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ABSTRACT:In this contribution, the structural and electronic Crystalline F:In-0 Amorphous F:In-O
e ects of uoride doping in both crystalline and amorphous indium
oxides are investigated by both experimental and theoretical
techniques. Pristine crystalline and amorpheosde-doped “ %
indium oxide (F:InO) phases were prepared by solution-based
combustion synthesis and g@l techniques, respectively. The inosF,
chemical composition, environment, and solid-state microstructure
of these materials were extensively studied with a wide al o
state-of-the-art techniques such aswvigy X-ray photoelectrofiss ¢ -50 -100 -150 -200 -250 0 .80 100 -150 -200

spectroscopy, grazing incidence X-rawation,'* and'9n “F shift (ppm) *F shift (ppm)

solid-state NMR, high-resolution transmission electron microscopy

(HR-TEM), and extended X-ray absorptina structure (EXAFS) as well as by density functional theory (DFT) computation
combined with MD simulations. Interestingly, the wis/data reveal that while the band gap increases ugopirtg in the
crystalline phase, it decreases in the amorphous phad$e.sblid-state NMR data indicate that upearination, the Ingr,
environment predominates in the crystalline oxide phase, whereastlemWironment is predominant in the amorphous oxide
phase. The HR-TEM data indicate thadride doping inhibits crystallization in both crystalline and amorph@ughases, a

result supported by tH&in solid-state NMR, EXAFS, and DFT-MD simulation data. Thus, this study establisleeas a

versatile anionic agent to induce disorder in both crystalline and amorphous indium oxide matrices, while modifying the electr:
properties of both, but in dissimilar ways.

INTRODUCTION Much of the technological success of a-MO semiconductors

In recent years, solution-processed metal-oxide (MO)-basEHtEm'llm tran5|st0(|§TFT) aﬁphcatlonshorlgmates from the
semiconductors have brought about a revolution ielthef igh electron ”.‘Ob' ity in the amorphous state. Because
high-resolution, transparent, aedible display technologies performance uniformity over large areas in TFT panels_|s
because of their superior charge transport properties (carr%erne.ra"y inversely related to the crystallinity of the metal oxide
mobility, 1 100 crd V * s %) in the amorphous state, matrices, there have been extensigeseto tune charge
excellent visible light transparency (>85%), as well as provtéansportmlcrostructure properties primarily through doping

mechanical exibility* ° Compared to conventional widely with cations functioning both dexygen gettersand

used low-temperature polycrystalline silicon technologi esnhancers of the crystallization temperature. In the case of

amorphous MOs (a-MOs) er unique advantages, partic- n-based MOs, these cations have strong@riddnding than

. VI : , 9= In. O (e.g., G, S¢*, ¥¥, and ZR").>** ?® For example, in a
ularly in fabrication by solution processing using inexpensiye

and air-stable inorganic salt precut8drsFurthermore, a- plo?eerltrr:g IStUd?/’ Mat et al. showed tthzfit n “G(éu(a’ tGEfl
MOs can overcome the low electron mobility (0.5 1.0 prefers the local oxygen environment of pu@; ato

cn? V 1 s 1) and poor optical transparency of amorphousthe In O matrix owing to stronger G@ versus InO

silicon, the current semiconductor of choice in rnc)sponding, therefore increasing the crystallization temperature of
display$*** Compared to other next-generation unconven:
tional semiconductors such as organic and 2D (e.g., graphengseived: January 6, 2022
MoS, etc.) materials, a-MO semiconductors exhibit superigfeVised: March 11, 2022
scalability, chemical stability, amenability to integration, agPlished: March 24, 2022
excellent optical transpareficy? thereby nding 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 oxidénteresting results and their implications in display technolo-
materiaf’ Alternatively, this Laboratory discovered thatgies, further investigation was warranted to probe the chemical
insulating polymers such as polyethyleneimine (PEI) ammhture of the uoride anions as well as their role in the
poly(vinyl phenol) (PVP) can be used to reduce themicrostructure of amorphous versus crystalline indium oxides.
crystallinity, control the carrier concentration, and tune th&he key questions here are whetlwride anion can also
work function of metal oxide matrites® For example, the introduce disorder in crystalline oxide matrices similar to that
addition of PVP to W®; matrices inhibits its crystallization in amorphous oxide matrices and how the chemical environ-
and reduces its mobility; however, PEI also amorphizes theent of uoride in amorphous oxides compares to that of the
matrix but also increases the mobility for optimal PEBRnalogous crystalline oxides. Ultimately, these questions
contents® ** We also recently discovered that the additiondirectly concern the optéeetronic properties of the
of poly(vinyl alcohol) in IGO enhances mobility B9 times corresponding amorphous versus crystalline materials, serving
via hydrogen doping. The process createstd atance of as ideal platforms for theoretical analysis to guide future

3.4 A and conversion from six- to four-coordinate Ga, whighaterials design.
also suppresses deep trap defect localiZaBiagitding further Therefore, in this contribution, we compare and contrast the
on these results, a two-dimensional electron gas based on higlects of F-doping in both amorphous and crystallin®©ln
performance oxide homojunction TFTs has also beemfhe synthetic procedures are optimized to yietdide-
realized” doped InO (F:In O) powders with F incorporation

With the goal of further enhancing MO semiconductorranging from 0.0 to 9.2 at. % (at. % vs In 3d) in crystalline
opto-electronics properties, anion-doping of other metal oxidexides and 0.d9.4 at. % (at. % vs In 3 d) in amorphous
has recently been explored, albeit to a much lesseftégree. oxides. Grazing incidence X-rayadtion (GIXRD) and X-
Taking advantage of the variable electronegativities, band g&@g, photoelectron spectroscopy (XPS) were used to probe
and microstructures that groups 15, 16, and 17 elements cztiystallinity and the chemical composition of BIn
potentially impart, their anion-doping may provide unusudespectively:®F magic-angle spinning (MAS) NMR probed
and instructive opto-electronic performance wcaidins. the uoride local chemical environments in crystalline versus
Fluoride (F) is an especially suitable anion to dope MOsamorphous F:InO samplesthe InQJF; environment is
due to a similar ionic radius to an oxide dianibn {285 A, found to predominate in the crystalline oxide phase, and the
0? : 1.35 A)*® Indeed, uponuoride-doping of MOs by both  InO4F, environment predominates in the amorphous oxide
physical vapor deposition (PVD, e.g., sputtering and pulsephases. In additiottin solid-state NMR probed theeets of
laser depositiof) “* and sol gel techniqué$, “° the carrier uorination on the indium local environment and the degree of
mobility of MO-based TFTs (e.g., Ba Zn O, ZnO, and order in the crystalline and amorphoufimatrices. Finally,
Zn Sn 0) is found to increase by80 40%° “*However,  the experimental trends are examined in the light of ab initio
PVD-based techniques are capital-intensive and incompatifilelecular dynamic (MD) simulations, revealing that F
with next-generation roll-to-roll fabrication techniques, andoping inhibits crystallization by enhancing the local and
anionic precursors can be very corrosive to vacuum $ystemgledium-range disorder, which in turn isrcoed by EXAFS.
Also, solgel processes tgpically require long annealing timé¥gh-resolution transmission electron microscopy (HR-TEM)
and high temperaturés?® Importantly, unlike the cation- and selected area electronratition (SAED) furthermore
doping of metal oxides, structdftmction relationships have show that Fdoping decreases grain size in amorphous oxide
not been widely explored in anion-doped sy3tetfisyhich and weakens daction patterns in the crystalline oxides. UV
hinders further development of these materials. Thus, it Ws data indicate that while thedéping in crystalline 0
important to explore new anion-doped MOs, anddmew increases the band gap, the opposite trend occurs in the

