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Above-band-edge absorption spectra of reactively sputtered Zn- and O-rich samples exhibit free
exciton and neutral acceptor bound exciton �A0X� features. It is shown that the residual acceptors
which bind excitons with an energy of 75 meV reside about 312 meV above the valence band,
according to effective mass theory. An intra-band-gap absorption feature peaking at 2.5 eV shows
correlation with the characteristically narrow A-free exciton peak intensity, suggesting a
compensation mechanism of the centers involving oxygen vacancy �VO� related donors. In order to
enhance free exciton concentration relative to competing neutral bound exciton density, relevant
annealing processes are performed without disturbing the residual shallow acceptor profile which is
necessary for at least background p-type conductivity. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2386926�

I. INTRODUCTION

Wide band gap materials such as GaN with its direct
band gap structure have been developed rapidly for applica-
tions in short wavelength light emission. ZnO, a II-VI oxide
semiconductor, is also promising for various technological
applications, especially for optoelectronic light emitting de-
vices in the visible and ultraviolet �UV� range of the electro-
magnetic spectrum.1–4 Among several advantages5 of ZnO
with respect to other commonly used wide band gap materi-
als, the most important one is its large exciton binding
energy6 �60 meV�, nearly three times higher than in compet-
ing semiconductors. The large binding energy insures opti-
cally efficient excitonic behavior up to room temperature and
even somewhat above. ZnO as naturally grown is n type, so
that production of stable and reasonably high p-type conduc-
tivity has been the crucial issue in providing short wave-
length UV emission from the prepared devices.

The most successful acceptor dopants in ZnO have been
the group V elements such as N,7,8 P,9 As,10,11 and Sb.12 N is
known to substitute on the O site but the exact structures of
the P, As, and Sb acceptors have not yet been established.13

Despite success of achieving p-type doping, or even produc-
ing p-type conductivity in some reactively sputtered as
grown samples,14 it does not automatically follow that suffi-
ciently stable materials and junctions leading to UV emission
can be produced. This makes p-type asymmetry- and sto-
ichiometrically deviated structural Zn-rich and O-rich de-
fects which exhibit some unusual behavior in as-grown and
annealed samples still interesting to study. For example,
negative U behavior of VO centers has been reported.15 Al-
though it was previously predicted that unintentional H im-

purities are the main source of n-type conductivity,16 it is
now commonly agreed that native Zn-rich defects are rather
more important than hydrogen,17 as previously noted by Van-
heusden et al.,18 Studenikin et al.,19 and Tüzemen et al.20

In this work, we will focus on the samples grown at
O-rich and Zn-rich conditions using reactive magnetron sput-
tering techniques. We have investigated the absorption pro-
cesses due to free and bound excitons, and also intra-band-
gap transitions. We show that postgrowth vacuum annealing
enhances the characteristically narrow free exciton line. It is
proposed that Zn-rich defects formed by treatments during or
after growth may result in high concentrations of free exci-
tons due to the passivation of residual acceptors having a
role in the exciton binding mechanism.

II. EXPERIMENT

All the samples were deposited onto the �0001� Al2O3

substrates by reactive sputtering from a Zn �99.99%� metal
target in O2 and Ar atmosphere using dc magnetron source
�US Gun II� in a turbo molecular pumped stainless steel
chamber. The substrate was heated during deposition to 400
or 410 °C, typically. O2/Ar ratios were kept at 1.41 and 0.41
for O-rich and Zn-rich conditions, respectively. Postgrowth
annealing processes were performed in a vacuum of
10−5 Torr using Edwards’ coating unit. The samples were
placed into a Mo pipe resistively heated to 400 or 500 °C
during the annealing processes. The crystalline structures of
the films were determined by x-ray diffraction analysis with
a conventional �-2� goniometer using 0.7079 Å wavelength
Mo K�1 radiation. The wavelength is shorter than commonly
used K� of Cu or Cr sources, resulting in a higher resolution.

Absorption measurements of all the samples were per-
formed using a Perkin Elmer UV/vis spectrometer with a
wavelength resolution better than 3 nm. The samples were
placed on a radiation shielded holder of a closed cycled He
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cryostat with an optical tailpiece fixed into the spectrometer.
All absorption measurements were conducted at sample tem-
peratures ranging from 10 to 320 K.

