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Chemical effects on the conduction-band filling and band-gap renormalization in ZnO thin films doped with
group-IIT elements (Al, Ga, and In) are investigated by means of optical and photoemission experiments and
first-principles density-functional calculations. The Fermi-level position, as obtained from ultraviolet photo-
emission measurements, exhibits a relatively small and positive shift (about 0.4 eV) with respect to the valence
band for increasing electron concentrations up to 102! ¢cm™. The optical gap exhibits a much larger increase
for the same concentration range and the total shift appears to be smaller for In-doped ZnO. Absorption
measurements under pressure show that the pressure coefficient of the optical gap is correlated with the
electron concentration in films, decreasing with increasing electron concentration. As a consequence, the
contributions of band filling and band-gap renormalization to the optical-gap shift can be separated on the basis
of the different pressure behavior of the physical parameters involved in each effect. Standard models on
band-gap narrowing fail to give account of these results. Supercell density-functional calculations show that the
conduction band of heavily doped ZnO is modified by the presence of group-III doping elements, which give
rise to small gaps in specific points of the Brillouin zone, modifying the conduction band dispersion in the way

predicted, in a much simpler approach, by the band-anticrossing model.
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I. INTRODUCTION

Zinc oxide (ZnO) is the object of an increasing interest in
the last few years owing to its potential applications in ultra-
violet (UV) optoelectronic devices,!? transparent conducting
oxide (TCO) thin films,>* and spintronics.’ For the design
and realization of ZnO-based devices, one of the most rel-
evant issues is doping. This issue is especially important for
the applications of ZnO as TCO, which necessarily involves
the heavy doping with trivalent elements from the group III.
By means of doping, large conductivities combined with
large ranges of transparency in the visible (VIS) and near UV
range are so obtained.®’ In spite of the quick progress in the
quality of epitaxially grown ZnO thin films, there are rela-
tively few papers on some properties or effects, such as
band-gap renormalization, that are crucial to understand the
behavior of the optical gap (Ey") of ZnO-based TCO films.
The band-gap renormalization in heavily doped ZnO has
been the object of some early papers®® and some more recent
ones.’!> Band-gap renormalization results in a gap narrow-
ing due to exchange interactions in the free-electron gas and
electrostatic interactions between free electrons and ionized
impurities.>!* This band-gap narrowing is not actually ob-
served in the E% behavior with doping as it is largely com-
pensated by band filling effects (Burstein-Moss effect)!*!3
which results in the well-known E}” blueshift in heavily
doped semiconductors.%~8 In all standard models proposed to
explain the optical properties of heavily doped ZnO, donor
atoms are considered as merely inert agents that control the
free carrier population, neglecting the existence of any effect
dependent on the chemical nature of the cation.
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The present work is devoted to analyze chemical effects
on the different mechanisms determining the Ep" shift in
ZnO:M heavily doped with elements from the group III
(M=Al, Ga, or In). With this purpose, photoemission and
optical measurements of the absorption edge have been per-
formed in ZnO thin films doped with Ga and In. The absorp-
tion edge of free-standing ZnO: M films has been also mea-
sured as a function of pressure. The effects of heavy doping
on the electronic structure have been analyzed by means of
band structure calculations. The experimental setup is de-
scribed in Sec. II. Section III is devoted to describe the tech-
nical aspects of the band structure calculations. In Sec. IV,
the results obtained are presented and discussed. Finally, in
Sec. V we present the main conclusions of this work.

II. EXPERIMENT

Targets for pulsed laser deposition (PLD) were prepared
from high purity (99.999%) ZnO and Ga,0; (In,O3;) pow-
ders with Ga (In) atomic proportion (with respect to the total
cation content) from 0.05% to 5%.'® ZnO: M thin films here
studied were prepared by PLD on double-side polished
c-oriented sapphire and mica monocrystalline substrates. The
PLD system and conditions have been described in Ref. 17.

