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ABSTRACT: A method for the synthesis of single-phase
powdered InOF under ambient pressure has been developed.
The method involves pyrolysis of a hydrate of InF; in an O,
atmosphere of controlled humidity. Various intermediate
phases were formed during the pyrolysis, and their structures
and interconversions were analyzed. Combined results of
optical absorption measurements and density functional
calculations indicate that InOF is a direct band gap material
with a band gap energy of ~3.7 eV. Unlike In,0j3, the electrical
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conductivity of polycrystalline InOF pellets can be controlled over ~8 orders of magnitude from ~10™S cm™ to ~2 S cm™ by
thermal annealing, and the sample with the highest conductivity was a nearly degenerate n-type semiconductor with a relatively
small carrier concentration of ~10'® cm™. The work function of InOF measured by ultraviolet photoelectron spectroscopy is
~3.5 eV and is smaller by ~1.5 eV than that of In,O;. This difference comes from a decrease in the electron affinity.

B INTRODUCTION

Optical and electrical materials that are transparent to
ultraviolet (UV) light have attracted attention because of the
recent development of UV lasers and light-emitting diodes and
their increased use in sensing, sanitization, lighting, and
processing. Oxides are an important class of materials for
such applications. However, their band gap energies are often
not large enough to transmit UV light, because of the relatively
high energy of the valence band, which consists mainly of 2p
orbitals of O*” ions. The band gap energies of fluorides are
generally larger than those of oxides containing the same
metallic elements, because the energy of the 2p orbitals of F~
ions is deeper than that of O* ions. Fluorides and oxyfluorides
may therefore be promising as candidates for UV-transparent
electrically conductive ceramics. Doping or treatments of
transparent conductive oxides with fluorine are also useful in
increasing the carrier concentrations, decreasing the refractive
indices, and modifying the work functions, which is a key
parameter to device applications.

Indium oxide and its derivatives are the most important
conductive oxides transparent to visible light, and their UV
transparency may be improved by the incorporation of fluorine.
Fluorine doping of amorphous In,O; has been examined, and a
small increase in the band gap energy was observed, along with
an increase in the carrier concentration and a decrease in the
refractive index.' InOF is a crystalline compound known in the
In—O~—F ternary system.” > It is an anion-ordered oxyfluoride
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belonging to the orthorhombic crystal system (space group no.
70, Fddd) and consists of distorted InO,F, octahedra bridged
by the O—O edges and the corner F atoms.” InOF is prepared
by the fluorination of InOI or InOCL* The crystal structure and
electrical properties of InOF have been studied using single
crystalline samples synthesized by direct reaction between InF,
and In,O; in an evacuated Pt tube or a high-pressure cell
between 800 °C and 1000 °C.** The resultant single crystalline
samples exhibit a metallic conductivity of ~10*> S cm™.*
Another method of forming InOF is the pyrolysis of InF;-3H,0
at ambient pressure.’ In contrast to anhydrous InFs, which is
highly hygroscopic, InF;-3H,O is stable and suitable as a
starting material. However, its simple pyrolysis in air is
accompanied by the formation of impurity phases, including
In,O,, and it does not give single-phase InOF.> Because of
these synthetic difficulties, InOF has received little attention,
and the optical and electrical properties are largely unknown.
In this paper, we report the synthesis of single-phase InOF at
ambient pressure by pyrolysis of InF;-3H,0 in a controlled
atmosphere and the optical and electrical properties including
the electronic band structure. It turns out that the electrical
conductivity of InOF can be varied from a substantially
nonconductive state to a good conductive state. The work
function of InOF is smaller by ~1.5 eV than that of In,O;. This
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Figure 1. XRD patterns of powdered samples prepared by pyrolysis of 0.5 g of InF;-3H,0 at various temperatures with (a) dry N, or (b) dry O,
purging prior to heating, and (c) a flow of dry O, during heating. Diffraction peaks from InOF are not marked. (d) XRD pattern and Rietveld
analysis of a powdered sample prepared from 3.0 g of InF;-3H,0 with a flow of humidified (wet) O, below ~300 °C and dry O, above the

temperature.

finding is explained by a high energy shift of the conduction
band minimum arising from fewer nearest In—In neighbors and
the resultant narrowing of the conduction band.

