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X-ray spectroscopic studies of the electronic structure of chromium-based
p-type transparent conducting oxides
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The valence band structure of p-type transparent oxides—crystalline Mg, Cr,_,O; and nanocrystalline
Cu,CrO,—is analyzed as a function of incoming photon energy. The valence band of both p-type transparent
conducting oxides shows striking similarities to measurements on crystalline CuCrO,:Mg with all films showing
that chromium states compose the top of the valence band, suggesting that the valence-band structure is dominated
by the presence of the Cr-Og octahedra. A comparison of the valence band between the best performing p-type,
crystalline CuCrO,:Mg, with crystalline Mg, Cr,_, O3 and nanocrystalline Cu,CrO,, shows that the chromium 3d
states are fixed irrespective of changes in long-range crystallographic order. This indicates little spatial overlap
between adjacent Cr 3d states. This further confirms the conduction mechanism via hopping for chromium based
p-type TCOs as the Cr 3d states are localized within the Cr-Og octahedra.

DOI: 10.1103/PhysRevB.93.115302

I. INTRODUCTION

Optically transparent conductive materials (TCMs) such as
conductive polymers, 2D materials like graphene, nanowires,
and metal oxides offer the promise of fully transparent
electronic devices [1,2]. Transparent conducting metal oxides
(TCOs) are the most widely used TCMs by industry due
to the excellent properties of n-type TCOs-indium tin oxide
(ITO), fluorine-doped oxide (FTO), and aluminium-doped zinc
oxide (AZO) [3]. However, fully transparent devices have been
hindered by p-type TCOs having poor performance in terms
of carrier mobility and transparency [4-7]. Moreover, very
few materials show promise of stable bipolar doping [6,8],
which if successful would open up the possibility of optically
transparent CMOS technology [9].

In p-type TCOs, the main challenge has been to overcome
that the valence-band maximum is composed largely of states
with oxygen 2p character, which will hinder high mobility
holes, converse to the s-like state conduction band minimum of
metal oxides. The selection of an open d-shell transition metal
has been crucial to obtain good performing p-type conductivity
in TCOs [10]. Since the initial report by Kawazoe et al. [11],
delafossites have attracted much attention as p-type TCO
materials. The delafossite structure, A BO,, has an A cation site
linearly coordinated to the oxygen octahedra within which the
B site cation resides. In particular, cuprous delafossites exhibit
exceptional electrical, magnetic, and optical properties [12].

However, p-type films suffer from low mobilities and can
typically only be estimated by the Seebeck effect. There are
some exceptions such as CuCrO,:Mg, which was measured
by the AC Hall effect [13]. This limits their use in applications
such as transparent transistors where mobility is paramount.
Beyond the low mobility, p-type TCOs have relevance in
photovoltaics as selective contacts for the extraction of holes
to improve the overall efficiency and performance of solar
cells [14—17]. Furthermore, a recent paper by Chen et al. shows
p-type TCOs to be useful as a selective contact as well as a
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protective overlayer with n-type silicon for stable, efficient
solar water splitting [18].

An appropriate figure of merit (FOM) to characterize the
performance of a TCO is a ratio of electrical conductivity
weighted against the optical absorption coefficient [19].
CuCrO,:Mg exhibits the highest FOM to date [20]. The
success of the cuprous delafossites in exhibiting exceptional
electrical properties was attributed to copper 3d states reducing
the oxygen 2p character at the top of the valence band
through hybridization. Initially, the choice of chromium as
the optimum B site cation was attributed to closed lattice
matching of the two cation sites, which affected the optical
properties fortuitously. Interestingly, a recent paper by Farrell
et al. reports a copper deficient nanocrystalline CuCrO, [22]
material with an FOM of 350 uS and conductivity as high
as 12 Sem™!. The Cu,CrO, films have an FOM an order of
magnitude greater than CuCrO,:Mg deposited previously by
spray pyrolysis and also only an order of magnitude below the
best FOM reported for CuCrO,:Mg [23].