Ultraviolet photoemission measurements (UPS) were car-
ried out in an ultra-high-vacuum ESCALAB 210 multianaly-
sis system (base pressure 1.0X 107! mbar) from Thermo
VG Scientific. Photoelectrons were excited by means of a
helium lamp by using both the He T (21.2 eV) and He 1T
(40.8 eV) excitation lines. All spectra obtained have been
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referred to the Fermi level (Ey). Previously to these measure-
ments, samples were introduced in the analysis chamber and
sputtered by using an Ar* 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 ex-
perimental setup.

Samples for optical measurements in the diamond-anvil
cell were free-standing films that can be easily separated
from the mica substrates. For optical absorption measure-
ments in the UV/VIS/near-infrared range under pressure, a
sample was placed together with a ruby chip into a 200 um
diameter hole drilled on a 50 um thick Inconel gasket and
inserted between the diamonds of a membrane-type
diamond-anvil cell.'® Methanol-ethanol-water (16:3:1) was
used as pressure transmitting medium and pressure was de-
termined through the ruby luminescence linear scale.'® The
optical setup was similar to the one described in Ref. 18. It
consists of a deuterium lamp, fused silica lenses, reflecting
optics objectives, and an UV-VIS spectrometer, which allows
for transmission measurements up to the absorption edge of
ITA diamonds (about 5.5 eV).

III. COMPUTATIONAL DETAILS

Band structure calculations were carried out using a nu-
merical atomic orbitals density-functional theory (DFT)
approach,”’ which has been developed and designed for ef-
ficient calculations in large systems and implemented in the
SIESTA code.?!"2> We have used the generalized gradient ap-
proximation to DFT and, in particular, the functional of Per-
dew, Burke, and Ernzerhof.?* Only valence electrons are con-
sidered 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, Al, Ga, and In.2” We have used
a split-valence double-{ basis set including polarization or-
bitals for all atoms, as obtained with an energy shift of 250
meV.?® The 3d electrons of Zn and Ga as well as the 4d
electrons of In were treated as valence electrons. For Zn we
have used a pseudopotential generated using a Zn* reference
configuration”® and an optimized basis set.’> We have
checked that the crystallographic parameters for ZnO ob-
tained in such way (¢=3.300 A, ¢=5.297 A, and u=0.381)
are in good agreement with the more accurate plane-wave-
type DFT calculations presently available’' (a=3.282 A,
c=5.291 A, and ©=0.379) and the experimental structure2
(a=3.250 A, ¢=5.200 A, and u=0.382). For Al, Ga, and In
the pseudopotential was generated using a M>* reference
configuration. We checked that the structure of the corre-
sponding M,Oj5 oxides is in good agreement with experimen-
tal values. All calculations were carried out using a 3 X3
X 2 supercell in which one of the Zn atoms is substituted by
a group-III cation, which would correspond to a doping de-
gree close to the 3%. The energy cutoff of the real space
integration mesh was 1600 Ry. The Brillouin zone was
sampled using a grid of (2 X2 X 2) k points.?3 The structures
were fully optimized. We checked that the results were well
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FIG. 1. (a) He I and (b) He II valence-band spectra measured by
UPS in ZnO:Ga films prepared with different Ga content. The elec-
tron density of each film is indicated on its spectrum. The position
of the main features identified has been indicated by solid bars. Top
curves in these plots correspond to the spectra measured in a
Zn0:Ga 5% film (solid curves) with a carrier density n=7
% 102 ¢m™3 prepared on a ZnO film (dashed curves). (c) Electron-
density dependence of the Fermi-level shift, as obtained from the
shift of the position of the main features identified in (a) and (b)
with respect to these obtained in an nondegenerate film. Solid line is
a n*3-linear fit of the experimental data.

converged with respect to the real space grid, the Brillouin
zone sampling, and the range of the numerical atomic
orbitals.

