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A study of the photoluminescence characteristics of a ZnO single crystal at the temperature range
173–823 K is presented. The analysis employed the electron-phonon interaction model as well as
the radiative recombination rate model. Both studies indicate that at �700 K the
photoluminescence character undergoes a transition from being a free exciton emission to a band
gap recombination, implying a breakup of excitons into free carriers is occurring. The transition
temperature corresponds to �60 meV, which is consistent with the binding energy of the free
exciton in ZnO. © 2007 American Institute of Physics. �DOI: 10.1063/1.2822156�

ZnO is a highly ultraviolet �UV� luminescent direct band
gap semiconductor with a band gap of �3.37 eV at room
temperature.1 ZnO has a large free exciton binding energy of
about 60 meV, which is larger than that of room temperature
thermal energy ��25 meV�. The deep excitonic level results
in optical emissions that are thermally stable and signifi-
cantly efficient at and around room temperature under low
excitation energy.1,2 The thermal stability of ZnO has advan-
tages in optoelectronic applications such as UV lasing
media.3 Optical pumped stimulated emission has been dem-
onstrated in ZnO films4,5 and ZnO nanowires.6 Also, it has
been shown that a low power threshold �2 mW� room tem-
perature polariton laser can be realized with ZnO based
microcavities.7

The nature of ZnO excitonic emissions at and below
room temperature has been extensively investigated.8 This
research focuses on a study concerning the properties of the
photoluminescence �PL� of a ZnO single crystal at the high
temperature regime of 173–823 K. We found that 700 K is
the onset temperature at which the PL undergoes a transition
from being a free exciton emission to a band gap recombi-
nation like luminescence. This transition temperature corre-
sponds to an activation energy of �60 meV which is con-
sistent with the values in the literature for the binding energy
of the A exciton in ZnO.9–11

Our experiments utilized a JY-Horiba microphotolumi-
nescence/Raman system consisting of a high-resolution
T-64000 triple monochromator and an UV microscope ca-
pable of focusing a spot size of �1 �m in diameter. A
He-Cd Kimmon laser with a wavelength of 325 nm �3.8 eV�
was employed as the excitation source. The temperature de-
pendent PL measurements were carried out utilizing an In-
stec microcell in the temperature range of 173–823 K. The
PL was acquired from the c face of a ZnO single crystal in a
backscattering geometry, with the polarization of the laser
light such that E�c �� geometry�.

In order to study the nature of the PL at the elevated
temperature regime two models were utilized: one is the
renormalization of the band gap model as was proposed by
Vina et al.12 and the other is the radiative recombination rate
model established by Fouquet et al.13 According to the band
gap renormalization model, known also as the electron-
phonon interaction, the PL as a function of temperature is
expected to be in accordance with the relation12,14–17

EX�T� = EX�0� −
2�

exp��/T� − 1
. �1�

In Eq. �1�, Ex�0� is the PL energy at 0 K, � is a measure of
the strength of the electron-average phonon interaction, and
� corresponds to a mean temperature value of both the lon-
gitudinal acoustic and optical phonons taking place in the
interaction.12,14–16 The average phonon temperature, �, is re-
lated to the average phonon energy, Ep, via the Boltzmann
constant kB: �=Ep /kB. In Eq. �1�, it was assumed that the
binding energy of the exciton of ZnO is independent of the
temperature; thus the exciton follows the renormalization of
the band gap. Figure 1 presents the spectra of the PL at
several temperatures and Fig. 2 presents a fit of Eq. �1� to the
data. The parameters obtained from the curve fit were found
to be Ex�0�=3.375 eV, �=0.046 eV, and �=212 K. These
parameters are similar to those that have been previously
reported for the free exciton A in ZnO.18

