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Kohlrausch’s stretched exponential law correlates well with the photoluminescence �PL� decay
profiles of ZnSe1−xTex. As the Te concentration increases, the stretching exponent � initially
declines and then monotonically increases. This result can be understood using the
hopping-transport and energy transfer model. The increase in the number of isoelectronic Te
localized traps can reduce the PL decay rate and increase the linewidth, whereas the hybridization
of the Te localized states with the valence-band edge states causes a reduction in both the lifetime
and linewidth. © 2008 American Institute of Physics. �DOI: 10.1063/1.3054162�

The unique and interesting physical properties of iso-
electronic ZnSe1−xTex semiconductors have motivated exten-
sive study. These properties include, for example, the un-
usual spontaneous formation of a superlattice,1 large band-
gap bowing,2 and a broad emission linewidth.2,3 The band
anticrossing �BAC� model4,5 with the Green’s function
calculation6,7 was proposed to elucidate the large band-gap
bowing and the emission linewidth broadening. Additionally,
the transfer of excitons among the Te localized sites in
ZnSe1−xTex with a low Te concentration has also been
studied.3 To investigate further energy transfer behaviors, ex-
periments were performed to determine the photolumines-
cence �PL� decay time as a function of Te composition. The
PL decay profiles are well fitted by the stretched exponential
function, as in the so-called Kohlrausch law.8 Although the
Kohlrausch law closely fits donor-acceptor pair lumines-
cence decay, Kuskovsky et al. concluded that it has no fun-
damental significance.9 However, Phillips, who reviewed the
decay dynamics of numerous material systems, summarized
a few microscopic models based on the Kohlrausch law and
concluded that this law is nature’s best kept secret.10 The
hopping-transport model has also been proposed to explain
the stretched exponential relaxation in complex condensed-
matter systems.11 Therefore, the applicability of the stretched
exponential function to the decay dynamics of ZnSe1−xTex is
of interest.

The samples were grown on �001� GaAs substrates using
an EPI 620 molecular beam epitaxy system, and the thick-
nesses were all fixed at about 0.5 �m. Samples were all of
good crystalline quality since they exhibited intense phonon
peaks in both Raman scattering and Fourier transform infra-
red reflectance spectra.12 The Te concentration was deter-
mined by energy-dispersive x-ray analysis. PL and time-
resolved PL �TRPL� was excited by either a 200 fs mode-
locked Ti:sapphire laser �400 nm /76 MHz� or a 300 ps
pulsed laser diode �405 nm /2.5 MHz�. The PL �TRPL� sig-
nal was dispersed by a Spex1403 double-grating 0.85 m
spectrometer and detected using a �high-speed� photomulti-
plier tube.

Figure 1 shows the PL spectra of ZnSe1−xTex �0�x
�1� measured at 13 K. The sharp near-band-edge emission
of ZnSe1−xTex �x=0� at about 2.80 eV comprises a free ex-
citon �X�, a donor-bound exciton �X /D�, and an acceptor-
bound exciton �X /A�. When approximately 0.5% Se is sub-
stituted by Te, the sharp excitonic emission disappears. A
broad band, generally attributed to excitons that are bound to
isoelectronic TeSe atoms and/or clusters �X /Ten�2�, domi-
nates the spectrum at around 2.65 eV. The emissions in the
range from 2.78 to 2.70 eV are assigned to an exciton bound
to a Te atom �X /Te� and its phonon replicas.13 As the Te
concentration is further increased, the PL emission shifts to
lower energy from 2.65 eV for x=0.005 to 2.13 eV for
x=0.680. On the Te-rich side, as the Se content is increased,
the PL energies are also redshifted from 2.39 eV �x=1� to
2.13 eV �x=0.680�. The dependence of the large band-gap
bowing on the composition can be explained using the BAC
model in which the interaction between the Te �Se� localized
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wuchingchou@mail.nctu.edu.tw. FIG. 1. Normalized PL spectra of ZnSe1−xTex �0�x�1� at 13 K.
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states and the ZnSe �ZnTe� valence �conduction� band causes
the reduction in the band-gap energy.4,5

Figure 2 presents the TRPL spectra monitored at the
peak positions and 13 K. At low temperature, the PL is
dominated by the radiative recombination, and the nonradia-
tive recombination could be neglected. Clearly, the following
two conclusions can be drawn. �i� The PL lifetime initially
increases with the Te content up to 10%. However, if x is
increased, the lifetime monotonically decreases. �ii� None of
the TRPL spectra could be fitted by a monoexponential de-
cay. These experimental profiles indicate complex decay dy-
namics in ZnSe1−xTex. To make a more quantitative analysis
of the decay behavior, as displayed in the inset in Fig. 2,
the decay curves are fitted by the stretched exponential
function,10

I�t� = I0 · e−�t/���
, �1�

where � is the stretching exponent and � is the exciton life-
time. The gradient of the double natural logarithm versus the
natural logarithm, plotted in the inset, yields the stretching
exponent �. Sturman et al. suggested that the origin of the
stretched exponential behavior in complex condensed-matter
systems can be well understood using a geometric random
site hopping-transport model.11 The concentrations of both
transport and trapping sites determine the value of the
variable stretching exponent �. Stretched exponential decay
behavior has also been observed in single colloidal semicon-
ductor nanocrystals14 because of the presence of multinonra-
diative decay channels that surround the single nanocrystal.
In this study, the stretched exponential decay is attributed to
the presence of Te localized states, which provide multidecay
paths in ZnSe1−xTex.