IV. RESULTS AND DISCUSSION
A. UPS results

Figures 1(a) and 1(b) show the UPS spectra measured in
Zn0:Ga thin films deposited on sapphire with different elec-
tron concentration (7) by means of He I and He II radiation,
respectively. The main features that can be identified corre-
spond to the highest ZnO valence band, which is mainly
derived from the O 2p orbitals, and the Zn 3d band.>* These
bands appear to be located at 4.41 and 10.76 eV from the Ep
in a nondegenerate ZnO sample, respectively. As the ZnO
conduction band populates, these features appear to progres-
sively shift to higher binding energies. In order to follow the
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FIG. 2. (Color online) (a) Absorption edge measured at room temperature in ZnO:Ga films with different z up to 102! ecm™. (b) (circles)
Optical band-gap shift observed in ZnO:Ga films as a function of n, as extracted from the absorption edge spectra showed in (a). The
reference value of nondegenerate ZnO band gap is 3.34 eV. Dotted line is a fitting to the experimental data in the frame of the Burstein-Moss
model. Solid curve (BF-RN curve) is the Egp shift with n expected in the frame of the standard filling model for n-doped ZnO. Dashed lines
correspond to the band-filling (BF curve) and the band-gap-renormalization (RN curve) contributions to the E;p shift expected in the frame

of this model.

evolution of the Er with n, we have determined the energy
position of the above-mentioned features by a Gaussian fit-
ting procedure after background subtraction. Figure 1(c)
shows the n dependence of the E shift with respect to the
ZnO valence band and the Zn 3d band, as obtained from
these fitting procedures. Both band shifts have been plotted
together to stress that they exhibit similar carrier-
concentration dependence. These results indicate that the Ep
achieves an upshift of ~0.4 eV at n=~10%! cm™. It may be
objected that the large dispersion of results of Fig. 1(c) may
prevent an accurate determination of the E. shift due to dop-
ing by UPS. This objection is based on the fact that UPS is a
surface sensitive technique and the presence of surface de-
fects may alter the E position at the surface with respect to
that in the film. In our films, most of surface defects can be
attributed to be originated by the sputtering process per-
formed just before UPS measurements. Consequently, it
would be desirable to use ZnO and ZnO:Ga films identically
treated in order to determine the E shift caused by doping.
This can be achieved by using ZnO:Ga/ZnO homojunctions
in which a nondegenerate film is partially covered with a
Zn0O:Ga film deposited at the same conditions, being both
films simultaneously sputtered. In Figs. 1(a) and 1(b), we
have included the UPS spectra measured in the nondegener-
ate film and in the ZnO:Ga film with n=7X10* cm™ of
one of these homojunctions. Comparing these spectra, the E
in this ZnO:Ga film appears to upshift by 0.4 eV with respect
to that of the nondegenerate one, which agrees with the n
dependence of the Er measured in single ZnO:Ga thin films
[Fig. 1(c)] and allows us to attribute the E, observed by UPS
to doping effects.

B. Ambient pressure optical results

Figure 2(a) shows the absorption edge of ZnO:Ga thin
films with n up to 10°! cm™. The EY? was determined
through the Elliott-Toyozawa theory,*-3¢ as described in Ref.
16. This method leads to practically the same results as fit-
ting a Gaussian to the first derivative of the absorption
edge.!" Figure 2(b) shows the EJF, as obtained through this

procedure, as a function of n. The E? obtained for nonde-
generate ZnO (E°p 3.34 eV) has been adopted as reference
value. Cons1stently with other authors’ results,”!! the EpP
shifts to higher photon energies with increasing n, as the
band filling effect (Burstein-Moss effect)!*!> overcompen-
sates the band-gap renormalization effect due to heavy
doping.®"* In a pure band filling model, the E;" shift should
be proportional to n%3. Results showed in Fig. 2(b) illustrate
how the E% seems to follow the Burstein-Moss theory,
AEP(n)= E§p(n) Ep= ﬁ2(3772n)2/3/2meh, where # is the re-
duced Planck constant and m, is the electron-hole reduced
mass (1/m,=1/m,+1/m}). A linear fit to the experimental
results yields a value of m,,=0.55m,, where m, is the free
electron mass, which is nearly three times higher than the
actual value found in the literature.® This mass enhancement
cannot be explained by nonparabolicity effects,” which sug-
gests that the valence- and conduction-band contributions to
the AEY® are lower than these expected from a band filling
model. Both contributions can be estimated by combining
UPS and optical results, since UPS results showed in Fig.
1(c) can provide direct information on the conduction-band
contribution to the AEZ". At the highest n reached, the effec-
tive Ep shift observed is 0.4 eV [Fig. 1(c)] and the AEY®
appears to be 0.60 eV [Fig. 2(b)]. Consequently, the Corre-
sponding conduction- and valence-band contributions to the
AEY result to be 0.37 and 0.23 eV at this doping stage,
respectively, taking into account that the E is at some
30 meV below the conduction band in nondegenerate ZnO
(n=10" cm™). In a pure band filling model of ZnO, these
contributions should be expected to be 1.25 and 0.59 eV,
respectively, assuming m;=0.59m, and m,=0.28m,.® These
results evidence the inadequacy of the pure band filling
model to explain the change of AEY" with n observed in
ZnO0, as has been already pointed out.%’

