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ABSTRACT: Transparent conducting oxides have become ubiquitous in ¢, .0 overlap

modern optoelectronics. However, the number of oxides that are transparent  _ _ _ _ _ Ga-doped ZnSb06

to visible light and have the metallic-like conductivity necessary for = =~ =~ =~ = @& Earth abundant
applications is limited to a handful of systems that have been known for the & Disperse

past 40 years. In this work, we use hybrid density functional theory and defect A A Ga CBM Conductive
chemistry analysis to demonstrate that tri-rutile zinc antimonate, ZnSb,Oy;, is T\' v, dopant Transparent
an ideal transparent conducting oxide and to identify gallium as the optimal o % 0 Bg>3leV

dopant to yield high conductivity and transparency. To validate our Ppoiyhedral connectivity Larg: f:r:ie:;m”

computational predictions, we have synthesized both powder samples and

single crystals of Ga-doped ZnSb,04 which conclusively show behavior consistent with a degenerate transparent conducting
oxide. This study demonstrates the possibility of a family of Sb(V)-containing oxides for transparent conducting oxide and
power electronics applications.

ransparent conducting oxides (TCOs) are an essential transition-metal cations with the electronic structure (n — 1)

I component of modern photovoltaic and display screen d"ns°np°. In these materials, the valence s orbitals of the cation

technologies. Thin-flm Sn-doped In,O; (ITO) dis- hybridize with antibonding oxygen 2p states, yielding

plays the superior optoelectronic properties among the conduction bands with low electron effective masses.' Indeed,

industrially used TCOs; it has been reported to possess the majority of the cations in the industrially relevant TCOs
resistivities as low as 8 X 107° Q-cm, mobilities that exceed 50 are limited to groups 12, 13, and 14 of the periodic table.

cm?>V's7! and carrier concentrations on the order of 1 X In an early investigation of ternary oxides, Shannon et al.

10*' cm™3, all while retaining over 90% transparency to visible noted that edge-sharing Cd*", In*", and $n** Sctahedra were a

light." The more earth-abundant TCOs, such as F-doped SnO, feature of common transparent conductors.'” Mizoguchi and

(FTO)? or Al-doped ZnO (AZO),® display mobilities and Woodward built on this in 2004, investigating the necessity for
conductivities below those of ITO, which limits their edge-s}gring octahedral connectivity. when designing n-type
application in display screen technologies. However, it is TCOs.™" They found that edge-.sharmg Is not a prerequisite,
undesirable to continue to use ITO for large-area applications and corr}er—sharmg can also p rovide exce{loent disp ersion of the
such as in photovoltaics, despite recent improvements in the .condtllctlon band, such as m BaSnQ3: Interestingly, .they
efficiency of indium-based TCOs via innovative doping (Mo identified some ternary oxides containing Sb(V) and Bi(V)
and Ce),*™® due to the expense and scarcity of indium which displayed reasonable curvature of the conduction band
, .

P 13 . . . . . .
Therefore, there is a drive to try to increase the performance of minimum (CBM), " including  tri-rutile zinc antimonate,

the known earth-abundant TCOs”® or, more unusually, to

discover new TCOs. The last “new” materials demonstrated to Received: August 30, 2022
be TCOs were the thin-film correlated metals SrVO, and Accepted:  October §, 2022
CaVO; in 2015 and single-crystal La-doped BaSnO; in Published: October 10, 2022
2012717

In terms of materials design, the common trend in the
majority of the effective n-type TCOs is the presence of post-

© 2022 The Authors. Published b
Ameericl;m %ﬁemlilcaissgcietz https://doi.org/10.1021/acsenergylett.2c01961