Theoretical studies of the electronic structure of p-type
CuCrO; led to conflicting reports on the nature of the top
of the valence band: whether it is predominately composed
of Cu or Cr 3d states. The first reports from theoretical and
experimental studies suggested that Cu states lay at the top of
the valence band [24-26]. Further DFT+U studies by Scanlon
and Watson, and experimental confirmation by Yokobori
et al. using resonant valence-band photoemission spectroscopy
(RVBPES) showed evidence that in fact chromium states
predominately compose the top of the valence band [27,28].

Furthermore, a large range of chromium based p-
type TCOs have been reported in the last 5 years:
two corundum lattice structures—Mg,Cr,_O3 [21,29] and
Ni,Crp_,O3 [30]—have been shown to be p-type TCOs.
Several other reports of high figure of merit (FOM) p-type
TCOs also contain chromium in an octahedral coordina-
tion. Besides the prototypical Mg, Cr,_,O3 and Ni,Cr,_, O3,
these include LaCrOs:Sr [31] and spinel structures such as
CroMnOy:Li [32,33].

In this study, RVBPES has been carried out on films
of Mg, Cr,_,O3 and Cu,CrO, with varying Cu/Cr ratio,
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FIG. 1. X-ray diffraction of the analyzed samples. The top panel
shows the epitaxially grown Mg, Cr,_,Os. Only the 006 reflex of the
eskolaite phase is observed. The lower panel shows the data for the
nanocrystalline Cu,CrO,. To illustrate the polycrystalline nature, a
symmetric 6/260 measurement is compared to a grazing incidence
measurement. Only the strongest CuCrO, reflex can be observed for
the sample with higher copper content. Structures originating from
the substrate and/or sample holders have been marked ().

providing qualitative experimental evidence about the compo-
sition of the valence band. Experimentally, we can probe this
by using resonant photoemission spectroscopy (RPES). RPES
is a technique that is often described as a two-step process: the
creation of a core hole, and secondly the decay of that core hole.
The decay of the core hole causes the emission of an Auger
electron from the valence band. This valence electron has the
same final state as an electron emitted by direct photoemission.
However, these studies ideally have films that are sufficiently
conductive to avoid shifts in binding energies due to sample
charging, hence only highly conductive p-TCOs can be easily
analyzed.

While several studies have been performed on crystalline
CuCrO;,:Mg a comparison with Mg Cr,_,O3 and Cu,CrO,
will provide a general insight into the electronic structure and
low mobility of chromium based p-type TCOs. Few studies
of this nature have been carried out on conducting oxides. The
Cu,CrO, films, an oxide synthesized at low temperatures,
has been shown to be copper deficient with poor crystalline
quality, yet possesses a high FOM. The defective material
allows us, by altering the Cu/Cer ratio, to switch between two
regions: a highly copper doped amorphous Cr,O3:Cu structure
and a copper deficient CuCrO,. While less conductive than
the crystalline CuCrO,:Mg, it has one of the highest FOMs,
350 uS, of any solution processed p-type TCOs [34].

The difference in the crystallographic properties is illus-
trated in the x-ray diffraction (XRD) patterns of the samples
shown in Fig. 1. The Mg, Cr,_, O3 sample is epitaxially grown
on ¢ plane Al,O3 showing only the 006 reflex of the eskolaite
phase. In contrast, the Cu,CrO, samples are nanocrystalline
samples with a coherent domain size below 8 nm and no
preferential growth direction. The phase identification in this
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case is difficult by XRD alone as the film signal is weak
compared to the substrate and sample holder background. A
more comprehensive study on the crystallographic properties
by XRD and Raman spectroscopy has been published else-
where [34]. Despite the poor crystallinity, the films are closed,
smooth layers and can be readily incorporated in devices.