The fact that the AEP dependence on n observed in ZnO
could not be explained by using a pure band filling model
has been attributed to many-body effects including electron
exchange interactions, minority-carrier correlations, and
carrier-ion correlations.®!? These many-body effects enhance
simultaneously with the band filling and tend to reduce the
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magnitude of the AE® caused by band filling. It has been
proposed that these many-body interactions give rise to a
band gap renormalization (AER ) which may be evaluated

for n-ZnO as'?
#\ 1/4 12 x
m m m,,
_e> nl/4+K3<_:) (1 + _*)nl/z’
m, m, m,

(1)

where each term accounts for electron exchange interactions,
minority-carrier correlations, and carrier-ion correlations, re-
spectively. The corresponding K; coefficients depend on
physical constants of the semiconductor, which can be ob-
tained to be K;=2.66X10"% eVem, K,=8.53
X 1077 eV ecm*?, and K3=5.96 X 1072 eV cm*? for ZnO."?
In this way, we have calculated the AERN ag a function of n
expected in the frame of this model, as well as the contribu-
tion to the AEP corresponding to the band filling. The results
of these calculations are shown in Fig. 2(b) (dashed lines)
which give rise to effective AE” values [solid line in Fig.
2(b)] whose variation with n resembles to that obtained ex-
perimentally. However, they appear to underestimate the cur-
rent optical gap values measured and even to give negative
AE;p values at low n. This fact is a consequence of the sur-
prisingly high value of AE§N=O.2 eV calculated for the low-
est n reached, which seems to be related to the inadequacy of
these models for a weakly degenerate electron gas.’ Besides
these facts, the calculated AE;P values fail also to describe
the experimental ones obtained in heavily doped films, for
whose n these models were proposed.

AESN =Kn'" + K2(

C. Optical measurements under high pressure

The facts evidenced in the previous subsection indicate
that the relative contribution of the band-filling and band-
gap-renormalization mechanisms to AES should be revised
even at high n. In order to approach this task, an experimen-
tal determination of each one of these contributions would be
required. Band-filling and band-gap-renormalization contri-
butions are difficult to be separated by means of current ex-
periments in which temperature or doping is varied. How-
ever, this can be achieved by considering the pressure as a
new variable to be exploited. With this aim, optical measure-
ments of the absorption edge have been performed in free-
standing ZnO:Ga films with different » under pressure. Pro-
ceeding as before, we have determined the EZP of these films,
which are shown in Fig. 3 as a function of pressure. These
results reflect a linear variation of the Ezp with pressure for
all films studied, whose pressure coefficients are summarized
in Table I. These results indicate that the pressure coefficient
of the Ezp decreases as n increases. This fact may be tenta-
tively attributed to effects of pressure on n. However, trans-
port measurements under pressure showed that n is constant
while samples remain in the wurtzite phase (below 9.5
GPa).?® Therefore, the fact that the n dependence of the EP
is sensitive to pressure (Fig. 3) suggests that the two com-
peting effects (band filling and band-gap renormalization)
change their relative weight under pressure. This fact would
allow us to estimate their absolute values at ambient pres-
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FIG. 3. Pressure dependence of the optical band gap, as ex-
tracted from optical measurements carried out in free-standing
ZnO:Ga films with different n. Solid lines are linear fit to the ex-
perimental data.

