PHYSICAL REVIEW B 86, 155203 (2012)

Role of p-d and s-d interactions in the electronic structure
and band gap of Zn,_, MO (M = Cr, Mn, Fe, Co, Ni, and Cu): Photoelectron
and optical spectroscopy and first-principles band structure calculations

S.J. Gilliland,' J. A. Sans,' J. F. Sdnchez-Royo,' G. Almonacid,' B. Garcia-Domene,' A. Segura,' G. Tobias,” and E. Canadell®

'MALTA-Consolider Team, Institut de Ciéncia dels Materials-Dpto. de Fisica Aplicada, Universitat de Valéncia,
E-46100 Burjassot (Valéncia), Spain

2Institut de Ciéncia de Materials de Barcelona (ICMAB-CSIC), Campus de la UAB, 08193 Bellaterra, Barcelona, Spain

(Received 19 July 2012; published 2 October 2012)

We report an investigation on the effect of p-d and s-d interactions in the electronic structure, and especially
in the band-gap value, of wurtzite wide-gap diluted magnetic semiconductors Zn;_, M, O (M = Cr, Mn, Fe,
Co, Ni, Cu). Thin films prepared by pulsed laser deposition are investigated by means of optical absorption at
low-temperature and photoelectron spectroscopy. Pure wurzite phase is shown to be maintained for Co and Mn
concentrations up to 25% and for Cr up to 10%, while in the case of Fe, Ni, and Cu, other phases are present for
concentrations higher than 5, 2, and 1%, respectively. The band gap of the Zn,_, M, O alloy increases at a rate of
9,22,4, and 23 meV /%M for M = Cr, Mn, Fe, and Co, respectively, and decreases at a rate of about —14 and
—10 meV /%M for M = Ni and Cu. Photoelectron spectroscopy of the Zn,_, M, O valence band for M = Mn
and Co shows that the emergence of the transition metal-related photoemission peak is clearly correlated to a
larger binding energy of the O 2p valence-band peaks. A simple model of p-d and s-d interaction is proposed
in which the decrease of Zn 3d electron density below the valence band and the increase of M 3d electron
density for M = Cr to Co lead to higher binding energies of the valence-band maximum and, thus, to a larger
band gap. In contrast, for Ni and Cu the 3d electrons lie below the valence-band maximum and push it to lower
binding energies, thus decreasing the band gap. This simple model is basically confirmed by first-principles
density functional theory band structure calculations. Detailed analyses of the band structures and densities of
states show that the p-d interaction leads to an increase of the band gap for M = Mn to Co but a decrease for
M = Ni and Cu. They also suggest that the s-d interaction plays the major role or contributes as much as the

p-d interaction in leading to the increase of the band gap for M = Cr and Mn, respectively.
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I. INTRODUCTION

In spite of the large amount of literature on the optical
properties of ZnO-based diluted magnetic semiconductors
(DMS) like Zn;_, M, O (M = Cr, Mn, Fe, Co, Ni, Cu), there
are apparently contradictory results concerning their band-gap
dependence on the transition metal (TM) proportion. The case
of Zn;_,Co, O seems to be the most controversial one. Based
on careful photoluminescence,' reflectivity! and absorption
measurements,”™ there is strong experimental evidence that
the band gap of Zn;_, Co, O increases with the Co content, even
at a larger rate than it would be expected from the relatively
small decrease of the atomic number when replacing Zn by Co.
Nevertheless some authors report a band-gap decrease as the
Co content increases.”® This result is based on transmission
measurements on thin films with thicknesses larger than some
300 nm that are sensitive only to the low-energy tail of the
charge transfer (CT) absorption band. The onset of the CT
band is mistakenly identified as the fundamental valence-to-
conduction band transition.

In the case of Zn;_,Mn,O, the lower intensity of the
CT absorption band, appearing at lower photon energy and
more clearly separated from the fundamental edge, has been
correctly identified by most authors, and there is a clear
consensus on the large increase of the band gap as the Mn
content increases.”!!

For Zn;_,Fe,O the situation is confusing as some papers
report an increase of the band gap,'>'3 while some others
report a decrease'*!” as the Fe content increases. Only Ref. 15
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reports full dielectric function spectra as obtained through
spectroscopic ellipsometry. Even if the exciton peak in the
dielectric function imaginary part remains visibly at the same
energy independently of the Fe proportion, the authors report
a band-gap decrease. This is also the case of Zn,_,Cr, O, for
which Yilmaz et al.'® report a band-gap decrease of about
100 meV for a 4.6% Cr film, even if the donor-bound exciton
photoluminescence peak is at a slightly higher energy, as also
observed by Liu et al.'” Finally, concerning Zn;_,Ni,O'® and
Zn;_,Cu, 0, there seems to be very few results on their
optical properties, and all authors report a decrease of the band
gap as the Ni or Cu concentration increases.

From a physical point of view, the issue is relevant as most
models proposed to explain the origin of ferromagnetism in
ZnO-based DMS include physical parameters like the carrier
effective mass that are directly correlated to the value of the
band gap.?'~?} As a general rule, the direct band-gap energy
of semiconductors in the wurtzite or zinc-blende structure
increases as the average atomic number decreases, as in the
series ZnTe, ZnSe, ZnS. This rule has some exceptions, like
the lower band gap of ZnO with respect to that of ZnS or the
case of copper chalcopyrites, due to p-d hybridization between
cation 3d levels and anion 2 p levels.?*?* Following the general
trend, it seems reasonable to expect that the substitution of Zn
for lighter transition cations (with a lower atomic number)
would produce an increase in the band-gap energy of these
alloys. Nevertheless, anomalies are to be expected owing to
p-d hybridization of O 2p levels and M cation 3d levels.
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In this work we present a systematic investigation of the
p-d interaction in Zn;_,M,0O (M = Cr, Mn, Fe,Co, Ni, and
Cu) semiconductor alloys. After describing the experimental
methods (Sec. II) and computational details (Sec. III), we
will present the experimental results (Sec. IV) and discuss
them initially on the basis of a simple p-d and s-d interaction
model (Sec. V A) and then on the basis of first-principles band
structure calculations (Sec. V B). As it will be shown, the s-d
interaction must also be taken into account for substitution
with the lighter Cr and Mn elements.

