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Electronic structure and p-type conduction mechanism of spinel cobaltite oxide thin films
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This work reports a fundamental study on the electronic structure, optical properties, and defect chemistry of a
series of Co-based spinel oxide (Co;04, ZnCo,0,, and CoAl,0,) epitaxial thin films using x-ray photoemission
and absorption spectroscopies, optical spectroscopy, transport measurements, and density functional theory. We
demonstrate that ZnCo,O,4 has a fundamental bandgap of 1.3 eV, much smaller than the generally accepted
values, which range from 2.26 to 2.8 eV. The valence band edge mainly consists of occupied Co 3d t26g with
some hybridization with O 2p/Zn 3d, and the conduction band edge of unoccupied ¢; state. However, optical
transition between the two band edges is dipole forbidden. Strong absorption occurs at photon energies above
2.6 eV, explaining the reasonable transparency of ZnCo,0,. A detailed defect chemistry study indicates that Zn
vacancies formed at high oxygen pressure are the origin of a high p-type conductivity of ZnCo,0s, and the hole
conduction mechanism is described by small-polaron hoping model. The high p-type conductivity, reasonable
transparency, and large work function make ZnCo,0, a desirable p-type transparent semiconductor for various
optoelectronic applications. Using the same method, the bandgap of Co;0, is further proved to be ~0.8 eV
arising from the tetrahedrally coordinated Co** cations. Our work advances the fundamental understanding of
these materials and provides significant guidance for their use in catalysis, electronic, and solar applications.
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I. INTRODUCTION

Cobalt-based spinel oxides (Co304, ZnCo,04, CoAl,O4)
exhibit intriguing physicochemical properties, demonstrating
promising potential for renewable energy and electronics
applications [1]. The electronic structure of these oxides is
the critical factor in determining their physical and chemi-
cal properties. The parent compound Co3O;4 crystallizes into
a normal cubic spinel (AB,QO,) structure (see Fig. 1), in
which the tetrahedral A sites (7;) are occupied by Co?t,
in a high spin state of S = 3/2, whereas the octahedral B
sites (0y,) are filled with Co*" in a low spin state, S = 0.
Co30,4 exhibits superior catalytic activity for CO oxidation
[2], methane combustion, and electrochemical water splitting
[3,4], as well as excellent optoelectronic properties for use
as a solar absorber material in photovoltaics because of its
suitable bandgap for visible light absorption and as a p-type
semiconductor channel for electronic devices [5,6]. Despite
the wide technological applications, fundamental knowledge
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regarding the electronic structure and optical properties of
Co304 remains very poorly understood, e.g., the values of
the bandgap are still under debate and remains elusive [7].
Different bandgap values, including 2.2, 1.6, and 1.2 eV
have been reported in literature for CozO4 [8,9]. Recently,
on the basis of near-infrared optical spectroscopy, Qiao et al.
proposed that Co304 has a fundamental bandgap of 0.76 eV,
almost 1 eV less than the generally accepted values [10]. They
claim this gap is due to direct dipole-forbidden d-d transitions
at T;-site Co*" cations. More interestingly, a long-lived decay
(nanoseconds) of photoexcited carriers has been observed
in Co304 in the near-infrared region, which is of particular
interest in photovoltaic and photocatalytic devices [11].
Detailed knowledge of the electronic structures of Co-
based spinel oxides is of crucial importance, because (i) it
determines the optoelectronic properties; (ii) the bandgap
value has been used as a benchmark for identifying appropri-
ate Hubbard U values in density-functional theory (DFT+U)
calculation of the catalytic behavior of Co3zOy4 [9,12,13]. For
example, Selloni et al. have studied the structure and reactivity
of Co304 (110) using DFT+U calculations, and showed that
different U values resulted in quite significant differences
in the calculated structural parameters, electronic properties,
and surface energetics [14,15]. Similarly, Hu et al. showed
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FIG. 1. Crystal structure of normal spinel, in which the tetrahe-
dral sites (denoted as T}) are occupied by divalent cations (Co**
for Co304 and CoAl,O4; Zn>* for ZnCo,04) and the octahedral
sites (0,) are occupied by trivalent cations (Co** for Co;0, and
ZnCo,04; AP** for CoAl,O,); bottom show the corresponding 3d
electron states of the Co*" in T, Co®* ions in Oy, crystal field.