sure. Let us call AEgp(O) and AE‘g’p(P) to the optical gap
shifts at ambient pressure and at a given pressure P, respec-
tively. The ratio between them can be written as

AEP(P) AEST(P)-AE;N(P)  a-py
AEP(0)  AEX(0)-AESNO0)  1-y

where AE?F(P) and AE?N(P) stand for the band filling and
band gap renormalization contributions at P, a=AESY(P)/
AEST(0), B=AESN(P)/AELN(0), and y=AELN(0)/AE,(0).
The pressure dependence of the physical quantities involved
in AEBF(P) and AERN(P) can be found in the literature.3**0

EBF (P) is determined by the effective mass, whereas

AERN(P) depends on the effective mass, dielectric constant,
and compressibility.!* As an example, let us calculate the
contribution of each effect for a ZnO:Ga 5% film with n
=9.4%10%* c¢m™ (top curve in Fig. 3). For P=10 GPa, the
AE"p(P)/AE;P(O ratio is 0.838 and the other parameters in
Eq. (2) can be calculated from data in the literature («
=0.939 and 8=0.996).3%4° With these values of « and 3, Eq.
(2) yields y=0.639. Since the AE” obtained at ambient pres-
sure is 0.60 eV [Fig. 2(b)] the band filling and band-gap-
renormalization contributions turn out to be 1.66 eV and
1.06 eV, respectively. This band filling contribution could be
separated into these corresponding to the conduction and va-
lence bands, which would be 1.12 eV and 0.54 eV, respec-
tively, attending to their respective effective-mass weight. By

)

TABLE 1. Pressure coefficient of the optical gap obtained for
Zn0:Ga films. The nominal Ga content as well as the carrier density
of each film are indicated.

Ga content n Pressure coefficient
(%) (10%° cm™) (meV/GPa)
Nondegenerate ~0.01 21.1+x04
0.25 0.9 20.9+0.7
0.5 1.8 18.1+0.6
2.5 7.8 17.5+0.5
5.0 9.4 12.6+0.8
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FIG. 4. Summary of the band-filling and band gap renormaliza-
tion contributions to the AE" obtained experimentally for a
Zn0:Ga 5% film with n=9.4x 10 cm™.

combining these results with those reported above (Figs. 1
and 2) a detailed quantification of the contribution of each
mechanism to the AE” produced by doping can be obtained,
which has been summarized in Fig. 4 for the highest doping
reached. This scheme would allow us to identify the reasons
why standard models of AE, fail when applied to ZnO. At
the highest n reached, the band-gap renormalization contri-
bution from the conduction and valence bands appears to be
0.75 eV and 0.31 eV, respectively (Fig. 4). These two band-
gap renormalization contributions should be expected to be
0.61 eV and 0.84 eV by using Eq. (1), respectively. Then, it
appears that the band-gap renormalization contribution com-
ing from holes is largely overestimated by using standard
models. This term is mainly determined by hole-ion correla-
tions, which suggests that the interaction of holes with do-
nors may be screened in a larger degree than that predicted
by standard models. With regard to the band-filling contribu-
tion, that attributed to the valence band (Fig. 4) seems to be
quite well reproduced by that expected from the Burstein-
Moss model (0.59 eV). However, it can be seen that the
conduction-band term is smaller than that predicted (1.25
eV), which can be attributed to nonparabolicity effects in the
conduction band.

