "’F MAS spectrum of InOF
(InO,F, octahedra) for the first time (6 —128.58 ppm). Also,
shown in Table 2 and Figure S10 are the In octahedra of the
reference compounds from the ICSD database. Note that the
YF chemical shift increases almost linearly with the increasing
number of F ions surrounding the In octahedra, from 6 —64.14
ppm in InOF octahedra (Ba,InO;F), to 6§ —128.58 ppm in
InO,F, octahedra (InOF), to § —207.88 ppm in InFg
octahedra (InF;) (Figure S11). This empirical relationship
helps to assign unknown 'F peaks in crystalline and
amorphous F:MO species.*®

Figure 2a shows the '’"F MAS NMR spectra of c-F:InO. The
YF NMR spectrum of each crystalline sample can be
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Figure 1. GIXRD patterns of the indicated (a) crystalline x at. % F:In—O and (b) amorphous x at. % F:In—O samples. F1s XPS spectra of the
indicated (c) crystalline x at. % F:In—O and (d) amorphous x at. % F:In—O. "H MAS NMR spectra indicated (e) crystalline x at. % F:In—O and (f)

amorphous x at. % F:In—0.

Table 2. ’F MAS NMR Data and Indium Octahedra of the
Indicated Compounds

material E § (ppm) indium octahedra®
NH,F -823 N/A
Ba,InO;F —64.14 InOF

InOF —128.58 InO,F,

InF, ~207.88 InF,

“Obtained from ICSD database.

deconvoluted into four distinct chemical environments: (1)
crystalline-InOF (6 —78 ppm); (2) InO4F (5 —88 ppm); (3)
InO,F; (6 —142 ppm); and (4) InF4 (8 —199 ppm). Utilizing
the chemical shift of reference compounds (Table 2 and Figure
S11), the chemical species can be assigned,”® and the
quantitative results are summarized in Table S6 and Figure

S12. A sharp c-InO;F peak is observed at § —78 ppm, which
constitutes about 0.9% for c-2.9 at. % F:In—0O, 0.8% for c-5.7
at. % F:In—0, 0.6% for c-7.3 at. % F:In—O, and 2.6% for c-9.2
at. % F:In—O of the total fluoride content. Next, a gradually
decreasing peak is observed in the fitting at 6 —88 ppm
(InO4F) constituting 55.4% for c-2.9 at. % F:In—0, 45.5% for
c-5.7 at. % F:In—0, 43.8% for c-7.3 at. % F:In—O, and 37.9%
for ¢-9.2 at. % F:In—O of the total fluoride content. At § —142
ppm (InO;F;), there is a gradually increasing peak constituting
40.7% for c-2.9 at. % F:In—0, 49.8% for c¢-5.7 at. % F:In—0,
52.1% for c-7.3 at. % F:In—0, and 52.8% for c-9.2 at. % F:In—
O of the total fluoride content. Lastly, at § —199 ppm (InFy),
there is a gradually increasing component composing 2.9% for
c-2.9 at. % F:In—0, 4.0% for ¢-5.7 at. % F:In—0, 3.5% for c-7.3
at. % F:In—0O, and 6.7% for c-9.2 at. % F:In—O of the total
fluoride content.
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Figure 2. ’F MAS NMR spectra of the indicated (a) crystalline x at. % F:In—O and (b) amorphous x at. % F:In—O. Asterisks represent spinning
sidebands. '*In static solid-state NMR spectra of indicated (c) crystalline x at. % F:In—O and (d) amorphous x at. % F:In—O.
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Next, ’F MAS NMR spectra of the a-F:In—O samples were
acquired and deconvoluted into four major chemical species:
(1) InO4F, (8§ —102 ppm); (2) crystalline-InO,F, (6 —119
ppm); (3) InO5F; (6 —146 ppm); and (4) InF4 (6 —199 ppm)
(Figure 2b). The broad nature of the '°F peaks signifies that
the amorphous samples are more disordered than the
crystalline analogues. Following the quantitative analysis
(Table S7 and Figure S13), the sharp peak observed at &
—119 ppm (crystalline-InO,F,) constitutes 0.3% for a-2.5 at. %
F:In—0, 0.3% for a-7.2 at. % F:In—0, 2.9% for a-11.9 at. %
F:In—0O, and 5.8% for a-19.4 at. % F:In—0O. A peak at 6 —102
ppm (InO,F,) constitutes 52.9% for a-2.5 at. % F:In—0, 45.4%
for a-7.2 at. % F:In—0, 45.9% for a-11.9 at. % F:In—0O, and
49.7% for a-19.4 at. % F:In—O. InO;F; polyhedra at 5 —146
ppm constitute 43.4% for a-2.5 at. % F:In—0, 43.6% for a-7.2
at. % F:In—0, 43.4% for a-11.9 at. % F:In—0, and 38.3% for a-
19.4 at. % F:In—O. Lastly, a peak is observed at 6 —199 ppm
(InFq), which constitutes 3.5% for a-2.5 at. % F:In—0, 10.7%
for a-7.2 at. % F:In—0, 7.8% for a-11.9 at. % F:In—0, and 6.2%
for a-19.4 at. % F:In—O. The results show that upon
fluorination, octahedral InO,F, is the predominant environ-
ment in the amorphous samples, in contrast to octahedral
InO;F; in the crystalline samples. The shifts of all octahedra
from the "’F NMR measurements are shown in Figure S14.