II. EXPERIMENTAL METHOD

Zni_ M,O (M = Cr, Mn, Fe, Co, Ni, and Cu) films
with nominal concentrations varying between 0.5 and 25%,
depending on the solubility of the dilute cation, were deposited
over sapphire and mica substrates by pulsed laser deposition
in the system described in Ref. 26. Targets were formed from
compressed pellets containing a mixture of ZnO and the dilute
cation oxide in stoichiometric proportions, which were baked
inanoven at 1250 K for 12 hin an air atmosphere. The substrate
temperature was 600 °C and an oxygen pressure of 2 x 1073
mbar was maintained throughout. Films with thicknesses from
80 to 200 nm were used. These films were then structurally
characterized by a range of x-ray techniques [x-ray diffraction
(XRD) and x-ray absorption (XAS)] to test their quality and
the presence, if any, of unwanted phases.

Low-temperature absorption spectra were taken for all
DMS samples deposited over sapphire in the spectral range
250 to 700 nm. The sample and a blank sapphire substrate
were mounted on the same holder to enable the respective
measurements of the sample and direct light spectra, required
for normalization purposes. The absorbance and transmittance
were measured in the temperature range from 20 to 290 K.

X-ray and ultraviolet photoemission measurements (XPS-
UPS) were carried out in a laboratory apparatus and in a syn-
chrotron experiment. In all cases photoemission measurements
were performed in Zn; _, M, 0/ZnO devices in which the alloy
film partially covers the ZnO film deposited on the substrate
(as will be seen in the device sketch on top of Figs. 7 and 8).
This kind of device has the advantage of allowing for direct
comparison of ZnO and Zn;_,M,O photoelectron spectra
acquired in the same conditions. Before these measurements,
samples were introduced in the analysis chamber and sputtered
by using an Art gun for 15 min in order to clean the surface.
Then, x-ray photoemission measurements were performed to
check that the presence of adventitious C on the surface sample
was under the detection limit of the experimental setup. All
spectra obtained have been referred to the Fermi level.

The laboratory equipment is an ultrahigh-vacuum
ESCALAB 210 multianalysis system (base pressure
1.0 x 10~'° mbar) from Thermo VG Scientific. Photoelectrons
were excited by means of an Mg anode x-ray source and a
Helium lamp by using both the He I (21.2 eV) and He II
(40.8 eV) excitation lines.

XPS-UPS synchrotron experiments were carried out at the
ANTARES beamline in SOLEIL synchrotron. All photoemis-
sion results reported here were measured by using a photon
energy (hv) hv<65 eV. The Fermi level was determined by
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measuring the Fermi edge in the Cu sample holder in electrical
contact with the sample.

III. COMPUTATIONAL DETAILS

Band structure calculations were carried out using a
numerical atomic orbitals density functional theory (DFT)?’
approach, which has been developed and designed for efficient
calculations in large systems and implemented in the Spanish
Initiative for Electronic Simulations with Thousands of Atoms
(SIESTA) code.?®° We have used the generalized gradient
approximation to DFT and, in particular, the functional of
Perdew, Burke, and Ernzerhof.?! Only the valence electrons are
considered in the calculation, with the core being replaced by
norm-conserving scalar relativistic pseudopotentials®? factor-
ized in the Kleinman-Bylander form.** Nonlinear partial-core
corrections to describe the exchange and correlations in the
core region were used for Zn, Mn, Fe, Co, Ni, and Cu.*
We have used a split-valence double-¢ basis set, including
polarization orbitals for all atoms.* The 3d electrons of Zn
were treated as valence electrons. For Zn we have used a pseu-
dopotential generated using a Zn’>* reference configuration®
and an optimized basis set.’” The crystallographic parameters
for ZnO obtained in such way (a = 3.300 A, ¢ = 5.297 A,
u = 0.381) are in good agreement with the more accurate
plane-wave-type DFT calculations presently available®® (a =
3282 A, ¢=5291 A, u=0.379) as well as with the
experimental structure®® (a =3.250 A, ¢ =5.200 A, u =
0.382). All calculations were carried out using a 3 x 3 x 2
supercell in which one of the Zn atoms is substituted by a TM
atom, which corresponds to a substitution degree close to 2.8%.
All structures were fully optimized. Because of the presence of
TM atoms with open-shell configurations, our calculations are
of the spin-polarized type. However, since our main interest
is in the evolution of the optical gap as the nature of the
TM atom changes, we have not made any attempt to look at
different magnetic configurations of the materials. It is already
known that even using smaller supercells (and thus higher
TM concentrations), the calculated energy differences can
hardly be considered as significant.’® The energy cutoff of the
real-space integration mesh was 1600 Ry. The Brillouin zone
was sampled using grids of (2 x 2 x 2) and (10 x 10 x 10) k
points for structural optimizations and density of states (DOS)
analysis, respectively.*” We checked that the results are well
converged with respect to the real-space grid, the Brillouin
zone sampling, and the range of the numerical atomic orbitals.

IV. EXPERIMENTAL RESULTS

A. Structural measurements

Site configuration of M cations in ZnO was investigated by
XAS experiments. XAS near-edge structure (XANES) spectra
atthe K edge of the different TMs were recorded for increasing
concentrations and compared to XANES spectra at the Zn K
edge. Zn;_,Co,Oand Zn;_,Mn, O thin films keep the wurtzite
structure, with Co (Mn) in Zn substitutional sites up to the
M content of the order of 25%.*'** For Zn,_,Fe,O, single
wurtzite phase with Fe in the substitutional Zn site is kept
only for Fe concentrations below 5%, while for Zn;_,Ni,O
and Zn;_,Cu,O, Ni and Cu are in substitutional sites only
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FIG. 1. (Color online) Optical absorption edge of Zn,_,Co,O
thin films for different Co content.

for concentrations below 2 and 1%, respectively. For higher
concentrations the XANES spectra at Ni (Cu) K edges show
that most of the Ni (Cu) is segregated from the ZnO film in
NiO (Cu,0) crystallites.

