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Dynamics of exciton localization in a CdSe05SO 5 mixed crystal
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Dynamic processes of exciton localization in a CdSeo. &SO& II-VI mixed semiconductor have been
studied by time-resolved photoluminescence. We found experimentally that the exciton transfer
rate depicts a power-law behavior near the mobility edge E . Our results indicate that the exci-
ton localization radius behaves according to the law a(E) —~E E~ —(E ~ E ) with s being
nearly equal to 0.7, which is analogous to the behavior of the localized carriers in the Mott-
Anderson model. The spectral shift with delay time has been shown to be a natural consequence
of the observed exciton-lifetime behavior.

The effects of the random potential fluctuations, which
arise from local compositional Auctuations, on exciton
luminescence in mixed semiconductor alloys have been in-
vestigated by a number of authors. ' Alloy disorder
causes linewidth broadening in exciton emission spectra,
which is a consequence of the exciton localization in ran-
dom potential wells induced by compositional Auctuations.
Studies on the exciton-one-LO-phonon band lumines-
cence show that the exciton luminescence line narrows
when the excitation energies are tuned below a critical en-

ergy E, , which has been taken as evidence for an
effective mobility edge in the Mott-Anderson picture of
localization. The origin for the observed phenomenon was
thought to be that an exciton created at a point where its
energy is greater than E,~ will quickly transfer to lower-
energy sites by phonon emission and an exciton created
below E, will decay resonantly on the same site. Time-
resolved emission spectra of the one-LO-phonon band also
showed that the spectral peak position shifts toward lower
emission energies as the delay time increases when the ex-
citation energies are tuned into the zero-phonon-exciton
emission band. The spectral shift with delay time be-
comes more pronounced for higher excitation energies, 6

which indicates that exciton transfer takes place
throughout the entire disorder localization band. Most of
the previous work has assumed that the decrease in
transfer rate from an increase of localization energy is due
to the available density of states decreasing. A boundary
condition at which the transfer rate equals the radiative
decay rate at a characteristic energy, which lacks physical
justification, has also been used in calculations in two pre-
vious investigations. ' In fact, the experimentally mea-
sured nonradiative decay rate in extended states is much
larger than the radiative decay rate in localized states at
low temperatures.

In mixed crystals, a critical energy E, which separates
the localized and delocalized exciton states in a random
potential induced by compositional fluctuations, is expect-
ed. Recent investigations on Zn„Cd i —,Se and CdSe-
S~ —,mixed crystals have demonstrated that the random
local potential fluctuations induced by compositional fluc-
tuations are responsible for persistent photoconductivity
(PPC) observed in these materials, " and a phase tran-
sition has been observed, in which the stored charge car-

riers experienced a transition from localized to percolation
(delocalized) states. Thus we have directly demonstrated
the existence of the mobility edge in mixed crystals. Lo-
calization of carriers in the Mott-Anderson model has
been described in great detail by Shklovskii and Efros. '2

In this model description, as one approaches the localiza-
tion threshold from the side of localized states, the locali-
zation radius of a charge carrier (electron or hole) should
increase sharply, and diverges at the transition point.
However, the dependence of the exciton localization ra-
dius on the localization energy has never been investigat-
ed, which is in fact very important for the understanding
of the dynamic processes of exciton localization in disor-
dered systems. In this paper, we found in a CdS05Se05
mixed crystal that the dependence of the exciton transfer
rate on the localization energy depicts a power-law behav-
ior near the mobility edge, which is caused predominantly
by changes in the exciton localization radius. Such behav-
ior is analogous to that of localized carriers in the Mott-
Anderson localization model. ' The emission spectral-
peak position shift with delay time can also be fully under-
stood in terms of our interpretation and is to be shown as a
natural consequence of the localization energy depen-
dence of the exciton lifetime.