"5In NMR Spectra. '*In static solid-state NMR spectra for
both c-F:InO and a-F:InO can be seen in Figure 2¢,d. Note
that '*In (nuclear spin = 9/2) signal is very broad (linewidths
of >1 MHz) due to the large quadrupole moment of '"*In
(77.0 fm?).>”*° This poses fundamental challenges in acquiring
wideline spectra for comprehensive analysis using QCPMG
alone as the radiofrequency pulses cannot excite the entire
spectral range. Therefore, to increase the excitation bandwidth,
QCPMG combined with a frequency-stepped method was
used to collect individual spectra at evenly spaced transmitter
offset-frequency intervals of +166 kHz (yB,). The overall '**In
NMR spectrum was then obtained by superimposing each
individual spectrum.*”®"** On comparing the fluorine-free and
fluorinated samples, it can be seen that the In local
environment becomes more disordered after F~-doping,
indicated by the smeared-out edges of the quadrupolar
lineshape (Figure 2c) and the significantly broadened spectral
linewidth (Figure 2d), which implies an increase in the
quadrupolar coupling constant (Cq), in complete agreement
with literature.’”®*~® This result is consistent with EXAFS,
MD simulation, and TEM results (vide infra).

XPS O 1s Analysis. XPS O 1s data were next analyzed to
quantify the effect of F"-doping on the MO lattice content of
the present samples (Tables S8 and S9, Figures 3 and S15).
The O 1s spectra can be deconvoluted into three distinct

74
(@ 84 Crystalline Oxides (b) Amorphous Oxides
F72
- -
< 82 z
: F70%
> =
= =
80 68
78 - - ~ ~ -
0 2 4 6 8 10 0 4 8 12 16 20
x at% F:In-O x at% F:In-O

Figure 3. Ratio of the M—O—M peak area to total peak area
(MvM—o-m) in XPS O 1s spectra for the indicated crystalline and
amorphous x at. % F:In—O materials.
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chemical environments: (1) metal oxide lattice (M—O—M) at
529.9 + 0.1 eV; (2) metal hydroxide (M—OH) species at
531.1 + 0.1 eV; and (3) weakly bound CO, and H,0, species
(M—OR) at §32.2 + 0.1 eV.***° The metal oxide lattice (M—
O—M) is primarily responsible for efficient carrier transport
through the MO matrices, whereas M—OR and M—OH act as
trap states.””*”%® Therefore, the M—O—M Ilattice content
(My—o_m) defined as the ratio of the M—O—M peak area to
the entire O 1s peak area can be utilized as a figure of merit for
the quality of the In—O matrices.””*” As shown in Table S8
and Figure 3a, high M—O-M (78.4—84.2%) content is
observed in the crystalline oxide. This is in accord with
literature data, indicating that the exothermic heat of
combustion synthesis densifies the M—O—M matrices.”””’
With the addition of fluoride to the MO matrices, 77y;_o_p falls
gradually to 84.2% for c-In—0O, to 81.1% for ¢-2.9 at. % F:In—
O, to 80.8% for c-5.7 at. % F:In—0O, to 80.7% for c-7.3 at. %
F:In—O0, and finally dropping to 78.4% for c-9.2 at. % F:In—O.
In the amorphous oxides (Table S9 and Figure 3b), lower
content of the M—O—M lattice (67.7—72.9%) compared to
crystalline oxides is observed due to the minimal exothermic
heat of reaction in the present sol—gel process. With
incorporation of fluoride, #y_o_y consistently falls from
72.9% for a-In—0O, to 70.3% for a-2.5 at. % F:In—0O, 70.5%
for a-7.2 at. % F:In—0, 69.9% for a-11.9 at. % F:In—0O, and
then to 67.7% for a-19.4 at. % F:In—O. Thus, in both
crystalline and amorphous oxides, F"-doping slightly decreases
M—0O—M lattice content, in excellent agreement with literation
anticipation.47