that different U values can significantly influence the molec-
ular adsorption energy, CO oxidation, and C—H activation
of methane on Co30,4 surface [8]. Therefore, it is of great
importance to gain an accurate description of the electronic
structures and reliable U values to achieve the correct energy
profile for reaction pathway in electrocatalysis [16].
7ZnCo,0y4, on the other hand, can be constructed from the
substitution of the 7 site Co?>" in Co304 by Zn*t, leaving
the 0, Co*>" cations (Fig. 1). ZnCo,04 has been attract-
ing considerable research attention due to its applications
in electrocatalysis, supercapacitors, and Li ion batteries [1].
More importantly, recent studies indicated that ZnCo,0Oy is
a promising wide bandgap p-type oxide, affording potential
applications in transparent electronics, hole transport lay-
ers for photovoltaics, and ultraviolet photodetection [17-19].
Zakutayev et al. reported that ZnCo,0y is a unique material
that has large work functions in the range of 5.6-5.9 eV [20],
comparable to that of platinum (5.12-5.93 eV) [21]. Low-
cost large work-function materials are highly desirable in
optoelectronic devices. Similar to CozO4, many discrepancies
exist in the literature regarding the electronic structure of
7ZnCo,04 [22,23]. Kim et al. have reported that ZnCo,0y4
exhibits a bandgap of 2.63 eV, and interestingly shows both
p-type and n-type conductivity depending on the oxygen
partial pressure during growth of the material [24]. Samanta
et al. found that the optical bandgap of ZnCo,04 is of a
p-d charge transfer nature with a value of 2.80 eV [25].
Finally, Dekkers et al. have reported a much different value
of 2.26 eV [17]. Several theoretical studies have attempted

to resolve these discrepancies in the reported bandgap of
7ZnCo,0,4 with mixed success. Scanlon et al. found a small
indirect bandgap of 0.57 eV using Perdew-Burke-Ernzerhof
(PBE) calculation, compared to a significantly large value of
3.86 eV using hybrid exchange-correlation functional HSE06
[22]. In contrast, Amini ef al. reported much larger values
of 3.96 eV, using HSEO06 calculation and 3.99 eV using GW
calculation [26].

Motivated by the promise of these oxides in various device
applications and to address the aforementioned fundamen-
tal questions and discrepancies in the literature, the goal
of this work was to carry out a detailed investigation of
the electronic, optical properties, and defect chemistry of
structurally well-defined epitaxial thin films of spinel oxides.
To this end, we have grown high quality epitaxial Co3QOy,
ZnCo0,04, and CoAl,Oy4 thin films by pulsed laser deposition
(PLD). The CoAl,Oy4 thin films are used for the purpose of
comparison, because CoAl,O4 only has Co>T at Ty site, and
ZnCo,04 only has Co*tar Oy. Co304 can be viewed as a
“mixture” of ZnCo,04 and CoAl,O4. Direct comparison of
these three spinels should provide a useful perspective on
the complex electronic structural evolution of Co 3d orbitals
with different coordination and oxidization states. Compared
with polycrystalline thin films in previous studies, the use of
high-quality epitaxial thin films with a considerably reduced
number of grain boundaries and associated defects, should
reveal more intrinsic material properties. The electronic, opti-
cal, and transport properties have been investigated by a com-
bination of x-ray photoemission spectroscopy (XPS), x-ray
absorption spectroscopy (XAS), optical absorption spectra,
transport measurements, and DFT calculations. We demon-
strate that ZnCo,O4 exhibits a fundamental bandgap of 1.3 eV,
much smaller than the generally accepted values, which range
from 2.26 to 2.8 eV [17,24,25]. DFT calculations reveal that
ZnCo,0y is not a highly correlated material. We further prove
that the bandgaps of Co304 and CoAl,O4 are 0.8 eV. The
present results help to advance the fundamental understanding
of these spinel cobaltites and provide significant guidance
for the use of oxide materials in catalysis and solar energy
applications.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Epitaxial Co304, ZnCo0,04 and CoAl,Oy thin films were
grown on double-side polished (001)-oriented MgAl,O4 sub-
strates by PLD from respective targets. Laser ablation was
performed at a repetition rate of 5 Hz and an energy density
of 1.0J/cm? with a 248 nm KrF excimer laser. Films with
thicknesses of ~30 nm were grown at a substrate temperature
of 475°C. The oxygen partial pressure during growth was
30 mTorr, unless otherwise specified. The crystal structure
and epitaxial relationship in the films was determined by
high-resolution x-ray diffraction (XRD) using a PANalytical
four-circle diffractometer in 6-20 scans and reciprocal space
maps (RSM) mode. Optical absorption measurements were
performed at room temperature using a Cary 5000 spectropho-
tometer in the photon energy range of 0.45-5.0 eV. Electrical
resistivity measurements were performed using the van der
Pauw method with Au contacts in the temperature range
of 130-330 K. For Seebeck coefficient measurements, the
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5 x 5mm? large sample was placed between the Peltier el-
ements and temperature differences up to 8 K were applied in
air at room temperature. Cross-sectional scanning transmis-
sion electron microscopy (STEM) specimens were prepared
with a FEI Helios dual-beam focused ion beam/scanning elec-
tron microscope using a standard lift-out approach. A FEI Ti-
tan transmission electron microscopy with a spherical aberra-
tion corrector for the probe-forming lens operating at 300 kV
was used for high-resolution STEM imaging. The surface
morphologies were characterized by atomic force microscopy
(AFM) (Asylum Research MFP-3D-SA) in tapping mode.

