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We present soft X-ray spectroscopy measurements and electronic structure calculations of ZnTiOs,
a ternary oxide that is related to wurtzite ZnO and rutile TiOz. The electronic structure of ZnTiO3
was calculated using a variety of exchange-correlation functionals, and we compare the predicted
band gaps of this material obtained from each functional with estimates from our experimental data
and optical gaps quoted from the literature. We find that main hybridizations in the electronic
structure of ZnTiO3 can be predicted from the electronic structures of the two binary oxides. We
further find that ZnTiOs has weaker O 2p - Zn 8d repulsion than in ZnO, resulting in a relatively
lower valence band maximum and consequently a larger band gap. Although we find a significant
core hole shift in the measured O K XAS of ZnTiOs, we provide a simple empirical scheme for
estimating the band gap that may prove to be applicable for any d'°-d° ternary oxide, and could
be useful in finding a ternary oxide with a band gap tailored to a specific energy.



I. INTRODUCTION

Titanium dioxide (TiO3) is currently one of the most important semiconductors since it has a high photocatalytic
activity, is non-toxic, is stable in an aqueous solution, and is relatively inexpensive.!? Catalytic processes based on
photoexcited electron-hole pairs can give rise to redox reactions with species adsorbed on the surface of the TiOo
catalysts, and therefore TiOy has the potential to assist in water splitting.® This material, however, has two main
drawbacks during the photocatalytic process: (i) a large band gap (3.03 eV for rutile? and 3.2 eV for anatase®) limits
photocatalysis to only about 4% of the solar spectrum and (ii) a relatively high electron-hole recombination rate limits
the transport of photoexcited carriers.%

One way of reducing the band gap for the next generation of TiOs-based photocatalysts is to combine multiple
anions or cations to form ternary oxides. There are several possibilities for modifying TiOs to achieve band gap
reduction using this approach: by replacing oxygen atoms with anions having a higher 2p orbital energy (such as B,
C and N),”® by replacing Ti atoms with heavy metal ns? cations (such as Sn, Sb, Pb, or Bi) because of participation
of 5s or 6s lone pairs in chemical bonding with the O 2p states, 1! by replacing Ti (which is formally a 3d° metal in
this circumstance) with 3d™ and 4d" cations (such as V, Cr, Nb, or Mo),!>!3 and by replacing Ti (3d°) atoms with
3d19 cations (such as Zn, Cd, or Ga) inducing O 2p - cation 3d'° repulsion.'*

The latter possibility can be achieved, for instance, by doping TiOs with ZnO, or through the formation of the
ternary oxide ZnTiOj3. Of the approaches mentioned above, this technique is also of interest since the coupling of
TiO2 with ZnO may achieve a more efficient electron-hole pair separation under illumination and, consequently, a
higher reaction rate.'®

We have previously found evidence that the band gaps of ternary oxides containing Ti and lone pair cations (Sn,
Pb, Bi) could be predicted from the stoichiometric average of the band gaps of rutile TiO2 and the lone pair oxide
— despite the distinct crystal structure of the ternary oxide.!' In this regard, it is worth investigating whether the
electronic structure of ternary ZnTiO3 can be thought of as an mix of the electronic structures of ZnO and TiO; (i.e.
treating ZnTiOg3 as a (ZnO)(TiO2) alloy). The most common natural phase of ZnTiOg is the rhombohedral “ilmenite”
structure,'® although a cubic perovskite phase also exists.!” Structurally the two materials are fairly similar, the main
difference being that the Ti-Og octahedra in hexagonal ZnTiO3 are arranged in layers, rather like the layers in rutile
TiO2 (as shown in Fig. 1), while in cubic ZnTiO3 the Ti-Og octahedra are arranged in a 3D network, rather like
the arrangement in anatase TiO.'® In the present manuscript we will examine the electronic structure of hexagonal
ZnTiOs3, which also has a structural similarity to wurtzite ZnO (as shown in Fig. 1 hexagonal ZnTiOg3 has a hexagonal
plane of Zn ions, similar to the structure of wurtzite ZnO).