Figures 3�a�–3�c� display the measured full width at half
maximum �FWHM�, PL lifetime, and stretching exponent �
as functions of x. As shown in Fig. 3�a�, the initial broaden-
ing of the linewidth can be attributed to the increase in con-
centration of Te localized states at several hundreds of meV
above the ZnSe valence-band maximum. The increase in the

number of isoelectronic Te traps provides alternate recombi-
nation paths for the excitons,11 resulting in an initial increase
in the PL lifetime to about 78 ns and a decline in the stretch-
ing exponent �, as plotted in Figs. 3�b� and 3�c�, respec-
tively. However, as the Te content is further increased, the
FWHM monotonically falls. This result follows from the hy-
bridization of the Te localized states with the valence-band
edge states. Wu et al. fitted the BAC model to the depen-
dence of the linewidth on composition.6 The drop in the line-
width is accompanied by decreases in both lifetime and �.
The stretching exponent � falls to approximately 0.5 at
x�0.2, indicating that excitons are still transferred among Te
traps.

Based on these observations, the energy transfer model
is applied to ZnSe1−xTex. The transfer of excitons from shal-
low to deep Te localized states explains the initial increase in
the PL lifetime, the large linewidth broadening, and the de-
cline in �. As the localized states and the valence band hy-
bridize, the PL lifetime and the linewidth decrease. Wu et al.
found that on the Te-rich side, however, the Se localized
states lie 2.85 eV above the valence-band edge of ZnTe,6

such that no transfer of excitons among Se localized states
could be observed. Accordingly, the decay profiles of
ZnSe1−xTex with high Te concentrations have short lifetimes
and decay in a manner that closely approximates monoexpo-
nential decay. Restated, on the Te-rich side, the stretching
index � rises and approaches 1, as presented in Fig. 3�c�.

To verify the suggested energy transfer process, the
TRPL measurements of ZnSe0.90Te0.10 were made with an
interval of 10 meV and a fixed period of exposure from
2.16 to 2.51 eV. As can be seen in Fig. 4�a�, the PL decay
rate at the high energy side exceeds that at the low energy
side. The lifetime ��140 ns� at 2.25 eV exceeds that
��78 ns� at 2.37 eV. The ZnSeTe superlattice yielded simi-
lar experimental findings.15 Cheung et al.15 attributed this
result to the formation of type-II ZnTe /ZnSe quantum dots
�QDs�, in which the spatially separated electrons and holes
were responsible for the long lifetime. Generally, the band
bending and the electron/hole filling effect in type-II semi-
conductor systems can induce a large PL peak energy blue-

FIG. 2. TRPL spectra of ZnSe1−xTex at 13 K. The inset plots the data on a
double logarithmic scale; the stretched exponential function is then a
straight line.

FIG. 3. �a� PL lifetime, �b� PL linewidth, and �c� stretching exponent � of
ZnSe1−xTex as functions of Te concentration.
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shift as the excitation intensity increases.16 Nevertheless, the
samples yielded no obvious PL energy blueshift over a range
of excitation intensities of three orders of magnitude. Hence,
the long lifetime herein is not associated with the formation
of type-II ZnTe /ZnSe QDs, induced by the self-segregation
of ZnTe and ZnSe.

The PL peak is redshifted as the detection time passes.
Figure 4�b� displays the overall evolution of TRPL results. It
is clearly seen that within the first 10 ns after excitation the
emission peak is at about 2.40 eV. As time passes, the emis-
sion peak dramatically shifts toward the low energy side and
is asymmetric, revealing that some of the localized excitons
of higher energies are transferred to the deep traps at the low
energy side, resulting in a slow decay on the lower energy
side. The period of transfer can exceed several tens of nano-
seconds. The transfer of excitons among localized states cre-
ates an alternative recombination route. Consequently, the
decay curves can only be fitted using the stretched exponen-

tial function instead of the monoexponential function.
In summary, the TRPL of isoelectronic ZnSe1−xTex semi-

conductors was studied. The decay curves are well fitted us-
ing the Kohlrausch law. As the Te concentration is increased,
the stretching exponent � initially declines and then mono-
tonically increases. This result, consistent with the increase
in PL lifetime and linewidth, shows strong evidence of
the transfer of excitons from shallow to deep Te trap states.
On the Te-rich side, since the Se localized states lie above
the conduction-band edge and the Te localized states hybrid-
ize with the valence-band states, the decay profiles of
ZnSe1−xTex exhibit short lifetimes and an increase in the
stretching index �.
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FIG. 4. �Color online� �a� Dependence of TRPL measurements on probing
energies of ZnSe0.90Te0.10. �b� TRPL image of ZnSe0.90Te0.10.
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