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The development of p-type oxide semiconductors has shown promise in overcoming limitations
restricting the practical usage of oxide semiconductors and the realization of innovative functional
devices. Through numerous studies based on both experimental and theoretical approaches, several
state-of-the-art p-type oxide semiconductors have been discovered. However, one of the challenges
concerning these p-type oxide semiconductors is on tuning the hole carrier density. In this study,
precise tuning of the hole carrier density in a-SnWO, based on thermodynamic condition control was
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demonstrated. A detailed investigation of the crystal structure via X-ray diffraction, extended X-ray
absorption fine structures, and density functional theory calculations revealed the role of oxygen
DOI: 10.1039/d2ma00815g defects, such as oxygen vacancies and interstitials, in tuning the hole carrier density. This study shows

the importance of fine-tuning of oxygen defects based on thermodynamic condition control for the
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Introduction

Wide-bandgap oxide semiconductors, such as ZnO, In,03, and
Ga,03, are promising materials for the development of innova-
tive (opto-)electronic devices based on their transparency and
high breakdown voltage." However, because of the character-
istic electronic configurations of their valence bands, these
wide-bandgap oxide semiconductors are mostly of the
n-carrier type, and consequently, the potential of these semi-
conductors for practical application is presently limited. One of
the strategies to overcome this limitation is the development of
p-type oxide semiconductors via the modulation of the valence
band.>”®
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emergence and improvement of p-type semiconducting properties in Sn®*-based oxides.

Based on an analogy with the amorphous n-type oxide
semiconductors InGaZnO, and Sn-doped In,03, oxide semicon-
ductors with ns® (n > 5) orbitals in their valence band maxima
(VBM) are expected to have small effective masses for holes
because of the dispersive band edges and high tolerance
features for structural disordering arising from their spatially
spreading orbitals.””® Indeed, SnO films with VBMs comprising
the Sn 5s orbital exhibit negligible differences in hole mobility
between epitaxially grown and polycrystalline structures. How-
ever, the growth conditions required to obtain the highest
mobility of 18-20 cm® V™' s~ * for SnO are considerably limited
because of its chemical instability.** "

Recently, several p-type oxide semiconductors with ns> orbitals
have been developed based on predictions through theoretical
approaches.””™” These state-of-the-art p-type oxide semiconduc-
tors can be categorized into two groups: one is for Sn>"-based
oxide semiconductors, such as pyrochlore-type Sn,TM,0,
(TM = Nb or Ta)” and layered-structure SnNb,O, and
2-SnWO,;'*** and the other is for Bi**-based oxide semiconduc-
tors, such as perovskite-type BaBiOs;,'® double-perovskite-type
Ba,BiTMOg,'>*® and pyrochlore-type Bi,Sn,0,."” Of the two,
Sn*"-based oxide semiconductors are less chemically stable than
Bi**-based ones because of their metastable Sn** states. However,
this disadvantage is expected to be overcome via the selection of
an appropriate crystal structure based on phase stability.'® On the
other hand, the hole carrier densities of Sn**-based oxide semi-
conductors (10"7-10" cm™?) are several orders of magnitude
greater than those of Bi*"-based ones (10"*~10"* ecm?)."*™"” Such
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characteristics of Sn*"-based oxide semiconductors in terms of
carrier density are useful for designing electronic devices with
high conductivities.

In this regard, precise tuning of the carrier densities of Sn*'-
based p-type oxide semiconductors is highly necessary. How-
ever, intentional control over the hole carrier density remains a
challenging undertaking.'”'°~** Especially, Sn>*-based oxides
in the thin-film form still show the insulating properties.'®
This is likely because oxygen vacancies form spontaneously to
compensate for the positive charge.'®?*** For example, in
a-SnWO,, the net hole carrier density is determined by a
balance between the following defect formations, as shown by
this Kroger-Vink notation:

Sn(I)gy ) + 02 = Vi) + Sn(IV)y + 204 +4h* 1)

205 = 2Vy + 07 1 (gas) + 4¢’ 2

where Sn(Il)g, ;) and Og are Sn*" at the original Sn site and
0’ at the original O site, respectively; and Vg is the oxygen
vacancy. Here, we assume the formation of an additional
sublattice composed of Sn(IV)y, and OfF, as previously
reported.” Sn(IV)y, is the Sn*" substitutional defect at the
W°* site, and Vgaar) corresponds not to the tin vacancy due to
evaporation from the material but to the resultant void due to
the formation of Sn(IV)y,.">** Meanwhile, h* and e’ denote the
holes and electrons, respectively. As a result, the hole carrier
generation efficiencies of Sn**-based oxide semiconductors
from Sn** substitutional defects are tremendously low, as low
as 0.005-1.4%; the efficiencies of layered-structure Sn>*-based
oxide semiconductors are much greater than that of pyrochlore-
type ones."*'*?* This is due to electrostatic interaction between
electron densities at Sn** ions and surrounded O®~ ions.”*
Therefore, the layered-structure Sn>*-based oxide semiconduc-
tors should be promising materials showing high hole carrier
densities.

