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The recombination dynamics of excitons in shallow CdTe/Cd12xMgxTe multiple single quantum wells has
been investigated. In the low-temperature regime (T<50 K!, radiative recombination dominates the decay of
the excitonic luminescence. The low-temperature lifetime as well as the increase of the lifetime with tempera-
ture are strongly well-width dependent, due to the correlation between the exciton binding energy and the
radiative lifetime. At high temperatures, a decrease of the lifetime and of the photoluminescence intensity is
observed that depends on the well width and the Mg content in the barrier. By analyzing transient photolumi-
nescence spectra, carrier capture and thermal emission were studied. Within the first picoseconds after the
excitation, the carriers are distributed between the quantum wells by a fast capture process. Subsequently,
thermal emission reduces the population in shallow quantum wells inducing a transfer between the quantum
wells via barrier states.

I. INTRODUCTION

Excitons in II-IV quantum-well structures have been the
subject of many investigations1–7 due to their interesting
physical properties and the large progress of epitaxial tech-
niques for II-VI heterostructures of high quality. The possi-
bility to tune the band gap over the whole visible range sim-
ply by varying the composition of II-VI quantum wells is a
promising basis for applications in optoelectronic and elec-
tronic devices. A detailed understanding of the recombina-
tion dynamics, particularly of the interplay between radiative
and nonradiative recombination channels, is therefore of spe-
cial interest.

In II-VI heterostructures, the exciton oscillator strength is
expected to be quite high, resulting, e.g., in enhanced radia-
tive recombination rates compared to GaAs- or InP-based
III-V compounds.4–7 In the low-temperature regime a linear
increase of the excitonic lifetime with temperature was found
in the CdTe/Cd12xMnxTe system, as expected for free exci-
tons, while no dependence of the radiative lifetime on well
thickness could be observed.3 At elevated temperatures, non-
radiative recombination reduces both the photoluminescence
~PL! efficiency and the recombination lifetime.3,7 An impor-
tant nonradiative loss channel expected even in ideal quan-
tum wells is the thermal emission of carriers out of quantum-
well states into the barrier. This process, which is mainly
important for shallow quantum wells, was discussed in a
number of studies for different III-V heterostructures.8–12For
II-VI quantum wells, in contrast, there is still little informa-
tion about the transient capture and emission dynamics.

In this paper we present a study of the exciton dynamics
in a set of thin CdTe/Cd12xMgxTe quantum wells with vary-
ing well thickness and magnesium content. The
CdTe/Cd12xMgxTe material system was selected because it
is on one side possible to adjust the energy discontinuity
between the barrier and the well material band gap over a
large energy range simply by varying the magnesium content

in the barrier.13 On the other side, II-VI materials are char-
acterized by larger exciton binding energies compared to
III-V quantum-well structures resulting in optical properties
determined by excitons even at room temperature.14 For that
reason, we can neglect the thermal dissociation of excitons in
the temperature range under consideration (T,200 K!. By
time-resolved and time-integrated PL measurements we have
focused on the temperature dependence of the exciton re-
combination dynamics, characterized by radiative recombi-
nation in the low-temperature range and the thermal emis-
sion of carriers into the barriers at high temperatures.
Transient PL spectra of especially designed multiple single-
quantum-well heterostructures directly reflect the carrier col-
lection and thermally induced transfer processes between the
quantum wells via barrier states.

II. EXPERIMENTAL DETAILS

The CdTe/Cd12xMgxTe structures under investigation
were grown by molecular-beam epitaxy on a~100!-oriented
undoped Cd0.96Zn0.04Te substrate at a growth temperature of
240 °C, as described in detail by Waaget al.13 Each sample
consists of three CdTe quantum wells with nominal widths
Lz52.5, 5, and 7.5 nm~sample A! andLz52, 4, and 8 nm
~sample B! separated by 20-~sample A! and 50-nm-wide
~sample B! Cd12xMgxTe barriers, respectively. The magne-
sium content was determined from the PL signal of the bar-
rier to x50.24 in sample A andx50.12 in sample B. Time-
resolved PL experiments were performed using a frequency-
doubled mode-locked Ti-sapphire laser yielding pulses with
a pulse width of 2 ps and a repetition rate of 82 MHz. The
laser wavelength was tuned to 405 nm, thus creating carriers
above the Cd12xMgxTe band gap. The excitation peak den-
sity was about 100 kW/cm2. This corresponds to exciton
densities in the range of 531010 cm22 per pulse in each
quantum well, if we take into account a reflection of about
25% of the incident light at the sample surface and an iden-
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tical sharing of the excess carriers between the three quan-
tum wells and the two loss channels sample surface and sub-
strate. The luminescence signal was dispersed by a 0.32-m
spectrometer with spectral resolution better than 0.2 nm and
detected by a synchroscan streak camera providing a tempo-
ral resolution of less than 10 ps. For comparison, cw mea-
surements have been performed using the 514.5-nm line of
an argon ion laser~average excitation density of 5 W/cm2)
for the excitation and a charge coupled device camera for the
detection.