B EXPERIMENTAL PROCEDURES

Polycrystalline samples of InOF were synthesized by the thermal
decomposition of InF;:3H,0 (Kojundo Chemical Laboratory) in a
tube furnace (1000 mm X 42 mm ¢ in volume, with a soaking zone
length of ~50 mm). Sn-added samples were prepared by mixing InF;-
3H,0 and (NH,),SnF, (Aldrich) at an In:Sn atomic ratio of 0.95:0.05.
The precursor was heated at 200 °C h™" and maintained for 0.5 h at
the target temperature, unless otherwise stated. The resultant powder
was then pressed at SO MPa and sintered for 2 h at the target
temperature after heating at 200 °C h™" with flowing N, O,, or H, at
20 mL min™' throughout the heating program. The samples were
characterized using X-ray diffraction (XRD, RINT Ultima II, Rigaku),
and the structure parameters were refined by the Rietveld method
using RIETAN-FP.° Infrared (IR) absorption spectra of powdered
samples were measured using a Fourier transform IR spectrometer
(FT/IR-6300, JASCO) and the KBr pellet method. Diffuse reflectance
spectra were measured using a conventional spectrometer (U-4100,
Hitachi). The electrical transport properties were evaluated by Hall
effect measurements using the van der Pauw configuration under ac
modulation of a magnetic field (model RESISTEST 8300, Toyo). X-
ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS) measurements were performed using a hemi-
spherical analyzer (Omicron) with nonmonochromatic UV (He I line,
hv =212 eV, AE = 0.1 eV) and X-ray (Al Ka line, hv = 1486.6 eV, AE
= 1.0 eV) sources, respectively. Samples were placed in an ultrahigh
vacuum apparatus with a base pressure of 2 X 107 Pa and cleaned by
1 keV Ar" jon sputtering. The energy scale of XPS spectra was
calibrated to the Au *f,/, peak at 84.0 eV. The electronic structure was
calculated via the full-potential linearized augmented plane wave/
augmented plane wave + local orbitals (LAPW/APW+lo) method
using WIEN2k with PBE96 GGA functionals.” The cutoff energy for
the plane wave was 167 eV.
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B RESULTS

Synthesis of Single-Phase InOF. The pyrolysis of InFj-
3H,0 was examined under various conditions. Figures lab
shows XRD patterns of powdered samples synthesized by
pyrolyzing 0.5 g of InF;-3H,O after purging the furnace with
dry N, or O,, without a gas flow during the heat treatment
(“purge” experiment). Single-phase InOF was obtained at
temperatures between 420 °C and 440 °C in N,, and between
360 °C and 440 °C in O,. In both cases, In,O; was formed at
or above 460 °C. In contrast, single-phase InOF was obtained
at much lower temperatures in O, than in N,. The main
impurity phases remaining below the threshold temperature
were ar-InF3,8 ﬂ-InF3,9 InF3-3H20,10 and an unidentified phase,
X. An increase in the initial amount of InF;-3H,0 slowed the
oxidation of the fluorides at lower temperatures and narrowed
the temperature range for the formation of single-phase InOF.
In the O, purge experiment, the low-temperature threshold for
the formation of single-phase InOF from 1.0 g of InF;-3H,0
was 440 °C. The main impurity phase remaining below the
temperature was a-InF;.

Figure 1c shows XRD patterns of samples synthesized with
dry O, flowing at 100 mL min~" during the pyrolysis of 0.5 g of
InF;-3H,0. The gas flow raised the temperature of formation
of In,0;. However, the low-temperature threshold for the
disappearance of impurity phases was raised, along with the
appearance of another unknown phase, Y, making it difficult to
obtain single-phase InOF.

The pyrolysis was also conducted with dry O, flowing at 100
mL min~' with humidification below ~300 °C, by simply
bubbling O, through distilled water at room temperature. This
procedure was found to be effective in increasing the amount of
InOF obtained. Figure 1d shows the XRD pattern and Rietveld
analysis of the sample prepared by pyrolyzing 3.0 g of InF;
3H,0 for 2 h at 440 °C. The good agreement between the
observed and simulated patterns confirmed the formation of
single-phase InOF. The refined structure parameters, listed in
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Table 1, also agree well with those determined by single-crystal
XRD analysis.” The resultant InOF powder was stable in an

Table 1. Results of Rietveld Analysis of XRD Pattern Shown
in Figure 1d

atom  site  occup. x y % U (A%
In 16f 1 0.32602(7) 1/8 1/8 0.0040(2)
(¢} 16g 1 1/8 0.2612(5) 1/8 0.008(14)
F 16d 1 1/2 1/2 1/2 0.018(15)

“R-values: R, = 12.28%, R; = 1.63%, Rp = 1.15%, S = 1.20. Phase:
InOF. Space group Fddd (no. 70), Z = 16. Lattice parameters: a =
8.347(17) A, b = 10.177(2) A, ¢ = 7.031(15) A.

ambient atmosphere and in toluene but decomposed in water
within a few hours.

