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a b s t r a c t

The tunability of the emission energy, oscillator strength and photoluminescence (PL) efficiency by

varying the well thickness and excitation density was demonstrated in the ZnSe0.8Te0.2/ZnSe multiple

quantum wells. A significant blueshift about 260 meV of the PL peak energy was observed as the well

width decreased from 5 to 1 nm. An extraordinary long lifetime (300 ns) of the recombination for the

widest sample was detected. The binding energy of the indirect excitons is determined as 12 meV for

the thinnest sample. The reduction of PL efficiency by thermal energy is greatly suppressed by

employing a high excitation power.

Crown Copyright & 2011 Published by Elsevier B.V. All rights reserved.
The ZnSe1�xTex system has long been of interest, since it is
relatively easy to obtain n-type ZnSe and p-type ZnTe. Therefore,
many studies on the 3D bulk structure of ZnSe1�xTex have been
performed to understand this system [1–4]. A ZnSeTe-based light-
emitting device in the blue–green spectral region has also been
proposed [5]. The photoluminescence (PL) of ZnSe/ZnTe super-
lattice structures is attributed to isoelectronically bound excitons
[5–7], instead of quantum-confined excitons. The quantum con-
finement effect of Te-bound excitons is only significant in an
extremely thin layer [7]. However, the quantum efficiency, which
is a crucial factor for optimizing light-emitting device, is not
investigated. Another interesting aspect of ZnTe/ZnSe systems is
the type-II band-alignment of the heterostructures [2,5–7]. Type-
II quantum structures should exhibit a large tunability of emis-
sion energy and a dependence of oscillator strength on size [8].
Due to the spatial separation of electrons and holes, the radiative
lifetimes for type-II quantum structures should be longer than
that for the type-I case. Te-bound holes can induce a long
recombination time for the excitons in ZnSeTe compound [9].
Therefore, a further lengthening of the Te-bound exciton lifetime
in the type-II heterostructures is expected, to make this system
more promising for optical memories [10].

In this letter, 10-period quantum-well structures consist of
heavily Te-doped layers of ZnSe sandwiched between undoped
ZnSe layers were studied. A significant blueshift of PL energy and
011 Published by Elsevier B.V. All
long exciton lifetimes were observed for the multiple quantum
wells (MQWs). The temperature (T) dependence of radiative
efficiency was investigated. The thermal quenching of the PL
intensity was found to depend crucially on excitation power.

A set of 10-period MQWs, [ZnSe0.8Te0.2/ZnSe]10, was grown on
a GaAs (1 0 0) substrate by molecular beam epitaxy. A 1.5-mm-
thick ZnSe buffer was grown before the deposition of the MQWs.
The cell temperatures of Zn, Se and Te were set at 300, 170 and
290 1C, respectively. The substrate surface temperature was kept
at 310 1C throughout the growth of the MQWs. The Te concentra-
tion was determined by an energy dispersive X-ray diffraction
measurement using a ZnSeTe epilayer grown under the same
conditions with the MQWs. The thickness of the barrier layer
(ZnSe) was kept at 20 nm, whereas the well-widths (Lw) for the
four 10-period MQWs are 1, 2, 3 and 5 nm. The excitation source
for the excitation-density-dependent PL spectroscopy was a
325 nm-line of HeCd laser and the emissions were analyzed using
the SPEX 1403 double grating spectrometer in conjunction with a
thermoelectrically cooled photomultiplier tube. A pulsed GaN
diode laser (396 nm) with duration of 50 ps and repetition rate
of 2.5 MHz was used as an excitation source for the time-resolved
measurement. The peak power of the pulse was estimated to be
below 0.1 mW. The transients of the PL spectra were analyzed by
a high-speed photomultiplier tube, followed by a personal com-
puter plug-in time-correlated counting card. The overall time
resolution of the detection system is about 300 ps.

The low-T PL spectra of the MQWs, pumped under an excitation
power below 0.1 mW, are depicted in Fig. 1(a). The PL peak energies
are about 2.13 and 2.39 eV for the MQWs with Lws of 5 and 1 nm,
rights reserved.
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Fig. 1. (a) Low-T PL spectra of the ZnSe0.8Te0.2/ZnSe MQWs. (b) Spectral distribu-

tions of the decay times for the ZnSe0.8Te0.2/ZnSe MQWs at low T. (c) Evolution of