Optical Absorption Analysis. UV—vis spectra were
acquired utilizing diffuse reflectance methods on drop-cast
thin films on silicon substrates (Figure S16). Band gap values
were extracted utilizing the Kubelka—Munk equation.”’ As
shown in Table S10 and Figure 4a, the band gap of the
crystalline samples increases linearly from 2.48 eV for c-In—0,
to 2.52 eV for 2.9 at. % F:In—0O, to 2.55 eV for ¢-5.7 at. %
F:In—0O, to 2.58 eV for ¢-7.3 at. % F:In—O, and then falls
slightly to 2.51 eV for ¢-9.2 at. % F:In—O. For the amorphous
samples, the reverse trend is observed and the band gap
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Figure 4. Band gap (Eg) value of indicated (a) crystalline x at. %
F:In—O and (b) amorphous x at. % F:In—O. Optical absorption
spectra of (c) crystalline and (d) amorphous In—O and F:In—0,
derived from DFT calculation.
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consistently falls from 2.89 eV for a-In—O, to 2.75 eV for a-2.5
at. % F:In—0, to 2.72 eV for a-7.2 at. % F:In—0, to 2.71 eV for
a-11.9 at. % F:In—O to 2.7 eV to a-19.4 at. % F:In—O (Table
S11 and Figure 4b). This is in excellent agreement with DFT
calculations (Figure 4c,d; vide infra). The different trends in
the band gaps of F~-doped crystalline and amorphous indium
oxide arise from different mechanisms of F~ incorporation. In
bixbyite F:In—O, fluoride appears either as an oxygen
substitution (Fy) or resides within the structural vacancy
(Fi), as discussed in detail below. Because isolated F,, is
unstable in the presence of the oxygen vacancy (vide infra), F
defects that partially compensate oxygen vacancy act as donor
defects, leading to a pronounced shift of the Fermi level up
into the conduction band, known as the Burstein—Moss (BM)
shift, that broadens the optical window.”” The decrease in the
band gap from c-7.3 to ¢-9.2 at. % F:In—O may be explained
by a competing band gap narrowing mechanism involving
electron—electron and electron-impurity scattering, in agree-
ment with previous literature reports.73_75 In contrast,
amorphous oxides lack specific symmetry-defined lattice sites,
and so, F-substitution on O sites is not possible, whereas
interstitial F attains the desired ionic bonding with In because
structural reconfiguration is energetically inexpensive in a
disordered lattice. As a result, fluoride is not a donor defect in
amorphous oxide. At the same time, F -doping increases
disorder in the medium and long range structure and affects
the coordination morphology in amorphous indium oxide by
reducing the number of octahedrally coordinated In polyhedra
and hence suppressing the s—s hybridization along the InOg
chains—in accord with the observed decrease in carrier
mobility.*” The coordination morphology in disordered metal
oxides determines the s—s hybridization and hence governs the
width of the conduction band.”® (Note, the location of the
conduction band minimum with respect to the valence band
maximum is not affected by F incorporation because the In—O
distance does not change upon F doping, as shown below by
EXAFS measurements and theoretical simulations.) As a result
of the narrower conduction band, the density of states in the
conduction band increases, leading to a less pronounced BM
shift as compared to the undoped a-In—O and hence to a
smaller optical band gap."’

TEM Analysis. HR-TEM imaging and electron diffraction
(ED) were performed to investigate the microstructure and
crystallinity of representative F:In—O samples, specifically (1)
c-In—0 and ¢-9.2 at. % F:In—O and (2) a-In—O and a-19.4 at.
% F:In—O (Figure S). Note that the HR-TEM imaging and
ED data were acquired over multiple areas (5+) of the samples
to acquire a representative data set. The insets of Figure §
show SAED patterns for each sample, depicting sample
crystallinity. For the amorphous samples (Figure Sab), the
SAED patterns show wide diffuse rings, confirming a higher
degree of amorphicity of the samples. However, nanocrystal-
line inclusions can also be observed in the HR-TEM images,
which are colored in green and representative areas are circled
in red (Figure Sab). This suggests that the nanocrystal size is
~9 nm in the a-In—O sample, while the nanocrystal size
decreases to ~5 nm in the a-19.4 at. % F:In—O sample,
indicating that F~-doping suppresses crystallization. Interest-
ingly, both samples are macroscopically amorphous (or “X-ray
amorphous”) as shown by GIXRD (Figure 1b). These
observations are in complete agreement with literature data
that “X-ra_)r amorphous” In—O can have nanocrystalline
inclusions.”” For the crystalline samples, the SAED patterns

Figure 5. HR-TEM micrographs of amorphous (a) In—O and (b)
19.4 at. % F:In—O; crystalline (c) In—O and (d) 9.2 at. % F:In—O
samples with the corresponding SAED patterns as insets. Insets in
(c,d) bottom are the representative FFT pattern from one grain from
the respective powder.

show sharp rings and atomic columns observable by HR-TEM,
which give clear spots in the corresponding fast Fourier
transform (FFT) pattern. The SAED patterns of both
crystalline samples can be indexed with the In,O; bixbyite
structure, but some diffraction rings, such as (134) and (233),
are not observed in the ¢-9.2 at. % F:In—O sample. Compared
to ¢-In—0, ¢-9.2 at. % F:In—O is less crystallized, which is
apparent from the wider and more diffuse rings in the
diffraction pattern (Figure Sc,d). Therefore, in all cases, F~-
doping decreases the crystallinity as evident in the diffuse rings
in the diffraction patterns in crystalline oxide and reduction in
grain size in amorphous oxide. Thus, the TEM results
complement the '"*In solid-state NMR data and are in good
accord with the EXAFS data and MD simulations (vide infra).