III. RESULTS AND DISCUSSION

We have grown two sets of samples by a radio frequency
reactive sputtering �rfRS� method: The first set of samples
are O rich, grown at O2/Ar ratios of about 1.41 and the
second set have the ratio of 0.41 and therefore Zn rich. The
two samples are expected to contain high concentrations of
O-rich defects such as VZn and Oi and of Zn-rich defects such
as VO and Zni. The growth conditions of these samples are
shown in Table I. X-ray diffraction measurements on the
reference single crystal provided by Eagle Picher Technolo-
gies and on the rfRS grown films are shown in Figures
1�a�–1�d�. It is seen that the rfRS grown films are c-axis
oriented nearly as well as the single crystal. The peak at
around 2�=18 which is observed in all the films correspond-
ing to the �0006� surface of the Al2O3 substrate, according to
the Joint Committee on Powder Diffraction Standards
�JCPDS� database, as also observed elsewhere.21

A. As-deposited samples

Optical absorption spectra of both Zn-rich �O2/Ar
=0.41� and O-rich �O2/Ar=1.41� as-deposited samples are
shown in Fig. 2 at sample temperatures of 30 K. In order to
convert the original absorbance data to absorption coefficient

values, we made use of the following equations which were
previously proposed for nominal incidence of light on III-V
compounds;22–24

T =
�1 − R�2 exp�− �t�
1 − R2 exp�− 2�t�

= exp�− A� , �1�

where R, T, and A are the reflectivity, transmittance, and
absorbance, respectively, � the absorption coefficient, and t
the film thickness. We observe that the absorbance as a func-
tion of wavelength �or energy� is nearly flat and achieves its
lowest level at around 1100 nm �or 1.127 eV�. Therefore we
assume that the optical absorption due to the deep levels
within the band gap is zero at this wavelength, and Eq. �1�
reduces to

T =
�1 − R�2

1 − R2 = exp�− A� at 1100 nm. �2�

From this equation we determine the reflectivity R for ZnO
to be around 15%–20% for each sample which is quite con-
sistent with the previous T=80% –90% measurements of
Ciobanu et al.25 Having determined R, we are able to deter-
mine the absorption coefficient spectra for each sample using
Eq. �1�.

As can be seen in Fig. 2, the free and bound exciton
peaks are clearly observed in the sample that is grown at
Zn-rich conditions, and the free exciton peak intensity is
high in comparison to the competing bound ones. On the
other hand, the free exciton in O-rich material can barely be
observed as a shoulder of the bound exciton absorption in
O-rich material. As the temperature of Zn-rich samples is
increased, the free exciton peak intensity decreases, and the
differences between the free and bound exciton peak ener-
gies remain nearly constant at a value of 75 meV. We there-
fore assume that exciton binding centers are dependent on
the valance band rather than the conduction band.

There has always been conflict concerning the bound
exciton lines, as to whether they arise from neutral donor
bound excitons �D0X� or neutral acceptor bound excitons
�A0X�. It has been reported by Gutowskiet al.26 that, in gen-
eral, the binding energies of neutral-donor-exciton com-
plexes are smaller than those of excitons bound to neutral
acceptors in II-VI semiconductors. A comprehensive study
on the excitonic structures in ZnO has been reported by Teke
et al.27 supporting the Gutowski et al. findings.26 According
to the PL measurements by Teke et al.,27 the main neutral-
donor-bound exciton peak �D2

0XA� differs only 17 meV from
that of the A-free exciton line, indicating that binding ener-
gies to donors are quite low in comparison to the defect
binding energies of about 75 meV observed in the present

TABLE I. Growth conditions of ZnO films onto the �0001� sapphire substrate.