W ACS Pu bl ications 3807 ACS Energy Lett. 2022, 7, 38073816



https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+J.+Jackson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+J.+Parrett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joe+Willis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+M.+Ganose"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="W.+W.+Winnie+Leung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuhan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+A.+D.+Williamson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+A.+D.+Williamson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timur+K.+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moritz+Hoesch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Larissa+S.+I.+Veiga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raman+Kalra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jens+Neu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+A.+Schmuttenmaer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+A.+Schmuttenmaer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tien-Lin+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Regoutz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tung-Chun+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tim+D.+Veal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+G.+Palgrave"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+G.+Palgrave"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robin+Perry"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+O.+Scanlon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.2c01961&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c01961?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c01961?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c01961?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c01961?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c01961?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aelccp/7/11?ref=pdf
https://pubs.acs.org/toc/aelccp/7/11?ref=pdf
https://pubs.acs.org/toc/aelccp/7/11?ref=pdf
https://pubs.acs.org/toc/aelccp/7/11?ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsenergylett.2c01961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

e 0o oo
o000 oo
cio@oiod®o o
c@o c@o c@o
ciooioo o
c@o c@o c@o
cioQoiodo o
oc(Qo-c(Qo oo
@e o oo

-

(d) —

Experimental
Calculated
Doped

Undoped \

5

i
|
H
1
1
1
1

1 A R I R
25 30 35

40

Figure 1. (a) View along the a-axis of the crystal structure of ZnSb,0Og. (b) Octahedral connectivity in ZnSb,0g, viewed from a slight offset of
the a-axis, which is edge-sharing in the c-direction and corner-sharing in the a- and b-directions. (c) Powder and simulated X-ray diffraction
patterns for ZnSb,04. The dashed line indicates Rietveld refinement for P4,/mnm tri-rutile structure; the difference between fit and data is
shown below the peak positions. The inset shows the typical shift in an XRD peak upon Ga-doping. (d) Undoped ZnSb,O single crystals
and (e) Ga-doped ZnSb,0 single crystals. All crystal structures were visualized using VESTA.”*

ZnSb,Oq. It should be noted that group 15 cations in their
highest oxidation states possess the same (n — 1)d"’ns’np®
electronic structure as the cations in the common, successful
TCOs.

In 2014, a computational screening study from Hautier et al.
also proposed ZnSb,Oy as a potential transparent conductor,
in particular noting its low electron effective mass and earth-
abundant, nontoxic composition.'* Several other stibnates and
germanates were highlighted, but none was followed up with a
defect chemistry analysis showing n-type dopability. On the
few occasions that ZnSb,O¢ has been synthesized exper-
imentally, transparent conducting behavior has not been
observed. Kikuchi et al. investigated it as a TCO and
thermoelectric in 2005, but it was only produced as a
powder, and little data on the optoelectronic properties were
published. Thick films of crystalline ZnSb,0O4 have been
deposited for gas-sensing applications via dip-coating and
vapor-phase oxidation methods,"”'” although no assessment of
their transparent conducting potential has been reported. Spin-
coating of a nanoparticle precursor followed by high-temper-
ature annealing was found to result in transparent insulating
ZnSb,0¢ thin films, which deteriorated in terms of both
transparency and crystallinity upon F-doping.'® Finally, Li et al.
briefly investigated ZnSb,Og as a potential anode for Li battery
technology.'” Synthesis of high-quality thin films or single
crystals of ZnSb,0¢ has not been realized, and its full potential
as a transparent conductor has yet to be assessed.

In this work, we investigated the crystal and electronic
structure of ZnSb,0O4 with hybrid density functional theory,
and validated this description with quasi-particle self-consistent
GW theory (Green’s function, G, with a screened Coulomb
interaction, W). A full intrinsic defect analysis was performed
that showed that, when nominally undoped, ZnSb,0O4 does not
fulfill the Mott criterion for metallic-like conductivity. We then
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considered three extrinsic dopants, and demonstrated that Ga
is the optimum electron donor in ZnSb,O4 Using this
knowledge, we successfully grew powder and single-crystal
samples of Ga-doped ZnSb,Oq which displayed a low
absorption coefficient (88 cm™) in the visible range, electron
mobility up to 49 cm® V™' s™!, conductivity up to 1890 S cm ™,
carrier concentrations on the order of 2 X 10°cm™, and a
Haacke figure of merit comparable with that of polycrystalline
ITO. We calculated the electron affinity of ZnSb,O4 to be
nearly 1eV larger than that of currently available transparent
electrodes, offering much needed diversity when considering
the band alignment of potential contact layers in devices. Ga-
doped ZnSb,04 displays all the indicators of a high-
performance transparent conductor, with the added bonus of
being comprised of earth-abundant elements: Zn and Sb are
several orders of magnitude cheaper per kilogram than In,
while Ga is required in only very small amounts.”* This study
stands as an important proof-of-concept for Sb(V)-based TCO
design, and invites the development of thin-film deposition to
further investigate the optoelectronic properties of ZnSb,04
and to prepare it for use in devices and commercial
applications.