XPS measurement using a laboratory monochromatic
Al Koy X-ray (hv = 1486.6 eV) source was carried out at
normal emission (electron take-off angle = 90° relative to the
surface plane) with a SPECS PHOIBOS 150-electron energy
analyzer. The total energy resolution was about 0.50 eV.
The binding energy was calibrated by a Au foil in electrical
contact with Co304 and ZnCo, Oy thin films, which simultane-
ously helped avoid charging effects during XPS measurement.
The Fermi level is referenced as the zero binding energy.
However, there is charging effect during measurement of
CoAl,Oy4, because of its insulating nature. An electron flood
gun was used to compensate charging effect, but meanwhile
the electron flood also randomly shifts the binding energy
to a higher value. To correct this shift, we align the binding
energy of O 1s to be 530.0 eV, which is a commonly used
method for insulating oxides in the literature [27-30]. Soft
XPS and XAS measurements were performed at the Soft
x-ray Spectroscopy Beamline at the Australian Synchrotron.
Hard XPS (HAXPES) measurements were performed using a
6-keV photon energy at the 109 Surface and Interface Struc-
tural Analysis beamline of the Diamond Light Source, lo-
cated at the Harwell Science and Innovation Campus in
Oxfordshire, UK. HAXPES spectra were energy-resolved and
measured using a VG Scienta EW4000 high-energy electron-
energy analyzer with a 30° acceptance angle.

To understand the Co L-edge XAS of ZnCo,0O4 and
CoAl,0Oy4, the configuration interaction (CI) calculations
were carried out for a CoOg cluster with 3d° electronic
configuration under O, symmetry and for a CoQOy cluster
with 3d” electronic configuration under 7; symmetry,
respectively. CI calculations taking the full multiplet effects
into account show the advantages in understanding the L-edge
excitation spectrum over the last few decades [31,32]. We
consider only the three lowest energy configurations; for
further details on performing the CI cluster calculations,
the reader is referred to the literature [32-34]. The values
of the Slater parameters representing the Coulomb and
exchange interaction used in the present calculations are
scaled to 80% of Slater parameters for a free ion based
on the Hartree-Fock approximation due to the intra-atomic
interactions inside a solid [35]. The Slater parameters obtained
from Hartree-Fock approximation are Fy,> = 13.412,
Fua* = 8.394, F,;* =7.899, G,' =5.947, G,;° =3.384
for the Co3d® configuration, and F,;> = 12.395, F;;* =
7.707, Fp® = 7.259, Gpa' =5.394 G,4° =3.068 for the
Co3d’ configuration.

DFT plus Hubbard U correction (U =0, 2, and 4 eV)
were carried out using the projector augmented wave
method, as implemented in the Vienna Ab Initio Simulation

(c)
(a) §
_ 8
3 S
8 RS
>
2
g
=
(o]
o
-
407" T e e w0
6-20 (degree)
(b) 75
. MAO(226) MAO(226) MAO(226)
~ ’ / ) /’; ’ /""“‘ 7
€74 4 ﬁ Lt/
£ co
S CAO
% 73 Zco
O-N ’
7.2

34 35 36 34 35 36 34 35 36
q,, 111110] (nm™)

FIG. 2. (a) XRD 6-26 scans of ZnCo,0, (denoted as ZCO),
CoAl,O4 (CAO), and Co304 (CO), showing the fringes at the vicinity
of the MgAl,04(004) reflection; (b) corresponding RSM around the
MgAlL, O, (226) reflections; (c) AFM image of the ZnCo,0, film;
(d) Cross-sectional STEM image of the ZnCo,0; film.

Package. Projector augmented-wave pseudopotentials were
used to describe the interaction between ions and electrons,
the exchange-correlation potential was described by the gen-
eralized gradient approximation with the PBE parameteriza-
tion. The optimization calculations were performed with a
5 x4 x 5 k-points sampling and a cutoff energy of 800 eV.
The convergence criteria for total energies and forces were
10~% eV and 10~° eV/A. The band structure along the high
symmetry k directions in the first Brillouin zone was also
calculated.

