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We have investigated the excitation-photon-energy dependence of time-resolved photoluminescence spectra
of the P emission due to exciton-exciton scattering at 10 K in CuI thin films from the viewpoint of energy-
relaxation dynamics of photogenerated excitons. The ultrashort time resolution of 0.4 ps using an optical-Kerr-
gating method enabled us to obtain precise information of the relaxation dynamics under various excitation-
photon-energy conditions. It is found that the onset time of the P emission, which corresponds to the time
required for the appearance of the P emission after the irradiation of an excitation pulse, increases with
increasing excitation-photon energy, while the rise and decay times of the P emission are independent on the
excitation-photon energy. These results indicate that the onset time is connected with an energy-relaxation time
of the photogenerated excitons toward the bottleneck region of the exciton-polariton. On the basis of a
Fröhlich-interaction model, we have quantitatively analyzed the energy-relaxation time, taking account of
interactions between the excitons and longitudinal optical �LO� phonons, the so-called cascade process of
LO-phonon scattering, in momentum space.
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I. INTRODUCTION

Exciton dynamics in an ultrashort time range has been
intensively investigated from theoretical and experimental
aspects.1 In particular, the energy-relaxation processes of
photogenerated excitons toward the quasithermal equilibrium
state in momentum space after the incidence of an excitation
pulse is a much attractive subject in dynamics of excited
states. In the initial process of the exciton dynamics, the
exciton-phonon interactions play an important role in the
exciton-formation process,2 and the exciton-energy-
relaxation process3 results in the redistribution of excitons in
momentum space. Under nonresonant-excitation conditions,
it is known that hot excitons with large momentums �wave
vectors� and kinetic energies are created. When the energy
difference between the excitation-pulse energy and the exci-
ton energy in the ground state is much larger than the energy
of a longitudinal optical �LO� phonon, the excitons in mo-
mentum space are scattered by LO phonons toward the
bottleneck region of the exciton-polariton branch with a scat-
tering rate dominated by the Frölich interaction.4,5 The scat-
tering rate of excitons depends on the energy and wave vec-
tor of the excitons; namely, the scattering rate changes during
the relaxation process. Therefore, it is expected that an
energy-relaxation time of photogenerated excitons to reach
the bottleneck region is dominated by the rate and event
numbers of the exciton-LO-phonon scattering. The elemen-
tary step of the LO-phonon scattering is in a subpicosecond
time range because the LO-phonon frequency is of the order
of THz. Thus, it is difficult to precisely detect the exciton-
relaxation dynamics using conventional methods of time-
resolved photoluminescence �PL� spectroscopy owing to the
requirement of an ultrashort time resolution. So, little has
been known about the ultrafast energy-relaxation processes
in PL dynamics.

In our previous work, we investigated the PL dynamics of
exciton-exciton scattering in CuI thin films by using an
optical-Kerr-gating �OKG� method.6 Exciton-exciton scatter-
ing is a typical phenomenon under intense excitation
conditions.7 In the inelastic scattering of two ground-state
�n=1� excitons, one exciton is scattered into a higher excited
state with n�2, while the other is scattered into a photonlike
state, the energy of which is lower than that of the n=1
exciton state by the energy difference between the n=1 and
n�2 states. This scattering process leads to the so-called Pn
emission, where the subscript n denotes the quantum number
of the higher excited exciton state. From the time-resolved
PL spectra of the P emission, we revealed the following char-
acteristics: �i� The decay time of the P emission is governed
by the radiative lifetime of the photonlike polariton leading
to emission; �ii� the inverse of the PL rise time reflects the
collision rate of excitons in the n=1 state; �iii� the temporal
change of the peak energy of the P emission reflects the
effective temperature of the excitonic system; and �iv� an
onset time for the emergence of the P emission exists after
the irradiation of an excitation pulse. It is noted that the onset
time of the P emission is a good probe for the energy-
relaxation dynamics. Recently, Takeda et al. investigated the
dynamics of exciton-exciton scattering in ZnO thin films at
room temperature under a nonresonant excitation condition.8

They suggested that the onset time of the P emission reflects
the intraband-energy-relaxation time of excitons character-
ized by the exciton-LO-phonon scattering time. In Ref. 8,
however, the systematic excitation-photon-energy depen-
dence, which is important to reveal the mechanism of the
relaxation dynamics, was not reported. In addition, the scat-
tering process is considered to be blurred thermally at room
temperature. Since the LO-phonon energy of CuI
�18.7 meV� is lower than that of ZnO �72 meV�, the number
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of events of the exciton-LO-phonon scattering until the ex-
citon reaches the bottleneck region in CuI is larger than that
in ZnO under the situation of the same excess energy for the
photogenerated exciton. Thus, it is expected that the energy-
relaxation process of the photogenerated exciton in CuI is
markedly affected by the LO-phonon scattering in compari-
son with that in ZnO.