ways to produce them, for a better understanding of ho@morphous phase, in excellent agreement with DFT calcu-
properties are acted as well as routes to imp|ement them inlations. Thus, the close agreement achieved between the theory

unconventional optoe|ectronics' and eXperiment prOVideS ConVinCing inSightS into how F
Recently, this Laboratory investigated teet®f uoride-  doping dierently aects structureproperty relationships in
doping on structurdunction relationships in amorphous crystalline versus amorphous indium oxides.
indium oxide matricéSCharge transport properties measured
in TFTs reveal that as the Eontent in F:In O increases, RESULTS AND DISCUSSION
both I+ and I, fall, whilel,/ |, increases, thus ading Synthesis of Crystalline and Amorphous Fluoride-
superior TFT switching properties versus undope@-In  Doped Indium Oxide. For this study, we investigated the
based TFTs. Also, in contrast to previous literaturarchetypal MO system 10 because it is widely investigated
reports,” **® F -doping generally reduces the electronfor TFT applications and one of the compositionally simplest
mobility in MO matrice¥. Furthermore, extended X-ray MO semiconductors*® °* Furthermore, any ect of
absorption ne structure (EXAFS) analysis revealed that F uoride-doping can be more easily tracked in this system via
doping disrupts crystallization by enhancing the local artwbth theoretical and experimental analysds goal is to
medium-range disorder. The aforementioned charge transpsyhthesize pure amorphous and crystallined-damples in
and structural properties of thedms were in excellent su cient quantities (200 mg) to carry out thorough
agreement with ab initio MD simulations and densityexperiments. Thus, multiple MO synthesis procedures for
functional theory (DFT) calculations. Thus-dBping both crystalline and amorphous samples were explored and
increases atomic mobility and enhances deep trap staiptimized (see a summary Table S}, which includes
localization, rationalizing the depressioigiand electron  preparation of precursor solutions of an indium salbride
mobility. This was thest in-depth study accurately describingsource, and optionally, additional components in a solvent
structure function relationships in a technologically relevangvide infra) followed by deposition of the solution by methods
amorphouB -doped oxide semiconductor. Intrigued by thesesuch as spin-coating or drop-casting. Drop-casting was deemed

3254 https://doi.org/10.1021/acs.chemmater.2c00053
Chem. Mater2022, 34, 32533266


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00053/suppl_file/cm2c00053_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

more suitable for this purpose because highly pureéOF:In In(NO3); was dissolved in 2-methoxyethanol and a base

samples can be prepared in larger quankities€ S)L (NH ,OH) with NH,F as the uoride source. Employing the
F:In O Synthesis.For the synthesis of crystalline FOn same procedure as that producing the crystalline phase (vide

(c-F:In O), combustion synthesis was employed, a techniqugipra), the amorphous sample was obtained, as shown in

where a redox (oxidizer + fuel) reagent pair generatédSgure Slupon optimizing the annealing temperature and

appreciable heat to decompose the reactants and form detisge to 120°C/1 min + 250°C/10 min to reduce C and N

MO.>* Here, indium nitrate [In(N§3 was used as the contaminationTable SR Note that above 12@/1 min +

indium and oxidizer (NQ) sources, acetylacetone (AcAcH) 275°C/5 min, the In O begins to partially crystallizég(re

as the fuel, ammonium hydroxide (8H) as a base, and 2- S§. These relatively pure and amorphous Blsamples

methoxyethanol as the solvent. Ammoniumnide (NH,F) have C:In 6 9 at. % and N:In 1.3 2 at. % Figures

was used as theoride source as it has been previously usedndS§. FromTable 1 it can be seen that, as the F:In in the

to introduce uoride in the InO system! The precursor  solution increases from 0 to 5 to 15 to 30 to 50 at. %, the F

solution was drop-cast on Si wafers and heated at a desicathtent in In O matrices increases from0to 2.5t0 7.2to 11.9

annealing temperature and time on a hot plate to obtain drops 19.4 at. %, respectively.

cast MO Ims (Figure S)L The powder is then obtained by ~ From XPS measuremerfg(rre t,d), the binding energy

scraping othe Im with a razor blade. First, annealing timeof the F 1s is 684.4 0.4 eV for both amorphous and

and temperature were optimized to minimize the amount afrystalline samples, which is in excellent agreement with our

carbon and nitrogen impuritieSabple SP The atomic previous repoft. Note that the F 1s binding energy of the

composition (e.g., C and N impurities andride content) uoride anion in F:InO indicates that Fbinds ionically with

was quanted by XPS. Note that even at a low temperaturén (organic uoride energies lies in the 6889 eV rangej

and for short annealing times (ZJ1 min + 250°C/1 in all samples. Also, In 3d XPS spectra were acdiyect (

min), crystalline F:InO was obtained, although sigant N S7%. Upon uoride doping, In 3d binding energy shifts from

impurities were detected (N:In3.3 at. %) Table S As the 443.4 eV in c-InO to 444.0 eV in ¢c-9.2 at. % F:0. A

annealing time and temperature were increasetC{120in similar trend is observed for the amorphous samples: the In 3d

+ 330°C/5 min), relatively pure crystalline F:@ samples  binding energy shifts by 0.5 eV from 443.9 eV in@-a

were obtained (C:In 3.2 4.8 at. % and N:In 0 at. %) 444.4 eV in a-19.4 at. % F:On The In 3d XPS data further

(Figure SZand Table SP Next, varying amounts of jH support the fact that F binds strongly to the In ion in both

(0 50 at. %) were added to the precursor solution to prepargystalline as well as amorphous oxide powders.

0 9.2 at. % doped F:11© samples. As shownTiable 1 the IH MAS NMR SpectroscopyThis technique was next
applied to ascertain the purity of the present ©in
Table 1. Fluoride Incorporation in Crystalline and compounds Figures &,f andS9. The chemical shift dH
Amorphous In O Samples in NH,F is 7.4 ppm Figure SB Figures & andS8ashow
NH,E soln.  Fiin (insoin) Fin (crystalline  Fin (amorphous the '"H MAS NMR spectra for the crystalline samples. Note
concentratigh  [at. %P~  oxide) {at. % oxide) [atf’%(} that the'H spectra of c-F:IrO remain mostly unchanged
over the 2.99.2 at. % Fdoping range compared to undoped
0.00 M NHF N/A 0 0 o h
soln. In O and several distint resonance peaks, especially at
0.025 M NHF 5 29 25 1.34 ppm are observed in all crystalline sarplels G In
soln. the case of amorphous F:@, a broad peak centered at
0.075 M NHF 15 5.7 7.2 3.39 ppm is observed in all samptegi(es fi S8bandTable
soln. S9. Note, H solid-state NMR spectra of all samples do not
O'sl(f’lnM NHF 30 3 119 show a resonance at7.4 ppm, meaning that no QjH
0.25 M NHF 50 92 194 precursor remains after precursor processing, in excellent
saln. agreement with XPS results (vide supra).