II1. RESULTS AND DISCUSSION
A. Thin film growth

Bulk Co0304, ZnCo,04, and CoAl,O4 have very close
lattice parameters of acezos = 8.086 A, Aaznco204 = 8.105 A
and acoannos = 8.095 A, respectively. High quality thin films
can be epitaxially grown on MgAl,O4(amgaros = 8.089 10\)
substrates with a small lattice mismatch (<0.2%). Figure 2(a)
shows XRD 6-26 out-of-plane scans of the three epitax-
ial films grown at an oxygen partial pressure (pO;) of
30 mTorr, showing the (00/) reflections with well-defined
Kiessig fringes close to MgAl,O4 (004) reflection, confirming
the planar character of the surfaces and interfaces and the high
quality of the epitaxial films. To gain additional structural
information, RSMs near the (226) reflection of MgAl,O4
were measured and are shown in Fig. 2(b). The in-plane and
out-of-plane lattice parameters of the films were extracted
from RSMs and are shown in Table I. The in-plane lattice
parameters are nearly the same as that of MgAl, Oy, indicating
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TABLE I. In-plane and out-of-plane lattice parameters of the films extracted from RSMs and theoretical lattice parameters, bandgaps

calculated by DFT4+U (U =0, 2, and 4 eV).

Lattice parameters A Bandgaps (eV)
In-plane (A) Out of plane (A)  Bulk lattice(A) U=0 U=2 U=4 U=0 U=2 U=4
ZnCo,0, 8.089 8.263 8.105 8.157 8.151 8.149 0.6 1.4 2.2
Co50, 8.089 8.094 8.086 8.218 8.116 8.138 0.2 1.0 1.9
CoAl,O4 8.089 8.115 8.095 8.164 8.172 8.179 0.8 2.2 3.6

all the films are coherently strained by the substrates. On the
other hand, the ZnCo,0, film shows a much larger out-of-
plane lattice parameter than the bulk parameter reported in the
literature, which may be caused by the compressive in-plane
strain leading to an increase in the out-of-plane lattice parame-
ter [36], and the formation of Zn vacancy during growth. AFM
and cross-sectional STEM images shown in Figs. 2(c)-2(d)
and Fig. S1 in the Supplemental Material [37] further confirm
the atomically uniform films with well-defined surface and
interfaces over a large lateral length scale.

B. Co 2p XPS and XAS spectra

XPS Co 2p and XAS spectra at the Co L-edge were mea-
sured in order to probe the different Co oxidization states.
The Co 2p XPS spectra for the three oxides show a similar
spin-orbital splitting of ~15.2 eV between the 2p3,, and 2p
components. The Co 2p3,, components for ZnCo,04, Co30y4,
and CoAl,Oy4 are located at the binding energy (BE) of 779.4
eV, 779.8 eV, and 780.1 eV, respectively. It is interesting
to note that the BE for Co®* is higher than that of Co*",
similar to that encountered in CoO and LaCoOj; [38,39].
This is due to the influence of additional factors aside from
oxidization state, such as change of the chemical potential
and/or Madelung potential. Nevertheless, the line shape of
Co 2p3», i.e., appearance of multiplet splitting and satellite,
is more commonly used as fingerprint for discriminating
different oxidization states [38—40]. For example, as shown
in Fig. 3(a), the Co 2p3» for ZnCo,0, exhibits a satellite
at 10.6 eV higher BE and no appreciable multiplet splitting
in the main peaks, in agreement with zero-spin O, coordi-

(a) Co 2p XPS (b)
2ps,

Co L-edge XAS

Intensity (a.u.)
Intensity (a.u.)

775 780 785 790 795 800
Photon Energy (eV)

8(I)0 7é5 7é0 7é5 7é0 7%5
Binding Energy (eV)
FIG. 3. (a) XPS Co 2p core levels of ZnCo,0, (ZCO), CoAl,0,
(CAO) and Co304 (CO). (b) Co L-edge XAS (solid), and the sim-

ulated Co L-edge spectra using CI calculations for Co 3d% in O,
symmetry and Co 3d” in T; symmetry.

nated Co>* (e.g., LaCoO3) [39]. In contrast, the 2p3/, for
CoAl, 04 show two satellites at 5.8 and 10 eV higher BE
and broader Co 2p main lines, resulting from unpaired 3d
electrons at T; Co*™ sites [41-43]. As expected, the Co 2p3)»
for Co304 can be viewed as a sum of spectra from ZnCo,O4
and CoAl,Oy4. The different oxidization states, electron oc-
cupancies and coordination environments are more notable
in the Co L-edge XAS [(Fig. 3(b)], which probes electronic
transitions from the occupied Co 2p core level directly into
Co 3d unoccupied states. The line shapes depend strongly on
the multiplet structures given by the atomic-like Co 2p-3d and
3d-3d Coulomb and exchange interactions, as well as by the
solid state interactions including crystal fields and hybridiza-
tion with O 2p [44]. We thus performed CI cluster calcula-
tions to simulate the Co L-edge XAS spectra for ZnCo,04
using a CoOg cluster with 3d° electron configuration un-
der O;, symmetry, and for CoAl,O4 using a CoOy4 cluster
with 3d” electron configuration under 7; symmetry, respec-
tively. Details on the calculation methods and parameters are
shown in computational methods and Supplemental Material
Fig. S2 and S3 [37]. Using the measured Co L-edge XAS as
a benchmark, the obtained parameters are: 10Dg = 0.8 eV
(crystal field), A =4 eV (charge transfer energy), pdo =
0.5 eV (hybridization energy), Uzs = 2 eV (Coulomb inter-
action) for the Co 3d” (CoAl,04) configuration, and 10Dg =
0.8eV, A=3eV, pdo =0.5¢eV, Uyy =2¢eV for the
Co 3d® (ZnCo,0y4) configuration.