XRD spectra show that the thin films studied here grow
in the (0001) direction. XRD spectra do not show any trace
of extra phases for Zn;_,Cr,O and Zn,_,Co,O films. Small
traces of extra phases appear in Zn;_,Mn,O for x = 0.25.
Consistently with XAS results, XRD peaks of extra phases
are observed in Zn,_,Fe,O, Zn,_,Ni, O, and Zn;_,Cu,O for
x > 0.05, 0.02, and 0.01, respectively. Consequently, the only
results that we will discuss in this work refer to those thin films
in which the M cation is in tetrahedral substitutional sites.

B. Optical measurements

Figures 1 to 4 show the absorption spectra at 21 K of
Zn;_,M,O thin films for M = Co (Fig. 1), Mn (Fig. 2), Fe
[Fig. 3(a)], Cr [Fig. 3(b)] Ni [Fig. 4(a)], and Cu [Fig. 4(b)].
In every figure the absorption of a pure ZnO thin film
prepared in the same conditions?® is also shown. The exciton
peak corresponds to the B exciton, with perhaps some
contribution of the A exciton (a well-resolved A exciton peak is
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FIG. 2. (Color online) Optical absorption edge of Zn;_,Mn,O
thin films for different Mn content.
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FIG. 3. (Color online) Optical absorption edge of Zn,_,Fe,O
(a) and Zn;_,Cr, O (b) thin films for different Fe and Cr contents.

observed only in epitaxial ZnO films grown on lattice-matched
substrates as ScAIMgO,4).*> The peaks at higher photon
energies correspond to exciton + LO and exciton + 2LO polar
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FIG. 4. (Color online) Optical absorption edge of Zn;_,Ni, O
(a) and Zn;_,Cu, O (b) thin films for different Ni and Cu contents.
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FIG. 5. (Color online) Example of Elliot-Toyozawa fit to the
experimental absorption edge of Zn,_,Mn,O (x = 0.025) and
showing the components of the fitted spectrum.

phonon resonances.?® As mentioned above, all spectra shown
in Figs. 1-4 correspond to those for M concentrations yielding
pure wurtzite phases.

For Mn and Co the fundamental absorption edge is partially
overlapped by a broad absorption band, the intensity of
which is clearly correlated to the Mn or Co content, that has
been ascribed to a charge transfer transition (CTT) from the
fundamental state of the M 3d shell to the semiconductor alloy
conduction band.>*!'4® No similar CTT absorption band,
clearly correlated to the M content, has been detected for
Cr, Fe, Ni, or Cu. For low M content (except for Zn;_,Cr, O,
for which only a broad maximum appears), the exciton and
exciton + LO polar phonon peaks are clearly observed and
unambiguously show the tendency of the gap change as a
function of the M content. Clearly, the band gap of the alloy
increases with increasing the M content for Cr, Mn, Fe, and
Co and decreases with increasing the M content for Ni and
Cu.

In order to extract quantitative information about the band-
gap variation, the absorption edge was interpreted through the
Elliot-Toyozawa model for the exciton discrete and continuum
states,*”*8 with a supplementary Gaussian band for the CTT.
Figure 5 shows an example of fit for Zng 975Mng 050 at 20 K.
From this fitting procedure, the value of the alloy band gap
and the transition width can be obtained. The transition width
increases with the M concentration, as expected from the
increase of the alloy disorder scattering. Here, we will focus
on the band gap of Zn;_,M,O as a function of the different
M atomic proportion, as shown in Fig. 6. Table I shows the
band gap versus composition coefficients for the different
alloys (slope d E, /dx of Fig. 6 graphics in electron volts per
percent M). Similar band-gap coefficients for Zn,_,Mg, 0%
and Zn,_,Cd,0°*! are also given for comparison. As results
are ordered according to increasing M atomic numbers, two
important features should be stressed: first, the absence of a
monotonic dependence of the band-gap coefficient absolute
value on the atomic number and, second, the sign change
of this coefficient between Co and Ni. It is worth stressing
that the slope does not follow the usual trend of larger values
for lighter substituting elements. In fact, the largest positive
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FIG. 6. (Color online) (a) Band gap of Zn,_, M, O semiconductor
alloy thin films as a function of the M content for M = Cr, Mn, Fe,
and Co; (b) idem for M = Co, Ni, and Cu.

slopes (Co and Mn) are close to that of a much lighter element
like Mg, and the largest absolute value of negative slopes
is close to that corresponding to a much heavier element
like Cd.

C. Photoemission measurements

Figures 7 and 8 show the UPS spectra of the valence band
for Zn;_,Mn,O and Zn;_,Co,O [red (dark gray) curves],
respectively, as well as for the ZnO thin film on which the
alloy films have been deposited (black curves). The photon
energy used was hv = 40.8 eV, which allows us to probe states
of the ZnO band structure close to the I" point of the Brillouin
zone. They have been vertically displaced relative to each other
to allow for comparison.

In all spectra, the characteristic ZnO-related photoemission
signals coming from Zn 3d and O 2p states can be observed.
Comparing the spectra measured for ZnO and the alloy films,
it can be seen that Mn or Co incorporation into the ZnO lattice
reduces the intensity of the Zn 3d peak without producing any
appreciable energy shift. This is consistent with the expected
substitutional role of divalent Co atoms introduced in ZnO.*?

However Mn or Co incorporation noticeably alters the
alloy photoemission spectrum in the proximity of the O 2p
band lower binding energy edge: a broad structure can be
detected at the low binding energy edge of the O 2p band,
which develops when the Mn or Co content increases. A
clearer view of the effect of Mn (Co) incorporation is shown
through the difference spectra, intercalated below each pair of
Zn_,M,0/Zn0O spectra. Difference spectra were calculated
by subtracting the spectrum measured in a ZnO film to that
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TABLE 1. Band-gap coefficients Zn,_, M, O alloys as a function of the proportion of the extra ion M.

