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We report the behavior of utrafast exciton dynamics in a ZnO thin film based on temperature-, pump-energy-, and pump-power-dependent

degenerate pump–probe experiments. When the pump energy is higher than the emission peak, either dominated by free exciton or donor-

bound exciton, a Stokes shift of about 20meV can be observed. In this situation, rapid thermalization process (in several ps) followed by an

exciton relaxation stage (7 to 104ps) is recorded. The relaxation into the donor-bound exciton level takes a longer time because a spatial

transport process is required. When the pump energy is lower than the emission peak, the optical-field-induced red shift of the absorption

spectrum results in an enhanced absorption for the probe can be observed. This effect recovers in several ps.
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1. Introduction

Exciton recombination for effective photon emission at
room temperature (due to a large bulk exciton binding
energy at 60meV) in ZnO has made this semiconductor
attractive for the development of light-emitting devices.
The exciton binding strength can be even stronger when
a ZnO/MgZnO quantum well structure is formed.1) The
generation of the P-line of a stimulated emission under
intense excitation further implies efficient emission through
exciton-exciton scattering.2,3) In addition to free exciton
(FX) recombination, the emission of biexcitons (XX) has
also been observed at low temperatures.4,5) Because of the
larger XX binding energy in a quantum well structure,
emission of XX at room temperature becomes possible.
Since the recombination rate of XX is higher than that of
FX, XX emission at room temperature can lead to even
higher radiation efficiency in a light-emitting device based
on ZnO. In the past several years, significant progress in
ZnO crystal quality has been achieved. In addition to nano-
structures such as nano-tubes,6,7) nano-rods,8,9) and nano-
walls,10) high-quality ZnO thin films have been grown by
molecular beam epitaxy,11,12) metal–organic chemical vapor-
phase deposition,13–15) pulsed-laser deposition,16,17) and
sputtering.18,19)

Although the basic optical properties of exciton systems
in various semiconductors have been widely studied,20–22)

those of ZnO deserve more investigation because high-
quality ZnO epi-crystals were not available until recent-
ly.13,23) In particular, because of the existence of abundant
intrinsic donors of shallow nature in ZnO, FX and donor-
bound excitons (D0X) are normally mixed in the spectral
distribution.22,24,25) Hence, the study of the photon emission
processes, including ultrafast exciton dynamics,5,22,26,27) of
ZnO require more efforts. In this paper, we report the results
and interpretation of the fs pump–probe experiment on a
high-quality ZnO thin film. By varying the sample temper-
ature and pump photon energy, the exciton relaxation
processes related to the Stokes shift and the optical-field-
induced red shift were observed. The relaxation time
constants as functions of various variables are calibrated.

The optical-field-induced red shift of the absorption spec-
trum results in an enhanced absorption for the probe. This
effect is recovered in several ps.

In this paper, the sample structure and experimental setup
are explained in §2. Here, the basic photoluminescence
properties of the sample are also described. Then, the results
of the pump–probe spectroscopy are presented in §3. These
results are interpreted and discussed in §4. Finally, the
conclusions are drawn in §5.

2. Experimental Procedure

The ZnO thin film was grown by metal–organic chemical
vapor deposition on (0001) sapphire substrate at a pressure
of 6 Torr at 450 �C for 90min. The growth pressure and
temperature were chosen based on the optimized conditions
for growing high-quality ZnO thin films on sapphire.28) In
the growth of ZnO, oxygen gas and diethyl zinc [Zn(C2H5)2,
DEZn] were used as precursors, and nitrogen was used as the
carrier gas for the DEZn. For both samples, the O2 flow was
30 sccm, the N2 flow was 5 sccm, and the temperature of
DEZn was 4 �C. The thickness of the thin film is about 1 mm.
This sample has been studied by scanning electron mi-
croscopy (SEM) and high-resolution transmission electron
microscopy (HRTEM). The SEM images showed a surface
morphology of spiral domain structures. The HRTEM
images showed high-quality crystalline structures in the
sample except for certain threading dislocations along the
c-axis within a domain.29,30) The basal plane of ZnO is
twisted by 30� from that of sapphire to minimize the strain
energy. The backside of the sapphire substrate was polished
for transmission measurements.