EXAFS Analysis of In—O Versus F:In—0. EXAFS analysis
was performed to gain insights into the microstructural
changes in the InO, polyhedral due to fluoride incorporation
(Table S12, Figures 6 and S17). Measurements were recorded
at the In K-edge (27 940 eV) for two sets of powder samples
smeared on quartz: (1) ¢-In—O and c-9.2 at. % F:In—O and
(2) a-In—0 and a-19.4 at. % F:In—O. Qualitative EXAFS data
analysis included the first three shells for the crystalline
samples and the first two shells for the amorphous samples.
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Figure 6. CN of the indicated (a) crystalline and (b) amorphous x at.
% F:In—0.
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The structure of crystalline In,O; provides the basis for
understanding the In—O and F:In—O samples. The In,0;
structure consists of In atoms surrounded by octahedra
containing six oxygen atoms and two structural vacancies.
Two possible arrangements for the structural vacancies allow
the octahedra to be in corner- or edge-sharing configurations,
leading to the formation of three nearest neighbor shells
surrounding the In atom: (1) first shell: In—O with a
coordination number (CN) of 6 and average bond distance
of 2.18 A; (2) second shell: In—In with a coordination of 6 and
average bond distance of 3.34 A; and (3) third shell: In—In
with a coordination of 6 and average bond distance of 3.83 A7
Increasing disorder in In—O matrices is primarily indicated by
decreased CN in the second shell.*

For both the undoped and F~-doped c-In—O samples, three
distinct peaks are present in the pseudo-radial distribution
functions (p-RDFs) of the samples, corresponding to the three
coordination shells (Figure S17). However, the coordination of
the second and third shells in both ¢-In—O and ¢-F:In—-0 is
noticeably lower than that for the crystalline In,O; reference
(CN = 6) (Table S12).”” When considering the effect of F~-
doping on the c-In—O sample, the greatest effect is apparent in
the second and third shells, with F~-doping having only a
minimal effect on the CN and bond distance within the first
shell (Table S12). In comparison, the CN of the second shell
falls from 4.23 to 3.42 and the average In—In bond distance is
decreased from 3.355 to 3.325 A upon the fluoride addition
(Table S12 and Figure 6a). Note that the large error bar in the
second and third shell can be explained by relatively weak
intensity of the second and third shell scattering and
intercorrelation among three variables (CN, bond length,
and variance). Although the EXAFS-extracted CNs are within
error bars, the mean value of CN decreases with the increasing
F~ content, in a manner consistent with !**In solid-state NMR
(Figure 2c), TEM data (Figure S), theoretical predictions
(vide infra), and literature reports.”” In the third shell, the
trend is reversed, with the coordination increasing from 2.10 to
2.94 and the average bond distance increasing from 3.883 to
3.914 A

In the amorphous In—O samples, only a small peak
corresponding to the second shell is present, while the third
shell is suppressed in the p-RDFs (Figure S17). Again, F~-
doping seems to have little effect on the first shell, with both
the CN and In—O bond distance unchanged by the addition of
fluoride (Table S12). The coordination of the second shell
shows the same trend as in the crystalline sample, with the CN
decreasing from 3.17 to 2.67 with F-doping (Figure 6b). Note
that the large error bar in the second shell data can be
explained by relatively weak intensity of second shell scattering
and the fact that three variables (CN, bond length, and bond
variance) are correlated. Although the EXAFS-extracted CNs
are within error bars, the mean value of CN decreases with the
increasing F~ content, in agreement with STn  solid-state
NMR (Figure 2d), TEM data (Figure S5), MD calculations
(vide infra), and literature report.”> The In—In bond distance,
however, shows little sensitivity to the addition of fluoride and
remains the same for the two samples (Table S12).

DFT Calculations on Crystalline F:In—O. Fluoride
doping in bixbyite In,O; occurs when F substitutes an oxygen
(Fo) or resides in the structural vacancy (F;,,). An isolated F
(donor) leads to the formation of four InOF with optimized
In—F distances of 2.21, 2.29, 2.32, and 2.43 A. In contrast, an
isolated F,, in stoichiometric In,O; (acceptor) creates six
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InOgF with identical In—F distances of 2.55 A in each case.
Importantly, our calculations reveal that the formation energy
of Fy, decreases by as much as 4 eV in the presence of a nearby
Fo as compared to the oxide without such a defect. The energy
gain arises from recombination of the donor electron and the
acceptor hole to attain full charge compensation of an oxygen
vacancy with two F atoms. To determine the interaction
between two F defects in the charge-neutral state, total energy
calculations were performed for eight Iny,0,,F, (6 at. % F)
structures with various distances between F, and F,,. The
results show that the lowest energy is achieved when this
distance is shortest (2.4 A) and both Fy and F;, become
neighbors to an In atom, creating InOF, with elongated
distances to two oxygen atoms (Figure 7a). In addition, this