C. Optical properties and electronic structures

Figure 4 shows the optical absorption spectra of the three
films with photon energies from 0.45 to 5.0 eV. For Co3Qy,
four distinct absorption bands are clearly revealed with en-
ergies of 0.9, 1.6, 2.6, and 4.5 eV. The optical band gap
of Co304 is determined to be ~0.8 eV, which is consistent
with the previous reported value [10]. Similarly, a recent
study of carrier dynamics of d-d excitations in Co3O4 has
suggested the optical band gap to be 0.82 eV [11]. This
optical transition originates from e to f5, transitions at 7;-site
Co?* cations. This assignment is further proved by the optical
spectra of CoAl,04 which only has 7; coordinated Co**.
In contrast, this transition is absent in ZnCo4O4 with purely
Co* cations, and only three distinct absorption bands are
clearly revealed with energies centered at around 1.3, 2.9, and
4.5 eV, respectively. As will be discussed in the following
section, the transition at 1.3 eV corresponds to a d-d transition
at Co>*. Due to the O, coordination of the Co’* cation,
the Co 3d° orbital is split into three lower energy Irg states
being completely filled, and two higher energy e, states being
completely empty. Although this d-d transitions would be
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FIG. 4. Optical absorption coefficients of ZnCo,04, CoAl,0Oy,
and Co;0; as a function of photon energy.

nominally forbidden according to the dipole selection rule,
as will be discussed in details based on XPS and DFT cal-
culations, the hybridization of Co 3d with O 2p orbitals will
slightly relax the parity selection rule and result in weak light
absorption. The absorption band at 2.9 eV is attributed O 2p
to Co 3d excitation. These optical properties of ZnCo,0; give
rise to its higher transparency in the visible region, although
the fundamental bandgap is around 1.3 eV.

A comprehensive combination of high-resolution XPS,
XAS, and DFT calculations were used to elucidate the nature
of electronic structure and optical transitions of Co based
spinels. Figure 5(a) shows XPS valance band (VB) spectra
measured at excitation photon energies of 1486.6 and 6000 eV,
respectively. The VB as measured by XPS yields the occu-
pied density of states weighted by the photoionization cross
sections of the contributing orbitals. Figure 5(b) shows the
O K-edge XAS spectra that probe the electronic transitions
from the O 1s core level to unoccupied states with partial O
2p character hybridized with Co 3d states. The spectra can be
qualitatively related to the density of states in the conduction
band (CB) [45-47]. Therefore, the combination of XPS VB
and O K-edge XAS can be used to examine the density of
states (both unoccupied and occupied) near the Fermi level.

It is convenient to discuss the VB spectra shown in Fig. 5(a)
in terms of three main regions, region I at BE of 0-3 eV,
II at 3-7 eV, and III at 7-12 eV, and the O K-edge XAS
spectra in Fig. 5(b) in terms of two regions, region IV at
photon energy of 529-534 eV and V at 534-540 eV. For
ZnCo,04, due to the O;, coordinated Co*, the Co 3d is split
into three lower energy t,, states being completely filled by six
electrons and higher energy e, states being completely empty.
Therefore, region I in the VB spectrum is assigned to the six
electron occupied 3d 1,, states with some hybridization with
O 2p. Correspondingly, region IV in O K-edge is assigned
to the empty e, states with strong hybridization with O 2p.
The broad region V lying at higher energies consists of the
empty Zn 4s/4p and Co 4s/4p derived states. Back to the VB,
region II is mostly O 2p nonbonding derived states. ZnCo,O4
also exhibits a strong region III associated with Zn 3d'°. For
CoAl,0; in which Co®* is in T coordination, the top of VB

(@) VB —1486eV (b)
] m e 6000 eV v

O K-edge XAS

B

,,,,,,

.....

Intensity (a.u.)
Intensity (a.u.)