Here, it can be expected that the net hole carrier density
would increase at oxidizing conditions because the numbers of
holes and electrons are increased and decreased, respectively,
based on eqn (1) and (2), respectively. On the other hand, the
optimum conditions may be limited by the metastable Sn**
valence state and the valence-fluctuating nature of transition
metal ions. Prior to investigating the conditions for emerging
the p-type conductivity of Sn**-based oxide films, it is essential
that precise information on the manipulation of oxygen defects
in those bulk forms with the p-type conductivities."*'® In this
study, we demonstrate that precise control over the O, gas
concentration during the annealing process is effective for
tuning the hole carrier density of -SnWO,. The hole carrier
density increased by two orders of magnitude and achieved a
value close to 10" em ™3, which is comparable with the highest
carrier density of SnO,* at an optimum O, gas concentration.
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Experimental section
Synthesis

Samples of a-SnWO, were synthesized via a solid-state reaction.
Here, SnO (Kojundo Chemical Laboratory; purity 99.5%) and
WO; (Kojundo Chemical Laboratory; purity 99.9%) were mixed
in an agate mortar with ethanol, after which the mixed powders
were dried in air for 24 h and then calcined at 600 °C in a tube
furnace under N, at a flow rate of 150 ml min~"'. At this point,
the synthesis of a-SnWO, samples was completed. After synth-
esis, 2 wt% polyvinyl alcohol aqueous solution was added, and
the mixture was stirred for 15 min, which was followed by
sieving to obtain narrow sieve fractions of <212 um. The
obtained powder was pressed uniaxially at 270 MPa and then
isostatically at 290 MPa to form tablets with a diameter of
12 mm and thickness of 1 mm. The samples were annealed at
650 °C in a tube furnace under an N,/O, gas mixture at a total
flow rate of 50 ml min~". The concentration of O, gas was
controlled to be within the range 0-100 ppm via the ratio of the
flow rates of the N, and O, gases.

Characterization

The chemical compositions of the samples were determined
using a wavelength-dispersive X-ray fluorescence (XRF) spectro-
meter (Rigaku ZSX). Diffuse reflectance spectra were measured
using a double-beam ultraviolet-visible spectrometer with an
integrating sphere (Shimadzu UV-2550) and converted into
absorption spectra using the Kubelka-Munk method. The
carrier types of the a-SnWO, samples were determined based
on the sign of the Hall and Seebeck coefficients (measured
using the Resitest 8310 (Toyo Corp.) and ZEM-3 (ADVANCE
RIKO Inc.) measurement systems, respectively).

The crystal structure and lattice parameters were analyzed
via X-ray diffraction (XRD) using the Bragg-Brentano configu-
ration with Cu Ka radiation (PANalytical, X’Pert Pro MPD) and
synchrotron-based XRD (SR-XRD), which was performed at
beamline BL-8B at the Photon Factory (PF), KEK. The energy
of the incident synchrotron-based X-rays was 18 keV. The
structural parameters were refined via Rietveld analysis using
Z-Rietveld ver. 1.1.11,>>?® and crystal structures were drawn
using VESTA.”” The local crystal structures were investigated
using extended X-ray absorption fine structure (EXAFS) mea-
surements at 40 K. Sn K- and W L;-edge EXAFS measurements
in the transmission mode were acquired at beamline AR-
NW10A*® of the KEK PF Advanced Ring and at BL-9A of the
PF, respectively. The EXAFS spectra were Fourier transformed
using the Hanning window function within a k range of 3-17 A
for both the Sn K- and W Lj-edges. The EXAFS spectra were
processed using Athena.*

Density functional theory (DFT) calculation

DFT calculations for a-SnWO, were conducted using the pro-
jector augmented wave (PAW) method implemented in the
Vienna Ab initio Simulation Package (VASP).>>*" Sn [4d5s5p],
W [5s5p5d6s], and O [2s2p] were included as valence states. The
O vacancy and interstitial defect models (SnWO;,5 and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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SnWO, ,5) were built based on the removal or addition of one O
atom from or to a fully relaxed a-SnWO, unit cell (four Sn
atoms, four W atoms, and 16 O atoms). All variable-cell
structure relaxations were performed using the generalized
gradient approximation (GGA) Perdew-Burke-Ernzerhof
revised for solids (PBEsol) functional®” with a plane wave cut-
off energy of 550 eV and a gamma-centered k-spacing of 0.1 A™*,
The internal atomic coordinates were fully relaxed until the
total energy difference was smaller than 10 ° eV and all the
forces on the atoms became less than 0.01 eV A™".