PL peak intensity as a function of time.
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Fig. 2. (a) Calculated band lineup for the ZnSe0.8Te0.2/ZnSe MQWs. (b) Lw dependence

transition energies for the strained and unstrained case, respectively.
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respectively. A significant blueshift about 260 meV was observed as
the Lw decreased from 5 to 1 nm. We calculated the band lineups for
the MQW structures using the model–solid theory [11]. The physical
parameters of the ZnSe0.8Te0.2 layers were obtained by the linear
interpolation of ZnSe and ZnTe, provided in Ref. [11]. However, the
ZnSe1�xTex layer should exhibit a large band-gap bowing effect,
induced by an interaction between the localized Te states and
degenerate G valence band of ZnSe [12]. Therefore, a bowing energy
bx(1�x) was included in the calculated valence-band energy Ev for
the ZnSe0.8Te0.2. The bowing factor b was taken as 1.36 eV [13]. This
yields a band lineup shown in Fig. 2(a). The Ev

BOW is the bowing-
energy-included valence-band energy of the ZnSe0.8Te0.2. In addition
to the compressive-strain-induced splitting, the heavy-hole valence-
band energy EHH of the ZnSe0.8Te0.2 is 0.51 eV above the Ev of ZnSe.
The confinement energies of electrons and holes were then calcu-
lated by a simple square potential model. The effective masses of
ZnSe and ZnTe are me/mo(ZnSe)¼0.145, mh/mo(ZnSe)¼0.49 and
me/mo(ZnTe)¼0.12, mh/mo(ZnTe)¼0.6 [13]. The effective masses of
electrons and holes in the ternary alloy ZnSe0.8Te0.2 are obtained by
linear interpolation. Since the holes in the ZnSe0.8Te0.2 layer are
isoelectronically trapped by the Te-clusters [1] (denotes as Te-trap
level (dotted line) in Fig. 2(a)), the calculated transition energy was
given by EgðZnSeÞþEhþEe�DEv�EIC. Here, Eh and Ee are the con-
finement energy of the holes in the ZnSe1�xTex layers and the
electrons in the ZnSe layers, respectively. The isoelectronic-trapped
energy EIC is taken as 200 meV, which is reasonable for x¼0.2 [14].
The results are shown in Fig. 2(b). For comparison, the calculated
transition energy for the unstrained MQWs (dashed line) was also
given. Obviously, the calculated transition energy for the strained
case matched more to the experimental PL peak energies, compared
to that for the unstrained case. However, the calculated values
gradually deviated from the experimental values as the Lw

decreased. This might be induced by a diffusion of Te-atoms or Se-
atoms into the adjacent layers [2], leading to a great modification of
band profiles at the interface. Qualitatively, this effect would cause
an increase in the transition energy, resulting from the reduction in
the minimum of the binding potential. [15].

We also measured the spectral distribution of PL decay time
(tPL), as shown in Fig. 1(b). Fig. 1(c) shows the evolution of PL peak
intensity as a function of time. The decay curves of the PL can be
roughly fitted by a single time constant using IPL(t)¼ I0 exp(�t/tPL).
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The enhancement of tPL was observed as Lw increased. This is not
surprising since the electron–hole wavefunction-overlap is a deci-
sive factor for the observed decay times in the type-II structures. In
other words, the increase in Lw results in the reduction in wavefunc-
tion-overlap between the spatially separated electrons and holes,
thus, a suppression of decay rate. Moreover, the long lifetimes
(above 150 ns) of Te-bound excitons are also a signature for type-
II recombination. A decay time of 30 ns has been reported for a bulk
ZnSe1�xTex with x¼0.12 [9]. The reason for the long lifetime of
ZnSe1�xTex system even for the bulk structure is the suppression of
hole wavefunction by Te-clusters [16], and hence a reduction of the
oscillator strength of excitons. Further enhancement of decay times
in the QW structures, therefore, can be attributed to a further spatial
separation of the carriers confined in different layers.

We further confirm the type-II nature of the emissions in the
MQWs. The evolution of PL peak energy as a function of excitation
power for the typical MQW (Lw¼3 nm) is shown in Fig. 3(a).
There is a significant blueshift for the PL bands as the excitation
power increases. This phenomenon is interpreted as being caused
by the carrier-induced band-bending effect at the heterointer-
faces [2,17]. As the excitation density increases, the increase in
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Fig. 3. (a) Evolution of PL spectra as a function of excitation power for sample

with Lw of 3 nm. Inset shows the cube root dependence of the PL peak energy

against the excitation power. (b) Recombination processes under low-density case

and high-density case. Band-bending at the interfaces is induced by carriers under

high-density case.
population of spatially confined electron–hole pairs strengthens
the band-bending effect at the heterointerfaces, as shown in
Fig. 3(b). The sheet concentration generated at the heterointer-
faces by an excitation density Iexc is characterized by ns¼ Iexcad/ghu
[18]. Here, a is the absorption coefficient, d is the depletion layer
thickness, n is the frequency of laser light and g is the radiative
recombination coefficient. The localized electrons and holes form a
charged plane with an electric field F¼2pens/eo. This yields the
quantized energy EpF2=3

pI1=3
exc in the triangular potential well

[2,15–17]. This is in good agreement with our experimental data
(inset of Fig. 3). Hence, the PL of the ZnSe0.8Te0.2/ZnSe MQWs is
attributable to the radiative recombination between holes that are
localized in the ZnSe0.8Te0.2 layers and electrons in the ZnSe barrier
region.