Crystal Structure. ZnSb,04 crystallizes in a tri-rutile
structure, belonging to the P4,/mnm space group, as shown in
Figure la. The structure consists of ZnOg and SbOy edge-
sharing octahedra in the order ZnO4—SbO¢—SbOj along the ¢-
axis, with corner-sharing octahedra present throughout the a—
b planes (Figure lab). The unit cell is tetragonal, and a
summary of the fundamental parameters is provided in Table
SI for a range of exchange correlation functionals and
experiments. The powder X-ray diffraction (XRD) results
show an excellent fit to the P4,/mnm space group, as can be
seen in Figure Ic, and the calculated PBEO lattice parameters
are in good agreement with room-temperature XRD results.

https://doi.org/10.1021/acsenergylett.2c01961
ACS Energy Lett. 2022, 7, 3807—-3816
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Figure 2. (a) Electronic band structure of ZnSb,04 computed using the PBEO functional. (b) Simulated valence band spectra using the PBEO
functional, weighted by the photoionization cross sections for a photon energy of 5.91 keV, and broadened by a Gaussian of 0.6 eV and a
Lorentzian of 0.2 eV. Plotted in black is the HAXPES experimental valence band spectrum of a nominally undoped single crystal, collected at
a photon energy of 5.91keV. Both spectra are normalized to the peak maxima.
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Figure 3. (a) Thermodynamic stability region of ZnSb,0, calculated using CPLAP.*' The orange marker denotes the most n-type growth
conditions, the chemical potential limits at which the defect formation energies in this work are reported. (b) Intrinsic defect transition level
diagram of ZnSb,0y. (c) Extrinsic defect transition level diagram of ZnSb,0g. (d) Experimental HAXPES valence band spectra of undoped
and Ga-doped ZnSb,0O, normalized to area under the curve. The inset shows a X125 magnification at the Fermi level, denoted by a dotted
gray line. For transition level diagrams, blue and orange shaded regions denote the valence and conduction bands, respectively. Each colored
line represents a different defect, and the gradient of that line denotes the charge state. Filled circles represent transition levels, where two
charge states are in thermodynamic equilibrium. Calculated and plotted using AIDE. For V, O;, Fq, Zn;, and Ga;, only the lower energy of
the two non-equivalent defect sites is plotted. The gray lines in (c) show the native p-type acceptor defects V, and Zng,.

We note the PBEsol lattice parameters are slightly over-
estimated, which is typical of the generalized gradient
approximation (GGA) implementation in DFT.*!

Doping with Ga causes a systematic shift in the Bragg peaks
to higher angles compared to those of undoped samples,
illustrated in the inset of Figure lc, indicating a shrinkage in
cell size. This observation is consistent with substituting Ga
with Zn in an octahedral environment, as Ga has a smaller
ionic radius (0.62 A) compared to Zn (0.74 A).>*> The unit cell
volumes shift from 201.78 A® to 201.48 A® after 6% Ga doping,
extracted by Rietveld refinement using the GSAS-II software.”*
These observations are consistent with a solid solution of
gallium replacing zinc in the tri-rutile structure, with no
detectable phase separation. Optical images of our transparent
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undoped and Ga-doped single crystals are shown in Figure
1d,e, approximately 1 mm? in area and polished to a thickness
of around 150 ym.