Cation Cr Mn Fe Co Ni Cu Mg Cd
%(meV/%M) (experimental) 9 22 4 23 —14 —-9.8 234 —15°—-50¢
% (meV/%M) (first principles) —21 34 17 14 —41 -39

ESPYM — EYPYM(eV) 0-0.2 1.3-1.5 —(0.3-0.5) 1.4-1.6 —(2.1-2.3) —(1.7-1.9)

4Reference 49;
bReference 50;
‘Reference 51.

measured in the corresponding alloy film of the same device.
These difference spectra can be decomposed in three lobes:
two-edge lobes of positive intensity and another (the central
one) with negative intensity. The absolute intensity of these
lobes increases with the Mn (Co) content, although the positive
lobe located at lower binding energies dominates the difference
spectra, and it is the only lobe clearly detectable at lower
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FIG. 7. (Color online) Valence-band photoemission spectra mea-
sured in Zn;_,Mn, O [red (dark gray) curves] and ZnO (black curves)
films of Zn;_,Mn,0O/ZnO devices as those illustrated at the top of
the figure. The Mn content of the corresponding Zn,_,Mn, O film is
indicated on top of the pair of spectra measured in each device. Under
each pair of spectra, the difference between the Zn;_,Mn, O and ZnO
spectra is shown (thick black), along with the three-Gaussian peak
fittings of these difference curves. Blue (medium gray) solid lines
correspond to the sum of the three Gaussian peaks obtained from
each fitting.

Mn (Co) concentration. We have fitted these peaks to three
Gaussian curves, of intensity A, B, and C, in going from
low to high binding energy. The results of this fitting, which
reproduce the difference curves, indicate that the main lobe
(that at lower binding energy) is centered about 2.8 eV for
Zn;_,Mn,O and 3.2 eV for Zn;_,Co,O irrespective of the
Mn (Co) content, and its intensity is clearly correlated with the

710 ZnCoO
Substrate
— Zn0O hv=40.8 eV
— 2n,,Co0,0

O2p Zn 3d

15

—_——v—"—Q—

Intensity (arb. units)
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iy PO (x5)
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FIG. 8. (Color online) Valence-band photoemission spectra mea-
sured in Zn;_, Co,O [red (dark gray) curves] and ZnO (black curves)
films of Zn;_,Co,0/Zn0O devices as those illustrated at the top of
the figure. The Co content of the corresponding Zn;_,Co,O film is
indicated on top of the pair of spectra measured in each device. Under
each pair of spectra, the difference between the Zn;_,Co, O and ZnO
spectra is shown (thick black), along with the three-Gaussian peak
fittings of these difference curves. Blue (medium gray) solid lines
correspond to the sum of the three Gaussian peaks obtained from
each fitting.
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FIG. 9. (Color online) (a) Valence-band resonant photoemission
spectra measured at both sides of the Co 3p—3d transition in
7Zn(75C0p 250 [red (dark gray) curves] and ZnO (black curves) films
of one of our devices. The inset shows the absorption spectrum of this
transition recorded in the total electron yield mode. The spectra have
been acquired in off-resonance conditions (spectra measured with
hv < 60.0 eV) and in on-resonance conditions (spectra measured
with hv = 61.7 eV). (b) Bottom panel: comparison between on-
and off-resonance valence-band spectra measured in Zng 75C0¢ 250
and in ZnO films with hv values close to the transition. Top panel:
difference between on- and off-resonance spectra measured in the
7Zn(75C0p 250 [red (dark gray) curve] and in the ZnO (black curve)
films. The difference curve obtained by subtracting these two curves
is plotted at the bottom [blue (medium gray) line].

Mn (Co) content. The middle and right peaks have a similar
intensity (| B|~C) and can be interpreted as a derivative of the
main O 2p peak reflecting a shift to lower binding energy.
These results indicate that Mn (Co) incorporation into ZnO,
does not only introduce Mn (Co)-related states located at the
O 2p band edge but also modifies the binding energy of the
O 2p band. We attribute the photoemission signal developing
with the Mn (Co) content at around 3 eV as originating from
Mn (Co) 3d states.

In order to check this hypothesis and to elucidate the origin
of this 3 eV peak, we have performed resonant photoemission
measurements at both sides of the Co 3p—3d transition
in the Zng75C00 250 device. This experimental procedure is
based on the fact that, by using an appropriate photon energy,
it is possible to promote electrons from deep states of an
atomic species (i.e., Co 3 p states) to empty intermediate states
of the same species (i.e., Co 3d states). Their subsequent
relaxation can produce a final state identical to the direct
photoemission process, which consequently enhances the
valence-band photoemission signal coming from Co 3d states.
The XAS spectrum measured in this sample [inset of Fig. 9(a)]
allows the identification of the Co 3 p—3d transition, which
occurs around hv~60.5 eV in agreement with previous
results.® Photoemission spectra shown in Fig. 9(a) were
measured with different hv off- and on-resonances of the Co
3p—3d transition in ZnO and the Zng75C00 250 films. In
going from far off- to on-resonance, the spectra measured in
the ZnO film appear to exhibit some O 2p band dispersion to
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higher energies, which is indicative of the predominant (001)
orientation of the ZnO films, with their ¢ axis normal to the
surface. However, for the Zng 75Co0 250 film, the expected O
2 p band dispersion with hv seems to be masked by the effects
of the Co incorporation on the ZnO band structure. In Fig. 9(b)
we compare the spectra acquired off-resonance (with hv =
59.8 eV) and on-resonance (with hv = 61.7 eV) conditions in
both films. The O 2 p band of the spectra measured at both sides
of the transition in the ZnO film exhibits small differences in
intensity distribution attributable to band dispersion or dipolar
matrix-element effects. In any case, no photoemission-signal
enhancement at the low-energy edge of the O 2p band is
observed. In contrast, the photoemission signal around 3 eV
is enhanced in the on-resonance spectrum with respect to the
off-resonance one for the Zng75Cog250 film. These results
allow us to establish that Co atoms incorporated in these
7ZnO films introduce Co 3d states, rather than defect states,
which overlap with the low binding energy edge of the O 2p
band. The difference between the on- and off-resonance for
the Zng75Co0 250 film [red (dark gray) curve in the top panel
of Fig. 9(b)] would allow us to extract the Co 3d partial DOS.
However, the spectral weight distribution of the O 2p band
in pure ZnO exhibits some differences between the spectra
measured in off- and on-resonance [Fig. 9(b)], as it can be seen
in the difference curve calculated from these spectra [top panel
of Fig. 9(b), black curve]. This indicates that a better estimate
of the Co 3d partial DOS would come from the difference
between the two difference curves mentioned above. In this
way, the Co 3d partial DOS obtained [top panel of Fig. 9(b),
blue (medium gray) curve] is dominated by states distributed
quasisymmetrically along + 1 eV from its maximum located
at ~4 eV, with a vanishing contribution into the ZnO band
gap. The smooth background appearing at the high binding
energy side of this Co 3d peak may come from additional Co
states overlapping with the unavoidable photoemission signal
coming from the inelastic scattering of electrons excited from
the Co 3d states.

