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ZnMi1 0, (MIH = Co, Rh, Ir) spinels have been recently identified as promising p-type semi-
conductors for transparent electronics. However, discrepancies exist in the literature regarding their
fundamental optoelectronic properties. In this study, the electronic structures of these spinels are
directly investigated using soft/hard x-ray photoelectron and x-ray absorption spectroscopies in
conjunction with density functional theory calculations. In contrast to previous results, ZnCoz2QOy is
found to have a small electronic band gap with forbidden optical transitions between the true band
edges, allowing for both bipolar doping and high optical transparency. Furthermore, increased d —
d splitting combined with a concomitant lowering of Zn s/p conduction states is found to result in a
ZCO < ZRO = ZIO band gap trend, finally resolving long-standing discrepancies in the literature.

I. INTRODUCTION

Transparent oxide semiconductors (TOS) combining
tunable electrical conductivity and optical transparency
hold great promise for a wide range of applications, in-
cluding solar cells, flat-panel displays, UV photodetec-
tors, and transparent transistors.'* Most TOS to date
are n-type semiconductors composed of post-transition
metal oxides, e.g., InoO3, GasO3, SnOs, and ZnO, as
their metal ns-derived conduction states give rise to a
dispersive conduction band minima with low electron ef-
fective mass. In contrast, p-type conduction in these
oxides is typically poor due to their localized O 2p-
derived valence band maxima. However, hybridization
between the O 2p and metal orbitals has been shown
to improve hole dispersion, as in some Cu™-based de-
lafossites, Crt-based oxides, and post-transition metal
oxides with a filled lone pair state (ns?).>1° Unfortu-
nately, some common theoretical methods are known to
be unreliable when predicting properties of mixed oxides
with potentially complex local interactions,'! hampering
computation-led materials genome initiatives that exist
to accelerate the discovery of these materials.

Herein we illustrate the benefits of using careful ex-
perimental studies to guide computational efforts by
explaining the optoelectronic properties of ZnMZ4/1O,
(M = Co, Rh, Ir) spinels, which have been iden-
tified as promising p-type TOS by recent studies.!? 13
Some studies have even indicated that transparent
ZnCo204 may be well-suited for complementary metal-
oxide-semiconductor (CMOS) electronics applications,'6
as it is amenable to bipolar doping with both n- or p-
type possible through control of oxygen content.'” This
bipolar dopability indicates that ZnCo2Q4, and likely
ZnRhs04 and Znlry04 as well, must possess small elec-

tronic band gaps despite their high optical transparency
(i.e., wide optical band gaps).'® 2! In addition, it has
been shown that the local O-Rh-O octahedral network in
ZnRhs0O4 can be preserved in an amorphous phase, al-
lowing for good hole conduction pathways without high
film crystallinity.??23 This is in stark contrast to other
p-type TOS, such as CuAlQ, delafossite, where disor-
der disrupts the linear O-Cu-O coordination and greatly
impedes hole conduction.®

In spite of their potential promise, many discrepancies
exist in the literature regarding the fundamental prop-
erties of these ZnMZ//Qy spinels. There is a clear lack
of consensus regarding band gap magnitudes, with some
studies suggesting a decrease in the band gap from Co
to Rh and others an increase from Co to Rh.13:17:24,25
Optical studies have reported band gaps of 2.63 - 2.8 eV
for ZnCo904,'"?% a much smaller 2 eV optical gap for
ZnRhy04,"327 and a range of values between 2.1 - 2.7 eV
for Znlr20y4.1* Meanwhile, a more wide-ranging study by
Dekkers et al. reports drastically different values of 2.26
eV, 2.74 eV, and 2.97 eV for ZnCos04, ZnRh504, and
ZnlryQy4, respectively.?®

Theoretical studies have attempted to resolve these
conflicting results with mixed success. As many common
Density Functional Theory (DFT) methods are known
to underestimate the band gaps of metal oxides, some
have attempted to improve accuracy through the use of
more complex hybrid functionals.2%:2%:3° However, others
have questioned the accuracy of these methods regarding
mixed cation oxides, reporting that calculations using the
PBEY hybrid functional resulted in the Co d - d split-
ting of Co-doped ZnO being overestimated by as much as
300% compared to experiment.!! It is clear that a thor-
ough experimental study is needed to understand these
spinels and resolve the discrepancies in the literature.



