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Time-resolved luminescence spectra from excitons in CdSg s3S€q 47 at 2 K with 250 psec resolution reveal
line narrowing at short times, followed by broadening and a shift towards lower energy, during the first
few nanoseconds. We interpret the spectral diffusion as exciton transfer between states localized as a result
of random potential fluctuations of the mixed crystal. The variation of luminescence decay kinetics with
temperature suggests that a gradual transition from localized to extended states exists within a disorder-

broadened exciton band.

Intrinsic exciton spectra in semiconductor alloys are
broadened because of the random potential fluctuations
which arise from local compositional fluctuations.!”> Re-
cently, the problem of exciton dynamics within the inhomo-
geneously broadened band has been studied in Al,Ga,_xAs
(Ref. 6) and in CdS,Se;_,.”® In the latter case, phonon-
assisted exciton transfer between localized states within the
alloy-broadened exciton band has been proposed® to explain
the spectral diffusion of selectively excited excitons. Previ-
ously observed cw spectra reflect the steady-state distribu-
tion of excitons as determined by the exciton transfer and
the exciton lifetime (which at low temperatures is mainly ra-
diative).

In order to follow the evolution of exciton diffusion,
time-resolved spectra are required. While for indirect
band-gap materials such as Al,Ga;-,As (x > 0.44) nano-
second resolution suffices,® subnanosecond resolution is re-
quired for direct band-gap materials such as CdS,Se;_,.
Such a technique has previously been employed® in the
study of bound-exciton dynamics in GaAs;-,P, doped with
nitrogen.

In this work we report the results of a study of time-
resolved spectroscopy of CdSgs3Segq7 in the temperature
range 2-45 K. The results confirm the model of exciton
transfer between localized states and reveal thermally ac-
tivated processes into higher-energy localized and extended
exciton states. The extended exciton states dominate the
dynamics at elevated temperatures ( > 40 K).

Time-resolved spectra were obtained by selective excita-
tion of CdSgs3Sep47 single crystals with a picosecond dye
laser. The laser pulse width was 10 psec with 1 nJ pulse en-
ergy; the repetition rate was 70 MHz. This corresponds to
3 x10° photons per pulse, and an excited carrier concentra-
tion of roughly 10'® cm 3. The luminescence decay dynam-
ics were measured with 250-psec resolution by a time-
correlated photon counting system described elsewhere.!?
Time-resolved spectra (with the same time resolution) were
obtained by reconstruction from a series of decay kinetics
taken at closely spaced photon energies.

Figure 1 shows the time-integrated luminescence spec-
trum for above band-gap excitation. As previously noted’-®
for this exciton band, the luminescence peak is at lower en-
ergy than the center of the reflectance-spectrum structure,
which we will refer to as the reflectivity peak. The
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reflectivity-peak position is indicated in Fig. 1. Also shown
in Fig. 1 is the T =2 K effective lifetime (defined below).

Figure 2 shows three sets of time-resolved spectra taken
at the indicated delays after the exciting pulse. Figure 2(a)
is for above-band-gap excitation. Figures 2(b) and 2(c) are
for laser excitation energies E. . within the exciton band as
indicated. When selective excitation within the exciton
band is used (as opposed to above band-gap excitation), it is
desirable to monitor the Iluminescence from excitons
resonantly created by the laser. Because of scattered light,
the luminescence cannot be measured directly at the excita-
tion energy. However, the luminescence in the LO; phonon
replica was found to faithfully reproduce that of the main
peak whenever direct comparison was possible. Thus the
luminescence in Figs. 2(b) and 2(c) is monitored in the LO;
replica. Note that the energy axis in Figs. 2(b) and 2(c) has
been shifted by the 25.5-meV phonon energy so as to corre-
spond to the actual exciton energy.

Figure 3 shows the variation in decay kinetics with tem-
perature at two exciton energies (above band-gap excita-
tion). The kinetics, monitored over three to four decades,
were typically nonexponential, especially at low tempera-
tures. However, in order to display their dependence on ex-
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FIG. 1. (Solid line) Time-integrated exciton luminescence at

T=2 K. The LO; and LO, phonon sidebands are indicated.
(Points) T =2 K effective lifetime 7* vs exciton energy. The
lowest-energy (E < 2.085 eV) lifetimes are measured with selective
excitation to avoid interference from the phonon sidebands. Also
indicated is the reflectivity peak.
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FIG. 2. Time-resolved spectra for the indicated excitation energies E.,.. As explained in the text, the luminescence in (b) and (c) is
monitored in the LO; phonon replica and the energy scale is shifted by the 25.5-meV phonon energy.
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FIG. 3. Exciton decay kinetics at various temperatures for two
different exciton energies. Excitation is above the band gap.

citon energy or on temperature, an ‘‘effective lifetime” +*

was defined as the average slope of In(/) in the second de-
cade of the kinetics (107!=1072 in Fig. 3). Different cri-
teria for 7* produced slightly different values, but the quali-
tative trend in the lifetime shown in Fig. 1 remained un-
changed.

We first argue that the observed luminescence is due to
radiative recombination of intrinsic (rather than impurity-
bound) excitons. As indicated in Fig. 1 the exciton
luminescence peak is at lower energy than the reflectance
peak. As x— 1 in CdS,Se;-,, this splitting decreases
smoothly’ and the luminescence band approaches that of
the polariton in CdS. The low-temperature kinetics also
suggest that the band is intrinsic. As can be seen in Fig. 1,
a lower limit for the exciton radiative lifetime is 2.7 nsec,
taken as that corresponding to excitons deep in the band.
Wiesner and Heim!' measured polariton lifetimes in pure
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CdS and found them to range between 0.3 and 2.5 nsec.
The lifetime of 2.5 nsec corresponds to bottleneck polaritons
and is thus a lower limit on the radiative lifetime. On the
other hand, measured lifetimes of excitons bound to neutral
donors or acceptors in CdS are shorter, as measured by
Henry and Nassau'? to be 1.0 and 0.5 nsec, respectively.
We thus conclude that the observed emission in
CdS.53Seq.47 is due to intrinsic excitons.