@Precursor solution: conventional Mprecursor soln. (2 mL; see lg_F MAS NMR Spectra.Next, to investigate the F
Experimental Sectifor details) + 7 L of conc. HNQ + 200 L of environment in deta#?F MAS NMR spectra were recorded.

0.00/0.005/0.025/0.075/0.15/0.25 M NF solns.PAs added to  As shown ifable 2andFigure SSthe'®F chemical shifts)
solution.F 1s spectra detected via XPS. F:In ratio calculated bgf the oxide precursors and relevant standard reference
integrating F 1s peak versus In 3d (I1g,3d In 3d;;) peak by ~ compounds were acquired. Fesignal of NiF and Ink
Avantage software. are found at 82.3 ppmand 207.88 apﬁ?m respectively, in
good agreement with the literature vaftiéso the best of
F content in the INO matrices increases from 0 to 2.9 to 5.70ur knowledge, we report tH& MAS spectrum of InOF
to 7.3 t0 9.2 at. %, as the F:In in the solution increases from(O,F, octahedra) for therst time ( 128.58 ppm). Also,
to 5 to 15 to 30 to 50 at. %, respectively. GIXRD data shoghown inTable 2andFigure S1@re the In octahedra of the
that all F:In O compositions as well as @ powders are reference compounds from the ICSD database. Note that the
highly crystalling={gure &) and have the bixbyite structure of 19 chemical shift increases almost linearly with the increasing
In,O; (Figures & andS3. Moreover, the log scale plot of the number of F ions surrounding the In octahedra, frodd.14
GIXRD patterns for c-0 and c-9.2 at.FHgure Syfurther ppm in INGQF octahedra (BaOsF), to 128.58 ppm in
conrms that there are no impurity phases formed upoinO,F, octahedra (InOF), to  207.88 ppm in Inf
uoride doping. octahedra (In§f (Figure SI)1 This empirical relationship
To synthesize amorphous Fh(a-F:In O) samples, the helps to assign unknowrF peaks in crystalline and
sol gel method was employed because the large internal heatorphous F:MO speciés.
from the combustion press can crystallize 1@ at Figure 2 shows th& MAS NMR spectra of c-F:InO. The
temperatures as low as ZW>* For sol gel synthesis, °F NMR spectrum of each crystalline sample can be
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Figure 1.GIXRD patterns of the indicated (a) crystalline x at. %@ :&md (b) amorphous x at. % F: samples. F1s XPS spectra of the
indicated (c) crystalline x at. % Fhand (d) amorphous x at. % F:d.H MAS NMR spectra indicated (e) crystalline x at. % ®:&md (f)

amorphous x at. % F:10.

Table 2.2%F MAS NMR Data and Indium Octahedra of the S12 A sharp c-IngF peak is observed at 78 ppm, which

Indicated Compounds

material ¢ (ppm) indium octahed?a
NH,F 82.3 N/A
BaInOsF 64.14 InGF

INOF 128.58 InGF,

InF; 207.88 Ing

@0btained from ICSD database.

constitutes about 0.9% for c-2.9 at. % BJ®.8% for c-5.7

at. % F:In O, 0.6% for c-7.3 at. % F:[@, and 2.6% for c-9.2

at. % F:In O of the total uoride content. Next, a gradually
decreasing peak is observed in thiag at 88 ppm
(InOgF) constituting 55.4% for c-2.9 at. % FAN45.5% for
c-5.7 at. % F:InO, 43.8% for c-7.3 at. % F:M, and 37.9%

for c-9.2 at. % F:IrO of the total uoride content. At 142

ppm (InGsF5), there is a gradually increasing peak constituting
40.7% for c-2.9 at. % F:M@, 49.8% for c-5.7 at. % F:O,

deconvoluted into four distinct chemical environments: (1p2.1% for c-7.3 at. % F:@, and 52.8% for c-9.2 at. % F:In

crystalline-IngF- (78 ppm); (2) InQF (
INOsF; (142 ppm); and (4) Ink(
the chemical shift of reference compounalsi€¢ ZandFigure
S1), the chemical species can be assifnedd the
quantitative results are summarized@ainle Séand Figure

88 ppm); (3)

199 ppm). Utilizing

O of the total uoride content. Lastly, at 199 ppm (Ink),
there is a gradually increasing component composing 2.9% for
c-2.9 at. % F:InO, 4.0% for ¢-5.7 at. % F:[, 3.5% for c-7.3
at. % F:InO, and 6.7% for ¢-9.2 at. % F@nof the total
uoride content.

(b)

— Experimental

(a) Crystalline Oxides
— Experimental

--- Simulated --- Simulated

— InF, — InF

—InO,F, — InO,F,

— Crys-InOF — Crys-InOF,
InOF c-9.2 at% InOF,

*
*

c-7.3 at%

c-5.7 at%

: Q a-7.2 at%

(c)

| Amorphous
Oxides

Crystalline
Oxides

c-9.2 at%

a-19.4 at%

c-0 at%
10000 5000 O  -5000 -10000
"$In shift (ppm)
(d) Amorphous
Oxides

a-11.9 at%

a-19.4 at%

c-2.9 at% ﬁ é a-2.5 at% a-0 at%
50 0 -50 -100 -150 -200 -250 0 50 -100 -150 -200 5000 0  -5000 -10000
®F shift (ppm) 9F shift (ppm) 8|n shift (ppm)