In this study, a set of high quality ZnCo204 (ZCO),
ZnRhy04 (ZRO), and ZnlryO4 (ZI0) epitaxial thin films
are investigated using synchrotron-based x-ray spec-
troscopy techniques to discern the true band edge struc-
tures. These results are then combined with DFT
PBEsol calculations®' 37 to confirm orbital compositions
of the band edges and explain the observed optoelec-
tronic trends. The results reveal that these ZnM4/10y
spinels possess smaller electronic gaps than previously
measured by optical techniques, explaining their bipo-
lar doping potential. In addition, overlap of the Zn s-
and M/ d-orbitals in ZnIroQ,4 due to shrinking O 2p -
Zn 4s/p splitting is responsible for the confusion in the
literature surrounding the band gap evolution.

II. EXPERIMENTAL METHODS

ZoMEIHO, (M = Co, Rh, Ir) thin films possess-
ing the spinel structure, shown in Figure 1 (a), were
fabricated via pulsed laser deposition using a 248 nm
KrF excimer laser with an energy density of 1.0 J - cm?
and repetition rate of 5 Hz. The substrate temperature
for all films was kept at 475 °C with an oxygen partial
pressure of 150 mTorr for ZCO/ZRO, and 30 mTorr for
Z10. Higher oxygen partial pressures were found to give
higher conductivities, while both lower and higher sub-
strate temperatures of 375 °C and 550 °C were found
to lead to the growth of a ZnO second phase. The ZCO
films were grown epitaxially on 5 x 5 mm MgAloO4(001)
substrates, while ZRO and ZIO films were grown epitax-
ially on MgO(001), as it is difficult to grow these films
on MgAl;O4 due to a large lattice mismatch.

Shown in Figure 1 (b) - (d), these growth parame-
ters resulted in crystalline, epitaxial thin films around
25 nm in thickness, as confirmed by reflection high-energy
electron diffraction (RHEED), x-ray diffraction (XRD),
and reciprocal space mapping (RSM). Our epitaxial ZCO
is found to have in-plane and out-of-plane lattice di-
mensions of 8.08 A and 8.23 A, respectively, compared
8.108 A expected for bulk from literature. Our epitaxial
ZRO has in-plane and out-of-plane lattice dimensions of
8.424 A and 8.730 A, respectively, compared to 8.510 A
expected for bulk from literature. And our epitaxial
Z10 has in-plane and out-of-plane lattice dimensions of
8.445 A and 8.709 A, respectively.

Ultraviolet-Visible (UV-Vis) transmittance spectra
were measured on the films and substrate references. Op-
tical absorption coefficients were then calculated from
the spectra after subtracting out any contributions from
the substrates using the thin film approximation, T ~
(1 — R)?2e~24, where T is the transmittance, R is the
reflectance, and d is the film thickness.

Hard x-ray photoelectron spectroscopy (HAXPES)
measurements were performed with a ~ 6 keV photon
energy at the 109 Surface and Interface Structural Anal-
ysis beamline of the Diamond Light Source (DLS) in
Oxfordshire, UK. HAXPES spectra were energy-resolved
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FIG. 1. (a) The spinel structure of ZnM2/?0, where the
M!!T cations (Co, Rh, or Ir) occupy octahedral sites (blue)
and Zn occupy tetrahedral sites (gray). (b) Reflection high-
energy electron diffraction (RHEED) image taken on a ZCO
film. (c) Out-of-plane #-26 x-ray diffraction (XRD) for the
ZCO, ZRO, and ZIO films. (d) Reciprocal space maps (RSM)
for ZCO around the substrate MAO(226) reflection and for
ZRO/ZIO around the substrate MgO(113) reflection.

and measured using a VG Scienta EW4000 high-energy
electron-energy analyzer with a 30° acceptance angle.
The HAXPES photon beam was monochromated using a
channel cut Si(004) crystal followed by a Si(111) double-
crystal monochromator, resulting in an overall energy
resolution of < 250 meV.38 40