II. EXPERIMENTAL METHODS

Thin film samples of chromium oxide based p-type TCOs
have been prepared by either molecular beam epitaxy (Cr,O3
based, crystalline films) or spray pyrolysis (copper deficient
CuCrO,). The Mg, Cr,_, O3 films were grown on Al,O3(0001)
substrates using a DCA M600 molecular beam epitaxy
system (MBE) with base pressure of 1.3x 1077 Pa. E-beam
evaporation was done from Cr,Os3 pellets (99.9% Kurt J.
Lesker) at an oxygen partial pressure 6x 1073 Pa with the
substrate temperature maintained at 873 K. The doping was
achieved by controlling the supplied power to a second e-beam
evaporator loaded with MgO (99.95% Kurt J. Lesker) [21].
After growth, the Mg Cr,_,O; film was postannealed in
oxygen for 2 h at a temperature of 973 K, showing an FOM
of 3.5 uS (0 ~ 0.04 Scm™!), a factor of three improvement
on the as-grown film [21,35]. The Mg, Cr,_, O3 film showed a
composition of Mg, ,Cr gsO3 when characterized by XPS,
using a laboratory-based Omicron multiprobe system with
monochromatic Al K, x rays (hv = 1486.7eV) and an EA125
analyzer.

Nanocrystalline, highly conductive, copper-deficient cop-
per chromium oxide was grown by spray pyrolysis using
a simple air blast nozzle. Copper(Il) acetylacetonate and
chromium(III) acetylacetonate precursors in a methanol solu-
tion were sprayed at 623 K on glass microscope slides [34]. The
incorporated copper content of the Cu,CrO,, films was con-
trolled by altering the concentration of copper acetylacetonate
in the initial precursor solution. The samples examined in this
study are a high FOM (150 puS, o ~ 5 S cm™!) nanocrystalline
film with a copper deficient composition, Cug4oCr;O; s,
and a lower FOM (4 uS, o =0.15 S cm’l) film, which
corresponds to a lower copper content, Cuy,Cr;O, 4. X-ray
absorption spectroscopy (XAS), additional core level x-ray
photoemission spectroscopy (XPS), and resonant valence-
band photoemission spectroscopy (RPES) were carried out
at the D1011 beamline at MAX II, MAX-lab, Sweden. All
photoemission spectra were normalized by the ring current
and the beam line transfer function measured by a reference
total electron yield on a clean gold mesh. The valence-band
spectra at photon energies of 40-100 eV were taken with a
fixed exit slit and a photon flux of between 10''-10'2 ph/s
incident on the sample. The binding energies in valence-band
spectra were aligned to the Fermi edge taken of tantalum foil
in contact with the sample. All XAS absorption spectra were
taken in total electron yield (TEY) mode by measuring the
drain current as a function of incident photon energy. XRD
patterns have been measured with a Bruker D8 Discover using
a monochromated Cu-K, source (epitaxial film and grazing
incidence measurement) as well as a Bruker D8 Advance using
a Mo-K, source (Powder XRD for nanocrystalline films).
Cr, O3 atomic multiplet calculations were carried out with the
CTM4XAS software [36].
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III. RESULTS

A. Surface preparation

The deposition methods required to prepare Mg, Cr,_, O3
and CuCrQ, films limit studies to ex situ characterization.
As-grown films are contaminated by surface carbon obscuring
the measurement of the valence-band spectra. Hence all films
were Ar sputtered with a beam energy of 1 keV at4x 10~ Paat
grazing incidence to remove carbon and residuals of unreacted
precursors from the surface prior to measurements. This was
repeated in 4-minute steps at a time until a surface sensitive
XPS scan of the C 1s core level taken at an incident photon
energy of 380 eV would reveal minimal or no surface carbon
present.

However, particularly in the case of CuCrO,, valence band
changes have been reported in crystalline thin films due to
surface preparation [12]. As our Cu,CrO, thin films on glass
are polycrystalline in nature, they will not have a coherent
surface termination unlike in situ cleaved single crystals.
Therefore introducing further disorder is unlikely to produce
spectral differences in the valence band unlike in the case
of Shin et al. studying crystalline CuCrO,. Nevertheless, the
effects of argon sputtering and annealing on the core levels and
absorption spectra is discussed to quantify any differences.