Electronic Structure. We begin with a discussion of the
electronic structure, arguably the most decisive indicator of a
prospective transparent conductor. The electronic band
structure of ZnSb,O¢ was calculated using the PBEO functional
and is displayed in Figure 2a. A direct band gap of 3.54 eV at I
is observed, with relatively high dispersion at the CBM. The
electron effective mass in the I'=X and I'=M directions is
0.27m,, and improves further along I'>Z (in the c-direction)
to 0.22m,.. The high dispersion originates from the broad
overlap of Sb 5s orbitals, which are the main contributors to
the CBM density of states, with Zn and O s states.

https://doi.org/10.1021/acsenergylett.2c01961
ACS Energy Lett. 2022, 7, 3807—-3816
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Qualitatively, the conduction band shape is in good agreement
with previous GGA-DFT calculations, while the hybrid
functional corrects for the systematic underestimation of the
band gap,'* which we note is competitive with state-of-the-art
TCOs In, 03, SnO,, ZnO, and BaSn03.2’7’8’25Figure S6 shows
the band structure computed with hQSGW theory, which
shows a small (3%) decrease in the direct band gap to 3.41 eV,
with the electron effective masses unchanged. Ultimately, the
PBEO description is sufficient, accurately describing the nature
of the band gap compared to the next level of theory, and is
used subsequently for defect calculations. The transition from
valence band maximum (VBM) to CBM is symmetry
forbidden, and the first allowed transition occurs from states
around 0.7 eV below the VBM (similar to the case in In,0;) 6
as denoted by the green arrow in Figure 2a. This is discussed in
greater detail in the Optical Properties section.

Simulated and experimental photoelectron spectra of the
valence band of undoped ZnSb,O4 are shown in Figure 2b,
plotted using Galore.”””* The simulated spectrum was
obtained from the PBEO density-of-states calculation, where
the orbital contributions were weighted with tabulated
photoionization cross sections and broadened with Guassian
and Lorentzian functions to reproduce the experimental line
shapes. The spectra were approximately aligned to the Fermi
level. The key valence band features in Figure 2b are in
agreement: an initial onset mainly comprised of Zn 3d, Sb 44,
and O 2p states followed by a sharp peak assigned to Zn 3d
states. However, the position of this peak is under-bound by
approximately 3 eV. The under-binding of transition metal d
states with hybrid DFT is well documented and has been
observed in other well-known TCOs, such as the Zn 3d states
in ZnO and Sn 4d states in SnO,.””*’

Defect Chemistry. While the electronic structure of
ZnSb, Oy is a promising indicator of high TCO performance,
it is the defect chemistry that will ultimately control the
electrical properties of the system. Degenerate conductivity is
achieved when the charge carrier concentration exceeds the
Mott criterion:** >

3
0.26
MMott > | —

a9
4me e 1 1 1

k2
m e m

*
LN

sk
my

where a, =

(1)

which for ZnSb,Oy is 2.6 X 10" cm™, where aj is the effective
Bohr radius (1.89 X 107°m), ¢, is the calculated static
dielectric constant (7.74), and m* is the reduced effective mass
(197 x 107" kg).

We first identify the thermodynamic stability region (blue)
of ZnSb,0O4 with respect to its competing phases in Figure 3a.
This gives an insight into which synthesis conditions are most
appropriate for growing n-type ZnSb,O¢ (denoted by the
orange circle), and provides the chemical potentials required
for calculating the defect formation energies under those
synthesis conditions (equation S1). The transition level
diagram for intrinsic defects, namely zinc, antimony, and
oxygen vacancies (Vg, Vg, and V), cation substitutions
(Zng, and Sb,), and various interstitial sites (Zn,, Sb, and O,),
is calculated and displayed in Figure 3b for the most n-type
chemical potential limits, corresponding to an oxygen-poor,
metal-rich environment.
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The intrinsic defect chemistry does not support degenerate
n-type behavior. Vg acts as a deep donor defect, in line with
the behavior observed in established TCOs such as In,0O;,
$n0,, and ZnO (CdO being the notable exception),”***~>*
and is discussed in greater detail in the SI. The Sby,
substitution is the next lowest energy species, but it is
charge-compensated by V,, (see Figure SS) just below the
CBM, pinning the Fermi level in the gap. We predict the
position of the Fermi level and charge carrier concentrations
through a self-consistent Fermi level (SCFL) analysis. The
synthesis temperature of our ZnSb,Og single crystals is ~1400
K, and by fixing the defect concentrations present at this
temperature and recalculating the SCFL at room temperature,
we can predict room-temperature experimental charge carrier
concentrations. Undoped ZnSb,0Oy is predicted to have 3.1 X
10" cm™ charger carriers (significantly below the Mott
criterion), with the SCFL 0.13eV below the conduction
band edge, precluding undoped ZnSb,O4 from metallic-like
conductivity. From experiment, we measure 5.0 X 10" cm™
carriers in undoped crystals, around an order of magnitude
more than predicted, and low conductivity (around 2 S/cm).
The slight deviation in carrier concentration measured in the
crystals is likely due to adventitious H-doping during synthesis,
as well as trace amounts of other impurities that could
contribute electrons (such as Cl from the carrier gas), but is in
qualitative agreement with the SCFL analysis—i.e, when
nominally undoped, ZnSb,0¢ does not display metallic
conductivity.