The key observation in Fig. 2 is that above 700 K the
data do not obey the model of Eq. �1�; instead the PL energy
increases with increasing temperature. This energy increase
may represent the breakup of the excitons into free carriers,
i.e., an emission which undergoes transition from being ex-
citonic in nature into band gap recombination. In general,
when the thermal energy is comparable with that of the bind-
ing energy of a free exciton, the excitons are expected to
thermalize up into the conduction band, which results in
band gap PL emission. As can be seen in Fig. 2, an onset
temperature of �700 K is evident, which corresponds to a
binding energy of �60 meV. This value of the binding en-
ergy is consistent with the values found previously for the
binding energy of the free exciton in ZnO.9–11 In light of our
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study, we conclude that at the temperature regime T
�700 K, the emission is due to free excitons, while at a
higher temperature range of approximately 700–823 K, the
free excitons start to break up into free carriers. A breakup of
excitons into free carriers was previously observed in GaAs
multiquantum well structure as well as in GaN thin films.13,19

In order to gain further insight into the characteristics of
the PL of ZnO single crystal at the elevated temperature
range, we investigated the response of the PL intensity as a
function of both the temperature as well as the laser excita-
tion power. Based on the radiative recombination rate model,
the PL intensity, IPL, depends on the excitation laser, ILaser,
via13,20,21

IPL = �ILaser
� . �2�

In this relation � is the emission efficiency and the exponent
� represents the radiative recombination mechanism. The
model predicts that for free exciton recombination ��1,

while for band gap recombination, i.e., free-carrier electron-
hole bimolecular recombination, ��2. Numerous experi-
mental studies on various semiconductors such as AlAs,
GaAs, CdSe, ZnO, and GaN have utilized the theoretical
model of Eq. �2� in order to analyze the nature of the photo-
luminescence properties.13,20–30

In addition to the value of the exponent ascertained uti-
lizing the radiative recombination rate model, one may ex-
tract additional knowledge concerning the breakup of exci-
tons into free carriers via the study of the exponent as a
function of temperature. Specifically, if there is an emission-
type transition from free exciton recombination into band
gap emission, an increase of the value � should be observed
as a function of temperature. Figure 3 depicts the PL inten-
sity as a function of laser power, as well as the fit to the
model of Eq. �2�, for several representative temperatures.
From the fits presented in Fig. 2, the values of the exponents
were found. We repeated that analysis for the entire tempera-
ture range of 300–823 K and Fig. 4 presents the temperature
dependence of the exponent �. As is depicted in Fig. 4, at

FIG. 1. �Color online� PL spectra of the ZnO single crystallite at various
temperatures.

FIG. 2. �Color online� The PL emission energy as a function of temperature.
Experimental data �dots� and the fit to the model of Eq. �1� �line� are shown
for a temperature range of 173–650 K.

FIG. 3. �Color online� The PL intensity as a function of laser power for
several representative temperatures. Experimental data �dots� and the fit to
the model of Eq. �2� �lines� are shown.

FIG. 4. �Color online� The temperature dependence of the exponent � �the
line is not a fit�.
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temperatures below �700 K, the exponent has approxi-
mately a constant value of �1.5, while above 700 K, � be-
comes an increasing function of the temperature. In accor-
dance with the radiative recombination rate model, the PL of
the ZnO single crystal is governed mainly by excitonic emis-
sion at the low temperature regime �T�700 K�, while at the
elevated temperature range an onset into free carrier recom-
bination takes place as is implied via the increasing value of
�. The onset temperature �700 K is consistent with that
found via the electron-phonon model approach �see Fig. 2�.
As can be seen in Fig. 4, at T�700 K, the exponent is
slowly approaching the value 2 which implies that the PL has
a mixed character of band gap as well as exciton emissions.

In conclusion, we investigated the light emission charac-
teristics of a ZnO single crystal at the temperature range
173–823 K. The analysis employed the electron-phonon in-
teraction model as well as the radiative recombination rate
model. Both studies indicate that at �700 K, the PL emis-
sion undergoes a transition from being a free exciton emis-
sion to a band gap recombination. The transition temperature
corresponds to �60 meV, which is consistent with the bind-
ing energy of the free exciton in ZnO.
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