An Sn-added InOF powdered sample was prepared by
pyrolyzing 1.0 g of InF;-3H,0 containing (NH,),SnF, for 2 h
at 440 °C under an N,-purged condition. The XRD pattern
(not shown) was essentially identical to that of single-phase
InOF. The lattice parameters were a = 8.345(3) A, b =
10.178(3) A, and ¢ = 7.032(2) A and were similar to those of
undoped InOF (Table 1). Thus, the substitution of Sn into the
lattice of InOF was not obvious.

Observations of Intermediate Phases. To examine the
details of the conversion of InF;-3H,O into InOF, the
crystalline phases formed during pyrolysis were investigated.
Figure 2a shows XRD patterns of samples treated at 200 °C
and 300 °C in O, or N, purge experiments and at 320 °C in O,
flow experiments. The samples subjected to the O, flow
experiments were not retained at the target temperature. In all
samples, B-InF; was observed as the main crystalline phase. The
presence of InF;-3H,0 and the unknown phase X was also
confirmed. In addition, a crystalline phase, which can be
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Figure 2. (a) XRD patterns of powdered samples prepared by
pyrolysis of 0.5 g of InF;-3H,0 at 200 °C or 300 °C with dry N, or O,
purging prior to heating, and those obtained at 320 °C with a flow of
dry or wet O, at 100 mL min~' without retention at the target
temperature. Diffraction peaks from f-InF; are not marked. (b)
Rietveld analysis of the sample obtained at 320 °C with a wet O, flow.

indexed to a-InF; with lattice parameters slightly different from
the normal values, was found. The amounts of InF;-3H,0 and
the unknown phase X were smallest in the sample treated at
320 °C in the wet O, flow experiment, and the Rietveld analysis
results are shown in Figure 2b. A two-phase model of S-InF;
and a-InF; gave a good fit, and the refined structure parameters
are listed in Table 2.

Figure 3 shows XRD patterns of a-InF; formed under
various atmospheres, and Table 3 lists the lattice parameters
evaluated from the Rietveld analyses of these patterns. The
lattice parameters of a-InF; in the samples synthesized with dry
N, or O, flow were relatively close to those of the normal
values for a-InF;. In contrast, the lattice parameters of @-InF; in
other samples were significantly different from the normal
values, and the largest deviations were observed for a-InF;
treated in wet atmospheres. Furthermore, the deviations were
larger for a-InF; treated in O, than those treated in N,.

Table 3 also lists the mass fractions of crystalline phases
observed in the samples. Crystalline phases mainly observed
after pyrolysis in wet atmospheres at 340 °C were a-InF; and f-
InF;. At higher temperatures and in less humid atmospheres, f-
InF; was mostly decomposed. In contrast, a-InF; was more
stable and detectable even in samples prepared at 420 °C.

Optical and Electrical Properties of InOF. Figure 4
shows IR absorption spectra of single-phase InOF powder
shown in Figure 1d measured using the KBr pellet method.
Absorption bands observed at ~3400 cm™ (O—H stretching
mode) and ~1650 cm™ (H—O—H bending mode of H,0)
were similar to those of liquid H,O."" A vacuum drying of the
pellet for 3 h at 180 °C decreased the intensity of these peaks.
These observations suggest that a large part of the IR
absorption originates from H,0O molecules adsorbed on the
surface of InOF powder. The pyrolysis in a wet atmosphere is
probably the major source of the adsorbed H,O molecules. The
shoulder at ~3200 cm™!, which became observable after the
vacuum drying, is attributable to OH groups, most likely InOH
groups at the surfaces. The amount of OH-related species,
estimated on the assumption that the integrated molar
absorption coeflicient is equal to that of liquid H,O and
expressed as the H,O to InOF molar ratio, was ~0.11 and
~0.05 for before and after the vacuum drying, respectively.

Single-phase InOF powder shown in Figure 1d was used to
prepare InOF pellets. In N, or O,, single-phase InOF pellets
were obtained by sintering the powder at 360 °C. In H,, single-
phase InOF pellets were prepared at 320 °C, because In,O; was
formed at higher temperatures. However, the sintering of InOF
powder containing a small amount (~$ at. % In) of a-InF; at
360 °C in H, or N, yielded single-phase InOF pellets. Such
fluorine-excess precursor powder can be prepared by an
incomplete oxidation, e.g, pyrolysis of InF;-3H,O at ~420
°C with flowing dry N, or O, (Figure 3). The relative density
of these pellets was low (~50—60%), because of the low
sintering temperature.