(@) In;0.F

229A

219A

220A
ECN(In)=6.21

Figure 7. Optimized atomic structure of crystalline F:In—0. (a) Cell
of In;,0,,F, (6 at. % F) and the structure of InOF,. (b) Cell of
In;,04F; (9 at. % F) and the structure of InO,F;. (c) Cell of
Iny,O46F, (11 at. % F) and the structure of two InOsF, and InO,F,.

configuration features three InOsF and only one In that has F
as a seventh neighbor (InO4F). In structures with longer
distances between Fg, and F,,, (3.8 A or above), the defects can
be considered isolated, giving rise to four InOF and six InO4F,
respectively, and the total energy is 0.4—0.9 eV higher as
compared to that for the case with the shortest Fo—F,,
distance. These results suggest that Fy and F;, attract in
crystalline indium oxide, and the driving force for the
formation of the Fo—F,,, complex is the charge recombination
and reduction in the number of InO¢F, that is, to minimize the
number of In atoms that have single F in the first shell
Accordingly, when F concentration increases, a structure with
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Figure 8. Calculated structural properties of crystalline F:In—O. (a) Pair correlation function and distance distributions for the indicated F
concentrations. (b) Anion-resolved angle distributions as a function of F concentration.
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Figure 9. Calculated structural properties of amorphous F:In—O. (a) Pair correlation function and distance distributions for the indicated F
concentrations. (b) Anion-resolved angle distributions as a function of F concentration.

InO,F; configuration (Figure 7b) is found to have the lowest forming a Fo—F;;—Fo complex with a long Fo—F, distance,
total energy among 47 In;,O,6F; (9 at. % F) structures with 4.28 A. Importantly, configurations with shorter Fo—F
various distances between Fq and the Fo—F,, complex. In this distances are higher in energy by at least 0.2 eV, suggesting
case, the two substitutional defects are connected via F, that the Fq defects have weak repulsive interaction when both
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belong to the same In atom and prefer large Fo—In—F angles,
125°, whereas the two Fo—In—F;, angles are two times
smaller, 60—68°.

To understand the relative stability of the InO,F, and
InO4F; configurations, the F concentration in crystalline
indium oxide is increased further by considering In;,O,6F,
(11 at. % F) structures with seven possible locations for the
second F;,, with respect to the Fo—F;—Fy complex. It is
found that formation of a second InO;F;, which would occur if
the additional interstitial F joined the existing complex to
become F —Fo—F;,,—Fq, is least favorable energetically
(+0.24 eV). A formation of higher-F configuration, InO,F,,
or addition of an isolated F, are also unlikely (+0.12 eV). The
most energetically favorable structure is when the second F,
forms a new InO,F, with a large Fo—In—F,, angle 123° (0 eV,
reference energy). Further analysis of the lowest-energy
structure reveals that all three InO,F, become unstable and
switch to InOsF with a seventh F atom having the longest
distance within the polyhedron (Figure 7c). At the same time,
InO;F; shows the opposite trend by pulling two of its F
neighbors closer (cf, Figure 7b,c). Thus, the presence of Fy,
that occupy structural vacancies in bixbyite In,O; and have a
tendency to cluster with F, defects and destabilize InO,F,
explains the large fraction of InO;F; found in crystalline
samples using '°F MAS NMR analysis (Figure S12).

Fluoride doping in crystalline In,O; and the formation of
InO;F; due to Fo—F, clustering have a minimal impact on the
first-shell structure as can be seen from the calculated pair
correlation function, as well as In—O distance and In—O—In
angle distributions as a function of F concentration, Figure 8.
However, the presence of longer In—F distances within 2.5—
3.0 A (Figure 8a) and smaller F—In—O and F—In—F angles as
compared to O—In—O (Figure 8b) disturb the medium-range
structure, that is, the second and third shells, increasing
disorder in the lattice. This result is in agreement with the
present HR-TEM, EXAFS, and NMR measurements (Table
S12). Note that the observed increase in the first-shell CN in
F~-doped oxide (from 5.8 for c-0 at. % to 6.0 for c-9.2 at. %,
Table S12) is attributed to a small fraction of overcoordinated
In (InO4F and InO;F,) associated with isolated or unbound
F,,. defects.

DFT Calculations of Amorphous F:In—O. In marked
contrast to the crystalline indium oxide, the amorphous phase
lacks symmetry-defined sites and periodicity; therefore,
fluoride incorporation is not constrained in the disordered
oxide. Moreover, structural rearrangement required to
accommodate an impurity in the amorphous phase is
energetically inexpensive, so that F attains its desired ionic
bonding with In without disturbing the In—O matrix.