In the present work, we have focused on the onset time of
the P emission in CuI thin films in order to reveal the energy-
relaxation dynamics in momentum space at a low tempera-
ture. We measured the excitation-photon-energy dependence
of time-resolved PL spectra of CuI thin films using the OKG
method with a typical time resolution of 0.4 ps. It is found
that the onset time of the P emission clearly increases with an
increase in excitation-photon energy. We quantitatively dis-
cuss the relation between the onset time of the P-PL band
and the energy-relaxation time of the photogenerated exci-
tons taking account of the Fröhlich interaction resulting in
the exciton-LO-phonon scattering.

II. EXPERIMENTS

The samples of CuI thin film were grown on a �001� NaCl
substrate at 170 °C by vacuum deposition in high vacuum of
�1�10−6 Pa. We confirmed by x-ray diffraction that the
thin films are preferentially oriented along the �111� crystal
axis.9 The film thickness was fixed at 100 nm. The sample
temperature was maintained at 10 K using a constant He-
flow cryostat. Time-resolved-PL spectra were measured us-
ing the following OKG method. The excitation pulse was
provided by the fourth harmonic pulse from an optical-
parametric amplifier operated by a Ti:sapphire regenerative
amplifier laser system with a repetition rate of 1 kHz and a
pulse width of about 200 fs. The energy of the excitation
pulse was tuned from 3.10 to 3.26 eV, which is higher than
the fundamental exciton energy, 3.053 eV, of the CuI thin
film at 10 K. The gating pulse with an energy of 1.60 eV was
delayed by a variable optical delay line in a time range up to
30 ps. We used an SFS1 glass as the Kerr-gating material.
The time resolution was approximately 0.4 ps. The time-
resolved PL spectra were measured using an intensified
charge-coupled-device detector attached to a single mono-
chromator with a spectral resolution of 0.8 nm.

III. RESULTS AND DISCUSSION

Figures 1�a� and 1�b� show the time-integrated PL spectra
of the CuI thin film excited at the photon energies of 3.10
and 3.26 eV, respectively, with an excitation-power density
of 18 �J /cm2. The arrow labeled X denotes the lowest free-
exciton energy of the CuI thin film at 10 K obtained from the
absorption spectra �not shown here�. At both the excitation-
photon energies, we clearly observe the PL band labeled P on
the low-energy side of the free-exciton energy. The energy
spacing between the P-PL band and free exciton is about
45 meV. This energy is almost equal to the energy difference
between n=1 and n=2 exciton states in CuI.10 In our previ-
ous work,11 we clearly observed the P2 emission in CuI thin
films with the use of a nanosecond-pulsed nitrogen laser as

an excitation source. The energy of the previously observed
P-PL band agrees with the present result. We note that the
excitation-power-density �Pexc� dependence of the P-band in-
tensity �IP� exhibits an almost quadratic dependence on the
previous work: IP� Pexc

1.7.11 Thus, the P-PL band is assigned to
be the P2-emission due to the inelastic scattering of excitons
from the n=1 state to the n=2 state.

The contour plots of the time-resolved PL spectra ob-
tained at the excitation-photon energies of 3.10 and 3.26 eV
are shown in Figs. 1�c� and 1�d�, respectively. The intense
signal around 3.06 eV in Fig. 1�c� is due to the scattered
light of the excitation-laser pulse. The contour plots clearly
indicate the time evolution of the P-PL band. The dashed
curves in Figs. 1�c� and 1�d� indicate the peak energy of the
P-PL band as a function of time delay. It is found that the
peak energy of the P-PL band exhibits a temporal change
with time delay; namely, the peak energy at first shifts to the
lower energy side and, subsequently, to the higher energy
side. The peak energy of the P-PL band due to the inelastic
scattering of two excitons is given by12