Figure 5 shows diffuse reflectance spectra recorded with
single-phase InOF precursor powder and crushed pellets
derived by sintering the precursor powder in N,, O,, or H,.
The spectrum for crushed Sn-added pellet is also shown. The
spectra are plotted in Kubelka—Munk units @/S = (1 — R)?/
(2R), where «a is the absorption coefficient, S is the scattering
factor, and R is the observed reflectance. The (ahv/S)* vs hv
plot of the precursor powder is shown in the inset. For
comparison, the diffuse reflectance spectrum and (ahv/S)*> vs
hv plot of powdered In,Os, which is considered to be a direct
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Table 2. Results of Rietveld Analysis of XRD Pattern Shown in Figure 2b“

atom

site

occup.

Phase 1:” f-InF;-0.33H,0, 68.0 wt %

X

In 4b 1 0

In 8d 1 1/4

F 8f 1 0

F 16h 1 0.319(14)
F 4c 1 0

F 8g 1 0.199(3)
O 4c 1 0

Phase 2:° a-InF;, 32.0 wt %

In 6b 1 0

F 18e 1 0.626(17)

¥ z U (A%
1/2 0 0.0079(19)
1/4 0 0.0079(19)
0.173(12) 0.568(2) 0.032(11)
0.0967(8) 0.957(16) 0.032(11)
0.537(18) 1/4 0.032(11)
0.219(12) 1/4 0.032(11)
—0.032(2) 1/4 0.09(13)
0 0 0.0079(19)
0 1/4 0.032(11)

“R-values: R, =9.16%, S = 1.34. Phase 1: R; = 1.71%, Ry = 0.82%. Phase 2: R; = 1.30%, Ry = 0.81%. bSpace group Cmcm (no. 63), Z = 12. Lattice
parameters: a = 7.890(S) A b=13467(9) A, c =7.943(5) A. “Space group R3¢ (no. 167), Z = 6. Lattice parameters: a = 5.297(5) A, ¢ =14.53(10)
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Figure 3. XRD patterns of samples obtained under various conditions.
Small green bars indicate the positions of diffractions from a@-InF; in
each pattern, evaluated by Rietveld analyses. Simulated pattern of
“normal” @-InF; (ref 9) is also shown, and the position of the 012
diffraction is denoted by a dotted line. The target temperature was 420
°C for the experiments with dry O, or N, flow, and 340 °C for other
experiments. The gas flow rate for the N, or O, flow experiments was
100 mL min™".

forbidden band gap material,'>"? are also shown. The band gap
energy (Eg) of In,O; evaluated from the inset of Figure 5 was
~2.7 eV, showing relatively good agreement with the values
reported in the literature (2.9—3.0 eV).'>'® In contrast, InOF is
most likely a direct band gap material with an E; of ~3.7 eV.
The E; value was not dependent on the atmosphere used for
the sintering. However, optical absorption bands, probably
attributed to lattice defects in InOF, were observed in crushed
pellets from infrared to UV spectral range. The infrared
absorption in the sample sintered in H, and the Sn-added
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Figure 4. IR absorption spectra of single-phase InOF powder
dispersed in a KBr pellet, measured before and after vacuum drying
for 3 h at 180 °C. Absorption spectrum of liquid H,O, taken from ref
11, is also shown.

sample was much stronger than that in the samples sintered in
N, or O,.

Figure 6a,b shows the electrical transport properties of InOF
pellets sintered in O,, N,, or H, and Sn-added InOF pellet. At
room temperature, the conductivities of the samples sintered in
0, and N, were ~8.7 X 10™® and ~2.1 X 1077 S cm™,
respectively. The conductivity of the Sn-added sample was low;
it was ~1.5 X 1077 S cm™" and was comparable to those of the
samples sintered in O, or N,. Addition of a-InF; in the
precursor powder decreased the electrical conductivity of
samples sintered in N, (~2.1 X 107® S cm™). In contrast,
sintering in H, distinctively increased the conductivity. The
Hall coeflicient was negative, indicating that electrons are the
charge carriers. The highest conductivity (~2.2 S cm™" at room
temperature) was recorded for the sample prepared from InOF