Once the origin of the electronic states at 3—4 eV introduced
by Co atoms in the ZnO band structure has been discussed,
we will face now the question of the source of the changes
observed in the spectral weight of the O 2p band of ZnO
originating from the Mn (Co) incorporation (Figs. 7 and 8).
Resonant photoemission results similar to those obtained here
have been already reported for Zn;_,Co,O thin films with
a lower Co content.>>> In these papers, the enhancement
of the photoemission signal in the on-resonance spectra at
energies around ~3 eV has been considered to originate from
Co 3d states. However, the positive lobe observed at high
binding energies in the Zn;_,Co,0/Zn0O difference spectra
(Fig. 8) has been attributed also to Co 3d states.”>> From our
results (Fig. 8), it seems that the appearance of the positive
high-energy lobe implies the appearance of the negative one,
due to its diametrically opposite evolution with Co content.
Moreover, it has been seen that Al codoping of Zn;_,Co,O
enhances the intensities of both negative and positive lobes
when compared to that of the lobe assigned to Co 3d states.> It
has been reported that Al dopes ZnO n-type, but the consequent
band downshift is lower than that expected by doping-induced
band-gap renormalization effects.’> Therefore, Al codoping
of Zn;_,Co, O would tend to sink Co 3d states into the O 2p
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valence band of ZnO. These facts suggest that states with a
main O 2p orbital origin are involved in the appearance of the
negative and high-energy positive lobes, which are perturbed
by the introduction of Co 3d states. The variation of the O
2p spectral weight of ZnO caused by Co incorporation can
be explained by the fact that Co atoms, which are in Zn
sites, introduce Co 3d states in the top of the valence-band
maximum (VBM). This produces a double effect on the O
2p valence band. On the one hand, the density of Zn atoms
diminishes, locally relaxing the on-site potential of O 2p states
as a consequence of the decrease of the O 2 p—Zn 3d repulsion
on these states. On the other hand, a new p-d interaction
appears between the Co 3d located at the low-energy side of
the O 2p valence band. These two effects tend to push down O
2 p states from the ZnO VBM and enhance the spectral weight
of the O 2p band at energies of 67 eV.

V. DISCUSSION

A. Simple p-d and s-d interaction model

In order to discuss the problem of p-d and s-d interaction
between the TM d shell and the host electronic states, let us first
recall the Cg, group representations and their corresponding
functions (Table II). ZnO conduction-band minimum (CBM)
states at the I point belong to the A; representation. ZnO
VBM consists of three bands (A, B, and C in the standard
notation), as a result of crystal field and spin-orbit interaction.
In the absence of spin-orbit interaction, at the I" point the A
and B bands form an E; doublet, and C is an A, singlet lying
at lower energy. In perfect tetrahedral coordination (7, point
group), the M 3d states split into a lower-energy E doublet
state and a higher-energy T triplet. Under the wurtzite structure
uniaxial distortion (Cg, point group), the lower doublet has E;
symmetry and the triplet splits into an E; doublet and an A,
singlet. M 3d states with A| symmetry are expected to interact
with the ZnO CBM and C VBM states. M 3d states with E;
symmetry are expected to interact with the ZnO A-B VBM
states.

For most semiconductor alloys (with the exception of
systems with strong bowing), the band gap follows the
common trend of increasing as the mean atomic number
decreases. If the band gap of ZnO-based DMS does not follow
this trend, the origin of such behavior should lie in some
specific feature of the ZnO electronic structure. An outstanding
feature of ZnO is the so-called band-gap anomaly (the fact
that the band gap of ZnO is smaller than that of ZnS). Since
the work of Zunger and coworkers,?*?> it is well known that
p-d interaction plays an important role in this ZnO feature. p-d

TABLE II. Cg, group representations relevant for the discussion.

Representations p functions d functions
A z 22, x2 4+ y?
A

B,

By

E, (*-y%xy)
E (x,y) (xz,y2)
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hybridization is allowed in the wurtzite structure due to the lack
of inversion symmetry, and, as a consequence, the VBM has
some d antibonding character and is shifted to higher energies.
The reduction of the p-d interaction when Zn is replaced by an
element like Mg, without 3d levels, is a relevant contribution
to the large band gap versus composition coefficient.*’

A simple model of p-d and s-d interactions can be built
following the ideas put forward by Wei and Zunger in Ref. 24.
Matrix elements as well as Zn and M 3d shell energies are the
relevant parameters. In the case of M elements, the 3d shell
energy is expected to be above the VBM (mainly with O 2p
character) for the lighter ones (Cr, Mn, Fe, Co) and below it
for the heavier ones (Ni or Cu). Matrix elements V[?__dM and

V[?:dzn account for the p-d interaction between Zn 3d and O
2p on the one side and between M 3d and O 2p on the other.
Also, the s-d interaction between the CBM (mainly with Zn
s character) and the A; M 3d states, is taken into account
through the matrix element V%", The relevant energies of
the M 3d states correspond to the A; and E; states. For the
sake of simplicity, we neglect the uniaxial Cg, crystal field
splitting between them and refer to this energy asEs3,. With
these assumptions, the CBM and VBM shifts in Zn;_, M, O
alloys when p-d and s-d interactions are considered, can be

described by the following equations:>*

M—Zn|2
alloy _ pnospd ’std ’ __ pnospd CBM-M
Ecgm =Ecpm + —opd =X = Ecam T EZg X
ECBM - EM3a'
0—Zn |2 0-M|2
alloy _ jnospd ‘ p—d } ’ p—d
Evem =Evem t —ospa =)+ — 5
VBM EZn3d VBM EM3d
nospd VBM—Zn VBM-M
= Eygm —I—Ep_d (l—x)—l—Ep_d X (1)

where second-order perturbation terms are reduced to energy
parameters describing the intensity of s-d (Escffl‘/[*M ) and p-d
(E;”fy_z", EZ??‘M ) interactions, whose signs depend on the
relative position of M 3d states with respect to CBM and VBM.
The alloy band gap, modified by s-d and p-d interactions,
would then be given by the following equation:

allo; alloy alloy Zn0, no spd VBM—Zn
E, V= Ecgy — Evpm = E, i E) " (1 —x)