The sample used for this study was a CdSeo &So 5 mixed
crystal of size 5X10x I mm obtained from Cleveland
Crystal Inc. Resistivity of the sample at room tempera-
tures in the dark is about 5 x 10 0 cm. The c axis of the
sample is perpendicular to the large-area surface. Data
were collected in a reflecting mode. Excitation pulses of
about 7 ps in duration at a repetition rate of 1 MHz were
provided by a cavity-dumped ultrafast dye laser
(Coherent 702-2CD) which was pumped by an yttrium-
aluminum-garnet (YAG) laser (Quantronix 416) with a
frequency doubler. The lasing photon energy was 2.125
eV with a spectral width of about 2 meV corresponding to
a band-to-band excitation. The average power density is
about 100 mW/cm . The effective time resolution of the
system is about 0.2 ns. The sample was mounted strain
free inside a closed-cycle He refrigerator and maintained
at a temperature of 8.5 K.

Time-resolved photoluminescence emission spectra ob-
tained for three different delay times are plotted in Fig. 1.
The luminescence spectra at different delay times, td, have
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ergies close to E, the exciton decay is dominated by the
transfer process and is nearly exponential at earlier delay
times. The decay rate increases with an increase of emis-
sion energy. Figure 2 shows semilogarithmic plots of the
exciton luminescence temporal responses (td ~ 0) for
three representative emission energies. We see that the
nonexponential decay arises predominantly at longer de-
lay times. With an approximation of exponential decay
for earlier times (td ~ 8 ns), we found that the exciton
lifetime as a function of the exciton recombination energy
E near the mobility edge can be described by

0.5 ooo 0 ~ ~ 0

been rescaled for presentation, and tq 0 has been chosen
at the peak positions in the luminescence temporal
responses. The arrows indicate the peak positions at
different delay times. Two peaks at 2.078 and 2.045 eV in

the spectrum of td 0 are ascribed, respectively, to the ra-
diative recombination of localized excitons and its one-
LO-phonon replica, which are consistent with the emis-
sion spectrum obtained for CdSp5~Sep49 (Ref. 13) by con-
sidering a linear shift in band gap due to the difference in

Se composition. The full width at half maximum
(FWHM) is about 11.3 meV, which is predominantly
caused by compositional fluctuations. Figure I clearly
shows that the spectral-peak position shifts toward lower
energies as delay time increases. After a pulsed excita-
tion, initially generated free carriers relax to the con-
duction-band and the valence-band edges to form excitons
within about 50 ps. s Our results indicate that the distri-
bution of the exciton population is at thermal equilibrium
only at tz 0 and deviates from the equilibrium during
the decay process. The exciton population of the higher-
energy states will decrease due to radiative recombination
and transfer to lower-energy sites. However, the decay of
excitons is primarily due to transfer processes near the lo-
calization threshold and due to radiative recombination
processes at the low-energy tail of the emission band.
Above E, the lifetime of excitons should approach a con-
stant value determined fully by the nonradiative recom-
bination rate due to rapid transfer in extended states.

The mobility edge E for CdSp 5~Sep49 has been deter-
mined from the dependence of the degree of polarization
of the exciton luminescence on the excitation energy. "
Comparing our emission spectra to the excitation spec-
trum of polarization degree obtained for CdSQ q&Sep49 we
have E =2.095 eV for CdSQ5SeQ5 mixed crystal. At en-
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FIG. 1. The low-temperature (8.5 K) time-resolved emission

spectra for three different delay times of a CdSe0.5S0.5 mixed

crystal. The arrows indicate the peak positions at different delay
times. The excitation energy was 2.125 eV with an average
power density of about 100 mW/cm'. The luminescence spectra
at different delay times have been rescaled for presentation.

t(E) tp+a(E~ —E)~ (E ~E~),
with p 2.1, a 6.58&10 ns/(eV)s, and tp 0.68 ns.
This behavior is shown in Fig. 3. We think this is a direct
consequence of the fact that, at energies close to the mo-
bility edge, the exciton localization radius diverges ac-
cording to the power law

a(E) —(E E) ' (E—~ E ), (2)

t«+a(E —E) ' (E~ E ), (3)
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FIG. 2. Semilogarithmic plots of the exciton luminescence
temporal responses (td ~ 0) for three representative emission
energies. The data have been normalized to unity at td 0.