Results and discussion

XRD measurements were performed to investigate the effect of
annealing on the crystal structures of the a-SnWO, samples.
Fig. 1 shows the XRD 20-0 patterns for the o-SnWO, samples
after annealing at O, gas concentrations of 0-100 ppm. The
observed XRD patterns well describe the single-phase a-SnWOy;
the annealed samples are free from any side effects, such as the
generation of impurity phases or disproportionation to Sn
metal and Sn** compounds. When the O, gas concentration
was 0.4%, the sample was completely decomposed into SnO,
and WO;.

Fig. 2 shows the carrier densities of a-SnWO, samples
annealed at different O, gas concentrations after synthesis.
The Seebeck coefficients were positive for all samples (Fig. S1,
ESIY), indicating a p-carrier type (holes) conduction. From 0 to
30 ppm, the carrier density increased monotonically from
7 x 10" em ™ to 8 x 10" ecm™>. The high carrier densities
have been maintained one year after the initial characteriza-
tion. When the O, gas concentration was >40 ppm, the carrier
density decreased until it was maintained at a final value of
6 x 10" cm >, While the carrier density changed as a function
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Fig. 1 20-0 X-ray diffraction patterns of a-SnWO, samples for different
O, gas concentrations during annealing after synthesis. Triangles and
diamonds in the XRD pattern of 0.4% sample correspond to the decom-
posed WOz and SnO,, respectively.
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Fig. 2 Carrier densities at room temperature of o-SnWO, samples as
function of O, gas concentration. The solid line is guide. Triangles
correspond to the data measured one year after the initial measurements
(circles).

of the O, gas concentration, the optical band gap changed only
negligibly (Fig. S2, ESIT).

The former trend can be explained by the suppression of V¢§
formation; however, the latter cannot be explained by the
expected defect formation (eqn (1) and (2)). To clarify the
mechanism of the carrier density changes, we investigated
the crystal structure change. Plots of the unit-cell volume as a
function of the O, gas concentration during annealing are
shown in Fig. 3. Here, the unit-cell volume was estimated based
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Fig. 3 Plots of unit-cell volume obtained through Rietveld analysis of
20-0 X-ray diffraction patterns of a-SnWO, samples as function of O, gas
concentration. The solid line is guide.
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on the lattice constants of a, b, and ¢ axes obtained through
Rietveld analyses of the XRD 20-0 patterns (Fig. S3, ESIT). As the
0O, gas concentration increased, the unit-cell volume decreased
when the O, gas concentration was <30 ppm, whereas the unit-
cell volume increased when the O, gas concentration was
>40 ppm. This result suggests that the observed trend for
the carrier density (Fig. 2) originates from the unit-cell volume
and associated local structure changes (Fig. 3).

Based on a unitcell volume of 326.46 A’ for the ideal
o-SnWO, obtained via our DFT calculation, the decrease in unit-
cell volume for the samples annealed at O, gas concentrations in
the range 0-30 ppm is most likely explained by the suppression of
Vg formation.*® By contrast, the increase in unit-cell volume at
above 40 ppm cannot be naturally explained by V¢; regeneration at
higher O, gas concentrations. Cation non-stoichiometry in complex
oxides is well known to be a possible cause of lattice expansion;**
however, a nearly stoichiometric Sn/W ratio was confirmed via XRF
measurements for all samples (Fig. S4, ESIt). At this point, what
remains to be analyzed is the possibility of interstitial oxygen defects
(0).* «-SnWO, is composed of an alternating structure of WOy
octahedra and Sn** layers, and thus it is inferred that repulsions
between lone-pair electrons will create a rather large space in the
crystal structure. Therefore, it is expected that O; can be formed
around the Sn®" ions.