If the electronic structure of ZnTiO3 does follow the trend previously found for lone pair/Ti ternary oxides, this
suggests that the band gap for ZnTiOg3 should be halfway in between the band gaps of wurtzite ZnO and rutile TiOs.
Since ZnO has an even higher band gap than TiOg, of 3.3 — 3.4 eV,'9 2! this suggests that ZnTiO3 might have a gap
of about 3.2 eV which is even worse for optical photocatalysis than TiOs. However ZnTiOg is still worth study in this
regard because if the electronic structure of this ternary oxide can be easily predicted from the electronic structures
of the constituent oxides then the behaviour of other Ti-nd!'? ternary oxides might be similarly predicted, and other
nd!® binary oxides, like CdO and HgO, have smaller band gaps than TiO5.2224

To investigate the electronic structure of ZnTiO3, we have performed density functional theory (DFT) calculations,
X-ray phototoelectron spectroscopy (XPS) measurements of the valence band, and X-ray emission and absorption
spectroscopy (XES and XAS, respectively) measurements probing the occupied and unoccupied states, respectively.
Our XES and XAS measurements were performed for the oxygen K, Ti Ly 3 and Zn Lg 3 edges of ZnTiOs, and the
oxygen K edge of rutile TiO2, and wurtzite ZnO.

II. EXPERIMENTAL AND THEORETICAL METHODS

The ZnTiO3 crystals were obtained from a zinc titanate precursor which was synthesized from layered titanate
colloid with ZnO nanocrystals via the chemical bath deposition process. This reaction was conducted by mixing
2.2 grams of a layered (tetramethyl)ammonium titanate solution with a solution containing 6.5 g (25 mmol) of
Zn(NOg)z - 4H20 and 3.5 g (25 mmol) (hexamethylene)tetramine (CHz)gNy in 50 mL of water. The zinc titanate
precursor, obtained as a precipitate, undergoes profound changes under the influence of elevated temperatures in
normal atmospheric conditions and allowed to obtain zinc titanate ZnTiO3 with a rhombohedral symmetry at 900
° C. The detailed description of performed synthesis and structural evolution of the ZnTiOg3 precursor at elevated
temperatures as seen by XRD analysis as well as dielectric characterization of final product are described by in a
previous paper.?> Wurtzite ZnO and rutile TiOy powders were obtained from a commercial vendor (Alfa Aesar, 99.9%

purity).



FIG. 1. Crystal structure of ZnTiO3. The Zn atoms are the isolated grey spheres, the Ti atoms are the blue spheres at the
centre of octahedra coordinated by 6 oxygen atoms, represented by small red spheres. The unit cell is denoted by the black
lines, the ¢ axis is the longest axis, running up the length of the page. (Color online.)

Soft X-ray emission and absorption spectroscopy measurements were conducted at the Advanced Light Source (ALS)
at the Lawrence Berkeley National Laboratories (Berkeley, CA, USA) and at the Canadian Light Source (CLS) at the
University of Saskatchewan (Saskatchewan, SK, Canada), respectively. A Rowland circle geometry X-ray spectrometer
with spherical gratings and an area sensitive detector was used at Beamline 8.0.1 at the ALS was used to collect the X-
ray emission spectra,2® while a channel plate fluorescence detector on the spherical grating monochromator beamline
at the CLS was used to collect the X-ray absorption spectra in bulk-sensitive total fluorescence yield (TFY) mode.2”
The measurement resolution was about 10% and 2 x 102 for the emission and absorption measurements, respectively.
All absorption spectra were normalized to the incident photon current using a highly transparent gold mesh in front
of the sample to correct for intensity fluctuations in the incident photon beam, all emission spectra were acquired with
an excitation energy far above resonance (475 ¢V for the Ti Ly 3 edges, 550 ¢V for the O K edge, and 1080 eV for
the Zn Lg 3 edges). The ZnTiOg3 crystal and reference samples were affixed to a sample plate, placed under ultrahigh
vacuum (~10~7 - 1078 torr), and measured without any further preparation. The relative calibration between XES
and XAS measurements was checked by exciting near resonance and observing the energy of the elastic scatter in the
XES spectrometer.