Figure 2.1°F MAS NMR spectra of the indicated (a) crystalline x at. %CFaimd (b) amorphous x at. % F:0. Asterisks represent spinning
sidebandg$!9n static solid-state NMR spectra of indicated (c) crystalline x at. @ Erid (d) amorphous x at. % F:D.
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Next,'%F MAS NMR spectra of the a-F:(d samples were  chemical environments: (1) metal oxide latticeGMM) at
acquired and deconvoluted into four major chemical speci€29.9+ 0.1 eV; (2) metal hydroxide (MDH) species at
Q) InO4F (102 ppm); (2) crystalline-In®, (119 531.1+ 0.1 eV; and (3) weakly bound £&ahd HO, species
ppm); (3) INOsF5 (146 ppm); and (4) Inf( 199 ppm) (M OR) at 532.2 0.1 e\2*°° The metal oxide lattice (M
(Figure B). The broad nature of tHé& peaks sigrés that O M) is primarily responsible for @ent carrier transport
the amorphous samples are more disordered than thierough the MO matrices, whereasQR and M OH act as
crystalline analogues. Foltayithe quantitative analysis trap states°’°® Therefore, the MO M lattice content
(Table S7and Figure S1)3 the sharp peak observed at ( y o m) de ned as the ratio of the D M peak area to
119 ppm (crystalline-InB,) constitutes 0.3% for a-2.5 at. % the entire O 1s peak area can be utilizedgas @ of merit for
F:In O, 0.3% for a-7.2 at. % F:@, 2.9% for a-11.9 at. % the quality of the InO matrice$*®° As shown ifTable S8
F:In O, and 5.8% for a-19.4 at. % FOn A peak at 102 and Figure 3, high MO M (78.4 84.2%) content is
ppm (InQ,F,) constitutes 52.9% for a-2.5 at. % FIN45.4%  observed in the crystalline oxide. This is in accord with
for a-7.2 at. % F:IO, 45.9% for a-11.9 at. % FOy and literature data, indicating that the exothermic heat of
49.7% for a-19.4 at. % F:@. InOJF; polyhedra at 146  combustion synthesis dessithe MO M matrice$®"°
ppm constitute 43.4% for a-2.5 at. % PIM3.6% for a-7.2  With the addition ofuoride to the MO matrices, o \ falls
at. % F:In O, 43.4% for a-11.9 at. % F@ and 38.3% for a- gradually to 84.2% for c-1@, to 81.1% for c-2.9 at. % F:In
19.4 at. % F:InO. Lastly, a peak is observed atl99 ppm O, to 80.8% for c-5.7 at. % F:@ to 80.7% for c-7.3 at. %
(InFg), which constitutes 3.5% for a-2.5 at. % BJri10.7% F:In O, and nally dropping to 78.4% for c-9.2 at. % PIn
fora-7.2 at. % F:ID, 7.8% for a-11.9 at. % F:hy and 6.2%  In the amorphous oxide$aple S9%and Figure B), lower
for a-19.4 at. % F:©. The results show that upon content of the MO M lattice (67.772.9%) compared to
uorination, octahedral Ig&) is the predominant environ- crystalline oxides is observed due to the minimal exothermic
ment in the amorphous samples, in contrast to octahedraéat of reaction in the present gml process. With
InOsF; in the crystalline samples. The shifts of all octahedriacorporation of uoride, \ o » consistently falls from
from the’® NMR measurements are showRigure S14 72.9% for a-InO, to 70.3% for a-2.5 at. % F@ 70.5%
195N NMR Spectra!ldn static solid-state NMR spectra for for a-7.2 at. % F:IrO, 69.9% for a-11.9 at. % F@ and
both c-F:InO and a-F:InO can be seefigure 2,d. Note then to 67.7% for a-19.4 at. % FOn Thus, in both
that™3n (nuclear spin = 9/2) signal is very broad (linewidthscrystalline and amorphous oxidesidping slightly decreases
of >1 MHz) due to the large quadrupole momenit-Sf M O M lattice content, in excellent agreement with literation
(77.0 fnf).°%°° This poses fundamental challenges in acquiringnticipatiori’
wideline spectra for comprehensive analysis using QCPMGOptical Absorption Analysis. UV vis spectra were
alone as the radiofrequency pulses cannot excite the entiquired utilizing diise reectance methods on drop-cast
spectral range. Therefore, to increase the excitation bandwidtin Ims on silicon substratédgure S1)6 Band gap values
QCPMG combined with a frequency-stepped method wagere extracted utilizing the KubelMank equatiori? As
used to collect individual spectra at evenly spaced transmitéiown inTable S10and Figure 4, the band gap of the
o set-frequency intervalstdi66 kHz (B,). The overafttin crystalline samples increases linearly from 2.48 eV far, c-In
NMR spectrum was then obtained by superimposing eagb 2.52 eV for 2.9 at. % F:1@, to 2.55 eV for ¢-5.7 at. %
individual spectrufi®*°> On comparing theuorine-freeand  F:In O, to 2.58 eV for c-7.3 at. % F:®, and then falls
uorinated samples, it can be seen that the In locallightly to 2.51 eV for c-9.2 at. % F@n For the amorphous

environment becomes more disordered aftedoping,  samples, the reverse trend is observed and the band gap
indicated by the smeared-out edges of the quadrupolar
lineshapeRigure 2) and the signcantly broadened spectral @) 2.60 —
linewidth Eigure @), which implies an increase in the ‘° 2.ss]Crystalline Oxides
quadrupolar coupling consta@t), in complete agreement ~_ 2.56
with literaturé®®® ©° This result is consistent with EXAFS, @ 254
MD simulation, and TEM results (vide infra). w252
XPS O 1s AnalysisXPS O 1s data were next analyzed to :i:

quantify the eect of F-doping on the MO lattice content of
the present sampleBaples S8 and SBigures 3and S19.

- . 0 2 4 6 8 10 1 2 3 4 5 6
The O 1s spectra can be deconvoluted into three distinc x at% F:In-0 Energy (eV)
(b) 3.00 Amorphous Oxides (d) —_a-n-0
74 295 )
(a) N R (b) 3 —a-F:In-0
84 Crystalline Oxides Amorphous Oxides 2.90 -
72 > 285 E
€ 3 “52.80 2
3 1702 w 8
g £ 2.75 \‘
£ B —
80 L6 2.70 I\{
2.65 —
0246 8101214161820 0 1 2 3 4 5 6
78 T 3 4 & 5 10 T 3 5 12 6 2 66 x at% F:In-0 Energy (eV)
x at% F:In-O x at% F:In-O

Figure 4.Band gap i) value of indicated (a) crystalline x at. %
Figure 3.Ratio of the MO M peak area to total peak area F:In O and (b) amorphous x at. % F:. Optical absorption
( m o wm in XPS O 1s spectra for the indicated crystalline andspectra of (c) crystalline and (d) amorphousOlirand F:In O,
amorphous x at. % F:1® materials. derived from DFT calculation.
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consistently falls from 2.89 eV for a@nto 2.75 eV for a-2.5
at. % F:In 0O, to 2.72 eV for a-7.2 at. % Fh to 2.71 eV for
a-11.9 at. % F:IrO to 2.7 eV to a-19.4 at. % F: (Table
SllandFigure #). This is in excellent agreement with DFT
calculationsHigure 4,d; vide infra). The dérent trends in
the band gaps of fdoped crystalline and amorphous indium
oxide arise from dérent mechanisms of icorporation. In
bixbyite F:In O, uoride appears either as an oxygen
substitution (g) or resides within the structural vacancy
(Fin), as discussed in detail below. Because isolated F
unstable in the presence of the oxygen vacancy (vide infra)
defects that partially compensate oxygen vacancy act as dc
defects, leading to a pronounced shift of the Fermi level (i
into the conduction band, known as the Burdtéass (BM)
shift, that broadens the optical windoWhe decrease in the
band gap from c-7.3 to ¢-9.2 at. % Fmay be explained
by a competing band gap narrowing mechanism involvir
electron electron and electron-impurity scattering, in agreg
ment with previous literature repdfts® In contrast,
amorphous oxides lack speslymmetry-deed lattice sites,
and so, F-substitution on O sites is not possible, where
interstitial F attains the desired ionic bonding with In becaus

structural recomuration is energetically inexpensive in a_. .
disordered lattice. As a resulpride is not a donor defect in aigzrgt_s(;/':E:rrEMC?;Igtgﬁ;aep?CS) ?rfé" rgﬁ&p?cﬁué,z(a;ﬂzngzlfg)

amorphous oxide. At the same timeddping increases gamples with the corresponding SAED patterns as insets. Insets in

disorder in the medium and long range structure @stsa (c,d) bottom are the representative FFT pattern from one grain from
the coordination morphology in amorphous indium oxide byhe respective powder.