(B BV @
The band gap versus composition coefficient would then be

alloy
dE;

= EZ_BE/I_Z“ + (ESBYM — E,Y_By—M). 3)

An estimation of the energy can be obtained
from the VBM offset in Zn,_,Mg,O alloys, as Mg has no
3d occupied states. The distribution of the total band-gap
increase between the CBM and VBM offsets (as described
by the ratio AEc/AEy) is controversial. and ratio values
as large as 90/10, assigning most of the offset to the CBM,
have been proposed.”’® Given the well-established role of
p-d interaction in the ZnO band-gap anomaly,”* such a low
VBM offset is unlikely. Coli and Bajaj>” proposea AE¢c/AEy
ratio ranging from 60/40 to 70/30 that has been accepted by
other authors®® and seems more consistent with ZnO electronic
structure.®! From the band gap versus composition coefficient

for Zn;_,Mg, O alloys in Table I, Ezl_gy_z“ in Eq. (1) should

VBM-Zn
E; "4
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be between 0.7 and 0.9 eV, a value that is fully consistent
with first-principles calculations of p-d interaction in II-VI
semiconductors.2*>% The contribution of E ng_zn to the band
gap versus composition coefficients in Table I could then be
estimated to be from 7 to 9 meV/%M. On the assumption
that band gap versus composition coefficients are only due to
p-d and s-d interaction, an estimation of EsCE?’I_M ) Vﬁy_M
is immediate and is shown in Table I. Let us also recall that
the absolute values of ESBY™ and E[\,’_BQ/I_M are inversely
correlated [Eq. (1)]. If we assume that M 3d energies are
within ZnO forbidden band, EJCE?/[_M would dominate for
lighter elements (M 3d energies close to the CBM), while
E V_BZ/I_M would dominate for heavier elements (M 3d energies
close to the VBM).

With these estimations, Eq. (3) qualitatively explains the
general trend of the band-gap behavior. For lighter M elements,
3d shell energies are above the O 2p energy and below Zn
s energies, the Evﬁy_M is negative, and the three terms
in Eq. (3) contribute with the same sign. For heavier M
elements, 3d states would be at energies just below the
VBM. Then, E;LBQ/[_M is positive and larger than E;’EE/I_Z“,
as Eoop-En3a<<Eozp-Eznzq. This is qualitatively reflected in
E,Y_BIL}/I*M values larger for Ni and Cu than for the rest of the
elements. This pushes up in energy the VBM, and thus, the
band gap decreases.

Nevertheless, this model does not quantitatively explain the
relative value of the gap coefficient for light elements. Given
that 3d levels are expected to be increasingly deeper from Cr
to Co, one should expect a monotonously increasing band-
gap coefficient, which is clearly not the case for the values
reported in Table I. Thus, in order to make some progress,
we must consider in detail the electronic structure of the alloy
through first-principles band structure calculations. In doing
this we must bear in mind that the use of a supercell approach
implicates an ordered substitution and this may not exactly
reflect the situation in real samples.

B. First-principles calculations

There are a number of reports concerning the electronic
structure of Zn;_, M, O alloys studied through first-principles
DFT calculations.?°”562-70 However, to the best of our knowl-
edge, the evolution with M of the electronic structure near
the band gap for realistically doped alloys of this type has
not been discussed in detail. The band dispersion and DOS
calculated for Zn;_, M, O (M = Cr, Mn, Fe, Co, Ni, and Cu)
will be seen in Figures 11-16. The band structure of pure
ZnO in the 3 x 3 x 2 supercell structure is also shown for
comparison in Fig. 10. Note that as usual in DFT calculations,
the theoretical band gap is smaller than the experimental value
(by approximately 2.2 eV). Given the number of bands and
the complexity of their dispersion in supercell calculations,
the energy scale has been limited to a few electron volts above
the CBM and below the VBM in order to make the general
trends clearer. Note that although the gap is underestimated,
the separation between the A-B and C bands at I' is correctly
described by the present calculations (i.e., 60-meV DFT versus
40-meV experiment).”!

We will first discuss the electronic structures of alloys
in which the M 3d states do not overlap the alloy valence
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FIG. 10. Band structure of pure ZnO calculated with DFT along
various directions of the ZnO Brillouin zone by using a 3 x 3 x 2
supercell. Energy zero refers to the Fermi level.

band (i.e., M = Cr, Mn, and Co), which are thus simpler
to understand. Of course, the p-d interaction in these alloys
should be less intense.

Concerning the M 3d related DOS peaks in the two
cases for which photoemission experiments yield reliable
assignments of these peaks, it is relevant to notice that first
principles calculations correctly predict their relative energies
with respect to the main O 2p DOS peaks in the valence
band (about 2 and 1.5 eV for Mn and Co peaks, respectively)
[compare Figs. 7 and 12(b) for Mn and Figs. 8 and 13(b) for
Co]. These results are a good illustration of the reliability
of DFT first-principle calculations for describing occupied
states.