Figure 9 presents the calculated pair distribution function as
well as distance and angle distributions for amorphous Ing,Og
and Ing,0,;F}, (20.6 at. % F). Similar to the crystalline oxide,
the presence of F has little effect on the In—O first shell peak,
whereas it suppresses the structural features in the medium
range, that is, above 2.8 A, resulting in a more disordered
structure as compared to undoped a-In—O. Importantly, the
In—F distance distribution between the first and second peaks
is significant, suggesting that long In—F distances, 2.5—3.0 A,
are more common than in crystalline F:In—O (Figure 8a).
Being at the outer edge of the first shell, these long-distance
In—F pairs determine the coordination type of In and are likely
to contribute to switching between InOg and InO;F, or InOF
and InO,F,, or InO,F, and InO;F;, especially when temper-
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ature fluctuations are present. The switching between different
coordination types enabled by the wider distribution of In—F
distances as compared to that for In—O is likely to be the
reason for the much broader '“In NMR spectrum in
fluorinated amorphous oxide (Figure 2d), although on average,
the first-shell distortions remain similar in a-In—O and a-F:In—
O as measured by EXAFS (Table S12).

On comparing the F=In—F and F—In—O angle distributions
in the crystalline and amorphous oxides, two important
differences are noticed: (i) the first peak in both distributions
nearly coincides with that for O—In—O in the disordered
oxide. This means that F~ jons maintain the structural
characteristics of the In—O polyhedra upon doping of the
amorphous structure and do not come close to each other—
unlike in F~-doped bixbyite, which features small F—In—F
angles of 65° (Figure 8b). (ii) The amorphous oxide has a
significant fraction of large F—In—F angles (160°) that were
absent in the crystalline case. The large F—In—F angles
correspond to two F~ ions being across from each other in a
polyhedron. Such a configuration was found to be energetically
unfavorable in ¢-F:In—O.

Thus, the more uniform, symmetry-unrestricted distribution
of F in the amorphous structure leads to a larger fraction of
InO,F, as compared to InO;F;. In DFT-relaxed structure
Ing,0,;F,, (20.6 at. % F), we account for a 3:2 ratio for the
number of InO,F,:InOF; configurations, which is in excellent
agreement with the ’F MAS NMR analysis (Figure S13).

B CONCLUSIONS

Utilizing solution-based combustion and sol—gel processes,
pure F~-doped In—O powders were obtained in crystalline and
amorphous forms, respectively. GIXRD and XPS data confirm
the microstructure and chemical composition of the synthe-
sized powders. The F 1s binding energies and shifts in the In
3d XPS spectrum reveal that the fluoride ion is ionically bound
to In in both crystalline and amorphous F:In—O. UV—vis
optical data establish that while the band gap increases with
F~-doping in the crystalline oxides, the reverse trend is
observed in the amorphous oxides, in excellent agreement with
the DFT calculations. Next, the fluoride and In chemical
environments were investigated utilizing '°F and '"In solid-
state NMR. The '’F MAS NMR reveals that upon fluorination,
the InO;F; environment is predominant in crystalline oxides,
and the InO,F, environment is predominant in amorphous
oxides. From !'In static solid-state NMR, it can be
qualitatively concluded that Cg increases with F™-doping in
both crystalline and amorphous F:In—O compared to
crystalline and amorphous undoped In—O, indicating
increased disorder in the F™-doped system. Supporting this
fact are the HR-TEM images, which establish that grain size
decreases in amorphous oxides and diffraction pattern gets
wider and diffused in crystalline oxide with F~-doping. These
results are in close agreement with MD simulation and EXAFS
data. Thus, utilizing both experimental and theoretical
analyses, it can be concluded that F~ suppresses crystallization
in both amorphous and crystalline In—O matrices. This is the
first study to establish fluoride as a universal amorphizing agent
in the In—O system, and by inference, it may play a similar role
in many other oxide materials. These observations also convey
significant implications for display and transparent electronics
technologies.
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B EXPERIMENTAL SECTION

Crystalline and Amorphous Indium Oxide Sample Syn-
thesis. All reagents were purchased from Sigma-Aldrich and were
used without further purification.

Precursor Solution for Crystalline Samples. Exactly 1.7744 g of
In(NO;);-#H,0 was dissolved in 100 mL of 2-methoxyethanol before
the addition of 500 uL of acetylacetone and 225 uL of ammonium
hydroxide solution (14.5 M), and the resulting 0.05 M solution was
stirred for 12—14 h. In separate HDPE vials, adequate amounts of
NH,F were dissolved in Milli-Q water to prepare 0.025, 0.075, 0.15,
and 0.25 M solutions. Approximately 1 h prior to spin coating, 2 mL
of Milli-Q water/0.025 M/0.075 M/0.15 M/0.25 M NH,F solution
was added to 20 mL of combustion precursor solution along with 70
UL of conc. HNOj acid to afford the required F:In ratio.