528 530 532 534 536 538
Photon Energy (eV)

1
12 10 8 6 4 2 0 -2
Binding Energy (eV)

FIG. 5. (a) Valence band spectra of Co3;04, ZnCo,04, and
CoAl,O, excited with photon energy of 6000 eV (dashed) and
1486.4 eV (solid); (b) corresponding O K-edge XAS spectra.

(region I) is composed of the fully occupied eg and partly
occupied tgg (spin-up), while the empty t23g (spin-down) gives
rise to the region IV in O K-edge spectra. The assignment
of the spectral features for Co;O,4 are essentially a combi-
nation of CoAl,O4 and ZnCo,04. The crystal field splitting
values from experiments are comparable with the values as
suggested by CI calculations. Interestingly, we observed that
the spectral intensity of region II for the three oxides is
significantly enhanced when measured using 6000-eV photon
energy compared with measuring by 1486.6 eV. This suggests
the contribution of Co 4s and Zn 4s orbitals to these states,
because of the relatively enhanced cross sections for s orbitals
at higher photon energy [48,49]. Recently, Panda et al. also
reported a considerable contribution of Ni 4s-derived states
at the VB of NiO using HAXPES, and showed that a combi-
nation of the GW and dynamical mean field theory methods
is necessary for correctly describing the electronic structure
of NiO [50]. In summary, the combined XPS VB and O
K-edge measurements suggest that both the top of VB and the
bottom of CB are composed mainly of Co 3d-orbital derived
states, i.e., the bandgaps of CoAl,O4 and Co304 are largely
determined by crystal field splitting of T; coordinated Co*",
and ZnCo,0, by 0, coordinated Co’*.

To gain a further understanding of XPS VB and O K-edge
XAS spectra, we used DFT4+U (U =0, 2, and 4 eV) to
calculate the electronic structures of these three oxides. Table I
summarizes the calculated lattice parameters and bandgaps
with different U values. For all methods, there is fairly good
agreement for lattice parameters between the calculated and
experimental data. However, the resultant bandgaps show a
wide range variation, which is as expected in the use of DFT
in modeling transition metal oxides [51]. Figure 6 shows
the calculated partial density of states (PDOS) with U =
2 eV for ZnCo,04 and Co304 and U = 0 eV for CoAl,O4
together with experimentally measured VB and O K-edge
XAS spectra, and the PDOS with U =0, 2, and 4 eV of
these three oxides are shown in Supplemental Fig. S5 [37].
In order to make a direct comparison with DFT calculated
DOS, we put the XPS VB and O K-edge XAS spectra in a
common energy scale by using the band gap value obtained
from optical absorption measurements. This method has been
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FIG. 6. PDOS of (a) ZnCo,0y, (b) Co304 and (c) CoAl,O4
calculated by DFT4+U (U =2 eV for ZnCo,0y4, C0304, and U =
0 eV for CoAl,0Oy), together with experimental XPS VB and O
K-edge spectra.

also widely adopted in the literature [45,52—-54]. As shown in
Fig. 6, the VB maximum is set as zero energy, and the leading
edge of the O K-edge XAS at zero baseline intensity is set to
be the value of the corresponding band gaps, i.e., 1.3 eV for
ZnCo,04 and 0.8 eV for CoAl,04 and Co304. The validity of
this method is confirmed by another commonly used method
for aligning XAS with XPS VB in a common scale with
reference to the Fermi energy. In this method, the XAS fea-
tures are aligned above the Fermi energy by subtracting from
the photon energy scale the binding energy of the relevant
core levels that participate in the x-ray absorption process. To
account for the influence of the core-hole final state effect,
the XAS energy scale is corrected by rigidly shifting the
XAS toward higher photon energies [45,55,56]. Details of the
method are described in the Supplemental Material (Fig. S4
[37]). As shown in Supplemental Material Fig. S4 [37], both
methods are in good agreement with each other.

Detailed analysis by comparing the band gaps in Table I
and DOS in Fig. 6 and Fig. S5 [37] suggest that the results
by DFT with U = 2 eV provide the best agreement with the
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FIG. 7. Electrical and thermoelectric properties. (a) Temperature
dependent conductivity of ZnCo,0O4 grown at different O, partial
pressure; (b) Seebeck measurements performed at room temperature,
showing positive Seebeck coefficient (p-type carriers) for ZnCo, Oy,
films, while negative Seebeck coefficient for typical n-type Sn-doped
In, 05 (ITO); (c) plots of temperature dependent conductivity data in
the small polaron model using In(o*T") vs (1/7T) from 330 to 200 K;
(d) plots of the data to variable range hopping using In(c) vs (1/7)!/?
from 250 to 100 K.