reducing the number of octahedrally coordinated In polyhedra

and hence suppressing the hybridization along the 10O show sharp rings and atomic columns observable by HR-TEM,
chains in accord with the observed decrease in carriefhich give clear spots in the corresponding fast Fourier
mobility!” The coordination morphology in disordered metaliransform (FFT) pattern. The SAED patterns of both
oxides determines thesshybridization and hence governs thecrystalline samples can be indexed with tg bixbyite
width of the conduction baft(Note, the location of the  structure, but some daction rings, such as (134) and (233),
conduction band minimum with respect to the valence bangre not observed in the ¢-9.2 at. % Plsample. Compared
maximum is not &cted by F incorporation because th®©In  to c-In O, ¢-9.2 at. % F:IrO is less crystallized, which is
distance does not change upon F doping, as shown belowdpparent from the wider and moreude rings in the
EXAFS measurements and theoretical simulations.) As a resliltaction patternHigure 8,d). Therefore, in all cases; F
of the narrower conduction band, the density of states in thfoping decreases the crystallinity as evident in tise dings
conduction band increases, leading to a less pronounced Bithe di raction patterns in crystalline oxide and reduction in
shift as compared to the undoped &lrand hence to a grain size in amorphous oxide. Thus, the TEM results
smaller optical band ddp. complement thé"in solid-state NMR data and are in good
TEM Analysis HR-TEM imaging and electron miction  accord with the EXAFS data and MD simulations (vide infra).
(ED) were performed to investigate the microstructure and EXAFS Analysis of InO Versus F:In O. EXAFS analysis
crystallinity of representative Fthsamples, specally (1) was performed to gain insights into the microstructural
c-In Oandc-9.2 at. % F:I® and (2) a-In O and a-19.4 at.  changes in the In@olyhedral due touoride incorporation
% F:In O (Figure % Note that the HR-TEM imaging and (Table S12Figures @ndS17j. Measurements were recorded
ED data were acquired over multiple areas (5+) of the samplgsthe In K-edge (27 940 eV) for two sets of powder samples
to acquire a representative data set. The insetguo 5 smeared on quartz: (1) c-1® and c-9.2 at. % F:I® and
show SAED patterns for each sample, depicting samg® a-In O and a-19.4 at. % F:10. Qualitative EXAFS data
crystallinity. For the amorphous sampfésufe 3,b), the analysis included thest three shells for the crystalline
SAED patterns show wide wie rings, comrming a higher  samples and thest two shells for the amorphous samples.
degree of amorphicity of the samples. However, nanocrystal-
line inclusions can also be observed in the HR-TEM image ,

. . i IMa) Z 7 Crystalline Oxides (b) Amorphous Oxides 7 9
which are colored in green and representative areas are cir¢ S 6y ; —— £ i 168
in red (Figure &,b). This suggests that the nanocrystal size i $ 5 b o Secondshalt S 5

9 nm in the a-InO sample, while the nanocrystal size g * 4z
decreases to5 nm in the a-19.4 at. % F:[@ sample, g3 2
indicating that Fdoping suppresses crystallization. Interest g 2 20
ingly, both samples are macroscopically amorph&Xsrégr 8 ; ;g
amorphou$ as shown by GIXRDF{gure b). These c-0 at% c92at% a-0at% a-19.4 at%

observations are in complete agreement with literature data

that “X-ray amorpholisin O can have nanocrystalline Figure 6.CN of the indicated (a) crystalline and (b) amorphous x at.
inclusions! For the crystalline samples, the SAED patterngs F:n O.
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The structure of crystalline,3 provides the basis for InOgF with identical InF distances of 2.55 A in each case.
understanding the '® and F:In O samples. The J@, Importantly, our calculations reveal that the formation energy
structure consists of In atoms surrounded by octahedi F,, decreases by as much as 4 eV in the presence of a nearby
containing six oxygen atoms and two structural vacanci€g.as compared to the oxide without such a defect. The energy
Two possible arrangements for the structural vacancies allgain arises from recombination of the donor electron and the
the octahedra to be in corner- or edge-sharingurations,  acceptor hole to attain full charge compensation of an oxygen
leading to the formation of three nearest neighbor shellsacancy with two F atoms. To determine the interaction
surrounding the In atom: (1)rst shell: InO with a between two F defects in the charge-neutral state, total energy
coordination number (CN) of 6 and average bond distancealculations were performed for eighfOlpF, (6 at. % F)

of 2.18 A; (2) second shell: Im with a coordination of 6 and ~ structures with various distances betwgean& F,. The
average bond distance of 3.34 A; and (3) third shelh In results show that the lowest energy is achieved when this
with a coordination of 6 and average bond distance of'3.83 Adistance is shortest (2.4 A) and boghdhd F, become
Increasing disorder in I® matrices is primarily indicated by neighbors to an In atom, creating JAOwith elongated
decreased CN in the second sfiell. distances to two oxygen atorfRgre @). In addition, this

For both the undoped and-Boped c-InO samples, three
distinct peaks are present in the pseudo-radial distribution (a) in.,0.F
functions (p-RDFs) of the samples, corresponding to the three N
coordination shell§{gure S1)7 However, the coordination of
the second and third shells in both cArand c-F:InO is
noticeably lower than that for the crystallig®;lmeference
(CN = 6) (Table S1R’” When considering theet of F-
doping on the c-INO sample, the greateseet is apparent in
the second and third shells, withdBping having only a
minimal eect on the CN and bond distance within tret
shell Table S1R In comparison, the CN of the second shell
falls from 4.23 to 3.42 and the averaginlhond distance is
decreased from 3.355 to 3.325 A upon tiogide addition
(Table S1andFigure @&). 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 Wifim solid-state NMR
(Figure 2), TEM data Figure %, theoretical predictions
(vide infra), and literature repottsn 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 IO samples, only a small peak
corresponding to the second shell is present, while the third
shell is suppressed in the p-RDFEgufe S1)7 Again, F-
doping seems to have littleeet on the rst shell, with both ; ECN(In)=6.39
the CN and In O bond distance unchanged by the addition of '

uoride (Table S1R The coordination of the second shell
shows the same trend as in the crystalline sample, with the CN o . _
decreasing from 3.17 to 2.67 witldBping Figure ). Note Figure 7.0ptimized atomic structure of crystalline Foin(a) Cell