which is analogous to the behavior of the carriers in the
Mott-Anderson localization model. Here E is the exciton
recombination energy and E —E the exciton localization
energy. The calculated critical index s is about —', . '4"
However, the critical index s has never been obtained ex-
perimentally before. Once an exciton is created at a site
where its energy is close to E, it will most likely transfer
to an available lowest-energy site within its localization
volume. The probability of exciton transfer is proportion-
al to the number of available lower-energy sites within the
localization volume of excitons, or, equivalently it is pro-
portional to a (E). Therefore, we have the dependence of
the nonradiative decay time on the exciton localization en-

ergy E —E as
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where r„, is the nonradiative decay time constant for exci-
tons in the extended states above E . The total decay rate
is determined by the radiative recombination and the non-
radiative recombination. However, the radiative decay
time is almost independent of the exciton recombination
energy because the potential fluctuations caused by com-
positional fluctuations are much smaller than the energy
gap of the material. The radiative lifetime can be approx-
imated by the exciton lifetime in the low-energy tail of the
transition band, which has been measured to be about 3.0
ns, ' which is much longer than the experimentally mea-
sured total exciton lifetime near E . Therefore, the ob-
served behavior of the total exciton lifetime is primarily
caused by the nonradiative decay due to transfer in this
energy region and we can write

r(E) = ~„,+a(E —E) ' (E ~ E ) . (4)

From Eqs. (I) and (4), experimentally measured P equals
3s. Therefore, our experimental result of s (equal to 0.7)
is in good agreement with the theoretical prediction of 3 .
This is an experimental demonstration of the Mott-
Anderson localization of excitons through the exciton life-
tirnes. Additionally, we have found an experimental
method of measuring the critical index s, which is impor-
tant for the studies of the critical phenomena in percola-
tive solids.

In the following, we show that the exciton luminescence
spectral shift with delay time is correlated to the observed
exciton lifetime behavior. In Fig. 4, we plot measured
spectral peak positions at different delay times (illustrated
by solid circles), which is determined by assuming the
1uminescence intensity in the vicinity of the peak position
(within a few meV) follows a Gaussian distribution.
From Fig. 4, we can see that the peak position is at

Energy (eV)

FIG. 3. Experimental values of exciton lifetime determined
from exponential decay (asterisks) as a function of emission en-

ergy in the vicinity of the spectral peak. The solid line is a
least-squares fitting curve using Eq. (1) (see text). Exciton-
lifetime deviation (error bar) is shown for one representative
emission energy at E 2.095 eV.

FIG. 4. The spectral peak position (solid circles) as a func-
tion of delay time. The solid line is a theoretical calculation re-
sult using Eq. (7).

E 2.0775 eV at td 0 and shifts to E 2.0727 eV at
td 8 ns. The exciton luminescence as a function of delay
time td, and emission energy E, can be assumed to be

(E —Ep)I(E,tq) Ipexp
20' r(E) (5)

Here Ip and Ep are, respectively, the maximum intensity
of the exciton luminescence and the spectral peak position
at tq 0. cr is related to the FWHM by AFwHM

2[2(ln2)] ' o and is correlated to the degree of the
compositional fluctuations in the crystal. The peak posi-
tions at different delay times can be obtained by setting

dl(E, td)

dE

which gives

Ema. (td ) -Ep+ 0' dr

Emax, , Em~E

(6)

(7)

Here we have assumed that the linewidth of the exciton
transition is independent of delay time, which is consistent
with experimental results shown in Fig. l. (dr/dE)E
can be obtained from Eq. (I). Equation (7) is plotted in
Fig. 4 as a solid line. We see that the calculated results
are in good agreement with experimental data. This
demonstrates that the exciton spectral shift with delay
time is a direct consequence of the exciton-lifetime behav-
ior.

In conclusion, we studied dynamic processes of exciton
localization in a CdSeoqS05 mixed crystal. A power-law
dependence of exciton lifetime on localization energy near
the mobility edge has been observed, which has been in-
terpreted in terms of the exciton localization radius fol-
lowing the description of the Mott-Anderson localization
model. The exciton spectral shift with delay time has
been shown to be a more natural consequence of the ob-
served exciton-lifetime behavior.
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