Next, we considered a strategy for electron donation in
ZnSb,04. Knowing that the Sb s states mainly comprise the
conduction pathway, we primarily targeted the Zn and O sites
for substitution to leave the conduction band unperturbed.
Ruling out some of the larger 3+ cations, as they would cause
large lattice disruption, Al, Ga (for Zn substitution), and F (for
O substitution) were selected as potential dopants for driving
the Fermi level into the conduction band and realizing
degenerate conductivity.

The transition level diagram for Ga-doping is shown in
Figure 3c, while the Al and F data is presented in Figure S8.
We find that Gay, and Al,, are low-energy donors, with
formation energies of 0.45 eV and 0.58 eV in their neutral
charge states, respectively. In both cases, the dopant interstitial
defects are rather high in energy (around S eV at the CBM),
and are charge-compensated by their respective dopant
substitutions onto the Sb site. Fy anion substitutions have
higher formation energies of 1.38 eV and 1.46 eV for the
inequivalent oxygen sites, while the F interstitials do not
donate electrons to the conduction band. Crucially, we find
that the native p-type defects, V,, and Zng, are too high in
energy to charge-compensate Gag,, Aly,, and Fo. We complete
the same SCFL analysis as before for each case, and find that
Ga has a predicted room-temperature charge carrier concen-
tration of 3.4 X 10" cm™ and a SCFL of 3.69¢eV (0.15eV
above the CBM), thereby predicting degenerate conductivity.
For Al and F, the predicted charge carrier concentrations are
32 X 10Yem™ and 7.2 X 10'® cm™3, with the SCFL sitting
above the CBM in both cases. However, Al-doping of ZnSb,O
was unsuccessful experimentally, with various Al precursors not
responding well to the CVT growth method, and F-doping was
not attempted due to the lower predicted achievable carrier
concentration, so Ga emerged as the optimal dopant.
Experimentally, we record carrier concentrations of 8.9 X
10 em™3, 2.0 X 102 em™3, and 2.4 X 10%° cm™ in three single

https://doi.org/10.1021/acsenergylett.2c01961
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Figure 4. (a) Experimental mobility of undoped and Ga-doped single-crystal ZnSb,0g. (b) Simulated (using AMSET) mobility of ZnSb,0j at
carrier concentrations measured from experiment. (c) Single-crystal and simulated conductivity over a range of carrier concentrations, with
THz spectroscopy data for an 8% Zn,_,Ga,Sb,0j solid solution plotted as gray stars. (d) Calculated room-temperature scattering rates at 2.4
X 10*° cm™. Abbreviations: ADP, acoustic deformation potential scattering; IMP, ionized impurity scattering; and POP, polar optical
phonon scattering. Moving from low to high carrier concentrations causes a switch in dominant scattering from POP to IMP.

crystals when doped with increasing Ga content. The presence
of adventitious H is the most likely origin of discrepancy, but
again we find qualitative agreement with the SCFL analysis.
Conductivity rises with increasing carrier concentration and
Ga-doping content by several orders of magnitude in the single
crystals to 526Scm™!, 1230Scm™, and 1890Scm™},
respectively, and a similar trend is observed in the powders
(conductivity plotted in Figures 4c, S1, and S2), competitive
with established TCOs.