XPS measurements were carried out with a high spatial- and energy-resolution PHI XPS Versaprobe 500 spectrom-
eter (ULVAC-Physical Electronics, USA, 2011). This spectrometer uses a classic x-ray optic scheme with spherical
quartz monochromator and energy analyzer working in the range of binding energies from 0 to 1500 eV, and has an
electrostatic focusing system and magnetic screening. The energy resolution achieved was AE < 0.5 eV with an Al
K« source, the spot size was 200 um. A dual-channel neutralizer was used in order to compensate the local charging
of the sample under study due to the loss of photoelectrons. All samples under study were previously kept in the
vacuum chamber for 24 hours under rotary pumping, and were measured at a pressure of 10~7 Pa. Typical signal to
noise ratios were not less than 5000. The spectra were processed using ULVAC-PHI MultiPak Software 9.2 and the
residual background was removed with the help of Tougard method.?® The XPS spectra were calibrated relative to
the reference energy value of the carbon 1s core-level at 284.5 eV.29

Density functional theory (DFT) calculations were performed using the experimental crystal structures of ZnTiO3,3°
Zn0,3! and Ti0,.3? The full-potential linearized augmented plane wave (FP-LAPW) method was used, implemented
by the WIEN2k code.?® We used convergence and basis set parameters that are typical for these sort of systems.?*
To investigate the chemical activity of the Zn 8d'° shell, we used several different exchange-correlation potentials:
Perdew, Burke, and Enzerhof’s generalized gradient approximation (PBE),?® the PBE functional with an on-site
Coulomb potential of U = 8 eV for the Zn 3d states (PBE+U),3% and a hybrid functional (HF) based on PBE and
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FIG. 2. Comparison of the X-ray spectra of ZnTiO3 with TiO2 and ZnO. The O K XES and XAS spectra for TiO2 (rutile),
ZnTiOs, and ZnO is in the top panel, the valence XPS spectra for the three compounds is in the bottom left panel, and the
second derivatives of the oxygen K XES and XAS spectra are in the bottom right panel. The band gaps, estimated from the
second derivatives, are also shown in the bottom right panel. (Color online.)

the Fock exchange using a typical 0.35 mixing.3” To help calculate accurate band gaps, the modified Becke-Johnson
(mBJ) potential was applied to the PBE and PBE+U calculations (henceforth denoted as mBJ and mBJ+U).3®

The XES and XAS spectra were also simulated from the DFT calculations by multiplying the partial densities
of states with the dipole transition probability, implemented in the “XSPEC” package of WIEN2k.?® For the XAS
spectra a completely separate calculation with an explicit vacancy in the appropriate core level (O Is, Ti 2ps3/s, or
Zn 2ps3/5) was performed. For these calculations a primitive 2 x 2 x 2 supercell was used for ZnTiO3, and a primitive
3 x 3 x 3 supercell was used for TiO2 and ZnO. The calculated X-ray spectra were broadened with a Voigt function
to mimic the experimental resolution and life-time broadening.

III. RESULTS AND DISCUSSION

Whether the electronic structure of ZnTiO3 can be extrapolated from the electronic structures of ZnO and TiO4
hinges in part on whether the X-ray spectra from ZnTiO3 show features common with each of the constituent binary
oxides. Indeed, since XES and XPS measurements of weakly correlated materials effectively probe the ground state
partial and total occupied density of states (DOS), these spectroscopic techniques provide an ideal tool for studying
the bulk electronic structure of these materials. Due to the influence of the final state on the X-ray spectrum, XAS
provides a probe of the partial unoccupied DOS that is perturbed by the presence of a core hole (and therefore is
not the true ground state DOS), however we have previously established that in post-transition metal and alkaline
oxides the core hole often has a weak influence on the O 2p unoccupied DOS, and that the O K XAS is a reasonable
approximation of the ground state unoccupied DOS in these systems.?? Although many transition metal oxides do
exhibit a larger core-hole effect on the O K XAS, these spectra are still useful for analyzing the unoccupied O 2p
DOS.40

