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The exciton radiative lifetime in ZnO nanorods is studied. It is found that the exciton radiative
lifetime increases with temperature as T2. Furthermore, the spectral linewidth of the
photoluminescence of the ZnO nanorods also increases with temperature as T2, suggesting a linear
dependence of exciton radiative lifetime on the spectral linewidth. The physics behind is that the
oscillator strength of excitons at k=0 is shared equally among all the states within the spectral
linewidth and the coherence extension of an exciton decreases with temperature due to the scattering
by phonons, defects, or impurities. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2429019�

ZnO has attracted much attention recently because of its
potential applications in optoelectronic devices operating in
the ultraviolet to blue spectral region, owing to its direct
wide band gap of 3.37 eV at room temperature.1 Compared
to other wide band gap semiconductors, ZnO has an ex-
tremely large exciton binding energy of 60 meV,2,3 which is
much larger than the thermal energy at room temperature and
therefore allows the survival of excitons at room temperature
and above.4 Excitons therefore play important roles in the
optical properties of ZnO. On the other hand, a wide variety
of ZnO nanostructures have been fabricated.5 Excitons in
geometrically confined systems exhibit different properties
as compared to three-dimensional excitons as a result of the
confinement.6–11 For example, Guo et al.11 experimentally
found that the third order nonlinear susceptibility of ZnO
nanoparticles is �500 times larger than that of bulk ZnO.
Theoretically, it has been shown that the exciton-photon cou-
pling in ZnO quantum dots �QDs� is particularly strong and
the exciton radiative recombination rate drastically varies
with the dot size.12,13 Fonoberov and Balandin14,15 calculated
the radiative lifetime of excitons in ZnO nanocrystals and
predicted the size dependence of the exciton radiative life-
time. Zhang et al.16 have shown experimentally that the con-
finement of ZnO QDs can reduce the exciton radiative life-
time significantly. In this letter, we investigate the optical
properties, especially the exciton radiative lifetime of ZnO
nanorods. We find that the exciton radiative lifetime in ZnO
nanorods increases with temperature and has a linear depen-
dence on the spectral linewidth of the photoluminescence.
The mechanism for the phenomena is discussed.

The ZnO nanorods used in present study were fabricated
using the following procedure. Firstly, a SiOx layer with
thickness of 200 nm was formed on �001� silicon wafer by
thermal annealing at 1000 °C. Then a 300-nm-thick ZnO

polycrystalline film was deposited onto the SiOx layer using
a filtered cathodic vacuum arc technique.16 Finally, ZnO na-
norods were fabricated in a quartz tube using vapor phase
transport method. The sample was first characterized using
scanning electron microscope �SEM� and transmission elec-
tron microscope �TEM�. The optical properties of the ZnO
nanorods were characterized using time-integrated photolu-
minescence �TIPL�, and time-resolved photoluminescence.
The experimental setup has been described elsewhere.16

Figure 1 presents the SEM and TEM images of the ZnO
nanorods. From the SEM image �Fig. 1�a��, it is seen that the
nanorods grew almost vertically from the substrate. The di-
ameter of the nanorods is about 100 nm and the length is
about 2 �m. Figure 1�b� is the high resolution TEM image of
a single ZnO nanorod, which clearly reveals a well resolved
lattice of the ZnO nanorod. The electron diffraction pattern
�the inset of Fig. 1�b�� exhibits bright electron diffraction
spots corresponding to the crystal planes of the wurtzite
structure, indicating that the ZnO nanorod has a single crys-
tal hexagonal structure with good crystalline quality.
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FIG. 1. SEM and TEM images of the ZnO nanorods fabricated. The SEM
image �a� clearly shows the vertically aligned ZnO nanorods. The high
resolution TEM image �b� of a single ZnO nanorod and the electron diffrac-
tion pattern �inset� show that the ZnO nanorod has a single crystal hexago-
nal structure with good crystalline quality.
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Figure 2�a� plots the near-band-edge TIPL spectra of the
ZnO nanorods measured at various temperatures. An emis-
sion band at 3.355 eV with a full width at half maximum
�FWHM� of 13.6 meV was observed at 4.3 K. The ZnO
layer deposited was polycrystalline and showed very weak
luminescence before the fabrication of ZnO nanorods. How-
ever, the luminescence was significantly enhanced after the
deposition of the ZnO nanorods. We therefore believe that
the PL was mainly from the ZnO nanorods. Figure 2�b� plots
the PL peak energy as a function of temperature from
4.3 to 300 K. The temperature dependence of the band gap
energy of a semiconductor can be described by Varshni’s
equation,17