III. RESULTS AND DISCUSSION

In Fig. 1 a comparison of the PL decay times of sample A
and sample B is depicted as a function of temperature for
different well widthsLz . While at low temperatures and for
low-density cw excitation an additional contribution of a
D0X transition can be observed, free exciton recombination
dominates for pulsed excitation. The decay times shown in
Fig. 1 were deduced from the monoexponential decay of the
free exciton PL signal. First, we discuss the quantum-well
width dependence of the exciton lifetime at low tempera-
tures. In both samples a distinct reduction of the decay time
for decreasing well width is observed, yielding, e.g., for
sample A atT510 K a lifetime of 320 ps forLz57.5 nm and
240 ps forLz52.5 nm. Second, we observe a characteristic
temperature dependence of the exciton lifetime. Increasing
the temperature results in a linear increase of the decay time,

which strongly depends on the well width and Mg content.
The slope of the lifetime increase is about 14 ps/K forLz
57.5 nm and 4 ps/K forLz52.5 nm in sample A. Slightly
smaller values are found in sample B, which has a lower Mg
content in the barrier. It is important to note that at least for
T<50 K the PL intensity of each quantum well remains
fairly constant~see below, Fig. 2!. Therefore, we conclude
that in this temperature range radiative recombination is the
dominating recombination mechanism of the free excitons.
The increase of the decay time with temperature thus reflects
the temperature dependence of the radiative lifetime. In the
high-temperature regime nonradiative carrier loss occurs, de-
creasing the exciton lifetime. This can be seen clearly in the
data of theLz52.5 nm quantum well of sample A, as well as
for all quantum wells in sample B atT@80 K. A comparison
of the experimental data of samples A and B shows that the
reduction of the decay time depends, on the one hand, on the
well width, and, on the other hand, on the Mg content.

For the interpretation of these experimental results, we
first have to discuss the correlation between the radiative
exciton lifetimets , the exciton binding energyEB , and the
homogeneous linewidthGhom as given by Feldmannet al.:15

ts}
1

EB
•

Ghom

12exp~2Ghom/kBT!
, ~1!

i.e., the radiative lifetime is proportional to the inverse of the
exciton binding energy. The exciton binding energy is ex-
pected to be enhanced in narrow quantum wells.16 In the
CdTe/ZnTe system, Liu, Rajakarunanayake, and McGill have
investigated theoretically the dependence of the exciton
binding energy on the quantum-well thickness.17 For a
valence-band offset of 200 meV, they reported exciton bind-
ing energies ranging from about 18 meV for a quantum-well
width of 8 nm to about 23 meV for a 2-nm-wide quantum
well. This well width dependence of the exciton binding en-
ergies is consistent with the observed decrease of the low-
temperature exciton lifetime with decreasing well width, i.e.,
from 320 ps forLz57.5 nm to 240 ps forLz52.5 nm in
sample A and from 340 ps forLz58 nm to 250 ps forLz
52 nm in sample B. Although localization effects cannot be
fully ruled out, especially in the narrowest quantum wells
~see the discussion below!, this confirms that the well width
dependence of the low-temperature exciton lifetime mainly
reflects the correlation between the exciton binding energy
and the radiative recombination lifetime. Compared to
GaAs/AlxGa12xAs ~Ref. 15! or InxGa12xAs/InP ~Ref. 18!
quantum wells, the observed lifetime is much lower, reflect-
ing the enhanced exciton binding energies in II-VI materials.
In contrast to former experiments on CdTe/Cd12xMnxTe
quantum wells,3 we observe a distinct well width dependence
of the low-temperature exciton lifetimes in our
CdTe/Cd12xMgxTe structures. However, the increase of the
exciton lifetime with well width of 16 ps/nm is considerably
lower than, e.g., in GaAs/AlxGa12xAs quantum wells, where
values of 100 ps/nm have been observed.15