With that in mind, the O K XES, XAS and valence XPS of ZnTiOg3, wurtzite ZnO, and rutile TiO5 shown in Fig.
2 is encouraging. The O K XES of ZnTiO3 shows hybridization between the O 2p states and the Zn 3d states at the
bottom of the valence band, labelled as feature a in Fig. 2, and it is clear that the same hybridization occurs in ZnO
at essentially the same energy. The large number of states present in the valence XPS confirms that this is the energy
of the Zn 3d'° shell. The O K XES of ZnO and TiO, show a hybridization feature labelled as b in Fig. 2 that is also
at essentially the same energy. In TiO, this feature was attributed to O 2p-Ti 8d hybridization,'! while in ZnO it
was attributed to O 2p-Zn 3d, 4s hybridization.?? Near the valence band maximum, the XES spectrum for ZnTiOs,
ZnO, and TiOs all have a maximum at roughly the same energy (labelled as c in Fig. 2), this can be attributed to the
bulk of the O 2p states. These valence features are also present in the valence XPS. Since the O K XES probes only



the occupied states of 2p-character local to an oxygen site one can attribute the differences in intensities between the
XPS and XES features as related to the hybridization strength of the O 2p states at those energies. This difference
should only be considered qualitative, however, since the transition matrix elements for XES varies with energy,3®
and therefore the relative magnitudes at the valence band maximum and deeper in the valence band are not entirely
proportional to the partial DOS at those energies.

We would like to stress that our XPS VB spectra should only be interpreted insofar as they agree with the XES
O K spectra. We were not able to cleave the samples in situ for the XPS measurements, and the absence of surface
contamination cannot be guaranteed. Since Zn is fully oxidized in both ZnTiO3z and ZnO, we are justified in using
the Zn 3d'Y shell for alignment with the XES measurements (at least within an accuracy of 0.2 eV), but one should
not use our XPS spectra for more detailed analysis of these materials.

The O K XAS spectrum of ZnTiO3 and TiO2 shown in Fig. 2 are both quite similar; this is again expected since
the Ti 3d° states should dominate the conduction band. The O K XAS spectrum is therefore dominated by two peaks
which can be attributed (in a simple approximation) to O 2p hybridization with ¢ and e, symmetry 8d states.*! Since
ZnO has no unoccupied 3d states these features do not occur in the O K XAS spectrum of ZnO.

Since the XES and XAS measurements provide independent probes of the occupied and unoccupied states with
respect to the same core level energy, if the unoccupied core level causes only a minor perturbation to the unoccupied
states in the XAS measurement then the two spectra can be used to estimate the band gap to within a few tenths of
an eV. We have previously found that using the peaks in the second derivatives of the O K XES and XAS spectra
to denote the band edges provides a reasonably accurate estimate of the band gap,?? although there is no theoretical
justification for this technique. Using this technique on ZnTiO3 suggests that the band gap is 3.0 £0.2 eV, as shown
in Fig. 2, which is indeed in between the estimated gaps for TiOy (at 2.6 £0.2 ¢V) and ZnO (at 3.4 £0.2 eV).
This analysis of the O K XES and XAS, and valence XPS measurements of ZnTiO3 support the postulate that the
electronic structure of ZnTiO3 can be deduced from the electronic structures of ZnO and TiOs,.

There is clearly a problem with our band gap estimates, however. Although the estimated gap for wurtzite ZnO, at
3.4 +0.2 eV, is within error of the values of 3.3 - 3.4 eV quoted in the literature,’® 2! the estimated for rutile TiO is
smaller than the value of about 3.0 eV quoted in the literature.* This immediately suggests that O Is core hole causes
a significant shift (of about 0.4 €V) in the onset of the O K XAS with respect to the true ground state conduction
band (while such a shift is obviously negligible in ZnO), however what (if any) is the core hole shift in O K XAS
ZnTiO3? To answer this, we must explicitly calculate the electronic structure of ZnTiO3.

Calculating the electronic structure of materials involving transition metals with DFT is often notoriously difficult
due to correlation effects involving the 3d electrons. However since in the materials studied herein the transition
metals are either formally in the 3d° or 3d'° ground state, neither TiO, ZnO, or ZnTiO3 is a strongly correlated
material, and one may anticipate that a simple DFT approach may accurately calculate the valence and conduction
bands of ZnTi03.42