Precursor Solution for Amorphous Samples. Exactly 1.7744 g of
In(NO;);-«H,0 was dissolved in 100 mL of 2-methoxyethanol and
the resulting 0.05 M solution was stirred for 12—14 h. In separate
HDPE vials, adequate amounts of NH,F were dissolved in Milli-Q
water to prepare 0.025, 0.075, 0.15, and 0.25 M solutions.
Approximately 1 h prior to spin coating, 2 mL of Milli-Q water/
0.025 M/0.075 M/0.15 M/0.25 M NH,F solution was added to 20
mL of combustion precursor solution along with 70 uL of conc.
HNO; acid to afford the required F:In ratio.

F:In—O Powder Synthesis. n**-Si wafers were used as substrates.
Before drop-casting, the substrates were cleaned ultrasonically in a 1:1
mixture of isopropyl alcohol and acetone for three times (10 min
each), followed by S min in an O, plasma. Then, precursor solutions
were filtered through a 0.2 ym syringe PTFE membrane. Then, 2 mL
of filtered solution was drop-cast on the Si wafer and then annealed
on a hot plate at 120 °C for 1 min followed by drop-casting 3 mL of
the solution on the Si wafer and annealing at 250 °C for 10 min
(amorphous oxides)/330 °C for S min (crystalline oxides). This
process was repeated four times to synthesize ~60 mg amorphous/
crystalline x at. % F:In—O samples.

InOF Synthesis. Powder In,O; (Alfa Aesar, 99.994%) was mixed
with NH,HF, (98%, Sigma-Aldrich) in a 1:3.25 weight ratio and
ground in a mortar and pestle with acetone as an aid for grinding. The
homogenized mixture was put into the capped Al,O; crucible, heated
to 420 °C at 5 °C/min (air atmosphere), dwelled for 12 h, and cooled
to room temp at S °C/min (Figure S18).

Ba,InOsF Synthesis. Stoichiometric amounts of BaCOj, BaF,, and
In,O; (Alfa Aesar, 99.994%) were ground together with acetone as a
milling aid. The well-mixed powders were transferred to an Al,O;
boat and heated to 1050 °C for 12 h in air two times, with
intermittent regrinding (Figure S19).

Sample Characterizations. GIXRD measurements were carried
out with a Rigaku SmartLab Thin-film Diffraction Workstation using a
high intensity 9 kW copper rotating anode X-ray source, which is
coupled to a multilayer optic.

Diffuse reflectance UV—vis spectra were acquired using a
PerkinElmer LAMBDA 1050 UV—vis—NIR spectrophotometer
using drop-casted samples prepared on silicon substrates. The
acquired diffuse reflectance spectrum is converted to the Kubelka—
Munk function F(R,,) using eq 17

(1 B Roo)z
2R

0

F(Ry) =
(Reo) W

where R, is the reflectance of an infinitely thick specimen. Putting
F(R,,) instead of a(absorption coefficient) into the Tauc method
yields eq 27"

(F(R,)-hv)"'" = B(hv — E,) Q)
where } is the Planck constant, v is the photon’s frequency, E, is the
band gap energy, and B is a constant. The n factor depends on the
nature of the electronic transition.

XPS analyses were performed with a Thermo Scientific ESCALAB
250Xi at a base pressure of 4.5 X 10—10 mbar. Spectra were obtained
after the surface of the film was etched for about ~720 s to minimize
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surface contamination. HR-TEM images and SAED patterns were
obtained using a JEOL Grand ARM 300F operated at 300 kV. The
In—O and F:In—O powders were cleaved from the substrate and
dropped on ultrathin carbon-coated Cu grids as TEM samples.

NMR experiments were performed at the National High Magnetic
Field Laboratory (NHMFL). '°F and 'H experiments were performed
on a Bruker Avance-III 500 (11.8 T) spectrometer using a 2.5 mm
Bruker probe with a sample spinning rate of 25 kHz for 'F
measurements and 20 kHz for 'H of all F:In—O samples. '°F spectra
were obtained using a rotor-synchronized spin-echo pulse with a 7/2
pulse length of 4.4 s and a recycle delay of 50 s. The chemical shift of
F NMR spectra was calibrated with LiF at § —201 ppm. 'H NMR
spectra were collected using a rotor-synchronized spin-echo pulse
with a 7/2 pulse length of 1.8 us and recycle delay of 20 s. The
resonance was calibrated using adamantane at 5 1.84 ppm. '"*In static
solid-state, NMR experiments were conducted on an 830 MHz (19.6
T) spectrometer at a Larmor frequency of 181.875 MHz. The spectra
were acquired using a /S pulse of 1.5 us with a recycle delay of 0.1 s.
The spectra of crystalline and amorphous samples were acquired
using a stepping frequency in increments of +166 kHz with the
QCPMG pulse sequence. For Ba,InO,F only: ’F CPMAS data were
recorded on a 400 MHz Bruker Avance III HD NMR spectrometer
with a Phoenix NMR 1.6 mm HFX probe at an ambient temperature
of about 23 °C. The Hahn echo pulse sequence was used. The
spinning rate was set at 38 kHz. The '°F Larmor frequency was
376.087 MHz. The 'F NMR shifts were referenced to an external
NaPFq peak at 6 —82.5 ppm.