Through hard X-ray photoelectron spectroscopy
(HAXPES), we find further evidence to support this
description of the defect chemistry of ZnSb,O4 At high
photon energies (approaching 6keV), we can exploit the
greater photoionization cross-section of Sb Ss states, which
from the density-of-states calculation we expect make up the
CBM, allowing us to observe any filled conduction band states
(more information on the HAXPES results can be found in the
SI). Figure 3d shows the HAXPES valence band spectra for
undoped and Ga-doped ZnSb,O aligned to the Fermi level of
the doped sample at 0 eV binding energy, with an expanded
view (X125 magnification) provided in the inset between
binding energies of 0.75eV and —0.75¢eV. In the undoped
sample, there is no photoemission at a binding energy of 0 eV,
implying that the conduction band states are unfilled, while the
doped sample shows conduction band emission with a typical
Fermi—Dirac-like distribution. This is strong evidence of
degenerate filling of the conduction band upon Ga-doping,
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supporting the prediction of metallic-like conductivity from
our defect calculations.

Charge Transport Properties. Charge transport proper-
ties are important metrics in assessing the performance of
prospective TCOs. Specifically, it is desirable for a TCO to
possess high electron mobility in order to maximize
conductivity. Figure 4a shows the experimental electron
mobility of undoped and Ga-doped ZnSb,0Oy4 single crystals
over the temperature range 200 to 350 K, where we observed
an impressive room-temperature mobility of 49 cm* V™'s™! at
the maximum doping level (2.4 X 10 cm™), resulting in a
conductivity of 1890 S cm™". Our THz domain spectroscopy
(TDS) results on powder samples also demonstrate metallic-
like conductivity, with a conductivity of 1100 S cm™" achieved
at room temperature for Zngg,Gag0sSb,O4 (gray stars in Figure
4; the full THz conductivity data set is shown in Figures S1
and S2). Our single crystals display electronic properties that
are competitive with those of thin films of ITO, FTO, and
AZO, which typically display electron mobilities of 40 cm* V™!
s™! to 60 cm* V™! s7! and conductivity on the order of 1 x 10*
S cm™.>*7 In such films, mobility is often limited by ionized
impurity scattering, despite the presence of grain boundaries.
With suitable deposition conditions and an optimized doping
level (sufficiently raising the Fermi level above the conduction
band), efficient electron tunneling through grain boundaries
can passivate scattering from such defects.”” Polycrystalline
ZnSb,0¢ films may display reduced electron mobility
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compared to our single crystals due to grain boundary
scattering, but with an optimized deposition process this
mechanism could be suppressed as in the other successful
doped TCOs.

To further understand the origin of the high mobility in
ZnSb,04, we performed charge transport calculations using the
AMSET package.” This allowed us to calculate the limits to
intrinsic mobility from various scattering mechanisms includ-
ing polar optical phonons (POP), acoustic deformation
potentials (ADP), and ionized impurities (IMP). We found
that at low carrier concentrations, corresponding to the
nominally undoped sample, polar optical phonon scattering
dominates, while at higher concentrations the limiting
scattering mechanism switches to ionized impurity scattering.
This is demonstrated in Figure 4b, where the mobility of the
undoped sample displays the strong temperature dependence
typically associated with a system dominated by POP
scattering, while at high carrier concentrations the mobility
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becomes largely temperature independent, indicative of IMP-
based scattering. We note that in ZnSb,0O4, ADP scattering is
largely unimportant, remaining unchanged and at a signifi-
cantly lower rate than the other mechanisms, regardless of
temperature and carrier concentration. In Figure 4d, we
explicitly plot the scattering rates at room temperature and
high carrier concentration, clearly showing ionized impurity
scattering as the dominant scattering mechanism.