X-ray absorption spectroscopy (XAS) was performed
at beamline 109, and also at beamlines 6 and 8 of the
Advanced Light Source in Berkeley, CA. All XAS spec-
tra were taken in total electron yield (TEY) mode, with
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(a) Optical absorption coefficients of ZCO, ZRO, and ZIO derived from (top) optical transmittance/reflectance

measurements and (bottom) atomistic calculations. (b) Tauc plots emphasizing (top) direct allowed transitions and (bottom)
direct forbidden transitions. Fit lines for the main optical absorption edge (dashed lines) and weaker p—d associated transitions
(dotted lines) are given. (c) Proposed schematic of the near Er band configuration for ZnM247 Q4 spinels.

an effective resolution of ~ 200 meV. The absorption
spectra were normalized to the current from a reference
Au-coated mesh in the path of the incident photon beam.
Energy calibration was performed using the first- and
second-order diffraction Ti L3 2-edge and O K-edge ab-
sorption features of a rutile TiO5 reference.

Density-functional theory (DFT) calculations were
performed using the Vienna Ab Initio Simulation
Package (VASP)3! with projector augmented-wave
pseudopotential.?233 A 500 eV cutoff plane-wave basis
set was employed for electronic structure calculations us-
ing the PBEsol exchange-correlation functional.?* The
initial cubic structure for ZnCoz04 (Fd-3m space group)
was drawn from the Materials Project database.?%36 Af-
ter convergence testing of the Brillouin-zone sampling for
ZnCo20y, a 4 x4 x 4 '-centered k-point mesh was used to
optimize the lattice parameters and atomic positions of
ZnCo204 and derived cells of ZnRhsO4 and ZnlrsOy, re-
ducing forces to less than 1072 eV/ A. Force/energy eval-
uations used an energy convergence criterion of 1076 eV
with 0.1 eV Gaussian broadening.

Density of states (DOS) calculations were performed
using the optimized structures with stricter energy con-
vergence (1077 eV between final steps), denser Brillouin-
zone sampling (6 x 6 x 6 I'-centered mesh), and increased
Gaussian broadening (0.2 eV). Band structures were cal-
culated non-self-consistently using the charge density
data computed during DOS calculations. Optical absorp-
tion coefficients were computed at the same geometry us-
ing a 14 x 14 x 14 k-point mesh and integrating with the

Blochl-corrected tetrahedron method.?” The frequency-
dependent dielectric matrix was computed within VASP
by summation over empty states, obtaining the real part
by a Kramers-Kronig transformation. This was then con-
verted to absorption via the extinction coefficient.

III. RESULTS AND DISCUSSION

Figure 2 (a) shows the photon energy-dependent
absorption coefficients derived from Ultraviolet-Visible
(UV-Vis) transmittance spectra, as well as predicted
from theoretical calculations. Qualitatively, the general
shapes of the measured and predicted absorption edges
agree quite well. Shown in Fig. 2 (b), band gaps can be
quantitatively determined from absorption spectra using
Tauc analysis, where (ahu)l/ " is plotted versus hv using
an r value corresponding to the type of optical transi-
tion occurring between the band edges.414? After fitting
a line to the predominantly linear region of this Tauc
plot, the x-intercept of said line provides an approximate
value for the onset of optical absorption (i.e., the band
gap), provided there is negligible background signal at
photon energies below the absorption onset.

Assuming that the band gap is direct and that opti-
cal transitions are allowed (r = 1/2), as in the top of
Fig. 2 (b), the strongest absorption onsets (dashed lines)
are found to occur around 4.1, 4.7, and 5.5 eV for ZCO,
ZRO, and ZIO, respectively, when taking into account
the background from the weaker absorptions at lower en-
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FIG. 3. (a) HAXPES (solid) and DFT PBEsol total density
of states (dotted) of the ZCO, ZRO, and ZIO valence band
region. (b) XAS oxygen K-edge (solid) and DFT PBEsol
oxygen 2p partial density of states (dotted) of the ZCO, ZRO,
and ZIO conduction band region.

ergies. These values are all far too large to correspond to
band gaps previously reported in the literature.?® Fitting
a line to the weaker optical absorptions (dotted lines)
provides a slightly different band gap order of ZCO <
ZRO ~ ZI0O, with energetic onsets of 2.5, 3.5, and 3.3 eV
for ZCO, ZRO, and ZIO, respectively. These values are
much closer in magnitude to some previously reported
values for the optical band gaps.!”26:28 However, a Tauc
plot where » = 1/2 is likely not the best method for
investigating the band gaps of these spinels, as optical
transitions between the band edges would be forbidden
if the band edges are truly M’/ d-orbital in origin as
expected.