The partial DOS of ZnTiOg3 for five different choices of exchange-correlation functional is shown in Fig. 3. These
exchange-correlation functionals may be divided into three categories: the simple case (labelled as PBE and mBJ in
Fig. 3), the hybrid functional case (HF), and the simple cases including a Hubbard potential U (PBE+U, mBJ+U).
We stress that the mBJ calculation is primarily for computing an accurate band gap, the PBE (or PBE4-U) calculation
will provide more accurate shapes for the valence and conduction bands. From Fig. 3 we can see that the simple DFT
approach (PBE, mBJ) fails to isolate the Zn 3d'° states into the localized shell at the bottom of the valence band as
observed in the O K XES and valence XPS. Both the hybrid functional and Hubbard potential methods do predict
an isolated 3d'° shell for Zn, suggesting that p-d repulsion between the O 2p and Zn 3d states is underestimated in
the simple DFT approach. Other than that all calculations are quite similar; the conduction band is dominated by
Ti 8d states in two narrow bands, agreeing — at least qualitatively — with the measured O K XAS in Fig. 2 and
there is partial occupation of the Ti 3d states in the valence band that hybridize with O 2p states between -5 and -3
eV (this is in agreement with feature b in Fig. 2). From these data we will use the PBE+U calculation to assist in
the analysis of the XES spectra, the PBE calculation (with a core-hole perturbation) to assist in the analysis of the
XAS spectra, and the mBJ calculation as the “best” calculated band gap. The other data are shown here only for
completeness.

The calculated band gaps of ZnTiO3 are quite large: even in the PBE calculation (which is known to significantly
underestimate band gaps?3) the gap is calculated to be 3.08 eV, and it is larger in all other calculation schemes
(3.81 eV, 3.19 eV, 3.27 eV, and 4.14 ¢V in the mBJ, HF, PBE4U, and mBJ+U calculation schemes, respectively).
This is striking because the calculated band gap for TiOs is 2.67 with the mBJ functional,!* and the gap for ZnO
is also less than that of ZnTiO3 (0.82 eV, 2.75 eV, 1.17 €V, 1.48 eV, and 3.68 eV for PBE, mBJ, HF, PBE+U, and
mBJ+U calculation schemes, respectively); implying that ZnTiO3 has a larger band gap than ZnO and TiOs. In fact,
the optical band gap of ZnTiOs is 3.75, further supporting these calculations.** We note that the large calculated
gap for ZnTiO3 agrees with a value of 3.11 eV found in the literature*? (using a pseudopotential code), and the
gap changes by 0.1 eV or less if we perform the calculation using different experimental or theoretically optimized
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FIG. 3. Calculated DOS for ZnTiO3 using several different exchange-correlation functionals. The valence band maximum is at
0 eV. Note that the amount of hybridization in the Zn 3d states is greatly influenced by the choice of functional, and further
note that the shape of the conduction band is relatively insensitive to the choice of functional (Color online.)

lattice parameters*? or double or quadruple the number of k-points in our calculation, and we further note that the
optical band gap of cubic ZnTiO3 is 3.7,%° supporting the idea that local structure is more important that long range
symmetry in defining the bulk electronic structure of a material.

The DOS calculated with the PBE+4U scheme does a good job of reproducing the measured XES from the O K
edge, Ti Ly 3 edge, and Zn L; 5 edge, as shown in Fig. 4. This is an important verification of the calculated DOS,
and supports the previous description of hybridization features in the O K XES described in Fig. 2. The calculated
XES provides a method of deducing where the valence band maximum is in the measured XES — this is particularly
valuable for the Ti and Zn Ls 3 XES where the overlap of the Ly and L3 levels in the former and the relatively weak
amplitude near the top of the valence band in the latter make it otherwise difficult to determine the valence band
maximum. It is clear from Fig. 4 that the bottom of the valence band is defined by Zn 3d - O 2p hybridized states,
the middle of the valence band is defined by Zn 3d, 4s - Ti 8d - O 2p hybridized states, and the top of the valence
band is primarily due to O 2p states alone.

Since the calculated DOS provides an accurate basis for the measured XES spectra, why is the onset of the measured
O K XAS spectrum of ZnTiO3 in between those of ZnO and TiOs when the band gap of ZnTiOg is significantly
larger than both? To investigate this we calculate the XAS spectra of ZnTiO3 with a core hole explicitly included
in the appropriate absorbing atom. This core hole perturbs the potential of the absorbing atom and can have two
simple and simultaneous effects: the valence band maximum (relative to the binding energy of the fully occupied core
level) and the band gap can both change (typically both will be lowered). The calculated and measured O K, Ti
Ly 3, and Zn Ly 3 XAS spectra for the PBE calculation scheme are shown in Fig. 5 (note that the PBE scheme was
used because the shape of the conduction band is essentially the same as that in the PBE+U scheme, and the PBE
scheme is much less computationally intensive). As in Fig. 4, the valence band maximum for each edge is shown by
the dotted line, however it is important to note that each valence band maximum is fundamentally different as each
relates to the DOS with a particular type of core hole.