experimentally determined band gaps, and XPS VB and O
K-edge XAS spectra for ZnCo,O4 and Co3;04 DFT with
U = 0 eV results in too small bandgap of 0.6 eV for ZnCo,0y4
and 0.2 eV for Co304. However, calculation with a large U =
4 eV leads to much larger bandgaps of 2.2 eV for ZnCo,04
and 1.9 eV for Co304 and 3.6 eV for CoAl,O4 and signifi-
cant electronic structure distortion at the VB. For CoAl,Oq,
DFT with U = 0 eV provides a fairly good agreement with
the experimental band gaps, although the charging effect in
CoAl,0Oy4 leads to much broader XPS VB width and poor
agreement with the calculated DOS. DFT with U = 2 eV and
4 eV for CoAl,O4 results in too large band gaps (2.2 eV
and 3.6 eV, respectively) and too high an energy position
of unoccupied Co t,, in the unoccupied DOS. The small U
values for DFT are also consistent the Uy = 2 eV (Coulomb
interaction) used for CI calculation for XAS spectra. This
suggests that ZnCo,0y, similar to Co30y, is not a strongly
correlated material.

D. Electrical properties and Zn vacancies
as the origin of p-type conductivity

Co304 and CoAl,O4 thin films are not sufficiently con-
ductive (6 < 107% S/cm) to be measured using the van der
Pauw method, whereas all the ZnCo,0, films show high
conductivity. Figure 7(a) shows the temperature dependent
conductivities for three ZnCo,O4 films grown at oxygen
partial pressures (pO,) of 30, 150, and 450 mTorr. The
room-temperature (RT) conductivities range from ~36 S/cm
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TABLE II. Room-temperature conductivities (o), activation energies (E,) for small polaron hopping conduction, Seebeck coefficients (),
extracted hole concentration (p), and mobility (u) for ZnCo, 0, films grown at different oxygen partial pressures (pO;).

pO,[mTorr] o[Scm™'] E,[meV] SV K] plem™3] wlem? V-1 s
30 36 61 197 5.1 x 10%! 0.043
150 67 55 189 5.5 x 10 0.076
450 111 53 179 6.0 x 10! 0.115

for the film grown at 30 mTorr to 110 S/cm at 450 mTorr
(Table II). The RT conductivities of our epitaxial films are
much higher than reported values in the literatures, e.g.,
5 S/cm in Ref. [20] and 21 S/cm in Ref. [57]. This is possibly
due to the high crystalline quality of our epitaxial thin films.
All of the films exhibit positive Seebeck coefficients [see
Fig. 7(b) and Table II], confirming the p-type conductivity.
Hall effect measurements were made to extract the carrier
concentration (p) and mobility (x), but it was not possible
to obtain a reliable Hall coefficient. This is due to the low
mobility of hole carriers that follow a small polaron hopping
(SPH) conduction mechanism. SPH has been observed in
many mixed-valence transition metal oxides such as NiO,
CuCrO,, and LaCrO; [45,58-60]. SPH conducts by ther-
mally activated hopping of carriers from one site to another.
The relationship between conductivity and temperature is
given by o (T) = (0,/T ) exp(E,/kgT ), where E, is the acti-
vation energy for hopping and kg is the Boltzmann constant.
Figure 7(c) shows that the conductivity data fits well with
a SPH model in temperature range of 220-330 K. The E,
determined from the slopes of the fit lines decreases from 61
to 53 meV. Below 220 K, the conduction data deviates from
the SPH model, but fits well with variable-rang hopping that
exhibits a T~!/? temperature dependence [Fig. 7(d)].

In order to determine p and u, we used the Seebeck coeffi-
cient to extract of the fraction of hopping sites occupied with
holes, ¢, based on the formula: S(c) = (kg/e) In[2(1 — ¢)/c],
where e is the elementary electronic charge [58]. Hole
carrier concentrations p thus correspond to the activation of
an adjacent Co site for hole hopping, i.e., p = cN, where N
is the density of conducting sites, 3.0 x 10?> cm™3. Based on
the formulas for S(c) and p, we determined the hole concen-
tration to range from 5.1 x 10*! cm™3 to 6.0 x 10?! cm™3.
The corresponding mobilities at RT (determined from o =
ejp) are in the range from 0.044 to 0.116 cm? V~! s~! (see
Table II). The low mobility is because of the localized nature
of the VB edge formed by Co 3d ty, orbitals. Although the
p-type mobility is low, there are several device applications
that would not be hampered by the low mobility. These
include rectifiers, photodetectors, solar cells, and n-type junc-
tion fieldeffect transistors (n-JFET) [61]. In addition, it has
been shown [20] that ZnCo,0O4 has high work functions in
the range of 5.6-5.9 eV, comparable to that of Pt with the
highest work function of use in many electronic devices,
but Pt is limited by its high cost. For example, in the n-
JFET, the high hole concentration and high work function of
p-type ZnCo, 04 would cause the depletion zone to be in the
n-type oxide with significantly higher mobility, resulting in
fast switching [62,63]. Furthermore, although ZnCo,04 has
a small bandgap, its optical excitation is dipole-forbidden.
ZnCo,04 shows reasonable transparency in the visible region.