Sample
Growth time

�min�
O2 pressure

�Torr�
Ar pressure

�Torr�
O2/Ar
ratio

Substrate
temperature �°C�

452A and
452B

60 0.9�10−2 2.2�10−2 0.41 410

453A and
453B

60 3.1�10−2 2.2�10−2 1.41 400

FIG. 1. XRD plots of the ZnO samples; �a� reference single crystal, �b�
as-deposited Zn-rich sample �O2/Ar=0.41�, �c� as-deposited O-rich
�O2/Ar=1.41�, �d� 210 min vacuum annealed at 400 °C, O2/Ar=1.41
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work. Thereby we propose that the broader peak observed at
3.464 eV with a full width at half maximum �FWHM� of
about 189 meV is an acceptor bound complex rather than a
donor bound one in our absorption measurements. Look et
al. have also suggested that impurity binding energies of this
kind �59 meV in their case� should be acceptor-bound-
exciton complexes such as an exciton bound to N substituted
for O �NO�.28 Our experimental evidence arising from further
vacuum annealing experiments indicates that the acceptor�s�
binding excitons are native O-rich defects rather than chemi-
cal impurities.

Although these shallow acceptor binding energies are
observed at 79,26 21–29,27 59,28 and 75 meV �present work�,
the actual level of these defects are, in general, considered to
be deeper due to the fact that the most shallow effective mass
acceptor in ZnO is expected to be at 100–150 meV. From a
Haynes factor of 0.24 suggested by Gutowski et al,26 these
acceptor ground levels having a role in the exciton binding
mechanism are situated at respectively 329,26 87,27 246,28

and 312 meV �present work�, resolving the conflict between
the effective mass theory and experiments. On the other
hand, we propose that the effective binding energies of these
levels should be considered as the former ones because any
kind of flaw incorporated as physical or chemical impurities
in semiconductors has a ground state binding energy Ed or
Ea, which is different than the value calculable from effec-
tive mass theory. The origin of this shift is usually attributed
to the difference between the mean macroscopic dielectric
constant of the material as a whole and the microscopic di-
electric constant around the particular defect center attracting
electrons or holes.29

Returning to the absorption measurements, it has been
observed that the band-edge absorption tails of all the
samples have the spectral dependence only of the quadratic
joint density of states, as

�2 = A�E − Eh�, �� � Eg, �3�

where extrapolation of �2 vs E ���; incident photon energy�
to zero would result in E=Eg. The band gap energy values,
Eg, as a function of temperature for both Zn- and O-rich
samples determined from the �2 vs E plots are shown in Fig.
3. As can be seen, band gap energies of Zn-rich material are
in general greater than those of O-rich samples and they are
parabolic as a function of temperature, as observed by some

FIG. 2. Absorption coefficient spectra of both as-deposited Zn-rich and O-rich samples. The insert shows magnified intra-band-gap absorption for both
samples. Subtracting the 1.75 eV peak from the other peak in Zn-rich sample results in a shift towards 2.5 eV.

FIG. 3. Variation of Eg as functions of temperature for Zn- and O-rich
samples.
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others in the literature.30 The smaller Eg values in O-rich
samples usually attributed to O content on the surface of the
films,31 unless it is due to the Moss-Burstein shift. However,
our previous Hall measurements14 show that while the Zn-
rich sample is moderately n type having free electron con-
centrations of about 8�1017 cm−3, the O-rich sample has a
low density of holes around 8�1014 cm−3, which is unlikely
to cause such a shift. Free exciton binding energies illus-
trated in Fig. 4 are evaluated from the difference between the
A-free exciton peak and Eg at a sample temperature T. Al-
though free exciton binding energies are in general higher for
O-rich sample, they became identical to the free exciton
value of about 60 meV at temperatures over 180 K, which is
usually reported in the literature.6,32

B. Effect of vacuum annealing

It is so far observed that in as-deposited samples, in-
creasing Zn-rich conditions results in an increase in charac-
teristicly narrow A-free exciton behavior. The A-free exciton
intensity is reduced by O-rich conditions having high con-
centrations of structural acceptors that, we assume, play an
important role in the exciton binding mechanism in sputtered
thin films of ZnO. However O-rich conditions are necessary
for at least establishing the background p-type conductivity
by compensating the residual shallow donors, i.e., while the
material for optoelectronic applications should have a sharp,
high quality A-free exciton profile, it should also have certain
concentrations of shallow acceptors in order to compensate
the residual donors and therefore have the least p-type con-
ditions. Since the first experiments on as-deposited samples
show that Zn-rich conditions are relevant for A-free exciton
behavior but also O-rich conditions are necessary for back-
ground p-type characteristic of the material, we decided to
anneal the O-rich samples in vacuum. It is expected that the
O vapor pressure is very much higher than that of Zn, so that
the reaction

ZnO → Zni + VO �evaporation of O� �4�

is quite possible at annealing temperatures. Therefore the
concentration of Zn-rich defects, which are thought to act as
donors, increases. Annealing experiments by Chen et al.33

prove this assumption. Here, the relevant annealing process
should result in an increase in free exciton concentrations
without changing the native shallow acceptor profile that
plays an important role in compensating residual shallow
donors.