Our DFT calculations confirmed these inferences, namely,
on the expansion of the unit-cell volume by V¢ or O; formation.
The ¢-SnWO, contains oxygen ions of two types; four 0>~ ions
(0(1)), each connected to a nearest-neighbor WOy octahedron,
and O°~ ion pairs (O(2)) supporting the Sn>* layer (Fig. 4A).
In the case of p-type a-SnWO,, Vg is preferentially formed at the

View Article Online
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0(2) site.” The unit-cell volume of a-SnWO, with V¢ at the O(2)
site was calculated to be 330.65 A® indicating the expansion of
the unit-cell volume. On the other hand, to determine the effects
of O; formation, the unit-cell volumes were calculated for six
models with different O; site (Fig. 4A-F). The calculated values
of unit-cell volume with respect to O; formation are shown in
Fig. 4G. These six models can be categorized into three groups
based on the following criteria: O; formation on the Sn*" layer (A
and B), O; formation on the WO, octahedral layer (E and F), and
0O; formation between the Sn*>" and WO, octahedral layers (C
and D). Of these, cases A to D exhibited unit-cell volume
expansion. Therefore, a-SnWO, annealed at higher oxygen con-
centrations (e.g., 100 ppm) may have O; around the Sn>" ions.

To obtain further insight into the oxygen defects in the
a-SnWO, samples, EXAFS measurements were performed. Fig. 5A
and B show the representative Fourier-transform (FT) magnitudes of
the EXAFS data for the Sn K- and W L;-edges, respectively. These
spectra exhibit two prominent features at 1.5-1.8 A and 3.2-3.5 A,
caused by single scattering from the O and Sn/W atoms, respec-
tively. Based on an assumption that the Debye-Waller factor of each
atom does not change, the changes in intensity reflect the number
of oxygen atoms. The intensity of the FT corresponding to the
contributions of the nearest-neighbor (NN) Sn-O scattering peak
was nearly unchanged from 0 ppm to 40 (or 50) ppm and clearly
increased when the O, gas concentration was above 50 ppm (see
also Fig. S5, ESIt). By contrast, the intensity of the W-O scattering
peaks was maintained for all samples.

Quantitatively, the carrier density changes (from
7 x 10" ecm™> to 8 x 10" em ™) in the range 0 to 30 ppm
correspond to a change in the concentration of V¢ from
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Fig. 4 (A-F) Candidate structures of interstitial oxygen in a-SnWO, samples for DFT calculations. (G) Calculated unit-cell volume of a-SnWO, with O;

formed at each position.
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0.87 at% to 0.86 at% at a constant concentration of Snyy, of 3.5 at%."
However, in actuality, the changes in the concentration of V¢ should
be less than the estimated values because the increment in the O, gas
concentration will affect not only the amount of V¢ but also that of
Sn}y, as mentioned in the introductory section. In this case, negligible
changes in the intensities of the Sn-O and W-O scattering peaks would
be reasonable. Here, it should be an important fingerprint for the O;
that a clear increment in the intensity was observed only for the Sn-O
scattering peaks, which are composed of Sn-O(2) bonds, at higher O,
gas concentrations. If the amount of oxygen at the O(2) site in o-SnWO,
increases, a similar trend is expected for the intensities of the W-O
scattering peaks because these peaks contain both W-O(1) and W-O(2)
bonds. Therefore, it is possible that the prominent features at ~1.8 A
in the FT magnitude of the EXAFS data for the Sn K-edge (Fig. 5A)
reflect not only Sn-O(2) but also Sn-O;. The calculated distances for
Sn-O; and W-O; strongly depend on the position of O; formation
(Fig. S6, ESIt). Among the calculated structures shown in Fig. 4,
structures A, B, and D can well explain the experimental findings from
the XRD and EXAFS measurements. Of these, the most stable energy
was calculated for structure D. However, the energy differences
between the structures were within 40 meV per atom; thus, structures
A, B, and D might coexist in actual samples.

In general, interstitial oxygen defects in oxides generate hole
carriers. However, first-principles calculations suggest that the
O; in SnO does not contribute to hole/electron conductivity
because there is no defect transition level in the calculated
band gap.*®*” Furthermore, the lone-pair electrons around the
NN Sn ions are absorbed by O;, and consequently, the density of
states around the VBM is drastically decreased.’® This phenom-
enon potentially triggers a decrease in the hole carrier density.

Conclusions

In summary, the dependence of hole carrier density on O, gas
concentration during the annealing of «-ShWO, was

© 2022 The Author(s). Published by the Royal Society of Chemistry

investigated. The objective was to be able to tune these carrier
densities via adjustments to the O, gas concentration. It was
observed that the hole carrier density increased by two orders of
magnitude and achieved a value close to 10" cm™® at an
optimum O, gas concentration. At O, gas concentrations higher
than the optimum, the hole carrier density decreased and
became finally saturated at approximately mid-10'” cm ™3, Both
experimental and theoretical approaches showed that the first
increment in the hole carrier density was well explained by the
suppression of oxygen vacancy formation, whereas the subse-
quent decrease in hole carrier density could be due to the
formation of interstitial oxygen. This study confirms the neces-
sity of fine-tuning thermodynamic conditions to improve the
semiconducting properties of Sn**-based p-type oxides.
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