From Fig. 5 we can see that the calculated XAS is in good agreement with the measurements (note that the Ti Lg 3
XAS includes multiplet effects that are not expected to be reproduced in a DFT calculation — in particular the two
sharp features near 455 eV). It is also important to note that although each XAS spectrum has two sharp features
near the edge related to the ¢ and e, splitting of the Ti 3d states, the influence of the core hole can cause different
amounts of energy shift in these features relative to the Ti 3d states from the non-core-hole sites. Note that particular
DOS related to the XAS spectrum is shown in grey in Fig. 5, while the total unoccupied Ti 3d states (including, for
the Ti Ly 3 XAS, the single Ti site that is perturbed by the core hole) is shown in blue. Comparing these spectra
with the DOS and band gap for the PBE calculation, we see that the net effect of the core hole is to shift the onset of
the XAS to lower energies by 0.76 eV for the O K edge, 2.10 eV for the Ti L3 edge, and 0.48 eV for the Zn L3 edge.

Encouragingly, the same calculation for ZnO and TiOs predict a core hole shift of about 0.07 eV and 0.37 eV for
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FIG. 4. The measured and calculated O K, Ti Ls 3, and Zn L2 3 XES spectra. The calculated spectra made use of the PBE4U
exchange correlation functional, these spectra are also compared to the ground state DOS. For the O K and Ti L2 3 spectra the
Zn 3d states are also plotted for reference. Note the difference in spin-orbit splitting between the Ti Lz and Lz edges (in both
the calculated and measured spectra the two edges overlap) and between the Zn Ly and Ls edges (for the heavier Zn the edges
are separated by about 15 eV, the Zn Ly is past the end of the x-axis). In DFT calculations, the states responsible for the Ls
edge are the same as those responsible for the Ls edge, therefore the DOS is only shown once at the L3 edge. The valence band
maximum for the K or L3 edge (as appropriate) is denoted by the dotted line in each panel. (Color online.)
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for the K or L3 edge (as appropriate) is denoted by the dotted line. (Color online.)
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the O K XAS, respectively. If the second derivative gaps estimated in Fig. 2 are increased by this calculated core
hole shift, the new band gaps are estimated as 3.47, 2.97, and 3.76 eV for ZnO, TiO2, and ZnTiO3, respectively —
all within about 0.1 eV of the reported band gaps. In these circumstances the second derivative method does appear
to accurately predict the band edges, however in materials where there is a significant core hole effect the edge of
the XAS may not be near the ground state conduction band. From this perspective we can tentatively describe the
mechanism behind the band gap broadening in ZnTiOj: as in previous ternary oxides, the conduction band edge
is determined by the TiOg octahedra, while the valence band edge is determined by the remaining cation-oxygen
components.!! However in the case of ZnTiO3, the presence of the Ti sites reduces the O 2p - Zn 3d repulsion, and
lowers the valence band maximum relative to ZnO. We would like to note that the core hole shift of 0.07 eV for ZnO
is a refinement of our previously reported value of 0.1.22 A slightly older study suggests a core hole shift of 1.0 eV in
Zn0,*6 however this value was achieved by rigidly shifting the bands, rather than explicitly calculating the perturbed
band structure. Because the perturbed band structure often has a higher density of states closer to the conduction
band minimum, a particular XAS spectral feature can be lower in energy than the corresponding ground state DOS
feature either because the core hole shifts the onset of the conduction band minimum to lower energies, or shifts the
DOS features closer to the conduction band minimum, or both. In the case of ZnO our calculations suggest that the
latter case (the core hole perturbation shifts ground state DOS features closer to the conduction band minimum) is
the most significant; there is only a very small shift in the onset of the conduction band.