In fact, as can be seen in Fig. 5, when the duration of
vacuum annealing at 400 °C is increased for the O-rich
sample, the free exciton �FX� peak intensity is dramatically
increased �Figs. 5�a� and 5�b�� and the neutral acceptor
bound exciton �A0X� peak intensity remains nearly un-
changed after an initial increase �Fig. 5�b��. It means that,
while the vacuum annealing process did not make too much
difference in the native shallow acceptor profile which is
necessary for background p-type conductivity, the high qual-
ity free exciton peak intensity can be increased in O-rich
sample.

FIG. 4. Free exciton binding energies vs temperature for Zn-rich and O-rich
samples.

FIG. 5. �Color online� Increase in excitonic behavior as the subsequent
vacuum annealing processes at 400 °C are performed in O-rich sample; �a�
�color online� spectral change of free �FX� and neutral acceptor bound ex-
citon �A0X� lines and �b� FX and �A0X� peak intensities as a function of
annealing time.
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The same effect is also valid for the Zn-rich sample, as
seen in Fig. 6. While the FX peak intensity can be increased
up to 70% by 400 °C and subsequent 500 °C vacuum an-
nealing for 30 min �Figs. 6�a� and 6�b��, the neutral acceptor
bound exciton �A0X� peak intensity remained at nearly the
same level �Fig. 6�b��.

C. Possible role of intra-band-gap absorption

As seen in Fig. 2, intra-band-gap absorption extending
from 1.1 to 3.0 eV exhibits two broad characteristic features
peaking respectively at �1.75 and �2.5 eV, indicating that
they are most probably both intracenter transitions rather
than band-to-defect or defect-to-band ones. Although the
higher energy peak is seen at around 2.25 eV in as-deposited
samples, one can see that it is actually peaking at around
2.5 eV by extracting the effect of the 1.75 eV band from the
peak in the as-deposited O-rich sample. The 1.75 eV peak is
less effective in annealed samples so that it cannot cause
such a redshift.

As seen in Fig. 7, the 2.5 eV broad band can be observed
only in the Zn-rich sample and vacuum annealing increases
the concentration of these defects �Fig. 7�a��, indicating that

this is most probably due to the Zn-rich defects such as VO or
Zni. In fact, the calculations by Van de Walle15 show that this
peak belongs to ��2+ /0� state of VO centers which is usually
attributed to green emission in photoluminescence �PL�.13

The 1.75 eV broad band is more difficult to interpret whether
it is due to O-rich or Zn-rich defects because the feature can
be observed in both samples. On the other hand, while the
2.5 eV peak is remarkably increased in Zn-rich sample by
vacuum annealing at 400 °C and subsequent 500 °C for
30 min �Fig. 7�a��, the 1.75 eV peak slightly increases in
Zn-rich samples �Fig. 7�a�� and can hardly be observed in
as-deposited O-rich samples �Fig. 7�b��. In fact, according to
first principles calculations by Kohan et al,34 O-rich defects
such as VZn and OZn have still low formation energies around
1.5 eV even at low Zn-partial pressure when the Fermi level
is close to the top of the valance band �p type�. Therefore, as
seen in Fig. 7�b�, O-rich defects such as VZn and OZn can also
be produced by vacuum annealing process having Zn-rich
conditions because the O-rich samples are originally ob-
served as p type.14 Hence, we propose that the 1.75 eV fea-
ture might be related to O-rich defects such as VZn or OZn

although further investigation has to be continued.