EXAFS measurements were performed at beamline SBM-D at the
Advanced Photon Source at Argonne National Laboratory. Data were
collected at the In k-edge (27940 eV). Powder samples of crystalline
and amorphous InO and F:InO [(1) c-In—0O and ¢-9.2 at. % F:In—O
and (2) a-In—O and a-19.4 at. % F:In—O] were uniformly spread on
tape and measured in transmission mode. Crystalline In,O; powder
was used as a reference. The normalized linear EXAFS absorption
coefficient y(k) was fit using eq 3

SN (k)
Z % sin[2kR; + 5(k)]e_2Ri/Mk)e_2kz"1%.
R

T kR (3)

where Sj is the intrinsic loss factor, A(k) is the electron mean free
path, N; and R; are the CN and bond distance of the ith shell of the
absorbing atom, f,(k) and 5(k) are the backscattering amplitude and
the phase shift, and ¢ 20K i the Debye—Waller factor—a measure of
the structural disorder or variation in R;. The Fourier transform of
x(k) generates a p-RDF for the absorbing atom, which is fit to extract
how the CN, bond distances, and Debye—Waller factors vary as a
function of fluoride doping. Data reduction and analysis were
performed using the Demeter software package.”® The initial model
was obtained by using FEFF simulations based on crystalline In,O;.
The intrinsic loss factor (Sj = 1.013) was determined from the fit to
the crystalline reference sample. Fittings were carried out over the R-
range 1.0—4.0 A. A k-weight of 2 was used for all fitting, Data in the k-
range of 2.4—14.65 A™" were used for the crystalline samples and 2.4—
12 A™! for the amorphous samples.

Theoretical Analysis. Crystalline and amorphous indium oxide
structures with and without F™-doping were calculated using Vienna
Ab initio Simulation Package (VASP).”””*” The calculations are
based on DFT**** with periodic boundary conditions and use PBE
functional®>*® within the projector augmented-wave method.*”** In
crystalline cases, a bixbyite In,O; structure with 80-atom cell was
employed. Two, three, or four F atoms were added to the structure as
substitutional and/or interstitial defects and the oxygen stoichiometry
was adjusted accordingly. The total energy calculations were
performed for the fully relaxed structures for all possible respective
locations of the F defects in the lattice. For the optimization, a cut-off
energy of 500 eV and the 4 X 4 X 4 I'-centered k-point were used; the
atomic positions were relaxed until the Hellmann—Feynman force on
each atom was below 0.01 eV/A. The electronic and optical
properties of the optimized amorphous In-based oxides were

x(k) =

https://doi.org/10.1021/acs.chemmater.2c00053
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calculated using the hybrid Heyd—Scuseria—Ernzerhof (HSE06)
approach®””® with a mixing parameter of 0.25 and a screening
parameter a of 0.2 A™'. Optical absorption was derived from the
frequency-dependent dielectric function, e(w) = &/(w) + ie,(®),
calculated within independent particle approximation in VASP. The
imaginary part, &,(w), is related to the optical absorption at a given
frequency, @, and is determined based on the electronic transitions of
the hybrid functional solution. The real part of the complex dielectric
function is obtained using Kramers—Kronig relations. The resulting
atomic structures were plotted using VESTA software.”’

To obtain amorphous structures, we employed an ab initio MD
liquid-quench approach as implemented in VASP. A bixbyite cell of
In, 0, with a crystalline density of 7.12 g/cm® and with 134 atoms per
cell was used as the initial structure, which was melted at 3000 K to
eliminate any crystalline memory. For F:In—O with 20.6 at. % F,
fluoride atoms were randomly introduced into the cell and the
number of oxygen atoms was adjusted (Ing,O,3F4) to maintain the
same anion charge as in undoped indium oxide. To determine the cell
density, four different melt-quench cycles were performed for the
density values ranging from 6.3 to 6.9 g/cm3. Based on the total
energy calculations, the optimal density was set to 6.7 g/cm?, which
was calculated based on the corresponding fraction of InF; having the
crystalline density of 4.7 g/ cm?®. All structures had additional melting
at 3000 K for 10 ps to randomize the multicomponent configuration
and stabilize the total energy. Next, liquid quench simulations were
performed as follows. Each structure was cooled to 2500 K at the MD
rate of 100 K/ps and then rapidly quenched to 100 K at 200 K/ps
rate. An energy cut-off of 260 eV and single I"-point were used during
melting and quenching processes. Finally, each structure was
equilibrated at 300 K for 6 ps with a cut-off energy of 400 eV. All
MD simulations were carried out in the NVT ensemble with the
Nose—Hoover thermostat using an integration time step of 2 fs. For
an accurate structural analysis of the simulated amorphous oxides
(pair correlation function as well as distance and angle distributions),
the room-temperature In—O and F:In—O structures were used. The
atomic configurations obtained from the ab initio MD simulations
were optimized within DFT using the PBE functional to analyze the
In-[O,F] coordination.
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