X-ray photoelectron spectroscopy (XPS), Fig. 2, shows
little change in the core level of the copper 2p3/, peak in
the Cu,CrO,, thin films due to sputtering and annealing. The
only observable difference is an increase in the asymmetry of
the copper peak after oxygen annealing with greater weight at
the low binding energy side.

This observation correlates with significant changes in the
copper L; 3 edge, (Fig. 2) with oxygen annealing. The prepeak
at hv ~ 926 eV, which has been reported as an XAS final
state of 2p3d'°, which corresponds to an initial 3d° state,
ie., Cu*t impurities, is observed in the as-grown films and
re-emerges with oxygen annealing [37]. The same prepeak, but
significantly reduced in argon sputtered samples, is observed
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for Mg doped CuCrO; and stoichiometric CuCrO; [26,28]. In
our Cu,CrO, films, it decreases with, but is not eliminated by
argon sputtering and re-appears with oxygen annealing. The
residual peak after sputtering is representative of the bulk film
which has been characterised extensively in previous studies
and seems consistent with CuCrO,:Mg [21,34]. We suggest
that due to the defective nature of our films the surface sites
are preferentially oxidised, changing the copper oxidisation
state locally on the surface but not in the bulk.

B. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) was performed on
all films, after surface preparation. Soft x rays in the photon
energy range of 40—1500 eV allowed us to probe the Cr L-edge
absorption in Cu,CrO, and Mg Cr,_, O3 films as well as the
Cu L edge in Cu,CrO, films (see Fig. 3).

All absorption spectra have been normalised to the max-
imum intensity after background subtraction to compare
features. A reference spectra of an epitaxial Cr,O5 film was
taken; comparison with our Mg, Cr,_,O3 and Cu,CrO,, films
shows the chromium oxidation state unchanged. The Cr L
edge for both Mg, Cr,_, O3 and Cr,O3 show an overall sharper
structure than in the Cu,CrO, films. The epitaxial nature of
the Mg, Cr,_,O3 creates a more ordered local coordination
of the chromium atoms than the nanocrystalline Cu,CrO,
with random crystal axis orientation. Spectral features remain
consistent across the films though.

A reduction in intensity of the Cu L edge is seen for different
films, which correlates with a reduction in Cu content from
Cug,Cr; 0, 4 compared to the higher FOM, Cug 4Cr; O, 5 film.
Unlike the chromium absorption spectra, the assignment of
a clear oxidation state and electronic structure with a cuprite
phase, Cu,O (Cu™), is difficult. The copper x-ray absorption
spectra has been notoriously difficult to analyze. Nominally,
this oxidation state will have fully occupied copper 3d states
in the valence band and an empty Cu 4s conduction band. The
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FIG. 2. (i) X-ray photoelectron spectroscopy of CuCrO, films highlighting the core level changes when the sample is argon sputtered and
annealed in oxygen. A slight increase in the peak asymmetry is noted when the film is annealed in oxygen. (ii) In contrast, spectra of the Cu
L, 3 edge as a function of surface preparation. A large pre-peak, circled, is observed at hv = 926 eV in as received Cu,CrO, films. Argon
sputtering reduces, but does not eliminate this peak entirely. Oxygen annealing after argon sputtering reproduces the same prepeak.
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FIG. 3. (i) X-ray absorption spectra of the Cu L, 3 of Cup2Cr;O,.4
and CUOACI'IOQ'S and (ll) Cr Lzy} edge of CuO'ZCrl 02'4, CuO‘4Cr102'5,
and Mg, Cr,_,0O;.

band-structure calculations show Cu,O to have substantial 3d
character in the conduction band and conversely 4s character in
the valence band [38]. However, experimentally the Cu L edge
is difficult to analyze as x-ray spectroscopic investigations
are nearly always overly sensitive to a mixed ground state
as 2p edge core level spectroscopy is dominated by atomic
multiplet effects as noted for instance in resonant inelastic
x-ray spectra (RIXS) of Cu,O being dominated by 3d — 3d*
transitions [39].