Eg�T� = Eg�0� − �T2/�T + �� , �1�

where Eg is the band gap energy, and � and � are constants.
In fact, it has been found that the temperature dependence of
free exciton �FX� transition energy in ZnO can also be de-
scribed by this equation.18 The least-squares fitting of the
experimental data using Eq. �1� generates the fitting param-
eters �=1.07�10−3 eV/K and �=727 K, which are in good
agreement with the results by Wang and Giles.18 Fonoberov
et al.19 conducted detailed PL studies of ZnO quantum dots,
ZnO nanocrystals, and bulk ZnO crystal. They found that the
near-band-edge PL of bulk ZnO crystal is dominated by
bound exciton transitions at low temperature and FX related
transitions take over the PL intensity at high temperature. For
ZnO nanocrystals, they found that the near-band-edge PL
evolves from the recombination of the acceptor-bound exci-
tons at low temperature to the recombination of the donor-
bound excitons at high temperature. However, the PL spectra
we measured at various temperatures did not show such evo-
lution. Furthermore, the temperature dependence of PL peak
energy can be well described by Varshni’s equation. Consid-
ering the fact that our measurements were done with the
excitation of high intensity femtosecond pulses �40 �J /cm2

per pulse�, we believe that the measured PL spectra were
dominated by FX recombinations. However, the PL peak en-

ergy of 3.355 eV at 4.3 K is 22 meV smaller than the re-
ported FX transition energy of 3.377 eV at low
temperature.20 The difference might be explained with band
gap renormalization due to the strong excitation.

Figure 3�a� presents the time evolution of the spectrally
integrated PL intensity of the ZnO nanorods measured at
4.3 K. The PL decay trace can be well fitted using a single
exponential function and a lifetime of 340 ps was obtained
from the least-squares fitting. We now discuss whether the
lifetime measured is the exciton radiative lifetime. It is well
known that the photogenerated carriers can recombine
through both radiative and nonradiative channels. If the re-
combination is dominated by nonradiative channels, the time
and spectrally integrated PL intensity will show nonlinear
increase with the excitation intensity.21 However, our mea-
surement �not shown here� reveals a linear dependence of the
time and spectrally integrated PL intensity on the excitation
intensity, which evidences that the exciton radiative recom-
bination is the dominating channel for the carrier recombina-
tion process. The further evidence comes from the tempera-
ture dependent exciton lifetimes, which is shown in Fig.
3�b�. If the recombination process was dominated by nonra-
diative channels, the lifetime would decrease with increasing
temperature, since the nonradiative channels would play a
more important role with temperature. However, within the
experimental uncertainties, the measured lifetime increases
with temperature until 60 K. We therefore conclude that the
exciton radiative recombination dominates the recombination
process and the measured lifetimes are exciton radiative life-
times below 60 K.

As shown in Fig. 3�b�, the exciton radiative lifetime in-
creases with temperature as T2. The temperature dependence
of exciton radiative lifetime has been studied in other mate-
rial systems. Feldmann et al.8 have shown that the excition
radiative lifetime in GaAs quantum wells is proportional to T
when the spectral linewidth is much smaller than the thermal
energy kT. Akiyama et al.22 demonstrated that the excition
radiative lifetime in GaAs quantum wires increases with

FIG. 2. �Color online� TIPL spectra of the ZnO nanorods measured at vari-
ous temperatures �a� and the temperature dependence of the PL peak energy
�b�. The solid squares stand for experimental data while the solid curve is
the least-squares fit using Varshni’s equation.