��p = En=1,k1
− �En	2,k1+k2

− En=1,k2
� − 3
kBTef f , �1�

where En=i,kj
is an exciton energy in the n= i exciton state

with the wave vector of kj, 
 is a positive constant smaller
than 1, and Tef f is an effective temperature of the excitonic
system. The temporal changes of the peak energy of the P-PL
band in Figs. 1�c� and 1�d� indicate that the effective tem-
perature of the excitonic system changes with time delay.
From Eq. �1�, the initial low-energy shift reflects an increase

FIG. 1. Time-integrated PL spectra of CuI thin film with a thick-
ness of 100 nm at 10 K for the excitation-photon energies of �a�
3.10 eV and �b� 3.26 eV. The excitation-power density is fixed at
18 �J /cm2. Contour plots of the time-resolved PL spectra for
excitation-photon energies of �c� 3.10 eV and �d� 3.26 eV observed
using the OKG method. The dashed line indicates the peak energy
of the PL band labeled P.
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of the effective temperature of the excitonic system, and the
subsequent high-energy shift corresponds to a decrease of the
effective temperature. The temporal change of the peak en-
ergy of the P-PL band causes the broad widths of the time-
integrated PL spectra shown in Figs. 1�a� and 1�b�. We note
that the initial energy of the P-PL band and the temporal
change of the peak energy hardly depend on the excitation-
photon energy. In the exciton-relaxation process in momen-
tum space, it is usually considered that the photogenerated
excitons are heated, owing to a large excess energy of the
excitons with an increase in excitation energy. However, the
results described above with Figs. 1�c� and 1�d� indicate that
the effective temperature of the excitonic system hardly
changes in spite of an increase of the excitation-photon en-
ergy, providing an excess energy in the relaxation process.
One of possible reasons is that the excess energy released to
the lattice system during the relaxation process is not turned
back to the excitonic system. This means that the quasither-
mal equilibrium condition between the excitonic and lattice
systems is not formed in the ultrashort time range because
acoustic phonons with low frequencies corresponding to
much longer scattering time than the present time range play
an important role for the achievement of the thermal equilib-
rium. In Figs. 1�c� and 1�d�, the P-PL band is hardly ob-
served just at the time of irradiation of the excitation pulse,
which indicates that an onset time is required for the appear-
ance of the P-PL band. Moreover, the onset time at the
excitation-photon energy of 3.26 eV is larger than that at
3.10 eV, while the rise time and decay time do not change
with the excitation-photon energy. In order to clarify the
excitation-photon-energy dependence of the characteristic
times such as the onset, rise, and decay times of the P-PL
band, the time profiles of the spectrally integrated intensity
of the P-PL band at various excitation-photon energies are
shown in Fig. 2, where the excitation-power densities were
changed: �a� 18 �J /cm2 and �b� 35 �J /cm2. The time profile
of the excitation pulse is also shown at the top of Fig. 2 for
reference. It is evident that the onset time of the P-PL band
increases with increasing excitation-photon energy. For
the evaluation of the onset time of the P-PL band, the
time profiles were fitted with the following equation,
phenomenologically,6

I�t� � − exp�− �t − tonset�/�rise� + exp�− �t − tonset�/�decay� ,

�2�

where �rise ��decay� is the mean rise �decay� time and tonset is
the onset time of the P-PL band. The results of the temporal
PL-intensity changes fitted with Eq. �2�, which are shown by
the dashed curves in Fig. 2, are in agreement with the ex-
perimental results. The rise, onset, and decay times obtained
from the fitting procedure are listed in Table I. From Table I,
it is found that the onset time increases from 0.3
to 2.3 ps with increasing excitation-photon energy from
3.10 to 3.26 eV at 18 �J /cm2. On the other hand, the mean
rise and decay times for all the excitation-photon energies
are almost constant values of 2.2 and 8.2 ps, respectively. It
should be noted that the values of the mean decay time of the
P-PL band at the several excitation-photon energies at the