This simple concept for reducing the valence band maximum in ZnTiOg is supported by the second derivatives in
Fig. 2. From Fig. 2 we see that the peak in the second derivative of the O K XES spectrum for ZnTiOj3 is about
0.25 eV lower than that of TiO2, and about 0.4 eV lower than that of ZnO. Since the band gaps of TiO5 and ZnO
are well known, we can infer from the peaks in the second derivatives of the O K XAS that there is a core hole shift
of about 0.4 eV for TiO5 and a negligible shift in ZnO. From this we can build a simple model for the band gap in
ZnTiOg3, which is shown schematically in Fig. 6.

In this model we assume that while the Ti 3d° states largely define the character of the conduction band, the actual
energy of the conduction band is set by Zn 4s - O 2p antibonding, and is therefore coincident in energy with the
conduction band of ZnO. The presence of Ti-O bonding in ZnTiO3 reduces the impact of O 2p - Zn 3d repulsion in
ZnTiO3 compared to ZnO, and is responsible for reducing the valence band maximum by 0.4 eV compared to ZnO,
as seen in the second derivatives in Fig. 2. Simply adding this valence band maximum reduction to the gap of ZnO
estimated by the second derivatives in Fig. 2 gives an estimate of 3.8 eV for the band gap of ZnTiO3. During the
XAS process, on the other hand, the core hole creates highly localized states near the absorbing O site. The TiO2-like
character of the conduction band becomes dominant at this point, and the core hole shift is sufficient to effectively
reduce the O K XAS onset in ZnTiO3 to that of TiOs. This model is justified because while the energy gaps and
shifts in Fig. 6 have been determined empirically (by the second derivatives in the O K XES and XAS spectra and
the literature band gaps for ZnO and TiOs), they are in good agreement with the calculated core hole shifts for TiOq,
Zn0O, and ZnTiO3 and the estimated band gap of ZnTiO3 obtained through this process is quite close to the mBJ
calculation (3.81 eV) and the optical gap (3.7 eV#®). We stress that the bands in Fig. 6 are aligned only with respect



to the oxygen 1s core level; our experimental data herein does not allow us to make accurate judgements on the
band alignments with respect to the vacuum level or some other standard. Incidentally, a recently published study of
transition metal doped ZnO films (Cr to Cu) also finds doping causes increased p -d (and s-d) repulsion, resulting in
a larger band gap.*”

In summary, we have studied the electronic structure of ZnTiO3 with soft X-ray spectroscopy and DFT calculations.
We have identified the hybridizations responsible for the spectral features in the O K XES and XAS, and the valence
XPS in ZnTiO3 and linked these to equivalent features in ZnO and TiO5. We have found that a Hubbard U or a
hybrid functional is necessary to accurately localize the Zn 3d'C shell in ZnTiOs, which is similar to the case for
7Zn0.%2 Our electronic structure calculations suggest that the band gap of ZnTiO3 is between 3.8 and 4.1 eV (based
on the two calculations involving the mBJ exchange-correlation functional) which is in reasonable agreement with the
gap obtained by optical spectroscopy (3.7 eV4°), and with the gap between the peaks of the second derivatives of the
measured XES and XAS spectra corrected with the calculated core hole shift (3.76 eV). We also find evidence that
the TiOg octahedra in ZnTiO3 reduce the O 2p - Zn 3d repulsion, resulting in a narrower valence band and a lower
valence band maximum relative to that in ZnO.

From this analysis we suggest that the band gaps of ternary oxides formed by transition metal d° and d!'° binary
oxide precursors may be estimated from O K XES and XAS measurements of the ternary and parent binary oxides
as follows:

1. Estimate the band gap of the d'° binary oxide by taking the difference between the peaks in the second
derivatives of the O K XES and XAS measurements.

2. Estimate the change in the valence band maximum from reduced p-d repulsion by taking the difference between
the peaks in the second derivative of the O K XES of the d'° binary oxide and the ternary oxide.

3. Estimate the band gap of the ternary oxide by adding the difference between the valence band maxima to the
estimated gap of the d'° binary oxide.

This procedure, and the identification described above, may be helpful for analyzing X-ray spectra from more com-
plicated oxides, or even complex heterostructures based on d'° and d° parent oxides. This analysis also suggests that
band gap reduction of TiO2 may be possible via alloying with a lower band gap d'° oxide such as CdO or HgO,??
and suggests a method for band gap engineering in these types of materials.
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