Table 3. Lattice Parameters of a-InF; and Mass Fractions of Crystalline Phases Observed in Samples Shown in Figure 3¢

lattice parameters (A)

sample a c
ref 9 5.4103(7) 14.3775(2)
dry N, flow, 420 °C 5.433(7) 14.30(15)
dry O, flow, 420 °C 5.388(9) 14.37(18)
dry N, purge, 340 °C 5.367(4) 14.403(9)
dry O, purge, 340 °C 5.351(5) 14.451(9)
wet N, flow, 340 °C 5.318(8) 14.54(16)
wet O, flow, 340 °C 5.303(8) 14.54(17)

mass fractions

cell volume (A%) a-InF, p-InF, InOF
364.47(7)
365.6(8) 0.090 0.013 0.897
361.2(9) 0.048 0.019 0.933
359.3(5) 0.269 0.059 0.672
358.3(5) 0.152 0.040 0.808
356.0(8) 0.243 0.544 0213
354.1(9) 0.256 0.673 0.071

“Minor phases other than a-InF;, f-InF;, and InOF were neglected for the calculation of the mass fractions.
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Figure 6. (a) Arrhenius plot of electrical conductivities of InOF pellets
sintered in N,, O,, or H,, and an Sn-added InOF pellet sintered in N,.
The InOF pellets were prepared both from single-phase InOF powder
and from InOF powder containing a-InF;. (b) Arrhenius plot of
carrier concentrations and Hall mobilities of InOF pellets obtained by
H, sintering of single-phase InOF powder (pink diamonds) and InOF
powder containing a-InF; (red circles).

powder containing @-InF;. The conductivity of this sample was
nearly constant at or below room temperature, and the
activation energy was ~2 meV. The carrier concentration and
Hall mobility of the sample were ~2 X 10'® cm™ and ~5 cm®
V! 57!, respectively, and were also independent of temper-
ature. The conductivity of the sample prepared by sintering
single-phase InOF powder in H, was smaller by ~1 order of
magnitude at room temperature, and the activation energy was
larger (~24 meV). This smaller conductivity was attributed
mainly to the smaller carrier concentration (~2 X 10'7 cm™) in
the sample.

Figure 7 shows the calculated energy band structures of
InOF and In,0;. The conduction-band minimum (CBM) and
valence-band maximum (VBM) are both located at the I point,
indicating that InOF is a direct band gap material. The
calculated E, values are ~1.60 eV for InOF and ~1.17 eV for
In,0;, and the ratio of these values (~1.37) agrees well with
the ratio (~1.37) determined by optical absorption measure-
ments, shown in Figure 5. The effective masses of electrons in
InOF calculated from the curvatures of the CBM state along
the [100], [010], and [001] directions are ~0.49m, ~0.50m,
and ~0.47m, respectively, where m is the electron rest mass,
indicating a nearly isotropic dispersion of the CBM state. These
values are larger than that calculated along the [100] direction
of the CBM state of In,O; (~0.36m). Figure 8a shows the
density of states (DOS) of InOF and In,0; In both
compounds, the CBM states consist mainly of In Ss orbitals,
and the VBM states are dominated by O 2p orbitals. The F 2p
orbitals are located at a lower energy than the O 2p orbitals.
Figure 8b shows the logalithmic plots of partial DOS of In s
orbitals of InOF and In,0;, indicating that the width of the
conduction band of InOF is narrower than that of In,0O;.

Figure 9 shows XPS spectra of InOF and In,O3. The InOF
sample used for the XPS and UPS measurements was a pellet
prepared by sintering single-phase InOF powder in H,. The
In,O; sample was a pellet sintered in air for 2 h at 900 °C, and
the electrical conductivity and the carrier concentration (~1 X
107" S ecm™ and ~4 X 10' cm™ respectively) were
comparable to those of the InOF sample. As shown in the
inset of Figure 9a, the binding energy of the VB edge of InOF
was smaller by ~0.9 eV than that of In,O;. The peak position of
the In 3d;,, levels of In,O; (~444.7 eV), shown in Figure 9b,
agreed well with the literature values (444.5—445.2 eViTIo),
The In 3d;/, level was at ~445.6 eV in InOF. The peak
separation (~0.9 eV) was nearly half that of the separation of
the In 3ds), levels between In,O; and InF; (~1.5 eV'*). Similar
peak shifts were observed for all peaks of the In 4d, In 3d, and
In 3p levels. The O 1s level of In,O; shown in Figure 9c,
consisted of a peak at ~530.2 eV and a shoulder at the higher
energy side, attributable to bulk 0% jons and O* ions
associated with defect sites or OH groups, respectively.'>'” The
O 1s level of InOF also consisted of a peak at ~531.0 eV and a
shoulder at the higher energy side. This shoulder probably
originates from surface OH-related species associated with
fluorine.'®' The O 2s levels of these compounds, which are
expected to be located at ~20 eV, could not be resolved,
probably because of interference from the intense In 4d peaks.
Figure 9d shows spectra around F 1s peak. The peak position of
F Is peak in InOF was ~685.3 eV.