Due to the octahedral ligand coordination of the M?#!
cation in the spinel structure, the M7 nd® orbitals will

split into three ty; and two e, states, as depicted in
Fig. 2 (c). In this configuration, the lower energy (ta4)
states will be completely filled while the higher (e, ) states
will be completely empty.?843 This d — d splitting is typ-
ically on the order of ~ 2 - 3 eV for metal oxides with
octahedral coordination,' 4344 while the O 2p - Zn 4s/p
splitting is typically larger, at ~ 3.4 eV for ZnO.!! As
such, it is highly likely that M’/ d-orbital states com-
pose one if not both of the band edges in these spinels.

As ligand field (d — d) splitting typically increases with
atomic number, it is not unreasonable to expect the band
gaps of these spinels to increase in magnitude from Co
to Rh to Ir.'> While some previous experimental studies
do not support this conclusion, these investigations are
complicated by the fact that optical transitions between
tog and e, states do not represent a change in parity
and are thus forbidden according to the Laporte rule.
This makes the d — d splitting in these spinels difficult to
investigate using optical techniques alone, as the optical
absorption due to transitions between the band edges
should be incredibly weak.?345

Treating these spinels as direct band gap materials but
with forbidden band edge transitions (r = 3/2), as in the
bottom of Fig. 2 (b), reveals a multitude of weak yet dis-
tinct absorption onsets extending down to 2 eV or below.
In this case, the background at low energies is clearly non-
negligible and must be properly accounted for in order to
determine the band gaps with any accuracy.*6 Unfortu-
nately, it is a non-trivial and rather subjective process
to disentangle the true band edge absorption from all of
the various effects potentially contributing to the back-
ground, such as wavelength dependent reflections, scat-
tering processes not accounted for by the reference stan-
dard, or absorption from ion vacancies or other defects.
However, even without accurate numerical values for the
bad gaps, this analysis clearly indicates that although the
majority of the optical absorption occurs above ~3 eV,
the electronic band gaps of these spinels must be smaller.

Figure 3 shows the valence and conduction band spec-
tra for ZCO, ZRO, and ZIO as measured by multiple
x-ray spectroscopy techniques, as well as calculated us-
ing DFT. It must be noted that the ZRO appears to have
some ZnO-like spectral contamination potentially caused
by a zinc-rich surface layer or segregated crystallites, re-
sulting in an over-representation of Zn-related states in
the experiential spectra.

Combining both high-resolution hard x-ray photoelec-
tron spectroscopy (HAXPES)® 40 and x-ray absorption
spectroscopy (XAS) provides crucial insight into the true
evolution of both band edge. In ZCO, the sharp Co 3d
tog and e, peaks are found to make up the band edges,
with a small d — d splitting. In ZRO, the Rh 4d to,
and e, peaks show greater d — d splitting than the Co
3d, and they also appear significantly broadened in com-
parison. And in ZIO, the d — d peak splitting appears
by far the largest, however, additional features/shoulders
are present on both band edges that cannot be assigned
pure Ir 5d character. These band edge changes result in
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FIG. 4. (a) DFT calculated band diagrams for ZCO, ZRO, and ZIO. The d — d split states (colored lines) and s/p-derived
states (shaded background) are denoted. (b) Experimentally measured band edges of ZCO, ZRO, and ZIO. (c) Diagram of the
proposed band edge evolution from ZCO to ZRO to ZIO. Additional states extending below the main Ir 5d-derived conduction

band states are denoted (*).

an electronic band gap order of ZCO < ZRO = ZIO de-
spite the apparently larger d — d splitting of ZIO relative
to ZRO, in agreement with some theoretical studies.?®