In Fig. 3, the structure in the Cu L-edge around 926 eV is
found to be more intense in the better conducting Cug 4Cr; O35
sample even after sputtering. A similar structure was found
to appear in Mg doped CuCrO,, increasing in intensity
with magnesium concentration by Yokobori et al. [28]. The
appearance of the same structure in copper deficient material
suggests that the origin of the peak is a copper atom in
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a different electronic configuration in some defect complex
involving the copper site and, e.g., an adjacent oxygen
interstitial (O;). In CuCrO,, these defect complexes might
be generated by magnesium substitution, while they natively
occur in our defective Cu, CrO,.

DFT calculations of single point defects in CuCrO, have
shown that V¢, are the most readily formed intrinsic defects,
while Mg, is the dominant defect in doped materials [27].
However, no evaluation of complex defects such as Mg~,—Vcu
or Vcu—O; has been performed yet. In the related Cu, O, it has
already been shown that the formation of defect complexes
readily occurs, explaining, e.g., why Sr*? doping in Cu,O leads
to p-type conductivity as the p-type Srcy—Vy defect complex
is more likely to form than the n-type Src, isolated point
defect [40]. In a similar fashion, other native defect complexes
in CuCrO; could be contributing factors. The identification
of their detailed nature would require ab initio analysis of
many possible combinations including Crcy—V ey, O;—V ey and
others. The observed structure for surfaces exposed to air or
oxygen annealing would indicate an increase in the number
of some defect like complexes. The fact that this increase is
not observed by vacuum annealing alone and the Cr L edge
is not affected leads to the identification of a Cu-O; defect
complex as a likely candidate not only for the changed surface
termination but also as a contributing factor in the bulk doping
of the material itself.

C. Resonant photoelectron spectroscopy

Figure 4 outlines the valence-band spectra of the
Mg Cr,_,Os film over a range of photon energies. Two
possible processes leading to the final state 3d"~! are possible.
The direct process of emitting a valence electron is possible for
all incident photon energies greater than the valence electron
binding energy,

PES: 3d" + hv — 3d" ' +e7l.

However, if we have a tunable photon energy, we can
generate a second process, outlined below for a 3p — 3d
transition:

RPES: 3d" + hv — 3p°73d"! — 3p®3a"~1 el

While directly photoemitted electrons (PES) provide non-
selective sampling of the atomic electronic levels, resonant
photoemission spectroscopy (RPES) can be used to probe
them selectively. By taking the same valence-band spectra
collected at different photon energies, any increase in the
intensity of a specific feature would indicate an increase, in
our case, of 3d"~! electrons emitted by photoemission through
the intermediate resonant process.

Figure 4(ii) plots the valence-band photoemission intensity
at a given binding energy as a function of the photon energy
over the 3 p-3d threshold and upwards. At the top of the valence
band, two resonance features of interest are seen: a weak
spectral response at 44—-46 eV (red box) at a binding energy
of 2.7 eV and a stronger resonant behavior at 48—50 eV (black
box) at a slightly higher binding energy of 3 eV. The expected
3p-3d spectrum can be modeled using CTM4XAS software so
we can see if the origin of this double peak feature can be
pinpointed [36]. For the atomic multiplet calculation the value
of the crystal-field parameter, 10 D, was chosen to be 2.03 eV;
a value derived from the optical 2T,-2A, transition observed
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FIG. 4. (i) Valence-band spectra of the Mg, ,,Cr; 3503 film over
the photon energies 43 to 57 eV with an FOM of 3.5 uS. The black
box in (i) indicates the region where resonant behavior over 48-50 eV
is observed. The red box indicates the lower resonance over 44-46 eV.
(i) PES intensity for selected binding energies as a function of incident
photon energy. The strong enhancement around 49 eV is caused by
a resonance to Cr 3 p-3d transitions. A weaker enhancement is seen
around 45 eV. (iii) Differences between the spectra at 50 and 48 eV
(o) reveal the strong Cr resonance around 3 eV and an increase of PES
intensity of 0.007. The spectral difference between 46 and 44 eV (¢)
shows the onset of that resonance with reduced PES intensity (0.002).
The negative differential signal in the 4-8 eV range is caused from
going off-resonance to the oxygen p states.

in the pure epitaxially grown Cr,Os; films. This crystal-field
splitting is broadly consistent with that observed from pure
single crystals of Cr,O3 where it was found to be 2.08 eV [41].
Although a trigonal distortion away from Oy, to C3 symmetry is
present in the corundrum lattice, the effect of such a distortion
on the optical spectra is very small and various cluster and
multiplet calculations effectively ignore this distortion as a
result [42,43].