Nonparabolicity effects have been invoked in order to ex-
plain the n dependence of the AE".7#! Obviously, the non-
parabolicity parameters used in these estimations are those of
pure ZnO.” In this context, it will be expected that nonpara-
bolicity effects become important at high n, but irrespective
to the cation selected to dope ZnO. Consequently, ZnO: M
films prepared with any M element from the group III should
exhibit the same evolution of the AE? with n. ZnO:Al films
appear to exhibit an evolution of the AE}" with doping that
resembles to that obtained here for ZnO:Ga films.® However,
a detailed inspection of these two AE" evolutions [see also
Fig. 5(b)] reveals that the n required to obtain a AE}’ of
~0.5 eV in ZnO:Ga is twice that needed for ZnO:Al. In
spite of this observation, experimental uncertainties are still
quite large to reach a definitive conclusion.® In order to con-
tribute to the understanding of the chemical role of group-III
elements, we have measured the absorption edge of ZnO:In
films with different n, which are shown in Fig. 5(a). Proceed-
ing as before, the Egp of these films has been determined
through the Elliott-Toyozawa model of the absorption
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FIG. 5. (Color online) (a) Absorption edge measured at room
temperature in ZnO:In films with different n up to 7 X 10 cm™.
(b) Optical band gap shift of ZnO:In films as a function of n, as
extracted from the absorption edge spectra showed in (a). The ref-
erence value of nondegenerate ZnO band gap is of 3.34 eV. Data
from Fig. 2(b) (open circles) as well as from Ref. 6 (triangles) have
been reproduced here for comparison. Solid line is a n*/3-linear fit
of the experimental data obtained for ZnO:Ga, to guide the eye.

edge.?3¢ The E obtained for these ZnO:In films is shown
in Fig. 5(b) as a function of n. In this figure, we have in-
cluded, for comparison, the results obtained here for ZnO:Ga
[Fig. 2(b)] as well as those already reported for ZnO:Al
films.® From these results, it can be seen that, beyond a cer-
tain n, the EP obtained for ZnO:ln films are clearly
~0.1 eV below those of ZnO:Ga, at the same n. These re-
sults are indicative that these cations tend to perturb the ZnO
conduction band, with the interaction strength increasing in
going from Al to Ga to In. As a consequence of this interac-
tion, it appears that the nonparabolicity of the conduction
band is enhanced in these films.

D. Density-functional calculations

Some close examples of how heavy doping strongly per-
turbs the band structure of the host semiconductor can be
found in literature. Mryasov et al*’> carried out a full-
potential linear muffin-tin orbital calculation of the band
structure of indium-tin oxide. By replacing one of the 16 In
atoms of the In,O5 unit cell by a tin atom, a gap appeared to
open in the conduction band immediately above the Eg. This
gap was found to originate from the interaction between
In,05 conduction-band states and the antibonding state of the
Sn-O bond, a localized state related to Sn. Motivated by
these results, we have performed DFT calculations of the
band structure of ZnO: M for a dopant content of 3% (see
Sec. III for details). The band structure calculated for
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FIG. 6. Band structure of (a) pure ZnO, (b) ZnO:Ga, (c) ZnO:Al, and (d) ZnO:In calculated by the DFT method along various directions
of the ZnO Brillouin zone by using a 3 X3 X2 supercell. In order to simulate heavy doping, a dopant content of 3% has been selected in
these calculations. In all plots, the dotted line at O eV indicates the Fermi-level position.

ZnO:M 3% are showed in Fig. 6, in which that calculated
for pure ZnO has been also included for comparison. These
results clearly reflect features expected for heavily doped
ZnO. On one side, the Ef is located well inside the ZnO
conduction band, at some 1.3 eV above its minimum, as
would be expected for a degenerate semiconductor. On the
other side, the energy gap existing between the valence and
conduction bands in ZnO is kept in heavily doped ZnO (with
the usual DFT underestimation). This accounts for semicon-
ducting features remaining in heavily doped ZnO as the fact
that the optical gap occurs at photon energies corresponding
to the optical transition between states whose wave vector k
is the Fermi wave vector. Even if these effects can be readily
explained within a simple doping scheme, the fact that small
gaps appear in the electronic structure of ZnO: M at specific
points of the Brillouin-zone border (at the K, M, A, L, and H
points) makes this doping model no longer valid. Similarly
to that found for In,05:Sn,*? these gaps appear as a conse-
quence of the fact that dopants introduce localized antibond-
ing states (thus modifying the symmetry properties of the
system) that perturb the ZnO conduction band. However,
these gaps do not cover the whole Brillouin zone as it was
found for In,05: Sn.*? It should be stressed that in the calcu-
lations performed in Ref. 42 the Sn concentration was twice
that used here and that our results clearly show the trend of
the gaps to grow as the dopant content is increased.
Although this interaction does not open a gap that covers
the whole Brillouin zone, it is enough to modify the
conduction-band dispersion and the magnitude of the AEgp
that would be expected by the standard models for ZnO: M.
This effect of the interaction is illustrated in Fig. 7. Metal