While several theoretical studies reported in the litera-
ture have attempted to simulate the electronic structures
of these ZnM5Qy spinels,25:26:29:30 g Jarge discrepancy ex-
ists regarding the magnitudes of predicted band gaps.
In general, DFT calculations result in small band gaps
(e.g., 0.57, 0.80, and 0.48 eV for ZnCoy04,%% ZnRhyOy,
and ZnlraOy4, respectively), while the hybrid exchange-
correlation functional HSE062% and GW calculations3°
yield significantly large band gap values (e.g., 3.86, 2.87,
and 2.47 eV for ZnCoy04, ZnRhs0y4, and ZnlryOy4, re-
spectively). In this study, comparison of our theoretical
results with both the optical absorption spectra in Fig. 2
and the experimental density of states in Fig. 3, suggests
that our DF'T PBEsol calculations can be used to provide
valuable insight into the band edge evolution.

Although the DFT shown in Fig. 3 underestimates the
energetic position of the Zn 3d semi-core level and the
band gap magnitudes, which are both well documented
issues with some forms of DFT,'1:21:47 the rest of the ob-
served spectral features are fairly well reproduced. The

calculated spectra show a clear increase in the d — d
splitting from ZCO to ZRO to ZIO despite the incorrect
overall magnitude, in agreement with the experimental
spectra and with previous studies.?®28:3% The calculated
spectra also reproduce the Rh 4d broadening, as well
as the additional features/shoulders on the Ir 5d peaks,
which are a result of greater overlap and hybridization
between the unoccupied M/ e, and the Zn s/p and
M!IT s_orbital conduction states.

Figure 4 summarizes the band edge evolution of the
ZnMi11 O, series as observed in this study. Fig. 4 (a)
displays the full DFT calculated band diagrams for the
series, clearly showing the expected interaction between
the different bands. Fig. 4 (b) then shows the experi-
mentally observed band edges, which agree well with the
predicted band edge evolution. While the band edges
of ZnCos04 are both composed of sharp Co 3d states
fairly well separated from the Zn s/p, O 2p and Co s-
related states, the band edges in ZnRhsO4 and ZnlroOy4
show far more interaction and overlap. This results in
the observed ZCO < ZRO = ZIO band gap trend and
increasing band edge dispersion, which readily explains
the better p-type conduction in ZRO and ZIO. This is in



agreement with a previous theoretical study which sug-
gested the CBM of ZIO might be composed of mixed Ir s
and Zn s states due to a lowering of these conduction
states to below the Ir 5d.2°

A simplified diagram of the observed band edge evolu-
tion is given in Fig. 4 (¢). While the d — d splitting is
found to progressively increase from Co to Ir, the Zn s
~ p and M/!! s conduction band states simultaneously
lower in energy. This results in a conduction band edge of
mainly M/ d character in ZCO; mixed M1 d, M1 5,
and Zn s/p character in ZRO; and mainly M/ s and Zn
s/p character in ZIO. This model resolves the conflicting
results of previous studies by allowing for both the d —
d splitting to increase with increasing atomic number as
expected, and the electronic band gaps to progress in the
order ZCO < ZRO = ZIO.

IV. CONCLUSIONS

These findings explain the observation of both n- and
p-type conduction in ZnCos04.'7 A small electronic band
gap with forbidden optical transitions between the true
band edges allows for both the observed doping capa-
bilities and the high optical transparency, similar to
some other transparent metal oxides like crystalline SnO
or Culn0,.84%% Furthermore, the increased conduc-
tivity of crystalline ZnRhyO4 and ZnlroO4 relative to
ZnCoy04° is explained by the observed increase in hy-
bridization at the band edges for these M!!! cations.
This conduction band edge hybridization suggests that
n-type doping may also be possible in ZIO or even ZRO
despite the slightly larger band gaps, provided their elec-

tron affinities remain large enough.

These results highlight the need for experimental con-
firmation of predicted electronic structures, especially
when considering transparent mixed oxide systems such
as these ZnM41O, spinels. While certain methodolo-
gies may correctly predict the M/ d — d splitting or
the O 2p and Zn s/p splitting, correctly reproducing
all vital aspects of the spectra would likely require far
more involved calculations with explicit on-site correc-
tions for each cation.?” And such corrections must still
be informed by prior experimental results to have any
real meaning, leading to a necessity for thorough experi-
mental studies on these mixed oxide systems.
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