There are some discrepancies between the experimental
observations and simulations. First, our calculations predict
that the nominally undoped material should exhibit a very high
electron mobility of around 70 cm*V™'s™! at room temper-
ature and display a strong temperature dependence. However,
our undoped crystal shows the lowest mobility and only a weak
temperature dependence. The trend of mobility with increased
carrier concentration is in fact unclear across the whole batch
of samples. Possible causes of these discrepancies include non-
uniform distribution of the dopant during the chemical vapor
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transport (CVT) growth process, other unintentional
impurities in the samples (perhaps Ca, as observed in the
hard X-ray survey spectrum, Figure S3a) that could have
detrimental effects on the mobility, or directional dependence
effects during measurement of the single crystals—the mobility
of ZnSb,04 has reasonable anisotropy, as shown in Figure S7.
One other important consideration is that these crystals are
very small, only 1 mm? so there is a reasonable error in the
measurement. Synthesis of larger single crystals with a refined
growth technique could result in improved mobility approach-
ing the value predicted by AMSET; a comparison between
calculated and experimental mobility for 24 binary, ternary,
and quaternary compounds can be found in ref 40, and is
generally reflective of the maturity of the synthesis route. It is
also possible that scattering mechanisms not included within
the AMSET implementation, such as nonpolar optical phonon
scattering, act to lower the experimental mobility and
contribute to the discrepancy. Nevertheless, the qualitative
agreement between theory and experiment in this study is
promising and demonstrates the feasibility and realization of
Ga-doped ZnSb,0O4 as a transparent conducting oxide
competitive with industry standard materials.

Optical Properties. Tauc analysis suggests an optical band
gap for undoped ZnSb,Oy of 3.38 eV, which increases to 3.56
eV upon Ga-doping. This widening of the band gap upon Ga-
doping is characteristic of the Moss—Burstein shift that is
common among the degenerately doped TCOs. The Tauc-
derived band gap for the undoped sample is in remarkably
good agreement with the predicted fundamental gap of 3.41 eV
from the hQSGW calculation.

In Figure Sa, the absorption coefficient of undoped and Ga-
doped ZnSb, Oy is plotted over the visible range, along with the
calculated PBEQ value. We note that the measured absorption
coefficient is below 100 cm™ in both undoped and doped
samples at a wavelength of 550 nm, corresponding to the
dotted gray line. Further investigation of the computed
absorption spectrum revealed a much stronger (several orders
of magnitude) absorption onset at around 4.2 eV, shown in
Figure 5b. This suggests that the fundamental transition at I'
between the VBM and CBM is forbidden in ZnSb,0g, and that
the actual optical band gap could be up to 0.7eV larger.
Experimentally, the thickness of our single crystals prevents us
from probing beyond the initial photon absorption peak,
causing the plateau at around 300 cm™'. It is known that if
sample thickness is too large, transmission can be blocked by a
relatively low absorption coefficient beyond the initial onset, as
observed in GeSe. In this material, an indirect band gap of
around 1.0eV and absorption coefficient of 150 cm™ are
measured in single crystals, and transmission is prevented
beyond this energy, while a direct gap of 1.3eV can be
measured in thin films.** Our current calculations predict a
large optical band gap of around 4.2 eV, but deposition of thin-
film ZnSb,04 is required to ratify the true nature and
magnitude of the band gap.

The optical transparency of our 150 ym single crystals can
be seen in Figure 1d,e and in the transmission intensity plot in
Figure Sc. The undoped crystal is transparent and clear, while
the Ga-doped crystal displays a blue tint. The corresponding
transmission intensities for the single crystals at a wavelength
of 550 nm are 58% and 27%, respectively, denoted by the
dotted gray line. Clearly, doping has a detrimental effect on the
transparency, which has also been observed in the literature
when attempting to dope thin-film ZnSb,O¢ with F.'® The

3813

origin of this decrease in transmission is uncertain—we do not
observe any mid-gap states from HAXPES that could signify
electrons trapped on defect sites in the band gap. The
concentration of Vg is not predicted to rise with Fermi level
modulation. In contrast, the concentration of Sby,, is predicted
to decrease—this suggests that neither of these defects is
responsible for any loss in transmission. It is possible that
transitions from the filled conduction band states to the next-
available empty band could cause a mild coloration, as has
been investigated in other TCOs." Despite this, moving from
a thickness of 150 yum to 150 nm by application of the Beer—
Lambert law to the 550 nm transmission data for the doped
crystal, the transmission is predicted to exceed 99%, suggesting
that, at commercially relevant thicknesses, the optical trans-
parency of ZnSb,O4 could in fact be superior to that of
industry standard ITO.