atoms lead to the introduction of localized states of energy E|
into the ZnO band structure that interact with the ZnO con-
duction band E.(k). The interaction leads to a mixing and
anticrossing of these two bands, which opens a gap in the
ZnO conduction band and gives rise to perturbed bands of
energy E.(Kk). After inclusion of the interaction, the n re-
mains unaltered (Luttinger theorem).*® Therefore, the magni-
tude of the AE? is reduced when the optical transition pro-
motes electrons from the valence band to states in the
conduction band close to the new gap, i.e., at sufficiently
high doping. This scheme establishes a direct connection be-
tween the magnitude of the new gap and its consequent re-

E E

+ A

=S N 7

FIG. 7. (Color online) Illustration of the interaction occurring
between a localized state of energy E, and the conduction band with
band dispersion E.(k), which are plotted in dashed blue lines. The
mixed bands [E~(K)], resulting for the interaction, are indicated in
solid lines. As a consequence of the interaction, the magnitude of
the AE is reduced.
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duction of the AEEP. From our band structure calculations
(Fig. 6), it can be seen that the interaction degree depends on
the metal choice. In fact, the gap is almost negligible for
7Zn0:Al 3% whereas, for ZnO:In 3%, it is three times larger
than that found for ZnO:Ga 3%. Therefore, these results
would qualitatively explain experimental results obtained
here for ZnO:Ga and ZnO:In as well as why standard models
appear still to be a quite valid framework to understand the
E;p evolution with n in ZnO:AL%7 at least in the n range
reported.

E. Band-anticrossing model approach

In order to test whether the above described interaction
can quantitatively account by itself for the differences in the
AE” values obtained for each ZnO:M film at high doping,
we will use the above described standard model. As it has
been already mentioned, this model underestimates the abso-
lute value of the E” in ZnO: M, but it may provide for a
reasonable estimate of relative variations in the AE;p when
the interaction is considered. In order to face this task, the
enhancement of the m, owed to the interaction must be
evaluated. For this purpose, we have simulated conduction-
band changes through a perturbation theory model as that
adopted in the band-anticrossing interaction,** schematized
in Fig. 7. In this framework, the Hamiltonian of the interact-
ing system would be

H= 2 Ec(k)cii;gckg + Esaiaak(, + V(cfmak(, + aigck(,) ,
ko

3)

where o is the spin quantum number. The first term describes
the unperturbed conduction band, the second one represents
electrons in the localized metal-O related state, and the last
accounts for the interaction between these two bands, with
energy V. As it has been suggested,” the interaction energy
V may depend on n. We have adopted V=V, n(cm=3)/10%!,
where V, is an energy, independent of k for simplicity. In
this way, the band dispersion of the interacting bands (E-.)
can be obtained by diagonalizing the Hamiltonian of Eq. (3)
as

E. (k)= # * %V’(Ec(k) —E)*+4V2. (4)

The effective mass of the perturbed conduction band
(m.") would be k dependent, which may be calculated to be

1 1 |E; - E (k)|
*x =1« 1+ [ : (5)
m:*(k)  2m} V(E(K) - E,)> +4V?