In Ref. 8 a model was developed which explained the line
shape of selectively cw excited spectra in terms of exciton
transfer between localized states set up by the random po-
tential fluctuations. According to this model, an exciton lo-
calized at a site with energy E, can migrate onto another
site having energy £,. The energy difference E, — E} is tak-
en up by acoustic phonons. At low temperatures
(kT << E,— E,), excitons can either decay radiatively or
migrate onto sites of lower energy. Consequently, the decay
curves can be expected to be nonexponential and the time-
resolved spectra will shift towards lower energies as time
elapses. The overall decrease in luminescence intensity is
due to the radiative recombination process. The shift in the
time-resolved spectra reflects the varying distribution of ex-
citons in the band during their lifetime. This is experimen-
tally observed, as shown in Fig. 2. The spectral shift with
time is more pronounced for excitation at the higher-energy
part of the exciton band [compare Fig. 2(b) with Fig. 2(c)],
which can be explained by a combination of two related
facts: First, the density of states g (E£) in the exciton band
tail decreases with decreasing exciton energy FE, resulting in
fewer available sites for tunneling. Second, because g (E) is
smaller, the average separation between sites with localized
states increases with decreasing exciton energy. This results
in a smaller overlap integral, and hence a smaller tunneling
probability per available site. The shorter 7* at higher exci-
ton energy seen in Fig. 1 is a result of faster exciton migra-
tion into lower-lying states.

In Fig. 2(c), which is representative of all spectra with
2.077 eV < Eexc<2.095 eV, the time-resolved spectral
shape is nearly constant and the luminescence decay nearly
exponential. [There is still a small change in spectral shape
in Fig. 2(c); the change is even smaller for lower Eex.]
Thus, as suggested by Permogorov et al.,” exciton transfer
in this region is negligible. The observed line shape is due
to a strong acoustic phonon sideband.!?> In conformance
with this interpretation, this same spectral shape is seen at
t =0 (i.e., prior to exciton transfer) in Fig. 2(b). If, as sug-
gested in Ref. 8, the shoulder resulted from residual exciton
transfer then it should not exist at t=0. Finally, we note
that at the lowest excitation energies studied (Eex < 2.070
eV), the spectral shape is narrow, with no shoulder. Here,
however, the kinetics are too rapid to be resolved. For
these excitation energies, the emission is no longer lumines-
cence, but instead is Raman scattering.

As the temperature is increased above —~— 15 K, the
luminescence decay rate increases, as seen in Fig. 3. We
find that 7* can be well fitted to the expression

[+*(E,D 17 '=[+§(E)1 '+ B(E) expl — E,(E)/kT]

over the range T =15 to 40 K. Here 75 and B depend only
on the exciton energy E. 7§ is the T =2 K effective lifetime
as shown in Fig. 1(b). E,(E) is an activation energy. Its
dependence on exciton energy is shown in Fig. 4, along with
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FIG. 4. Activation energy vs exciton energy. A smooth curve is
drawn through the data. Also shown is the approximate density of
states g (E) (after Ref. 8) and the position of the reflectivity peak.

an approximate, exponential®® density of states g (E).

Two additional experimental observations should be men-
tioned. Above 40 K, the decay curves throughout the en-
tire exciton band are identical, being exponential over four
decades with a lifetime of 0.42 nsec. Also, for exciton ener-
gies above about 2.115 £0.002 eV (the exact energy is hard
to ascertain), the decay curves do not vary with temperature
in the range 2-45 K.

We explain these observations in terms of thermal activa-
tion of the excitons into higher-energy localized and extend-
ed states, which have a large density of states. The activa-
tion energies of excitons deep in the band indicate that as
temperature increases they transfer into higher-lying local-
ized states near £ — 2.105 eV, and not directly into extend-
ed states. For exciton energies in the range 2.105-2.115
eV, the decay curves still vary with temperature, but due to
the accuracy of our thermometer and uncertainty in deduc-
ing 75 we could not determine an activation energy. How-
ever, the existence of a temperature dependence indicates
that at least some of the states in this interval are still local-
ized. We cannot determine in these experiments the ex-
istence of a sharp mobility edge. For T > 40 K, excitons
are fully activated into extended states, resulting in uni-
form, exponential decay curves throughout the band. The
short lifetime (0.42 nsec) is presumably determined by non-
radiative recombination, as extended excitons have a greater
probability to reach deep traps.

Finally, we have noted that changes are observed in the
kinetics as a function of laser intensity. Small changes are
also observed at different laser repetition rates. We ascribe
these changes to saturation of deep traps (with lifetime
between —~— 1 usec and 20 nsec judging from the repetition
rate dependence). The data reported here are for a repeti-
tion rate of 70 MHz; at a rate of 700 kHz effective lifetimes
decrease about 10% while derived activation energies in-
crease about 40%. These changes do not alter our interpre-
tation of the data.

In conclusion, time-resolved spectroscopy demonstrates
that exciton transfer takes place throughout the disorder lo-
calized exciton band. The temperature dependence of decay
kinetics reveals the importance of higher-energy extended
states at elevated temperatures, and yields indirect evidence
for a transition (possibly gradual) from localized to extend-
ed exciton states. These phenomena are likely to be ob-
served in many semiconductor alloys.
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