The Cr 2p and 3p XPS, L3, and M3, XAS are all best
modelled taking into account charge transfer multiplets. A
model for such charge transfer parameters has been previously
put forward by Matsubara et al. [44] who successfully modeled
Cr,03 XAS, 2p XPS, and 2p-3d resonant inelastic x-ray
scattering (RIXS) data. These same charge transfer energies
are used in the present modeling. The L3> XAS and 2p XPS
are modeled with core hole lifetimes for the L3 2p3,, hole of
0.32 eV and the L, 2p;/, hole of 0.76 eV as recommended
by Campbell and Papp [45], with an instrumental broadening
of 0.1 eV and 0.3 eV, respectively. Our model reproduces the
expected spectral features seen in the Cr 2p and 3p XPS, and
L3, XAS.

Figure 5 shows a plot of the M3 , absorption edge. This edge
and 3p XPS are modeled with core hole lifetimes of 1.2 eV
for the M3 53, holes and similar instrumental broadening. In
Fig. 5, two features A and B are present in the 3 p XAS spectra.
Feature A, the lower excitation energies of 40—-45 eV, is due to
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FIG. 5. Cr M3, XAS spectrum with the distribution of intensities
as obtained in a charge transfer atomic multiplet calculation. Feature
A: 40-45 eV is due to a dominant transition to a low-spin XAS final
state of 2p°3d* (t3,). The more intense feature B at higher excitation
energies (49-55 eV) is the much more strongly allowed high-spin
XAS final state of 2p°3d* (5,e}).

a dominant transition to a low spin XAS final state of 2p>3d*
(t‘z‘ ). The more intense feature, B, at higher excitation energies
(49-55 eV) is the much more strongly allowed high spin XAS
final state of 2p33d* (tg ei,) as previously remarked by both
Li et al. and Bertel et al. [46,47]. In the case of the M3, edge,
the atomic multiplet nature of the transitions dominate the
intensity profile interlinked with the density and intensity of
the allowed transitions to the given XAS final states. Although
these are the XAS final states, they are the intermediate state
in the 3p-3d VB RXPS spectrum and thus govern at what
excitation energy the observed VB RXPS occurs at and also
how intense that feature will be. The origin of the features
A and B in Fig. 4 in the Mg Cr,_, O3 film across the 3 p-3d
resonance can be linked to a difference in energy between
the high- and low-spin states (t3,) and (t3,e}), which are the
intermediate states for RPES.

Figure 6 shows similar measurements for the investigated
Cu,CrO, films over the same Cr 3 p-3d photon energy range.
The strongest spectral feature at a binding energy of 2.6 eV,
for the highest FOM Cu,CrO, sample, is resonant between
the photon energy of 48-50 eV. The intensity of this Cr
3p-3d resonance is broader and less intense by a factor of
nearly two compared to the Mg, Cr,_,O3 film. The onset of
resonance is composed of one broad peak in contrast to the
Mg, Cr,_, O3 films, which has two distinct onsets of resonance.
The disordered nature of the films and lack of long-range order
would lead to a breakdown of crystal-field symmetry rules for
an energetic splitting of the ty, and e, levels, which leads to
the absence of these features in all Cu,CrO,, films. Other than
that detail the differential spectra shows striking similarity
to the one of the crystalline Mg, Cr,_,Os3 film, suggesting
the importance of the chromium octahedra in the electronic
composition of the valence band of the higher FOM Cu, CrO,
sample.