FIG. 6. �Color online� Increase in exciton peaks as the vacuum annealing
processes at 400 °C and subsequently at 500 °C are performed in Zn-rich
sample; �a� �color online� spectral change of free �FX� and neutral acceptor
bound exciton �A0X� lines and �b� FX and �A0X� lines and �b� FX and �A0X�
lines and �b� FX and �A0X� peak intensities as a function of annealing time.

FIG. 7. �Color online� Spectral change of intra-band-gap absorption as the
subsequent vacuum annealing processes are conducted; �a� O-rich sample
and �b� �color online� Zn-rich sample.

103513-5 Tüzemen et al. J. Appl. Phys. 100, 103513 �2006�

Downloaded 21 Feb 2007 to 133.20.110.105. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



It seems that Zn-rich defects cause an increase in the
characteristically narrow FX peak intensity because the Zn-
rich sample has high concentrations of Zn-rich defects to
start with, and vacuum annealing processes increase the FX
peak intensity as the Zn-rich 2.5 eV absorption increases in
both samples �Fig. 7�. As seen in Fig. 8, there exists a re-
markable increase in the FX absorption coefficient at the
peak as the 2.5 eV feature is increased in both samples.
Therefore the prediction below is quite possible.

We propose the following mechanism for the role of
Zn-rich defects on the enhancement of FX peak intensity:
The acceptor ground state A0 is a state which tends to capture
an electron from the valance band to go to deeper A− state.
We consider the lowest state of the neutral acceptor bound
exciton A0X consisting of two holes on the acceptor level and
one electron in the conduction band, similar to the descrip-
tion for neutral donor bound excitons �D0X� given by Wang
et al.35 The transition from A0X to the ground state of A0 is
called the “principal transition” and results in the A0X bound
exciton peak in the absorption spectra. As previously shown,
if the 2.5 eV feature belongs to VO centers, they play an
important role in the compensation mechanism. According to
Van de Walle’s calculations15 the VO centers are normally in
the inactive metastable negative-U deep state of VO

0/++ and
cannot directly compensate acceptors.20 However, with the
effect of incident light in the absorption measurements, it is
possible that they are excited to VO

+/++ shallow state resulting
in 2.5 eV intracenter transition at which they can well play a
role in compensating acceptors. Therefore, in the situations
which involve high concentrations of structural donors such
as VO �as in the case of Zn-rich conditions� resulting in an
intensive passivaiton of acceptors due to compensation, we
suppose that most of the acceptors would be initially in the
deeper negative charge state of A− which is unable to bind

excitons. Therefore the absorption spectra just over the band
edge would involve high concentrations of characteristically
narrow free exciton transitions. Although the proposed
VO

0/++→V+/++ transition happens with the assistance of the
incident light in low temperature absorption measurements,
it has been shown that the most of the VO centers are in the
compensating V+/++ shallow state at room temperature �RT�
conditions so that the level might have important role in
devices which are supposed to be working at RT.

As a result, it has been observed that optically important
A-free exciton peak intensity can be enhanced by the produc-
tion of Zn-rich VO centers having role in pasivation of exci-
ton binding structural acceptors. Fortunately, the structural
acceptor profile remains unchanged during the vacuum an-
nealing process because these structural acceptors are rel-
evant for p-type conduction

IV. CONCLUSION

A-free and neutral acceptor bound excitons are, respec-
tively, measured at 3.389 and 3.464 eV for Zn-rich and at
3.387 and 3.464 eV for O-rich samples. It is found that re-
sidual acceptors bind the exciton with about 75 meV energy,
which corresponds to the acceptor level about 312 meV
above the valence band according to effective mass theory.
The absorption feature at about 2.5 eV seems to play an
important role in improving high quality, characteristically
narrow free exciton line, which is probably the Zn-rich VO

centers, resulting in passivation of exciton binding shallow
acceptors. A model for this mechanism involving the passi-
vation of shallow acceptors is also proposed. We have shown
that we can enhance the free exciton line in O-rich material,
compared to its diminished value in the as-deposited sample.
Vacuum annealing at around 400 °C for up to approximately
2.5 h can increase the free exciton line without disturbing the
structural acceptor profile, which is relevant to background
p-type conductivity. It is of great importance that the p-type
side of optoelectronic devices such as p-n light emitting di-
odes �LEDs� have characteristically narrow excitonic behav-
ior while also preserving the p-type conductivity.
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