In the framework of this interaction model, E,—E (k=0)
and V, must be evaluated. In the case of ZnO:In [Fig. 6(d)]
the gap clearly opens at ~1.5 eV from the bottom of the
conduction band, then, it seems reasonable to assume that
E,—~E (k=0)=1.5 eV. With this E,—E.(k=0) value, V,
would determine the size of the gap opening at the conduc-
tion band. In ZnO:In 3%, the conduction band seems to
downshift by 0.3 eV at the zone border with respect to that of
pure ZnO [Fig. 6(a)] which appears to be reproduced by
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FIG. 8. (Color online) Optical band gap shift calculated as a
function of n by considering parabolic bands (dashed blue line) and
a band-anticrossing model (BAC curve).

taking V,=0.8 eV. In this way, we have calculated the AE}”
as a function of n by considering the enhancement of the m;,
expected by using Eq. (5) for ZnO:In. The results of these
calculations are showed in Fig. 8, where the AE? expected
in the case of unperturbed bands has been included, for com-
parison. These results reflect that, when the interaction is
considered, the magnitude of the AE can be reduced even
by ~0.2 eV at the highest doping reached. This reduction in
the AE}” is mainly originated by the lesser band-filling con-
tribution to the AE;p when nonparabolic bands are consid-
ered. These results are consistent with the behavior observed
for ZnO:In films [Fig. 5(b)] and indicate that chemical ef-
fects must be taken into account to quantitatively explain the
AE;" produced in heavily doped ZnO films prepared by us-
ing elements from the group III.

Finally, a word should be said about the fact that elements
from the group III introduce localized levels that interact
with the ZnO conduction band in a different degree. This fact
can be readily understood in the frame of the band-
anticrossing model [Eq. (4)]. It would be expected that the
energetic position of the localized M-O antibonding states
into the ZnO band structure were correlated with the band-
gap value of the M,O5 oxides, since the valence band of both
these oxides and ZnO mainly derives from O 2p orbitals and
the conduction band in the oxides stems from metal s orbit-
als. In these oxides, the band gap decreases in going from
Al,05 to Ga,05 to In,04.46~*8 Following this sequence, the
localized states introduced in ZnO:In would be closer to the
ZnO conduction-band minimum than these introduced in
ZnO:Al. Therefore, Al would be expected to perturb the ZnO
conduction band only at very high doping, probably beyond
the n range approached in early studies,® whereas the inter-
action effects in ZnO:In films become appreciable at the dop-
ing degree reached in this work.

V. SUMMARY

In this work we have analyzed chemical effects on the
optical-band-gap evolution with doping in heavily n-doped
ZnO: M films (M=Al, Ga, and In). By combining valence-
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band photoemission measurements as well as optical mea-
surements of the absorption edge performed as a function of
doping and pressure, the different contributions to the
optical-band-gap shift observed with doping have been quan-
titatively determined, in particular, for ZnO:Ga thin films.
These results appear to give experimental evidence that stan-
dard models usually evoked to explain optical band-gap
shifts with doping seem to fail when applied to these films.
These models are based on the Burstein-Moss theory par-
tially compensated by band-gap renormalization effects, in
which it has been assumed that the electronic structure of the
host semiconductor remains unaltered in the doped material.
In order to test the validity of this assumption, we have ex-
tended this study to ZnO films heavily doped with other
group-III elements. The absorption edge measured in ZnO:In
films as a function of doping reflected a lower increase of the
optical-band-gap shift with doping than that observed in
Zn0:Ga. The behavior observed for these two kinds of films
contrasts with that already reported for ZnO:Al. These re-
sults evidenced that chemical effects cannot be neglected and
that depend on the cation choice.

In order to identify the origin of the different behavior of
the band-gap-evolution observed with doping in these differ-
ent films, their band structures have been calculated by using
a numerical atomic orbitals density-functional theory ap-
proach. These calculations showed that metals introduce
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quite-localized antibonding metal-O states. These states ap-
pear to hybridize with the ZnO conduction band, opening a
gap in the conduction band. However, the strength of the
interaction depends on the element used to dope ZnO, which
increases in going from Al to Ga to In. These results have
been explained in the frame of a band-anticrossing model of
the interaction. This band-anticrossing scheme agrees with
experimental results reported here and with previous studies
performed in heavily doped ZnO.
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