Figure 10 shows the results of the UPS measurements. The
signals arising from the electrons at the Fermi level were
undetectable, because of the low carrier concentrations in these
samples. The VBM energy with respect to the secondary
electron cutoff (Eygy) was ~14.0 eV for InOF and ~13.3 eV
for In,O;. The separation between the vacuum level and VBM,
defined by hv(He I) — Eypy, was ~7.2 eV for InOF and ~7.9
eV for In,O;. Figure 11 shows a schematic energy-level diagram
of InOF and In,O; drawn using these data. The CBM positions
were determined using the E, values evaluated in Figure S.

B DISCUSSION

The overall reaction of the formation of InOF by pyrolysis of
InF;-3H,0 may be described as
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InF;-3H,0 — InOF + 3/2H,0 + 3HF (1)

This reaction generates water as a byproduct. However,
InOF is reported to be unstable in a wet atmosphere above 320
°C.* Indeed, InOF obtained in this study was rapidly
decomposed in water. Such instability of InOF toward water
makes it difficult to synthesize InOF using this process.

Figures 1a,b shows the results of the pyrolysis of InF;-3H,0
without a gas flow, where the generated water vapor remains in
the tube furnace. In these experiments, the decomposition of
InOF by water vapor,

2InOF + H,0 — In,O; + 2HF )

probably determines the InOF stability. This mechanism
reasonably explains the observations that the lowest temper-
ature for the formation of In,0; (~460 °C) is independent of
the type of purged gas (N, or O,) (Figure lab), whereas it
increases when the humidity is lowered by continuous gas flow
during the pyrolysis (Figure 1c).

The formation mechanism of InOF is more complicated. As
shown in Figure 1d, the best way to obtain a large amount of
single-phase InOF is to pyrolyze InF;-3H,0 with a wet O, flow
below ~300 °C and with a dry O, flow above the temperature.
It appears from Figure 2a that water vapor enhances
decomposition of the unknown phase X and InF;-3H,0,
although the reason and mechanisms remain unclear. Phase X is
probably a new hydrate of InF;, because a-InF; hydrated at
room temperature has been reported to give a similar XRD
pattern.”® However, it was not possible to associate this pattern
(PDF 46-0214) with a single phase, and the pattern most likely
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contains diffraction peaks from InF;-3H,0, which may be
formed by further hydration of phase X. The details of the
unknown phase Y, which appears as a minor impurity phase at
this temperature range in the O,-treated samples, remain
unclear.

The main products of the wet O, pyrolysis of InF;-3H,0 at
~300 °C are f-InF; and a variant of a-InF; (Figure 2b). -InF,
is a metastable phase, isostructural with several fluorides of
trivalent cations, including fB-AlF;, -GaF;, and f-FeF,.” “y-
InF;” reported in ref 21 (PDF 27-1160) is probably a wrong
assignment of f-InF;. This structure is similar to the hexagonal
tungsten—bronze structure and has one-dimensional channels
along the c-axis. The channels in f-FeF; incorporate H,O
molecules up to the composition f-FeF;-0.33H,0. However,
the atomic positions of S-InF; have not yet been reported.
Table 2 lists the structural parameters tentatively determined
from the Rietveld analysis shown in Figure 2b; the data suggest
the presence of H,O in the channels of f-InF;. The fit is worse
in the H,O-free model. These observations imply that H,O
molecules act as templates for the formation of metastable
hydrated p-InF;. Figure 3 and Table 3 suggest that S-InF;
becomes unstable at higher temperatures and in less humid
atmospheres and is decomposed into a-InF; and InOF.

The data in Table 3 show that the lattice parameters of a-
InF; change continuously with the changing atmosphere during
the pyrolysis, suggesting a tendency of a-InF; to form solid
solutions or nonstoichiometric phases. Anion vacancies can be
formed by simple fluorine loss (a-InF,_,) or anion exchange
between F~ and O~ ions (a-InF;_,,0,). The anion vacancies
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levels. Arrows in panel d indicate In 3d ghost peaks induced by
excitation with Mg Ka line (hv = 1253.6 V).