The second-harmonic of a 76-MHz, 100-fs mode-locked
Ti:sapphire laser with a BBO crystal was used for the
degenerate pump–probe experiment. The cut angles of the
BBO crystal were � ¼ 32:96�. The thickness of the crystal
was d ¼ 0:4mm. The second-harmonic tuning range was
3.349 to 3.442 eV. Over the entire tuning range, the full-
width at half-maximum (FWHM) of the second-harmonic
pulse was about 150 fs. The corresponding spectral FWHM
was about 10 nm. The pump beam was defocused onto a spot
150 mm in diameter, which was about two times the probe
beam size, to ensure the uniform pump illumination of the
probe region.�E-mail address: hcwang@ccu.edu.tw
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Figure 1 shows the temperature-dependent photolumines-
cence (PL) spectra. At 10K, FX (at 3.376 eV) and D0X (at
3.365 eV) are separated by about 11meV. Below 60K, D0X
dominates the emission. Above 80K, FX intensity becomes
stronger. At room temperature, the dominating FX emission
leads to a broad spectrum, which mixes with the emission
features of a donor–acceptor pair and a one-phonon-assisted
transition. The two dashed lines indicate the photon energies
of the degenerate pump and probe. The higher energy at
3.375 eV roughly corresponds to the FX level at low
temperatures. The lower energy at 3.349 eV is below the
PL spectral peak when the temperature is lower than 180K.

3. Results

Figure 2 shows the temperature-dependent, time-resolved
differential transmission (�T=T) traces from the pump–
probe experiment with the pump–probe energy at 3.349 eV.
The pump and probe powers are 8 and 0.8mW, respectively.
To obtain the exciton decay/recovery times, we used an
impulse response function to fit the measured data:

uðtÞ½a0�ðtÞ þ a1e
�t=�1 þ a2e

�t=�2 �; ð1Þ

where uðtÞ is the unit step function, �ðtÞ is the impulse
associated with the two-photon instantaneous decrease at
time zero with a negative amplitude a0, a1e

�t=�1 is a fast
decay component with a time constant �1 of about 150 fs,
and �2 is about 20 ps. Fitting results illustrated by the red
dashed curves in Fig. 2. From previous studies of ZnO
nanorods,31–34) the slow component a2e

�t=�2 is attributed to
the relaxation of the band filling effect, dominated by
nonradiative carrier recombinations. It is interesting to note
the sign change of this a2 component below 30K when the
pump beam photon energy is about 3.349 eV (see Fig. 2),
due to the depression of the ac Stark effect. Through carrier
recombination, the exciton thermalization and the depression
of the ac Stark effect are recovered. At 180K, at which
temperature the pump photon energy coincides with the PL
spectral peak, the sample material responds weakly to the
pump. In other words, under these conditions, the ZnO does
not significantly absorb photons. Below this temperature, the
time-resolved probe intensity profile first shows a peak,
corresponding to the exciton filling effect due to the pump

overlap, and then a depression, followed by an increase. The
minimum of the depression is lower than the zero-pump
level when the temperature is lower than 60K. Between 60
and 180K, a two-component increase after the minimum is
observed. On the other hand, beyond 180K, each pump–
probe trace shows a peak, followed by a two-component
decay. The decay-time constants become longer as temper-
ature increases. The decay-time constants are given next to
the decay curves.

Figure 3 shows the pump-power-dependent differential
transmission traces for a pump–probe energy of 3.349 eV at
10K. The probe power was maintained at 0.8mW. One can
see that the minimum level decreases with pump power,
implying that higher pump intensity leads to stronger
absorption and faster recovery of the probe. Figure 4 shows
the pump–probe-energy-dependent (3.349, 3.375, 3.394,
3.418, and 3.442 eV) differential transmission traces at
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Fig. 1. Temperature-dependent PL spectra. The two dashed lines

indicate the photon energies (3.349 and 3.375 eV) of the degenerate
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180K. The pump and probe powers are fixed at 8 and
0.8mW, respectively. The zero-response at 3.349 eV is again
seen. When the pump photon energy increases by 26meV, a
strong variation in pump–probe differential transmission is
observed. The fast rise followed by a sharp decay is similar
to the curve at 240K in Fig. 2. As the pump photon energy
increases to 3.394 eV, the rise becomes smooth. The narrow
dips at 3.375 and 3.394 eV correspond to two-photon
absorption of the sample. As the pump energy is further
increased, the sample response becomes weaker. At 3.442
eV, the pump–probe behavior is similar to that of those
below 60K in Fig. 2.

Figure 5 shows the temperature-dependent differential
transmission traces for a pump–probe energy of 3.375 eV.
Here, one can see similar trace patterns with a rise followed

by a two-component decay up to 210K. At 240 and 270K,
a slow increase in the pump–probe trace is observed. The
response of the sample to the pump at this photon energy
diminishes as room temperature is approached. It is
interesting to note that no significant fast transient corre-
sponding to the exciton thermailization process is evident
when the exciton density is below the Mott density,35) which
is quite different from previous studies of other semi-
conductors such as GaN,36) GaAs,37) and InGaAs.38) When
the photoexcited exciton density was above the Mott density,
excitons were ionized into electron–hole plasmas and an
extra fast time constant of about 0.3–0.8 ps appeared. For
the data shown in Fig. 5, we used a higher pump photon
energy, about 3.375 eV, than for that shown in Fig. 2.
In such a high photon energy, the exciton density is above
the Mott density, and the electron–hole plasmas can be
generated.