: Ing, 0474 (6 at. % F) and the structure of B (b) Cell of
that the large error bar in the second shell data can " F. (0 at. % F) and the structure of 4D () Cell of

explained by relatively weak intensity of second shell scatter, 11 at. % F) and the structure of two 4BCand INOF
and the fact that three variables (CN, bond length, and bon s (11 At % F) $hand QP

variance) are correlated. Although the EXAFS-extracted CNs
are within error bars, the mean value of CN decreases with tten guration features three yFoand only one In that has F
increasing F content, in agreement within solid-state  as a seventh neighbor (WD In structures with longer
NMR (Figure @), TEM data Figure % MD calculations  distances betweeg &d F, (3.8 A or above), the defects can
(vide infra), and literature repotfThe In In bond distance, be considered isolated, giving rise to foufla@d six IngF,
however, shows little sensitivity to the additionafde and respectively, and the total energy is@%% eV higher as
remains the same for the two samglablé S1p compared to that for the case with the shortgstf
DFT Calculations on Crystalline F:InO. Fluoride distance. These results suggest thaane F, attract in
doping in bixbyite kD5 occurs when F substitutes an oxygencrystalline indium oxide, and the driving force for the
(Fo) or resides in the structural vacangy) (An isolated & formation of the § F,; complex is the charge recombination
(donor) leads to the formation of four YrQwith optimized  and reduction in the number of g¥Qthat is, to minimize the
In F distances of 2.21, 2.29, 2.32, and 2.43 A. In contrast, anmber of In atoms that have single F in tis¢ shell.
isolated [ in stoichiometric W®©; (acceptor) creates six Accordingly, when F concentration increases, a structure with

229A

219A

220A
ECN(In)=6.21

2.23A

222A
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Figure 8.Calculated structural properties of crystalline ®:lifa) Pair correlation function and distance distributions for the indicated F
concentrations. (b) Anion-resolved angle distributions as a function of F concentration.

Figure 9.Calculated structural properties of amorphous ®:Ifa) Pair correlation function and distance distributions for the indicated F
concentrations. (b) Anion-resolved angle distributions as a function of F concentration.

INO5F; con guration Figure B) is found to have the lowest forming a 5 F,; Fo complex with a longyFFo distance,

total energy among 47,00, (9 at. % F) structures with  4.28 A. Importantly, cogurations with shortergFFq

various distances betwegrafd the 5 F;,; complex. In this  distances are higher in energy by at least 0.2 eV, suggesting
case, the two substitutional defects are connectegl,; via Fhat the I defects have weak repulsive interaction when both

3260 https://doi.org/10.1021/acs.chemmater.2c00053
Chem. Mater2022, 34, 32533266


https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00053?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00053?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00053?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00053?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00053?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00053?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00053?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00053?fig=fig9&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

belong to the same In atom and prefer laggtnFFg angles,  ature uctuations are present. The switching betweene ali
125, whereas the twogFIn F, angles are two times coordination types enabled by the wider distribution &f In
smaller, 6068°. distances as compared to that fordns likely to be the
To understand the relative stability of the,faCand reason for the much broad¥fn NMR spectrum in
InOzF; con gurations, the F concentration in crystalline uorinated amorphous oxidegure @), although on average,

indium oxide is increased further by considerip@.,4f, the rst-shell distortions remain similar in adrand a-F:In
(11 at. % F) structures with seven possible locations for th® as measured by EXAASifle S1p
second f with respect to theF F, Fo complex. It is On comparing the An Fand F In O angle distributions

found that formation of a second §rROwhich would occur if  in the crystalline and amorphous oxides, two important
the additional interstitial F joined the existing complex tqji erences are noticed: (i) thest peak in both distributions
become F Fo Fin Fo, is least favorable energetically nearly coincides with that for @ O in the disordered
(+0.24 eV). A formation of higher-F cgaration, InGF,, oxide. This means that Fons maintain the structural
or addition of an isolateg)fare also unlikely (+0.12 eV). The characteristics of the 1® polyhedra upon doping of the
most energetically favorable structure is when the sgeond Bmorphous structure and do not come close to each other
forms a new Ing%, with a large& In Fi, angle 123(0 eV, unlike in F-doped bixbyite, which features smalh FF
reference energy). Further analysis of the Iowest—energb@es of 85(Figure ®). (i) The amorphous oxide has a

structure reveals _that all three Jalbecome ynstable and signi cant fraction of large Fh F angles (160 that were
switch to In@F with a seventh F atom having the longest

. 5 . . absent in the crystalline case. The larga F angles
distance within the polyhedrdrigure €). At the same time, : .
INO,F, shows the opposite trend by pulling two of its I:correspond to two Hons being across from each other in a

neighbors closet.f, Figure B,c). Thus, the presence of F polyhedron. Such a cguration was found to be energetically

S unfavorable in c-F:Ii®.
:gﬁ;ggg;p% S(E{lljg;[g:a\:v;{?g%neif;Slna?'ll():l(bééémgtahmbiﬁzre]arspa Thus, the more uniform, symmetry-unrestricted distribution
explains the large fraction of JAOfound in crystalline of F in the amorphous structure leads to a larger fraction of

; - INO4F, as compared to InB;. In DFT-relaxed structure
samples usifgc MAS NMR analysis-igure S12 42 : .
Fluoride doping in crystalline,@3 and the formation of In5,O7F14 (20.6 at. % F), we account for a 3:2 ratio for the

: - : ber of InGF,:InO3F; con gurations, which is in excellent
INO5F; due to iy F clustering have a minimal impact on the num 2 a3 P
rst-shell structure as can be seen from the calculated pgqreement with théF MAS NMR analysigigure S13
correlation function, as well as@distance and IO In
angle distributions as a function of F concentréaiigure 8 CONCLUSIONS

However, the presence of longerHmlistances within 2.5 ijlizing solution-based combustion and gel processes,

3.0 A Figure &) and smaller An O and F In F angles as pure F-doped In O powders were obtained in crystalline and
compared to OIn O (Figure 8) disturb the medium-range  3morphous forms, respectively. GIXRD and XPS data con
structure, that is, the second and third shells, increasifge mjcrostructure and chemical composition of the synthe-

disorder in the lattice. This result is in agreement with thgj,oq powders. The F 1s binding energies and shifts in the In
present HR-TEM, EXAFS, and NMR measurem@alse( 34 xpg spectrum reveal that theride ion is ionically bound
S13. Note that the observed increase in teeshell CN in o In in both crystalline and amorphous Fan UV vis

F -doped oxide (from 5.8 for c-0 at. % to 6.0 for ¢-9.2 at. %, .. ; . . .
Table S1pis attributed to a small fraction of overcoordinatedgpfécggiggta}nei:]aebl'grr;/ ;? ;rir\]’éhlloexitgfsba}[ﬂg %Zeelrnscere?rseensd V\Ilgh
In (INO¢F and InQF,) associated with isolated or unbound 1,0 e din the amorphous oxides, in excellent agreement with