Let us start the discussion with the Zn;_,Cr,O electronic
structure. The band structure is shown in Fig. 11(a). Clearly,
this band structure results from the superposition and weak
hybridization of the ZnO band structure (see Fig. 10) and
the almost localized levels of Cr. The «-spin Cr E;, doublet
(in the band-gap region) does not exhibit any dispersion (no
mixing with valence and conduction bands near the band gap
is possible). The a-spin Cr E| and A states cross the A alloy
conduction band and exhibit also a small dispersion, apart from
the expected anticrossing between A states. This anticrossing
is the signature of the s-d interaction between Cr 3d states,
and the alloy conduction band then pushes down in energy the
CBM (s-d repulsion). This is the origin of the sign discrepancy
between the experimental and first-principles results in this
case and can be easily understood by recalling the usual
band-gap underestimation in DFT calculations. «-spin Cr E|
and A, 3d states cross the calculated conduction band because,
as mentioned before, the DFT calculations underestimate the
energy of the conduction band by approximately 2 eV. Once
this limitation is considered, in the actual electronic structure
the a-spin Cr E; and A; 3d states should also be in the
band gap, some 1 eV below the CBM. As a consequence,
s-d repulsion would shift the alloy conduction band to higher
energies, thus resulting in a positive band-gap coefficient.

The electronic structure of Zn;_,Mn,O [Fig. 12(a)] is not
basically different from that of Zn;_,Cr, O apart from the fact
that the a-spin Mn E| and A| 3d states are at a lower energy,
very close to the CBM, giving rise to a strong anticrossing
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FIG. 11. (Color online) Band structure of Zng 97,Crg 030 calcu-
lated with DFT along various directions of the ZnO Brillouin zone
by using a 3 x 3 x 2 supercell. Energy zero refers to the highest
occupied level. (b) Valence-band DOS and selected projected DOS
contributions of Zng 97,Mng (230 corresponding to the band structure
shown in (a).

between the A; 3d state and the CBM. The a-spin Mn E;
doublet is also in the band-gap region and does not exhibit any
dispersion (no mixing with valence and conductions bands
near the band gap is possible). The a-spin E; doublet exhibits
some dispersion in directions I'-M and A-L, indicating some
mixing with O 2p,-p, E; states in the VBM. However, this
mixing seems to be weak given the small Mn 3d contribution
to the valence-band DOS. This would give rise to a small p-d
repulsion lowering the energy of the VBM and then slightly
increasing the band gap (with respect to pure ZnO). Then
the stronger effect in the band structure of Zn;_,Mn,O near
the gap seems to be the s-d interaction between the A; Mn
3d singlet and the A; alloy conduction band. Globally, both
effects lead to a band-gap increase of about 90 meV, which
would result in a band-gap coefficient of some 34 meV /%Mn.
If the DFT band-gap underestimation is taken into account,
the s-d and p-d repulsion effects would be of the same order,
both contributing to the band-gap increase.

In the case of Zn;_,Co, O, the occupied a-spin Co 3d states
are much closer to the VBM [Fig. 13(a)]. The lowest-energy
E, doublet does not exhibit any dispersion, as expected, but
the E| doublet exhibits quite strong dispersion in the I'-M and
A-L directions as well as the A singlet in direction I'-A. This
indicates stronger p-d mixing with respect to Zn;_,Mn, O, as
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FIG. 12. (Color online) (a) Band structure of Zngg¢7,Mng g0
calculated with DFT along various directions of the ZnO Brillouin
zone by using a 3 x 3 x 2 supercell. Energy zero refers to the highest
occupied level. (b) Valence-band DOS and selected projected DOS
contributions of Zng 97,Mng o230 corresponding to the band structure
shown in (a).

reflected by the larger Co 3d contribution to the valence-band
DOS [Fig. 13(b)]. This “p-d repulsion” results in an increase
of the A-B band gap of 14 meV/%Co. The strong mixing of
the Co 3d,2 A, singlet with the A; O 2p, VBM results in a
clear increase of the crystal field splitting between A, and B
and C VBMs. The C band gap would increase by more than
40 meV /% Co. It must be stressed that this kind of effect is
a result of the artificial symmetry of the ordered alloy built
for supercell calculations, in which each band preserves its
own symmetry. The M A, 3d,> singlet state mixes only with
O A 2p, band. This strong interaction leads to an increase of
the uniaxial crystal field splitting between O 2p,-p, and 2p,
states that is not actually observed in real films.

In the rest of the alloys (M: Fe, Ni, Cu), the p-d mixing is
more relevant, leading to larger dispersion of the M-related
states close to or inside the valence band. This adds a
supplementary difficulty to the identification of the alloy VBM
at the I" point. General trends can be detected in Fig. 14 (Cu),
Fig. 15 (Ni), and Fig. 16 (Fe). As the occupied M 3d states
enter the alloy valence band, the associated bands present
larger dispersion and the corresponding DOS peaks become
larger and more intense. Again, it is important to notice that
the electronic structure of the ordered alloy exhibits features
that do not exist in the real disordered alloy. In particular,
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FIG. 13. (Color online) (a) Band structure of Zngg7,C0g 030
calculated with DFT along various directions of the ZnO Brillouin
zone by using a 3 x 3 x 2 supercell. Energy zero refers to the highest
occupied level. (b) Valence-band DOS and selected projected DOS
contributions of Zng ¢70C0.0280 corresponding to the band structure
shown in (a).

given the symmetry of M 3dE; and A, states, they mix
with O 2pE; (px, py) and Ay (p;) states, giving rise to a
set of three a-spin bands appearing in the upper part of the
alloy valence band and strongly interacting with the rest of
bands (this is especially clear through the strong anticrossing
effects visible in the dispersion of A; bands along the '—A
direction). Consequently, as discussed for Zn;_,Co,O, the
wurtzite crystal field splitting between the A and B and C
valence bands can be strongly modified in the ordered alloy.
As M 3d states become deeper, the orbital composition of the
three upper o-spin bands evolves from predominantly M 3d
(Fe) to predominantly O 2p (Cu).