excitation-power density of 35 �J /cm2 are almost identical
to those at 18 �J /cm2. On the other hand, the value of the
mean rise time of �0.82 ps at 35 �J /cm2 is much faster than
that of �2.2 ps at 18 �J /cm2. For the onset time, the values
at 35 �J /cm2 are slightly different from those at 18 �J /cm2;
however, the tendency of the excitation-photon-energy de-
pendence at 35 �J /cm2 is similar to that at 18 �J /cm2. The
difference of the onset times at 18 and 35 �J /cm2 will be
discussed later with the model calculation. The overall re-
sults are summarized to the following three points: �i� The
onset time depends on the excitation-photon energy; �ii� the
mean decay time and the mean rise time are almost indepen-
dent of the excitation-photon energy; and �iii� the mean rise
time depends only on the excitation power. The fact that the
mean decay time is almost independent of the excitation-
photon energy is reasonable because the mean decay time is
considered to originate from the radiative lifetime of the pho-
tonlike polariton, which is the final state leading to emission,
at a given energy, as discussed in our previous report.6 The
inverse of the mean rise time reflects the collision rate of n
=1 excitons around the bottleneck region, which depends on
the exciton density. The excitation-power dependence of the
mean rise time obtained in this work is consistent with that
reported in our previous work.6 Moreover, the fact that the
mean rise time hardly changes with the excitation-photon
energy indicates that the exciton density around the bottle-
neck region related to exciton-exciton scattering does not
change with the excitation-photon energy. This implies that
the density of the photogenerated excitons is maintained un-
til the arrival at the bottleneck region.
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FIG. 2. Integrated PL intensity of the P-PL band as a function of
time delay of various excitation-photon energies at the excitation-
power densities of �a� 18 �J /cm2 and �b� 35 �J /cm2. The time
profile of the excitation pulse is depicted at the top as a reference.
The dashed curves indicate the fitted results of the time profiles of
the P-PL band with Eq. �2�.
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Hereafter, we focus on the excitation-photon-energy de-
pendence of the onset time in the P-emission process. Figure
3 shows the onset time of the P-PL band as a function of
excitation-photon energy. The open and closed circles indi-
cate the onset time of the P-PL band obtained at the
excitation-power densities of 18 and 35 �J /cm2, respec-
tively. It is obvious that the onset time of the P-PL band
exhibits an almost monotonic increase with the excitation-
photon energy though the data at 35 �J /cm2, exhibit a scat-
tered profile. This fact indicates that the onset time of the
P-PL band is dominated by the excitation-photon energy.
When the excess energy of the photogenerated exciton is
much larger than the LO-phonon energy, the photogenerated
exciton with a significant momentum and kinetic energy im-
mediately relaxes toward the bottleneck region of the n=1
exciton state along the lower-polariton dispersion accompa-
nying the cascade emission of LO phonons. On the relax-
ation process of the exciton, a finite time is needed until the
photogenerated exciton reaches the bottleneck region in
which the exciton-exciton scattering occurs. In order to
evaluate this finite time, we introduce a relaxation time trelax
expressed by the summation of the cascade LO-phonon scat-

tering time during the energy relaxation. In order to clarify
the relation between the exciton-scattering rate by the LO
phonon and the exciton-energy-relaxation time, we calcu-
lated the scattering rate 1 /�LO on the basis of the Frölich
interaction. According to Refs. 4 and 5, 1 /�LO�Eex,kex

� is rep-
resented by

1/�LO�Eex,kex
� =

e2�LO�ex

�2 � 1


�

−
1


0
	NLO�T� + 1

�kex

�

kex−kex�1 − �2�ex/�2kex

2 ���Eex − �LO��1/2

kex+kex�1 + �2�ex/�2kex
2 ���Eex − �LO��1/2

�
�qe − qh�2

q
dq , �3�

where Eex,kex
is the exciton energy with the wave vector of

kex, �LO is the LO-phonon energy, �ex is the reduced mass of
the exciton, 
� �
0� is the optical �static� dielectric constant,
NLO�T� is the occupation number of the LO phonon at the
temperature T, �Eex is the excess energy of the exciton,
�Eex=Eex,kex

−Eex,0, and qe �qh� is the Fourier transform of
the electron �hole� charge distribution functions. The formu-
lations of qe and qh are given by5

qe = �1 + � mh

me + mh

qaB

2
�2	−2

,

qh = �1 + � me

me + mh

qaB

2
�2	−2

. �4�

Here, me �mh� is the effective mass of an electron �hole� and
aB is the Bohr radius of the exciton. From Eq. �3�, we can
obtain the scattering time of the exciton with the LO phonon
at the wave vector of kex. Thus, trelax is expressed by

trelax = 

n�=1

N

�LO�En�� ,

En� = ��exc − n��LO, �5�

where ��exc is the excitation-photon energy and n� ��1�
is the number of the exciton-LO-phonon scattering events
until the exciton reaches the bottleneck region. The phys-
ical parameters in the calculation are Eex,0=3.053 eV,

TABLE I. Onset, rise, and decay times of the P-PL band obtained from the data fitting with Eq. �2� in the
various excitation-photon energies at the excitation-power densities of 18 and 35 �J /cm2.