These observations show that a strong chromium composi-
tion must occupy the top of the valence band for these three
p-type films. This correlates well with the previous works by
Yokobori et al. on crystalline CuCrO,:Mg films where the
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FIG. 6. The black box in (i) and (iii) indicates the region where resonant behavior is exhibited between 48 and 50 eV in (i) and 48 and
51 eV for (iii). Plots (ii) and (iv) show the difference spectra between 50—48 eV in (ii) and 51-48 eV in (iv). (ii) Peak fitting shows the sharp
onset of resonance to be at a binding energy of 2.6 eV with a FWHM = 1.6 eV and an increase of PES intensity is 0.004 from 48-51 eV at
2.6 eV binding energy for the high FOM Cu, CrO, sample. (iv) The lower FOM sample shows the sharp onset of resonance to be at a binding
energy of 3 eV with a FWHM of 1.7 eV, with a PES intensity increase equal to 0.004.

top of the valence band exhibits a strong chromium resonance
around the Cr 3 p-3d transition. For in situ cleaved samples, the
increase in photoemission intensity at resonance was 0.003, in
line with the observed intensity changes in the copper deficient
Cu,CrO, films investigated here [28].

The Cu 3d states are also expected in the valence-band
region of Cu,CrO, films. However, no copper resonance
is seen, as outlined in Fig. 7. Stoichiometric, crystalline
CuCrO,:Mg shows a weak resonance around the Cu 3p-3d
transition, approximately a factor of four smaller than for the
Cr 3p-3d transition [28]. In contrast to these measurements,
the Cu,CrO, films are substantially copper deficient and
crystallographically disordered [34]. We also do not observe
the two charge transfer satellites at 13 and 15 eV corresponding
to Cut (3d'%) and Cu** (34°) like initial states that Yokobori
et al. observed. It would be expected that a broadening
and reduced intensity, due to a lower copper content, could
render the copper resonance and charge transfer satellites
unresolvable in this case, while also being further complicated
by the delocalized nature of copper d states due to the on-site
3d4s hybridization which introduces 4s character into the
valence band. Within the signal to noise ratio, the lack of
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2.0x102
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00k
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any observed copper resonance sets an upper limit on any
resonant behavior. This upper limit of a weak copper resonance
and a strong chromium resonance lends some support to the
proposed mechanism by Yokobori et al. that the ground state
of CuCrO; is showing signs of a Cu 4s-Cr 3d charge transfer
in CuCrO, films via O 2p.

D. Valence-band composition

In order to assess the contribution of copper states qual-
itatively in the valence band of the Cu,CrO, films, we can
compare the shape of the valence-band PES spectra taken
off-resonance at an incident photon energy of 85 eV for
samples with different copper content. The valence-band
spectra are shown in Fig. 8, taken at an off-resonant photon
energy of 85 eV for both nanocrystalline Cu,CrO, and
crystalline Mg, Cr,_, O3 films. They have been compared with
previous measurements on crystalline CuCrO,:Mg [28]. For
a meaningful comparison, all spectra were aligned to the
same valence-band maximum position of CuCrO,:Mg; which
coincided with the Fermi level at O eV due to the high doping
levels of the material. The absolute valence-band maximum

2.0x102 |
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PES Intensity
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0.0k

10 8 6 4 2 0
Binding Energy (eV)

FIG. 7. Valence-band spectra of Cu,CrO, films over the photon energies 68—85 eV, probing the copper 3 p-3d resonance.
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FIG. 8. Valence-band spectra of all p-type films compared at
the photon energy of 85 eV. For comparison, all spectra have been
aligned to the valence-band maximum of CuCrO,:Mg [28] to account
for shifts in the Fermi level of the different oxide films.

pOSitiOH for CU.()_4CI‘102.5, CUQ'4CI‘102_5, and MgOIIZCr1.8603
lie 0.8, 1, and 1 eV below the Fermi level (seen in Figs. 4
and 6).

Density functional theory (DFT) can model the composition
of the valence-band spectra. In fact, studies have been
carried out previously for Cr,O3; [46], CuCrO, [26], and
CuCrO;,:Mg [28]. No in-depth study has been carried out
for p-type Mg Cr,_,O3. However, as mentioned previously,
some discrepancy can arise about the best parameters to
model a particular material. Experimental reports become
crucial to providing qualitative evidence for modeling material
properties.