Let us first discuss the case of Zn;_,Cu,O (Fig. 14),
for which the DOS shows [Fig. 14(b)] shows the strongest
component of M 3d states inside the valence band of the
whole series. Cu 3d B-spin states appear to be distributed in
two DOS peaks, one near the Fermi level (that should originate
mainly from Cu3d E| and A; states) another centered at around
—0.75 eV (mainly from Cu 3d E;). From the dispersion of the
highest energy state and the orbital composition, it is clear that
even (-spin 3d states are hybridized with B-spin O 2p states.
Nevertheless, the strongest p-d mixing occurs for «-spin Cu
3d states, that are all in the valence band and contribute to the
DOS from —1.8 to —0.2 eV. As for the «-spin states, the DOS
band at —1 eV should come from E, states, and the double
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FIG. 14. (Color online) (a) Band structure of Zngg7,Cug g0
calculated with DFT along various directions of the ZnO Brillouin
zone by using a 3 x 3 x 2 supercell. Energy zero refers to the highest
occupied level. (b) Valence-band DOS and selected projected DOS
contributions of Zng ¢70Cug 0280 corresponding to the band structure
shown in (a).

band between —0.6 and —0.2 eV should come from E; and A,
states, but in this case the Cu-related component spreads along
the valence band. This is a clear signature of Cu-O bonding
with the subsequent formation of bonding and antibonding
states. The fact that Cu 3d does not dominate the DOS peak
around —0.4 indicates that this corresponds to the VBM, with
a strong component of Cu 3d,2 (A;), but very low contribution
of the other Cu 3d states. The strong mixing between the A,
Cu 3d states and the strongly dispersing A; O 2p, (along the
I' — A direction) gives rise to the anticrossings that strongly
modify the shape of pure ZnO bands near the VBM and, in
this case, gives rise to a vanishing wurtzite crystal field. Once
the alloy VBM is identified, we can calculate the band-gap
change coefficient that turns out to be —39 meV/%Cu.

In the case of Zn;_,Ni, O (Fig. 15), none of the 8-spin states
overlap the alloy valence band. All of them present very low
dispersion [Fig. 15(a)], and the orbital composition indicates
strong Ni character [Fig. 15(b)]. Concerning the «-spin states,
the Ni 3d contributions to the DOS overlap each other but
not as much as in Zn;_,Cu,O, indicating lower p-d mixing.
In addition, the highest energy «-spin DOS peak has a larger
contribution of Ni states and, contrary to what happens in
Zn;_,Cu,O, there is no contribution of Ni 3d,.. The Ni 3d
contribution appears at lower energies (—1.45 eV) and spreads
over a larger energy range, indicating a strong hybridization
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FIG. 15. (Color online) (a) Band structure of Zngg75Nig g0
calculated with DFT along various directions of the ZnO Brillouin
zone by using a 3 x 3 x 2 supercell. Energy zero refers to the highest
occupied level. (b) Valence-band DOS and selected projected DOS
contributions of Zng 975Nig 0250 corresponding to the band structure
shown in (a).

with O 2p, states (in fact, the main contribution to the DOS at
—1.45 eV comes from O 2p states). Following the discussion
on Zn;_,Cu,O, the top of the alloy valence band should be the
energy below which the total DOS is dominated by O 2 p states
(—1.35 eV). This energy corresponds to the top of the third
a-spin band, with A; symmetry, that exhibits strong dispersion
along the I'-A direction and a strong anticrossing halfway in
this direction at —1.45 eV, the energy around which the Ni
3d,> contribution has its maximum. Note that this assignment
would result in a reversal of the wurtzite crystal field. Again,
this anomalous result is a consequence of the ordered alloy
symmetry. With this assignment, the band-gap coefficient for
Zn;_,Ni, O would be —41 meV /%Ni.

In the case of Zn,_,Fe, O (Fig. 16), all §-spin Fe 3d states
are inside the conduction band. Surprisingly, the Fe 3d E; state
is inside the valence band (in spite of the fact that Fe is lighter
than Co). The three «-spin bands at the top of the valence
band have strong Fe 3d character, and, contrary to the case
of Zn_,Ni, O, the E; and A; Fe 3d states are close to each
other and the A; band (Fe 3d,. contribution) does not cross
the A; band along the I'-A direction. The top of the alloy
valence band should then be the E| band at —2.1 eV, energy
at which the O 2p contribution is clearly dominant. With this
assignment the band-gap coefficient would be 17 meV /%Fe.
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FIG. 16. (Color online) (a) Band structure of Zngg7,Feq 30
calculated with DFT along various directions of the ZnO Brillouin
zone by using a 3 x 3 x 2 supercell. Energy zero refers to the highest
occupied level. (b) Valence-band DOS and selected projected DOS
contributions of Zng g72Fe 0250 corresponding to the band structure
shown in (a).

VI. CONCLUSIONS

Thin films of wurtzite wide-gap DMS Zn,_, M, O (M = Ctr,
Mn, Fe, Co, Ni, Cu) have been prepared by pulsed laser
deposition and investigated by means of optical absorption
at low temperature and photoelectron spectroscopy. It is
found that the pure wurzite phase is kept for Co and Mn
concentrations up to 25%, while in the case of Fe, Ni, and
Cu, other phases are present for concentrations higher than
5, 2, and 1%, respectively. The band gap is found to increase
at a rate of 9, 22, 23, and 4 meV /%M for Zn;_,M,0O with
M = Cr, Mn, Co, and Fe, respectively, but to decrease at a rate
of —14 and —9.8 meV /%M for M = Ni and Cu, respectively.
The photoelectron spectroscopy study of the valence band of
Zn_, MO with M = Mn or Co led to the conclusion that the
emergence of the TM-related photoemission peak is clearly
correlated to a larger binding energy of the O 2 p valence-band
peaks. A simple model of p-d interaction is proposed in which
the decrease of Zn 3d electron density below the valence band
and the increase of M 3d electron density for M = Cr, Mn,
Fe, and Co lead to higher binding energies of the valence band
and, consequently, to a larger band gap. In contrast, for Ni
and Cu, 3d electrons are more strongly bound than the O 2p
ones and push them to lower binding energies, thus decreasing
the band gap. This simple model was essentially confirmed by
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first-principles DFT band structure calculations for Zn; _, M, O
alloys using a 3 x 3 x 2 supercell corresponding to a substitu-
tion degree around 2.8%. The calculated band structures and
DOS clearly showed that substitution with M having localized
3d DOS peaks above the O 2 p peaks, the band gap of the alloy
increases, while it decreases for substitution with M having 3d
broad DOS peaks overlapping and strongly hybridizing with
the O 2p bands. Analysis of these calculations also suggested
that the s-d interaction plays a very important role for the more
light M elements Cr and Mn.
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