usually create midgap states, which induce additional
absorption bands within the band gap. However, the samples
listed in Table 3 are colorless, despite the large variations in the
lattice parameters. Furthermore, the lattice parameters of a-
InF; in the sample treated under a dry O, flow are relatively
close to the normal values. The observed changes in the lattice
parameters are therefore unlikely to result from anion
vacancies. The variations in the lattice parameters are larger
for the purge experiments than for the dry-gas-flow experi-
ments, and the variations are largest for the samples formed
under the most water-rich conditions (wet O, or N, flow).
From these observations, we suggest that the changes in the
lattice parameters of a-InF; are the result of the formation of
hydrated forms of a-InF;, namely, a-InF;_,(OH),. The greater
changes in the lattice parameters in O, than in N, imply the
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Figure 10. UPS spectra of InOF and In,O; plotted with respect to the
secondary electron cutoff. The spectra near the valence-band edge
were measured without applying a bias voltage. The spectra for the
secondary electron peaks are corrected for bias voltages.

Y E\'QC.
35eV| |7.2eV 5.2eV| |7.9ev
(UPS) (UPS)
CBM
3.7eV e CBM
OA e
( ) R 4 {OA)
VEM '— VBM
InOF In,0,

Figure 11. Schematic energy-level diagram of InOF and In,0;,
determined from the optical absorption measurements shown in
Figure S and UPS measurements shown in Figure 10.

presence of cooperative effects between H,O and O,, e.g,, an
enhancement of uptake of OH groups by an acceleration of
fluorine loss in O,.

Both of the hydrated forms of a-InF; and f-InF; are
considered to be direct precursors of InOF, and the conversion
reaction proceeds above ~340 °C. Water molecules and OH
groups in these fluorides probably act as oxygen sources to
facilitate the formation of InOF. The conversion is easier in O,
than in N, (Figures lab), indicating the participation of
ambient O, in the oxidation of the fluorides to InOF in an O,
atmosphere.

Recently, cation—anion bond ionicity of oxyfluorides
including K;WO;F;,** CsMnMoO;F;,>> and Rb,KTiOF;**
has been evaluated by XPS. The binding energy (BE) difference
of core levels of constituent elements has been taken as the
parameter related to the bond ionicity, where the lower BE
difference indicates higher ionicity. BE(O 1s) — BE(In 3ds/,)
evaluated from Figure 9 is ~85.4 eV for InOF and ~85.5 eV for
In,0;. Thus, the ionicity of In—O bonds in InOF is slightly
higher than those in In,O;. BE(F 1s)—BE(In 3ds/,) of InOF
evaluated from Figure 9 is ~239.7 eV. This value is most likely
located at ~239 eV for InF,,> suggesting a lower ionicity of
In—F bonds in InOF than those in InF;. These ionicity
variation trends are the same as that in the complex
oxyfluorides mentioned above.”>~**

Figure 6a shows that sintering in an H, atmosphere
distinctively increases the electrical conductivity of InOF. We
suggest that the conduction electrons originate from fluorine
vacancies, because a strong H, reduction forms In,O; The
preferential loss of fluorine results from the smaller
coordination number of fluorine (2) than that of oxygen (4).
a-InF; remaining in the precursor powder does not participate
in the carrier generation by the substitution of fluorine into
oxygen sites of InOF because it decreases the electrical
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conductivity of samples sintered in N, (Figure 6a). Thus, the
anion substitution is not easy, and the probable role of a-InFj is
to suppresses inhomogeneous oxidation from the particle
surfaces and to form fluorine vacancies uniformly over samples
at higher concentrations. However, the carrier concentrations
of these samples (~10'7—10" cm™) are much smaller than the
concentration of anion sites in InOF, suggesting that the
stability of InOF is low against the formation of fluorine
vacancies. These interpretations are consistent with the
observations that the lattice parameters of InOF are not
influenced by the sintering atmosphere and the incorporation
of a-InF; in the precursor powder.

Figure 6 shows that sintering in H, yields InOF samples with
nearly degenerate electrical conduction, although the carrier
concentration is as small as ~10'® cm™. Thus, the donor level
of the sample is expected to be very shallow. Similar degenerate
electrical conduction is also reported for single-crystalline
In,0,* and InGaO,;(ZnO).>’ films at carrier concentrations
larger than ~10'® cm™. It is probably because of the large
effective Bohr radius of electrons in indium- and zinc-based
ceramics (~20—50 A for In,0,>°).