In order to model the linear increase of the lifetime with
temperature the magnitude of the homogeneous broadening
Ghom should be known. Degenerate four-wave-mixing ex-
periments have been performed by Hellmannet al.19 on
CdTe/Cd0.56Mg0.44Te quantum wells. They reportedT2 val-

FIG. 1. PL decay times of different quantum wells in samples A
~top! and B ~bottom! as a function of temperature.
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ues, corresponding to a homogeneous broadening ofGhom

50.14 meV atT510 K, increasing with temperature by
5 meV/K. As the barrier Mg content of our samples is even
lower, we can assume similar or even lower values ofGhom
and we getkBT@Ghom in the temperature range where radia-
tive recombination dominates the exciton lifetime (10 K
<T<50 K!. Therefore Eq. ~1! approximately readsts
}T/EB . This indicates that the observed well-width-
dependent increase of the exciton lifetime with temperature
mainly reflects the correlation between the radiative lifetime
and the exciton binding energy. Being more quantitatively,
however, it has to be noted that in the case of theLz52.5 nm
quantum well of sample A the increase of the lifetime with
temperature is quite small when compared to the wider quan-
tum wells. A similar behavior was already observed in
GaAs/AlxGa12xAs quantum wells15 and related to the influ-
ence of exciton localization in narrow quantum wells, caus-
ing a smaller slope oft versusT as simply expected from the
correlation between lifetime and exciton binding energy.

As the observed decrease of the lifetime in the high-
temperature regime strongly depends on well width and Mg
content~see Fig. 1!, we conclude that the thermal activation
of excitons out of the quantum wells into the barriers is the
most significant carrier loss process.8,9,12 From the barriers
the carriers can be captured by neighboring quantum wells or
recombine nonradiatively in the substrate or at the sample
surface, thus reducing the lifetime in the quantum well under
investigation. The thermal emission process strongly de-
pends on the confinement energy, as defined by the energetic
difference between the barrier and the quantum-well emis-
sion. The smaller the confinement energy~e.g., smaller well
width or lower Mg content in the barrier!, the higher the
thermal emission rate at a given temperature. This can be
seen very easily in sample B~right-hand side of Fig. 1!.
Because of the lower confinement energy, e.g., in theLz
52 nm quantum well, the thermal emission reduces the de-
cay time already at temperaturesT.30 K, whereas a reduc-
tion of the decay time in theLz58 nm quantum well is only
observed at temperatures above 90 K. Increasing the Mg
content in the barrier, the emission rate is reduced, as can
easily be seen by a comparison of the narrowest quantum
wells in samples A and B.

In order to determine the activation energy, which charac-
terizes the thermal emission process, we have performed
time-integrated PL measurements. A set of PL spectra at dif-
ferent temperatures for the sample B is shown in Fig. 2.
Besides the dominating PL signal from the quantum wells,
also a weak PL signal from the barrier can be observed~not
shown in the figure!, which vanishes at elevated tempera-
tures due to an enhanced carrier capture into the quantum
wells. As already mentioned above, the PL intensity of all
quantum wells remains almost constant at low temperatures
T,50 K. Increasing the temperature, a well-width-
dependent reduction of the PL intensity is observed, first
quenching the PL intensity of the smallest quantum well. At
temperatures above 130 K the luminescence from theLz
58 nm quantum well dominates the spectrum.

In the inset of Fig. 2, the integrated PL intensity is de-
picted versus temperature in an Arrhenius plot for the differ-
ent quantum wells of sample B. While at low temperatures
the PL intensity is almost constant, an increase of the tem-

perature results in a distinct drop of the PL intensity. The
slope of the decrease is characterized by an activation energy
EA indicated by the linear fit of the data.20 In Table I, the
activation energiesEA of the different quantum wells are
compared with the corresponding exciton confinement ener-
giesEC as obtained from the difference between the barrier
and quantum-well emission energies. Within less than 10%,
good agreement betweenEA and EC is found, confirming
that indeed the thermal emission of excitons out of quantum-
well states into the barriers controls the nonradiative carrier
loss at high temperatures.

While cw spectra only yield information about the quasi-
equilibrium distribution of the excitons between quantum-
well and barrier states, transient spectra reveal the dynamics
of the carrier capture and emission process. In Fig. 3 tran-
sient PL spectra of sample B measured at a temperature of
120 K are displayed. At this temperature, the exciton dynam-
ics is strongly influenced by the thermal emission process

FIG. 2. Time-integrated PL spectra of a CdTe/Cd0.88Mg0.12Te
multiple single quantum well~sample B! for different temperatures.
In the inset, an Arrhenius plot of the quantum-well intensity is
shown for different well widthsLz .