Excitation energy
�eV�

18 �J /cm2 35 �J /cm2

tonset

�ps�
�rise

�ps�
�decay

�ps�
tonset

�ps�
�rise

�ps�
�decay

�ps�

3.31 2.3 2.2 8.2 1.7 0.83 8.2

3.26 2.2 2.4 8.1 1.7 0.82 8.4

3.18 1.4 2.2 8.4 1.6 0.84 8.8

3.14 0.77 2.1 8.4 0.83 0.83 8.8

3.10 0.30 2.2 8.3 0.72 0.82 8.6
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FIG. 3. Onset time of the P-PL band as a function of excitation-
photon energy at excitation-power densities of 18 �solid circles� and
35 �open circles� �J /cm2. We depict the theoretical results on the
basis of Eqs. �3�–�5� as the dashed curve connected continuously
between the calculated relaxation times by the LO-phonon scatter-
ing at different energies of Eex,0+n��LO.
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�LO=18.7 meV, me �mh�=0.33 m0 �1.4 m0�, 
� �
0�=4.84
�6.5�, and aB=1.6 nm.13 We note that there is no fitting pa-
rameter. In a precise sense, the excitation-energy dependence
of the relaxation time calculated using Eqs. �3�–�5� shows a
discrete step at the excess energy equal to n��LO; namely, it
is expected that an oscillatory behavior occurs. The discrete
value of the relaxation time by the once LO-phonon scatter-
ing is calculated to be about 0.25 ps. However, the experi-
mental results do not exhibit such a oscillatory behavior at
the energy of Eex,0+n��LO. The reason for the disappearance
of the oscillatory behavior is as follows. The time resolution
of the OKG method is about 0.4 ps, which is considerably
longer than the LO-phonon-scattering time of 0.25 ps. So,
we could not experimentally resolve the oscillatory behavior
of the onset time of the P emission. We depict the theoretical
results on the basis of the curve connected continuously be-
tween the calculated relaxation times by the LO-phonon
scattering at different energies of Eex,0+n��LO in Fig. 3. It is
obvious from Fig. 3 that the theoretical curve explains well
the excitation-energy dependence of the onset time. Thus, we
can conclude that the onset time reflects the overall relax-
ation process. It is found that the experimental results of the
onset time at the excitation-power density of 35 �J /cm2 de-
viate from the calculated results compared with the results at
18 �J /cm2. Strictly speaking, the onset profile of the
P-emission process should be treated with the consideration
of the entire process including the population buildup in the
bottleneck region, which initiates the exciton-exciton scatter-
ing, after the energy-relaxation process of photogenerated
excitons. Therefore, the deviation of the experimental results
at 35 �J /cm2 from the model calculation may be due to the
fact that the effect of the population buildup becomes signifi-
cant in the higher excitation-power density generating a
larger number of excitons. Anyway, the good agreement of
the experimental results at the excitation-power density of
18 �J /cm2 with the model calculation without any fitting

parameter demonstrates that the onset time of the P-PL band
is dominated by the cascade emission of LO phonons via the
Fröhlich interaction during the energy-relaxation process to-
ward the bottleneck region of the exciton-polariton.

IV. SUMMARY

We have investigated the excitation-photon-energy depen-
dence of time-resolved PL spectra of the P emission due to
exciton-exciton scattering in CuI thin films using the OKG
method from the viewpoint of energy-relaxation dynamics of
photogenerated excitons. It is found that the onset time of the
P emission, which corresponds to the time required for the
appearance of the P emission after the irradiation of an exci-
tation pulse, increases with increasing excitation-photon en-
ergy, while the rise and decay times of the P emission are
independent of the excitation-photon energy. These results
indicate that the onset time is connected with the energy-
relaxation time of the photogenerated excitons toward the
bottleneck region of the exciton-polariton. From the calcula-
tion of the energy-relaxation time of the excitons on the basis
of the Fröhlich-interaction model taking account of interac-
tions between the excitons and LO phonons in momentum
space, we found that the excitation-photon-energy depen-
dence of the onset time of the P emission is in good agree-
ment with the calculation results without any fitting param-
eter. This demonstrates that the onset time of the P-PL band
is dominated by the cascade emission of LO phonons via the
Fröhlich interaction during the energy-relaxation process to-
ward the bottleneck region of the exciton-polariton.
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