Fin defects. the DFT calculations. Next, thaoride and In chemical

DFT Calculations of Amorphous F:InO. In marked vironments were investigated utiliZ¥gand**In solid-
contrast to the crystalline indium oxide, the amorphous phag 2 te NMR. Th&F MAS NM% reveals thagt,a aubrination
lacks symmetry-deed sites and periodicity; therefore, ) v up ination,

uoride incorporation is not constrained in the disordere&hedl?r%':f environment Is ptre_:domw&ant_m c:y_stallme O)ﬁ'des’
oxide. Moreover, structural rearrangement required tg"d the INGF, environment is predominant in amorphous

accommodate an impurity in the amorphous phase @Xides. From™in static solid-state NMR, it can be
energetically inexpensive, so that F attains its desired iofit2litatively concluded thap @icreases with Fioping in
bonding with In without disturbing the 1@ matrix. oth crystalline and amorphous F@n compared to
Figure Qresents the calculated pair distribution function a§ystalline and amorphous undoped Qn indicating
well as distance and angle distributions for amorpbgg In  increased disorder in the-doped system. Supporting this
and 1n,0,4F1, (20.6 at. % F). Similar to the crystalline oxide,fact are the_ HR-TEM images, which est_abllsh that grain size
the presence of F has littleet on the INnO rst shell peak, —decreases in amorphous oxides ardction pattern gets
whereas it suppresses the structural features in the mediwiger and diused in crystalline oxide with-doping. These
range, that is, above 2.8 A, resulting in a more disorderé&pults are in close agreement with MD simulation and EXAFS
structure as compared to undoped ®lInimportantly, the  data. Thus, utilizing both experimental and theoretical
In F distance distribution between thst and second peaks analyses, it can be concluded thauppresses crystallization
is signicant, suggesting that long Fndistances, 2.3.0 A, in both amorphous and crystalline@matrices. This is the
are more common than in crystalline Fan(Figure &). rst study to establishioride as a universal amorphizing agent
Being at the outer edge of thst shell, these long-distance in the In O system, and by inference, it may play a similar role
In F pairs determine the coordination type of In and are likelin many other oxide materials. These observations also convey
to contribute to switching between {radd InGF, or INQF signi cant implications for display and transparent electronics
and InQF,, or INQ)F, and InQF;, especially when temper- technologies.
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EXPERIMENTAL SECTION surface contamination. HR-TEM images and SAED patterns were

obtained using a JEOL Grand ARM 300F operated at 300 kV. The

bg O and F:In O powders were cleaved from the substrate and
ropped 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-lll 500 (11.8 T) spectrometer using a 2.5 mm

hydroxide solution (14.5 M), and the resulting 0.05 M solution Wa?ruker prob(i witl; 2% Eam%e fsplilngilngorate O{ EEF kHzlgffor
stirred for 1214 h. In separate HDPE vials, adequate amounts dfieasurements an zroror all F:In © samples.t spectra
NH,4F were dissolved in Milli-Q water to prepare 0.025, 0.075, 0.1%€re obtained using a rotor-synchronized spin-echo puls_e/wnh_a
and 0.25 M solutions. Approximately 1 h prior to spin coating, 2 mpUlse length of 4.4 and a recycle delay of 50 s. The chemical shift of
of Milli-Q water/0.025 M/0.075 M/0.15 M/0.25 M NA solution NMR spectra was calibrated with LiF a201 ppm:H NMR

was added to 20 mL of combustion precursor solution along with ﬁpectra were collected using a rotor-synchronized spin-echo pulse
L of conc. HNQ acid to aord the required F:In ratio. with a /2 pulse length of 1.8s and recycle delay of 20 s. The

Precursor Solution for Amorphous SampEsactly 1.7744 g of ~ '€sonance was calibrated using adamantah@4tppm:*in static
In(NOs)5%xH,0 was dissolved in 100 mL of 2-methoxyethanol andsolid-state, NMR experiments were conducted on an 830 MHz (19.6
the resulting 0.05 M solution was stirred forla2h. In separate T) spectrometer at a Larmor frequency of 181.875 MHz. The spectra
HDPE vials, adequate amounts of)Ni#ere dissolved in Milli-Q ~ Were acquired using/® pulse of 1.5s with a recycle delay of 0.1s.
water to prepare 0.025, 0.075, 0.15, and 0.25 M solutiondh® Spectra of crystalline and amorphous samples were acquired
Approximately 1 h prior to spin coating, 2 mL of Milli-Q water/ USINg & stepping frequency in increments166 kHz with the

0.025 M/0.075 M/0.15 M/0.25 M NiF solution was added to 20 QCPMG pulse sequence. FofiliagF only:'*F CPMAS data were
mL of combustion precursor solution along with L7®f conc. recorded on a 400 MHz Bruker Avance Ill HD NMR spectrometer

HNO; acid to aord the required F:In ratio. with a Phoenix NMR 1.6 mm HFX probe at an ambient temperature
F:In O Powder Synthesia™-Si wafers were used as substratesOf about 23°C. The Hahn echo pulse sequence was used. The
-Spipning rate was set at 38 kHz. ¥ffeLarmor frequency was

Before drop-casting, the substrates were cleaned ultrasonically in pos !
mixture of isopropyl alcohol and acetone for three times (10 mig/6:087 MHz. ng s ':g/ln? shifts were referenced to an external

each), followed by 5 min in ap lasma. Then, precursor solutions NaPf peak at .
were Itered through a 0.2n syringe PTFE membrane. Then, 2 mL EXAFS measurements were performed at beamline 5BM-D at the

of ltered solution was drop-cast on the Si wafer and then anneal@gvanced Photon Source at Argonne National Laboratory. Data were
on a hot plate at 1Z€ for 1 min followed by drop-casting 3 mL of collected at the In k-edge (27940 eV). Powder samples of crystalline
the solution on the Si wafer and annealing af@5or 10 min  and amorphous InO and F:InO [(1) c-I@ and c-9.2 at. % F:I©
(amorphous oxides)/338C for 5 min (crystalline oxides). This and (2) a-In O and a-19.4 at. % F:1@] were uniformly spread on
process was repeated four times to synthesfizeng amorphous/ ~ (@P€ and measured in transmission mode. CrystaiDgepdvder _
crystalline x at. % F:1® samples. was u_sed as a reference. The normalized linear EXAFS absorption
INOF Synthesi®owder 1505 (Alfa Aesar, 99.994%) was mixed CO€ cient (k) was t usingeq 3
with NH,HF, (98%, Sigma-Aldrich) in a 1:3.25 weight ratio and S?Nf(k
I

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

Precursor Solution for Crystalline Sampkesactly 1.7744 g of
IN(NO3) 3xH,0 was dissolved in 100 mL of 2-methoxyethanol befor
the addition of 500L of acetylacetone and 225 of ammonium

ground in a mortar and pestle with acetone as an aid for grinding. The K
homogenized mixture was put into the capp€d éducible, heated K= ) kRZ
to 420°C at 5°C/min (air atmosphere), dwelled for 12 h, and cooled !
to room temp at 3C/min (Figure S18