TABLE I. Comparison of activation energiesEA extracted from
Arrhenius plots of the luminescence intensity and exciton confine-
ment energiesEC , as extracted from the PL spectra for the three
different quantum wells in sample B.

Lz ~nm! EA ~meV! EC ~meV!

2 83 78
4 125 135
8 176 177
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~see Figs. 1 and 2!. For example, in the cw spectrum the PL
intensity of the 2-nm quantum well is quenched totally. In
the time-resolved spectra shown in Fig. 3, in contrast, a
strong emission of this quantum well is observed shortly
after the laser pulse (Dt510 ps!. This indicates an efficient
carrier capture into the 2-nm quantum well also at high
temperatures.21 After about 40 ps thermal reemission of car-
riers into the barrier decreases the PL intensity of the small-
est quantum well drastically. For increasing time, thermal
emission also reduces the signal of the 4-nm quantum well
and forDt.800 ps the luminescence line of the 8-nm quan-
tum well dominates the spectrum. We want to emphasize that
the contribution of the different quantum wells to the PL
spectrum shortly after the excitation by a laser pulse (Dt
,40 ps! is independent of temperature. Only the total num-
ber of carriers captured by the quantum wells is reduced at
higher temperatures~mainly due to nonradiative losses at the
sample surface or in the substrate! causing a decrease of the
spectrally integrated PL intensity at elevated temperatures.
From these results we conclude that the emission dynamics
in the structures investigated can be separated in two steps.
First, a fast carrier capture process causes an almost-
temperature-independent exciton distribution between the
quantum wells, each in thermal equilibrium with the neigh-
boring parts of the barriers. In a second step, thermal emis-
sion and recapture in neighboring quantum wells leads to a
redistribution of the carriers between the quantum wells, a
process becoming more efficient at high temperatures.

This result is summarized in Fig. 4, where the decay
curves of the three quantum wells of sample B are displayed
at a temperature of 120 K. Different time ranges indicated by

the dotted vertical lines can be distinguished. At delay times
Dt,30 ps, a fast increase of the PL intensity indicates an
efficient carrier collection into each quantum well~a!. After
this time regime thermal emission of carriers starts in the
2-nm quantum well, reducing drastically the PL intensity of
the narrowest quantum well~b!. Simultaneously, an addi-
tional slower component is observed in the onset of the
wider quantum wells. ForDt.60 ps, an efficient thermally
induced transfer of carriers between the 4-nm quantum well
and the 8-nm quantum well is observed causing an additional
delayed onset of the intensity of the 8-nm quantum well~c!.
For delay times larger than 250 ps, the PL intensity decreases
even for the 8-nm quantum well~d!. The correlation between
the decay of the PL intensity in the narrower quantum wells
and the onset of the wide quantum-well signal clearly dem-
onstrates the transfer between the quantum wells caused by a
thermal coupling via barrier states.

IV. CONCLUSION

In summary, we have investigated the exciton dynamics in
CdTe/Cd12xMgxTe quantum wells by time-resolved and
time-integrated PL spectroscopy. At temperatures below 50
K the exciton decay time is dominated by radiative recom-
bination. The well width dependence of the low-temperature
lifetimes reflects the variation of the exciton binding energy.
At low temperatures the exciton lifetime increases with a
well-width-dependent slope between 15 and 4 ps/K, signifi-
cantly smaller than, e.g., in GaAs/AlxGa12xAs quantum
wells. This is partially explained by the enhanced exciton
binding energies in CdTe/Cd12xMgxTe quantum wells com-
pared to III-V compounds. At high temperatures thermal
emission of carriers out of the quantum wells into the barri-
ers reduces the exciton decay time as well as the PL inten-
sity. While the initial capture process causes a carrier distri-
bution between the quantum wells nearly independent of
temperature, thermally induced transfer between the quan-

FIG. 3. Transient PL spectra of sample B atT5120 K. Dt
indicates the delay time after excitation by a short laser pulse.

FIG. 4. Normalized PL intensity as a function of time for three
quantum wells of sample B atT5120 K. The four different time
rangesa–d are indicated by the dotted lines and are explained in the
text.
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tum wells takes place at elevated temperatures. This process
is especially pronounced in shallow quantum wells and
therefore expected to reduce the luminescence efficiency also
in other II-VI heterostructures, such as CdxZn12xSe/ZnSe or
ZnSe/ZnSe12xSx with small confinement energies.
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