Our measurements have been fitted with Gaussian peaks,
in order to deconvolute prominent features in the VBM PES
data. Best fits were obtained for all spectra containing four
components. The dominant structure (peak A) in these fits
is attributed to the Cr 3d states, as the position and width
coincides with the Cr 3d partial density of states extracted from
the differential valence-band PES (Figs. 4 and 6). This matches
previous reports for both CuCrO,:Mg and Cr, O3 films [28,46].

The spectral features of Yokobori et al. [spectrum (i) in
Fig. 8], were assigned by DFT calculations in their report
with predominant oxygen p states lying between 4 and 8 eV
(blue). We assume the O 2p states to lie in a similar energetic
region for our Cu, CrO, films. While all Cu,CrO, films show a
broad feature (labelled C) in this energy range, the crystalline
Cr,03 sample does show a fine structure (labelled C; and
C,) consistent with the valence-band structure of undoped
Cr,03 [48]. A similar fine structure in the Cr 3d states has not
been resolved as a consequence of spectral broadening by the
Mg incorporation.

As mentioned, across the copper 3p-3d threshold and
upwards, no resonance was apparent in the studied Cu,CrO,
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films. However, comparing the spectra shape of the different
valence bands, an additional structure is apparent for the Cu
containing, polycrystalline films (Fig. 8, labeled B), when
compared with the Mg, Cr,_,O3; films. Energetically, the
structure is found 1-2 eV above the Cr 3d states and is
found to be more intense in the sample of higher copper
content. This lies in a similar region to the calculations for the
Cu 3d states for crystalline CuCrO,:Mg. If compared to the
previously investigated crystalline material, all valence-band
structures are significantly broadened, which is a consequence
of the defective, nanocrystalline nature of the films. Equally,
the ratio between the Cr 3d and Cu 34 intensity significantly
differs from previous reports, as all films investigated here are
copper deficient. In addition, the polycrystalline nature of thin
films of glass will not have a coherent surface termination as
in situ cleaved films, leading to the loss of fine structure in our
measurements. It has been previously reported that the surface
termination can significantly alter the valence-band shape in
CuCrO; [12].

IV. CONCLUSION

Resonant photoelectron spectroscopy was performed on
several high figure of merit p-type TCOs; Mg, Cr;_,03
(3.5 uS) and Cu,CrO, (150 wS) thin films. The top of
the valence band seems to be composed largely of Cr 3d
states in all the films and is not altered significantly with
increasing copper content for Cu,CrO,, films. This provides
experimental evidence for the position of elemental states in
the valence band of oxides featuring octahedral coordinated Cr
sites. The observations explain why many recently discovered
p-type TCOs such as Cr,03:Mg, LaCrOs;:Sr, Cro,MnOy,:Li,
and even highly defective Cu,CrO, are showing similar good
performance for p-type TCOs. The similarity of the Cr 3d
partial density of states for all the investigated films also
highlights the limitation of creating dispersion in the valence
band by cation doping, which leaves the Cr-Og octahedra
unchanged.

Our findings highlight that for Cr-based p-type TCOs
the valence-band structure is dominated by the presence
of the Cr-O¢ octahedra, independent of their long-range
crystallographic order. This suggests that the Cr 3d states are
highly localized within the Cr-Og octahedra further confirming
hopping mechanisms for carrier transport previously discussed
for these materials [21,31,49]. To increase the hole mobility,
it is likely that this Cr-Og octahedral coordination has to be
altered, e.g., by anion doping or strain.

However, this particular valence-band composition allows
for good performing, noncrystalline Cr-based p-TCOs, which
can therefore be synthesized via low-temperature processes
like spray pyrolysis. The example of nanocrystalline Cu,CrO,
illustrates that poor crystallinity is not necessarily detrimental
to the figure of merit and opens new possibilities for applica-
tions were high hole mobilities are of less importance.
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