4. Discussion

To interpret the pump–probe behavior, the photolumines-
cence excitation (PLE) spectrum at 10K was measured, as
shown in Fig. 6. Here, the PLE and PL spectra are depicted
by dashed and continuous curves, respectively. The insert
shows the expansion between 3.35 and 3.4 eV. In the PLE
spectrum, one can see several absorption peaks, correspond-
ing to different types of excitons (excitons A and B) and
phonon-assisted features.39) In Fig. 6, a Stokes shift of about
20meV is observed.39) Such a Stokes shift usually represents
the energy difference between the maximum state population
and the low-energy tail. This Stokes shift can be used to
explain the pump–probe behavior above 180K in Fig. 2.
Here, the maximum response to the pump occurs near 240K,
at which point the PL peak is lower than the pump energy
by about 23meV (see Fig. 1). In other words, at 240K the
absorption maximum roughly coincides with the pump
energy. Because the FX emission dominates above 180K,
the decays in the curves in Fig. 2 in this temperature range
correspond to the relaxation of carriers into the emission
levels of FX. The first-stage decay describes the thermal-
ization process (within a couple of ps) of excitons toward
a quasi-equilibrium condition. The decay time of the first
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component slightly increases with temperature owing to the
hot phonon effect.40) The excitons reabsorb energy from hot
phonons, and such a process dominates when phonon density
increases with temperature. In addition, the second-stage
decay results from the relaxation process of excitons into FX
emission levels. As the absorption energy level moves
further away from the emission level, the relaxation becomes
slower (from 7 to 104 ps). At higher temperatures beyond
180K, excitons have more excess energy due to larger
energy differences between the band gap energy and the
pump photon energy in Fig. 1. When excitons have more
excess energy, exciton–exciton scattering and exciton–
phonon scattering dominate in the relaxation process. This
slows down the exciton relaxation process. On the other
hand, phonon-assisted relaxation is apparent when the pump
photon energy is much larger than the band gap energy. At
second-stage decay, these two events slow down the exciton
relaxation process above 180K. The almost zero-response
at 180K in Fig. 2 can be attributed to the almost zero
absorption when the pump energy coincides with the
emission peak. In Fig. 4, the strong response to the pump
at 3.375 eV also shows a Stokes shift of about 20meV. The
smooth increase after the two-photon-absorption-induced
dip at 3.394 eV may be due to the relaxation of excitons into
the probe energy state from the two-photon level or other
higher energy states.

The patterns of the pump–probe trace below 210K in
Fig. 5 are similar to those beyond 180K in Fig. 2. In Fig. 5,
the maximum response occurs between 120 and 150K. Here,
a Stokes shift of about 20meV is again observed. In this
situation above 90K, carriers relax into the FX emission
levels after rapid thermalization (0.4 ps in the time scale).
The relaxation time constants are comparable to their
counterparts in Fig. 2. However, below 90K, the exciton
relaxation becomes slower (several tens ps in the time scale).
This trend can be attributed to the required transport process
for excitons to be trapped by D0X since D0X dominates the
emission in this temperature range.

The pump–probe behavior below 180K when the pump
energy is 3.349 eV is quite different from that discussed
above. The depressions after the peaks are attributed to the
ac Stark effect.41,42) In this process, once a strong optical
field is applied to a semiconductor around the absorption
edge, a red shift of the absorption spectrum is induced.
Hence, an absorption increase can be observed, as shown
in the pump–probe traces at 10 and 30K in Fig. 2. As
temperature increases, the pump energy becomes closer to
the emission peak owing to the thermally induced red shift.
In this situation, the effect of the ac Stark process becomes
weaker and hence the depression minima in the temperature
range between 60 and 150K become higher than the zero-
pump level. The rapid first recovery stage (1.6 to 3.7 ps for
the recovery time constant) represents an important feature
of the ac Stark effect.41,42) The slower second recovery stage
corresponds to the exciton relaxation process. In Fig. 3, the
depression minimum becomes lower as the pump power
increases because the ac Stark effect is stronger under
stronger pumping. With stronger pumping, the recovery
from the absorption spectrum red shift becomes faster, as
confirmed by the decreasing recovery time with increasing
pump power.

5. Conclusions

In conclusion, we have discussed the ultrafast exciton
dynamic behavior in a ZnO thin film based on temperature-,
pump-energy-, and pump-power-dependent degenerate
pump–probe experiments. When the pump energy was
higher than the emission peak, either dominated by FX or
D0X, a Stokes shift of about 20meV was observed. In this
situation, a fast thermalization process (in a couple of ps)
followed by an exciton relaxation stage (several to tens ps)
was recorded. The relaxation into the D0X level took a
longer time because a spatial transport process was required.
When the pump energy was lower than the emission peak,
the optical-field-induced red shift was observed in the
absorption spectrum. This effect recovered in several ps.
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