Finally, we derive the Haacke figure of merit (FOM) for the
same Ga-doped crystal, plotted in Figure 5d. This indicates an
extremely high FOM at micron thicknesses (approximately
02Q7"), and values competitive with those of industry
standard ITO at thicknesses approaching 100 nm. The
development of thin-film ZnSb,O4 will allow a more direct
comparison of both optical transmission and FOM, rather than
using the predicted thin-film transmission intensities.

Band Alignment. Having verified our computational
predictions through single-crystal growth and characterization,
we investigated the potential of ZnSb,O¢ as a transparent
electrode by calculating its band alignment and comparing to
those of existing TCOs, shown in Figure 6. Our calculations
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Figure 6. Calculated band alignment of ZnSb,04 compared against
common TCOs.*”***

reveal an ionization potential (IP) and electron affinity (EA) of
9.6 and 6.1 eV, respectively. Sb Ss states contribute strongly to
the CBM, much like ns states in the other post-transition metal
TCOs, but sit lower in energy due to the increased distance
from the nucleus and improved shielding of effective charge by
core electrons. Therefore, the EA of ZnSb,0Oy is significantly
greater than that of the industry-leading TCOs. Upon Ga-
doping, the Fermi level is predicted to sit above the CBM,
which means a work function nearly 1 eV larger than that of
In,O; could be achieved. This large work function has
tremendous implications in organic photovoltaics (OPVs),
which rely entirely on the charge extraction capability of the
positive and negative electrodes. A transparent anode with a
large electron affinity allows for closer band alignment to low-
lying HOMOs (highest occupied molecular orbitals) in OPV
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devices, providing better Ohmic contacts, an increase in output
voltage, and an enhanced device eﬁ'iciency.%’47 Furthermore,
replacing organic hole-extracting layers like PEDOT:PSS with
a metal oxide like ZnSb,Og could help to reduce the corrosion
on the electrode.”® To engineer large work functions in existing
TCOs, modulation of the conduction band is required by
alloying with heavy, and sometimes toxic, elements (for
example, In, ,T1,O; and Sn,_,Pb,0,).””*” Exploiting the native
band alignment in ZnSb,Oy4 is a much cheaper, safer, and
easier way of incorporating a large work function material into
devices.

We have used ab initio calculations to confirm that ZnSb,O¢
is an earth-abundant transparent conducting oxide, which we
have successfully grown in single-crystal form via chemical
vapor transport. By studying the intrinsic and extrinsic defect
chemistry, we were able to identify an effective doping strategy
in order to realize degenerate conductivity through Ga-doping.
We have used state-of-the-art packages to predict carrier
concentrations and to calculate electron scattering rates, giving
a more accurate prediction of charge transport properties that
goes beyond the constant relaxation time approximation.
Overall, we find good qualitative agreement between these
predictions and our single crystals, with our best samples
achieving carrier concentrations in excess of 2 X 10 cm™3,
electron mobility up to 49 cm®*V~'s™!, and conductivity of
1890S cm™'. The optical behavior of ZnSb,O4 is also
promising, with a direct (forbidden) band gap of around 3.4
eV and a wider predicted optical gap up to 4.2 eV, although the
slight blue coloration upon Ga-doping requires further
investigation. The next logical step is to develop a thin-film
deposition process for Ga-doped ZnSb,0Og, in order to test its
performance when incorporated into a device, and to better
understand the relationship between charge carrier concen-
tration, transport properties, and optical band gap. Overall, this
discovery is a significant milestone in the development of
earth-abundant transparent conductors, offering a high-
performance alternative to industry standard materials with a
unique band edge energy alignment, and opens the door to a
whole family of Sb(V)-based transparent conducting oxides.
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