BalnOsF SynthesisStoichiometric amounts of BaCBak, and

sif AR+ (9 R/ B @K R
®3)

where$ is the intrinsic loss factok) is the electron mean free

X ath,N; andR are the CN and bond distance ofitheshell of the
In,O; (Alfa Aesar, 99.994%) were ground together with acetone adgmh _ ; .
milling aid. The well-mixed powders were transferred toGan Al aBsorblng atonfi(k) and (k) are the backscattering amplitude and

boat and heated to 105@ for 12 h in air two times, with the phase shift, aaﬁz"zgiis the DebyeWaller factor a measure of
intermittent regrinding=(gure S19 the structural disorder or variationrRinThe Fourier transform of
Sample Characterizations.GIXRD measurements were carried (K) generates a p-RDF for the absorbing atom, whidio isxtract
out with a Rigaku SmartLab Thim Di raction Workstation usinga how the CN, bond distances, and Delyaller factors vary as a
high intensity 9 kW copper rotating anode X-ray source, which fgnction of uoride doping. Data reduction and analysis were
coupled to a multilayer optic. performed using the Demeter software patkabe.initial model
Di use reectance UVvis spectra were acquired using a was obtained by using FEFF simulations based on crystéline In
PerkinElmer LAMBDA 1050 UVis NIR spectrophotometer ~ The intrinsic loss factog(= 1.013) was determined from theo
using drop-casted samples prepared on silicon substrates. The crystalline reference sample. Fittings were carried out Bver the
acquired diuse reectance spectrum is converted to the Kubelka range 1.04.0 A. Ac-weight of 2 was used for #ing. Data in thé-

Munk function(R ) usingeq 1'* range of 2.414.65 A* were used for the crystalline samples and 2.4
} 12 A ! for the amorphous samples.

_ (@SR )2 Theoretical AnalysiCrystalline and amorphous indium oxide

HR) = " orR 1) structures with and without-Boping were calculated using Vienna

Ab initio Simulation Package (VASPY? The calculations are
whereR s the reectance of an initely thick specimen. Putting based on 26#84.With periodic boundary conditions and use PBE
F(R ) instead of (absorption coecient) into the Tauc method functiondi**® within the projector augmented-wave métttidn

yieldseq 71 crystalline cases, a bixbyitglnstructure with 80-atom cell was
employed. Two, three, or four F atoms were added to the structure as
(RR)-hY"=ghs E ) substitutional and/or interstitial defects and the oxygen stoichiometry
was adjusted accordingly. The total energy calculations were
whereh is the Planck constantis the photols frequencyg is the performed for the fully relaxed structures for all possible respective
band gap energy, aBds a constant. Thefactor depends on the locations of the F defects in the lattice. For the optimization, a cut-o
nature of the electronic transition. energy of 500 eV and the 4 x 4 -centeredt-point were used; the

XPS analyses were performed with a Thermo SCEBCALAB atomic positions were relaxed until the Hellm@aynman force on
250Xi at a base pressure o419 10 mbar. Spectra were obtained each atom was below 0.01 eV/A. The electronic and optical
after the surface of thien was etched for abou?20 s to minimize  properties of the optimized @mphous In-based oxides were
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calculated using the hybrid He$duseriaErnzerhof (HSEO06) United States; orcid.org/0000-0001-7142-1644

approact?®® with a mixing parameter of 0.25 and a screening  Email:juliaem@mst.edu

parameter of 0.2 A%, Optical absorption was derived from the  ygn_yan Hu Department of Chemistry and Biochemistry,
frequency-dependent dielectric functign) = 4( ) + i o( ), Florida State University, Tallahassee, Florida 32306, United

calculated within independent particle approximation in VASP. The . . g ] ) o
imaginary part,( ), is related to the optical absorption at a given itﬁtgjﬁ orcid.org/0000-0003-0677-58&mMmail:yhu@

frequency, , and is determined based on the electronic transitions of - . .
the hybrid functional solution. The real part of the complex dielectric Antonio Facchetti Department of Chemistry and the

function is obtained using Kramégmonig relations. The resulting Materials Research Center, Northwestern University,
atomic structures were plotted using VESTA software. Evanston, lllinois 60208, United States; Flexterra Inc.,
To obtain amorphous structures, we employeab anitioMD Skokie, lllinois 60077, United States;id.org/0000-

liquid-quench approach as implemented in VASP. A bixbyite cell of 0002-8175-795&mail:a-facchetti@northwestern.edu
In,O5 with a crystalline density of 7.12 glamd with 134 atoms per Tobin J. Marks Department of Chemistry and the Materials
cell was used as the initial structure, which was melted at 3000 K0 pacaarch Center. Northwestern University, Evanston, Illinois

eliminate any crystalline memory. For FoIrwith 20.6 at. % F, . R
uoride atoms were randomly introduced into the cell and the 6020.8’ United Statespreid.org/0000-0001-8771-01141
Email:t-marks@northwestern.edu

number of oxygen atoms was adjustedOd#r;,) to maintain the
same anion charge as in undoped indium oxide. To determine theec&IIth
density, four derent melt-quench cycles were performed for the Uthors

density values ranging from 6.3 to 6.9 Y/@ased on the total Aritra Sil Department of Chemistry and the Materials
energy calculations, the optimal density was set to 6%7wgiich Research Center, Northwestern University, Evanston, Illinois
was calculated based on the corresponding fractiogtad\img the 60208, United States

crystalline density of 4.7 gﬁ:rAI] structures had additional melting Michael J. Deck Department of Chemistry and

at 3000 K for 10 ps to randomize the multicomponengeaation Biochemistry, Florida State University, Tallahassee, Florida

and stabilize the total energy. Next, liquid quench simulations were 35306 United State sprcid.org/0000-0001-6439-8634
performed as follows. Each structure was cooled to 2500 K at the MDEIise A. Goldhe Department of Materials Science and

rate of 100 K/ps and then rapidly quenched to 100 K at 200 K/ps Enai . d the Materials R h Cent
rate. An energy cut-of 260 eV and singlepoint were used during ngineering, and the Materials research Lenter, .
melting and quenching processEinally, each structure was Northwestern University, Evanston, lllinois 60208, United

equilibrated at 300 K for 6 ps with a cuiaergy of 400 eV. All States . .

MD simulations were carried out in the NVT ensemble with the Chi Zhang Department of Materials Science and

Nose Hoover thermostat using an integration time step of 2 fs. For  Engineering, and the Materials Research Center,

an accurate structural analysis of the simulated amorphous oxides Northwestern University, Evanston, lllinois 60208, United

(pair correlation function as well as distance and angle distributions),  States; orcid.org/0000-0002-6116-5437

the room-temperature 1® and F:In O structures were used. The  gawankumar V. PatelDepartment of Chemistry and

3\}:{2'gpﬁﬁnngjergt\'ﬂc/’i?ﬁnogtg'Tnﬁgir:rgometh%én;tﬁ?l'z'tgnﬂmglztrgl‘;ze e Biochemistry, Florida State University, Tallahassee, Florida
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