T-dependent PL efficiencies of the ZnSe0.8Te0.2/ZnSe MQWs were
investigated by both the T-dependent PL intensity (IPL) and lifetimes.
The evolution of tPL (solid circles) measured at the PL peak energy as
a function of T for the sample with Lw¼1 nm, is shown in Fig. 4(a).
The lifetime increases initially from low T to 100 K (from 160 to
184 ns), and decreases monotonically above 120 K. We estimated
the radiative (tr) lifetime and nonradiative (tnr) lifetimes by a
combined analysis of T-dependent IPL and tPL [18]. Considering only
radiative and nonradiative recombination processes, the internal
radiative yield, Z¼tnr/(tnr+tr), rules the variation of IPL versus
T. Since the measured tPL can be given by tPL

�1
¼tr
�1+tnr

�1, we can
obtain the radiative lifetime as tr¼tPL/Z by assuming Z to be unity
at low temperature (30 K). The assumption is reasonable because
high efficiency of radiative recombination is possible at low T, due to
the suppression of the migration process of excitons to the non-
radiative centers [9]. The tnr is a monotonically decreasing function
of T and becomes shorter than the tr after T¼120 K. This indicates
that the nonradiative recombination process dominates the PL after
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T¼120 K. An enhancement of tr can be understood for isoelectro-
nically bound exciton in type-II quantum structures, as a conse-
quence of ionization of weakly bound electrons from the strongly
localized holes. Therefore, the T dependence of tr can be fitted with
the formula [3]: tr(T)¼tr(0)/[1�C exp(�e/kBT)]. Here, tr(0) is the
radiative time at low T limit, C is a constant and e is a characteristic
energy that is of the order of the electron–hole binding energy. The
best fit yields a characteristic energy of 12 meV for the binding of
indirect excitons. Such a low exciton binding energy (Eb) is expected
for type-II MQW structures due to the spatial separation of electrons
and holes. Fig. 4(b) shows the Arrhenius plot of the normalized PL
peak intensity for the same sample. The T dependence of the IPL was
fitted by the following equation: IPL(T)¼ I(0)/[1+CA exp(�EA/kBT)]
[19]. Here, I(0) is the PL intensity at 0 K. CA is fitting constant and kB

is the Boltzmann constant. We fitted the experimental values for the
T range where the excitons are not totally dissociated (below 100 K).
The obtained activation energy EA (18 meV) is comparable to Eb

obtained above.
In Fig. 5, the T-dependences of IPL (Lw¼1 nm) under a pumping

power of 40 mW and below 0.1 mW, are shown. The obtained
value of EA, which corresponds to the exciton binding energy, is
approximately twice in the former case, compared to that of the
latter. As the excitation density increases, the electric field
induces further band-bending at the heterointerfaces. This causes
a strong modification of the envelope functions of electrons and
holes [20]. Therefore, the overlap of the electron- and hole-
wavefunctions increases, resulting in a stronger bound electron–
hole pairs. Indeed, a shortening of 3 orders of magnitude for the
recombination lifetimes of ZnSe/BeTe superlattices under high
excitation has been reported [20]. We also note that the PL
efficiency retains well for the high excitation case. A decrease in
only about an order of magnitude in the IPL was found from low T
to 300 K. On the contrary, the PL quenches at least 2 orders of
magnitude for the weak excitation case and hard to be detectable
at RT. The indirect-exciton recombination rate enhances under a
high excitation density, based on the aforementioned band-
bending model. The effect plays an important role in the observed
high emission efficiency.

In conclusion, the tunability of the emission energy, oscillator
strength and PL efficiency by varying the well thickness and excita-
tion density was demonstrated in the strained ZnSe0.8Te0.2/ZnSe
MQWs. The type-II nature of the recombination was confirmed. An
extraordinary long lifetime of the MQW system was detected. Also,
the binding energy of the indirect excitons is determined as 12 meV
for the thinnest sample. A reduction in PL efficiency was found to be
greatly suppressed by employing a high excitation power.
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