Therefore, a very thin layer (~5-20 nm) of ZnCo,0,4 can be
used as hole transport layers in photovoltaic devices.

The above results show enhanced electrical conductivity
in ZnCo,04 with increasing growth partial pressure of O,.
This is also common for many other p-type oxides, including
Cu,0 [64], NiO [65], and CuAlO, [66]. Both experimental
and theoretical studies suggest that the formation of cation
vacancies, e.g., Cu vacancies (V) in Cu,O [64,67], and
Wni in NiO [65], are the source of p-type conductivity. The
exact origin of the p-type conductivity for ZnCo,0y is still
a matter of debate. Two possible defects have been proposed
based on first principles calculations. Amini et al. using HSEO
predicted that Zn vacancies (Vz,) have the lowest formation
energy under oxygen-rich/Zn-poor conditions and are shallow
acceptors responsible for hole carriers [26]. On the other hand,
Perkins et al. based on generalize gradient approximation +
U calculations found that Znc, antisite defects in which Zn**
occupied the octahedral Co** sites are the dominant shallow
acceptors for p-type carriers, and therefore a Zn-rich condition
is required in order to increase the p-type conductivity [68].
It should be noted that the calculated formation energy and
transition level of the defects strongly depend on the calcula-
tion methods [67]. Figure 8 shows the Zn 2p3,, and Co 2p3,»
spectra of the three films grown at different pO,, which
indicate that the ratio of Zn relative to Co decreases with
the increase of pO,. The decrease of Zn is not unexpected,
because Zn is volatile in high oxygen pressure. Supplemental
Material Fig. S6 [37] shows the VB spectra and corresponding

/L
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FIG. 8. Zn 2ps3;; and Co 2ps3;, spectra of the three ZnCo,04
films grown at different pO,; The Co 2p;,, spectral intensity is
normalized to be the same value, allowing us to directly compare
the difference in Zn 2p3;.
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O 1s core levels of ZnCo,04 films grown at different pO,.
Both VB and O 1s spectra concurrently shift 0.15 eV towards
lower binding energies, because of the downward movement
of the E¢ by hole doping. The downward movement of Ef also
parallels with the increase in RT conductivity. This suggests
that the formation of Vz, in higher pO, is mostly like the
source of p-type conductivity, via V,, — 2h*. The tendency
to form Vz, is in line with the calculation by Amini et al.
[26] and previous experimental work by Kim et al. [24] that
ZnCo,04 can be both p-type and n-type doped depending on
pO; during growth. On the other hand, ab initio calculations
suggested that Co vacancies (Vg,) in Co304 are shallow
acceptors as the source of p-type conductivity [69]. However,
the formation energy of V¢, is much higher compared with
that of V,. To test this point, we grew Co30Oy4 thin films at
pO> = 450 mTorr, and the films show much lower conduc-
tivity (<107 S/cm) than ZnCo,04 (10?> S/cm) grown in the
same conditions. Therefore, the defect chemistry of Zn at 7,
sites provides flexible route to tune the electrical and optical
properties of ZnCo,0y.

IV. CONCLUSIONS

In summary, using combined spectroscopic characteriza-
tion and theoretical calculations, we clearly demonstrate that
ZnCo0,04 has a direct fundamental bandgap of ~1.3 eV, much
smaller than the generally accepted values which range from
2.26 to 2.8 eV. The VB edge of ZnCo,04 is comprised
of occupied Co 3d t2g6 states with some hybridization of
O 2p/Zn 3d orbitals, and the CB is comprised mainly of
unoccupied e? states. The optical transition between the two
band edges is dipole forbidden. Strong absorption occurs
at photon energies above 2.6 eV, explaining the reasonable
transparency of ZnCo,O4. We also show that Zn vacancies

formed at high oxygen pressure are the source of a high
p-type conductivity of ZnCo,0y4 by introducing a hole state
at the top of the VB, yet the hole conduction is described
by small-polaron hoping model. The high p-type conductiv-
ity, reasonable transparency, and large work function make
ZnCo,0,4 a desirable p-type transparent semiconductor for
various optoelectronic applications. Using the same method,
the bandgap of Co3 Oy is shown to be ~0.8 eV arising from the
T, coordinated Co®* cations. The present results advance our
fundamental understanding and provide significant guidance
for the use of Co-based spinel oxides in catalysis, electronics,
and solar applications. Finally, the comprehensive suite of
methods we have demonstrated to resolve the electronic and
optical properties of these three spinel oxides can be extended
to other complex transition metal oxides, particularly in cases
where the electronic structure has been insufficiently resolved.
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