The effective masses of electrons in InOF and In,0;
calculated from Figure 7 (~0.47—0.50m and ~0.36m,
respectively) suggest that the mobility of electrons in InOF is
somewhat smaller than that in In,O;. This difference may result
from the fewer close In neighbors in InOF. Figure 12 shows the

Figure 12. Crystal structures of (a) InOF and (b) In,O; (space group
no. 206, Ia3) drawn with VESTA.3® Red, gray, and pink spheres
denote O, F, and In atoms, respectively. The InO,F, octahedra in
InOF and the InOg octahedra in In,O; are highlighted. The right
panels show the distributions of In atoms and the In—In distances
shorter than 4 A.

crystal structures of InOF and In,0;, and the In—In distances
shorter than 4 A. The radial distributions of In atoms around
each In site in InOF and In,O; are shown in Figure 13. The
number of the In—In distances shorter than 4 A is 9 for InOF
and 12 for In,05, and the number of the shortest In—In bonds
in InOF (3) is smaller than that in In,0; (6).

The number of close In neighbors is fewer in InOF, because
the number of In atoms around an F atom (2) is fewer than
that around an O atom (4), both in InOF and In,O;. As a
consequence, one-dimensional cavities are formed in the In—In
network through the positions of F atoms, along the [110] and

S

In;0; Int
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M T ‘ N
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Figure 13. Radial distributions of In atoms around each In site in
InOF and In,0;. For In,0;, In atoms located at the 8b and 24d sites
are denoted by Inl and In2, respectively.

[110] directions of InOF (Figure 12). Because of the cavity
presence, the In—In network in InOF is uneven. However, this
uneven In—In network makes it possible to maintain a good
connectivity between the In atoms, while compensating for the
smaller concentration of In atoms in InOF (2.67 X 10 cm™)
compared with that in In,O; (3.09 X 10> cm™). Indeed, the
shortest In—In distances (~3.35 A) are nearly the same in these
compounds.

The Hall mobility of electrons in In,O; is ~100—200 cm®
V™! 57! for single crystals’****® ~10-40 cm® V7! s7! for
polycrystalline samples,***" and ~14 cm®* V™' s7' for the
polycrystalline In,O; pellet prepared in this study (relative
density, ~64%). Thus, the intrinsic electron mobility in InOF
would be much larger than the value observed in this study (~5
cm? V' s7'). The small mobility is attributable to the
polycrystalline nature and the small relative density (~50—
60%).

Figure 6 indicates that the donor level of the InOF samples
sintered in H, is very shallow, and thus the Fermi level of this
sample is almost identical to the CBM energy. The Fermi level
of the In,O5 sample is also expected to be located closely to
CBM. The work function of In,0; evaluated on the bases of
the assumptions and Figure 11 is ~5.2 eV and is consistent with
the literature values.*”*> The work function of InOF derived in
a similar manner is ~3.5 eV, smaller by ~1.5 eV than that of
In,O;. Such a decrease in the work function as a result of
fluorination is opposite to the changes observed in indium tin
oxide (ITO) films subjected to plasma treatments with
fluorinated gases.”** A recent report shows that surface
chlorination also increases the work function of ITO; this is
attributable to the formation of surface In—Cl bonds, which
induce dipoles across the surface and change the electrostatic
potential just outside the surface.’® In contrast, the small work
function of InOF compared with that of In,O; should be a bulk
phenomenon, implying different roles of fluorine in the bulk
and at the surface of indium-based oxides.

The small work function of InOF is explained by the fewer
close In neighbors in InOF. It probably narrows the conduction
band, which consists mainly of In Ss orbitals (Figure 8b) and
shifts the CBM upward. The control of the topology of the
conduction path, typically shown in Figure 12, can be an
interesting approach in modifying the electronic structure of
transparent conductive ceramics.

B CONCLUSIONS

We developed a reliable procedure for the synthesis of single-
phase InOF powder under ambient pressure, by controlling the
atmosphere and moisture during pyrolysis of InF;-3H,0. The
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main intermediate phases generated during the pyrolysis are
hydrated forms of a- and S-InF;, and their self-decomposition
as well as additional oxidation with ambient oxygen and water
molecules play a key role in the formation of InOF.
Observations indicate that InOF is an ultraviolet-transparent
direct band gap material with a band gap energy of ~3.7 V. In
comparison with In,O3, the conductivity of InOF pellets can be
controlled more widely, over ~8 orders of magnitude, by
changing the sintering atmosphere. Sintering in H, yields
samples with nearly degenerate n-type conductivity of ~2 S
cm™'. However, neither Sn nor excess fluorine incorporations
are effective in increasing the electrical conductivity. The
energy of the conduction band minimum with respect to the
vacuum level is higher by ~1.5 eV in InOF than in In,0;,
resulting in a strikingly small work function of InOF (~3.5 eV)
as compared with that of In,0; (~5 eV).
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