FIG. 3. �Color online� �a� Time evolution of the spectrally integrated PL of
the ZnO nanorods measured at 4.3 K. �b� Exciton radiative lifetime as a
function of temperature from 4.3 to 60 K. The solid squares stand for ex-
perimental data while the solid curve is the least-squares fit using �+�T2.
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temperature as �T. It was also found that the exciton radia-
tive lifetime in bulk GaAs increases with temperature.23 The
temperature dependence of exciton radiative lifetime can be
understood in terms of thermally induced exciton redistribu-
tion in momentum space. Not all excitons can couple with
the radiation field to give out photons because of momentum
conservation. Theoretically, only those excitons at k=0 can
recombine radiatively. In reality, not only k=0 excitons con-
tribute to the radiative recombination, as reflected by the fact
that the homogeneous exciton linewidth at finite temperature
has a certain spectral width �E. Actually, excitons with ki-
netic energy smaller than �E, the spectral linewidth of the
transition, could recombine radiatively. The fraction r of free
excitons with kinetic energy smaller than �E is given by8

r�T� =

�
0

�E

D�E�f�E�dE

�
0

�

D�E�f�E�dE

, �2�

where E is the exciton kinetic energy, f�E� is the Bose-
Einstein distribution function, and D�E� is the density of
states �DOS�. The temperature dependent radiative lifetime is
then

��T� = �0/r�T� , �3�

where �0 is the radiative lifetime at T=0. With increasing
temperature, the free excitons will have an increased average
kinetic energy; the ratio of excitons with kinetic energy
smaller than �E will decrease. Therefore the exciton radia-
tive lifetime will increase with temperature. Different DOSs
will give out different temperature dependences.

It is interesting to note that the FWHM or the linewidth
of the PL spectra of our ZnO nanorods also increases with
temperature as T2, same as the exciton radiative lifetime.
Figure 4�a� plots the FWHM of the PL spectra as a function
of temperature from 4.3 to 60 K. In the temperature range of

consideration, the linewidth of the PL spectra is expected to
vary like �E�T�=�+�T due to acoustic-phonon scattering.24

However, the linewidth of our sample increases with tem-
perature as �+�T2, much faster than the expected linear in-
crease. The nanorods have much higher surface to volume
ratio, therefore, surface or impurity scattering might be much
stronger than in bulk materials. The same temperature depen-
dence of exciton radiative lifetime and linewidth implies a
relationship between them. Actually, Feldmann et al.8 have
demonstrated the fundamental relationship between the spec-
tral linewidth and the exciton radiative lifetime in GaAs
quantum wells. Similar relationship was observed for our
sample. This relationship is manifested when we plot the
exciton radiative lifetime as a function of the linewidth of the
PL spectra. As shown in Fig. 4�b�, the exciton radiative life-
time increases linearly with the spectral linewidth. The phys-
ics behind is that the k=0 oscillator strength is shared
equally among all the states within the spectral linewidth
�E.8 That means the exciton radiative recombination rate is
not solely determined by the exciton oscillator strength but
depends on the coherence extension of an exciton, which
decreases with temperature due to scattering by phonons,
defects, or impurities.

In summary, we have studied the exciton radiative life-
time in ZnO nanorods fabricated by vapor phase transport
method. It has been found that the exciton radiative lifetime
increases with temperature and has a linear dependence on
the linewidth of the PL spectra. The physics behind the phe-
nomena has been discussed.
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FIG. 4. �Color online� �a� FWHM of the PL spectra as function of tempera-
ture from 4.3 to 60 K. The solid squares stand for experimental data while
the solid curve is the least-squares fit using �+�T2. �b� Spectral linewidth
dependence of the exciton radiative lifetime. The solid squares stand for
experimental data. The linear fit �solid line� is also plotted in the figure.
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