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The morphology and the size-dependent photoluminescence(PL) spectra of the type-II ZnTe
quantum dots(QDs) grown in a ZnSe matrix were obtained. The coverage of ZnTe varied from 2.5
to 3.5 monolayers(MLs). The PL peak energy decreased as the dot size increased. Excitation power
and temperature-dependent PL spectra are used to characterize the optical properties of the ZnTe
quantum dots. For 2.5- and 3.0-ML samples, the PL peak energy decreased monotonically as the
temperature increased. However, for the 3.5-ML sample, the PL peak energy was initially
blueshifted and then redshifted as the temperature increased above 40 K. Carrier thermalization and
carrier transfer between QDs are used to explain the experimental data. A model of
temperature-dependent linewidth broadening is employed to fit the high-temperature data. The
activation energy, which was found by the simple PL intensity quenching model, of the 2.5, 3.0, and
3.5 MLs were determined to be 6.35, 9.40, and 18.87 meV, respectively. ©2005 American Institute
of Physics. [DOI: 10.1063/1.1834985]

INTRODUCTION

The fabrication of quantum-dot(QD)-based light-
emitting devices encounter several problems. Reducing the
threshold current and voltage, increasing the quantum effi-
ciency, and prolonging the lifetime of the devices remain
challenges.1–3 Photoluminescence(PL) spectroscopy is a
powerful method for characterizing the optical properties of
the QD system, which is essential to solve some of the above
problems. The temperature-dependent PL spectra for both
III-V and II-VI compound semiconductor QDs were studied
in detail to examine the temperature stability and the funda-
mental light-emission mechanisms. The temperature-
dependent PL spectra of QD systems have several pro-
nounced signatures.(i) For a single QD, the temperature-
dependent PL linewidth broadening follows the theoretical
linewidth broadening model. However, for an ensemble QD,
the line narrows initially at low temperatures and then fol-
lows the theoretical model and broadens at higher
temperatures.4 (ii ) A strong redshift in energy with increasing
temperature was observed.4,5 (iii ) The PL intensity increased
with temperature first at low temperatures and then declined
as the temperature was increased further.5–7 The above phe-
nomena could be explained by a steady-state model for the
carrier dynamics which takes into account the distribution of

the quantum dot size and random population effects, and
carrier capture, relaxation, and retrapping.8 In the current
study, excitation power and temperature-dependent photolu-
minescence spectra are used to characterize the optical prop-
erties of the ZnTe quantum dots, which were grown in a
ZnSe matrix for possible application in optoelectronic de-
vices. The band alignment of the ZnTe/ZnSe QD system is
type II.9 The emission mechanism differs from that of the
well-known InAs/GaAs type-I QD system.

EXPERIMENTS

Self-assembled ZnTe QDs were grown in a ZnSe matrix
on the epiready semi-insulated GaAs substrate using a Riber
32P molecular-beam epitaxy(MBE) system. Initially, the
GaAs substrate was desorbed at 580 °C in the III-V chamber
and then the GaAs buffer layer of 0.2mm was deposited.
The desorption and growth processes were monitored via the
reflection high-energy electron diffraction(RHEED) pattern.
After the GaAs buffer was grown, the substrate was trans-
ferred to the II-VI chamber to grow the ZnTe QD structure.
The substrate temperaturesTSd was raised to 400 °C, at
which it remained for about 10 min. Then,TS was reduced to
280 °C to grow the ZnSe buffer layer. The ZnSe buffer layer
included several monolayers(MLs) grown by migration-
enhanced epitaxy10 and a thickness of 50 nm grown by con-
ventional MBE. The average roughness of the ZnSe buffer
layer was approximately 0.5 nm, indicating that the surface
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of the ZnSe buffer layer is flat. After the flat ZnSe buffer
layer was deposited, the growth of the self-assembled ZnTe
QDs was begun. The growth rate of the ZnTe dots was about
5.2 MLs/min. The average coverage of ZnTe for samples
one to five was 2.0, 2.5, 3.0, 3.5, and 4.0 MLs, respectively.
Two sets of samples were grown. The first set was grown for
PL measurement. A ZnSe capping layer of about 50 nm was
grown following the growth of the ZnTe dots. The other set
of samples grown without a ZnSe capping layer was used for
atomic force microscopy(AFM) study. The NT-MDT Solver
P47 AFM was used to examine the morphology. Measure-
ments were made in the semicontact mode. The scan steps in
the x andy directions were both 4.8 nm. The resolution was
0.01 nm in thez direction. The 325-nm line of a He–Cd laser
s55 mWd was used to excite the PL spectra. While a GaN
diode lasers396 nmd was used to be the pumping source for
the power-dependent PL measurement. The samples were
mounted on the cold finger of a closed-cycle refrigerator,
whose temperature was controlled between 10 and 300 K. A
Spex 1403 double-grating spectrometer equipped with a ther-
mal electric cooled photomultiplier tube was used to analyze
the PL spectra. Slit widths were set to 100mm to yield a
spectral resolution better than 0.1 meV.

RESULTS AND DISCUSSION

Figure 1 shows the atomic force microscopic images of
the ZnTe quantum dots with an average ZnTe coverage of
3.0 MLs. The average dot diameter and height are 40.5 and
7.86 nm, respectively. The estimated dot density is 1.5
3109 cm−2. For ZnTe coverage below 2.0 MLs, no quantum
dots were formed. Above 4.0 MLs, the dots were too dense
and the ripening growth mode occurred. The optical proper-
ties of the ZnTe QDs with a coverage of more than 4.0 MLs
deteriorated. Hence, in this work, the optical spectra of ZnTe
QDs were limited to those of samples with ZnTe coverage of
between 2.5 and 3.5 MLs.

Figure 2 shows the photoluminescence spectra of the
ZnTe QDs with coverage of 2.5, 3.0, and 3.5 MLs. The sharp
peak near 2.8 eV is associated with the near band-edge emis-
sion, free heavy- and light-hole excitons and the impurity-

bound excitons, of the ZnSe matrix.11 The PL peak energies
of the ZnTe QDs with coverage of 2.5, 3.0, and 3.5 MLs are
at 2.282, 2.181, and 2.066 eV, respectively. The redshift in
the energy with the increasing ZnTe coverage is attributed to
the decrease in the quantum confinement energy as the QD
size is increased, due to increased thicker ZnTe coverage.
The emission energies are lower than that of the ZnTe epil-
ayer(2.4 eV at 10 K), implying a type-II band alignment of
the ZnTe QDs grown in the ZnSe matrix, as schematically
depicted in Fig. 3 using the conduction-band and valence-
band offsets of DEc=0.6 eV and DEn=1.0 eV,
respectively.12 The energy from the valence-band edge to the
conduction-band edge of the type-II emission is around
1.8 eV. The energy differenceDE between the PL peak en-
ergy (2.282, 2.181, and 2.066 eV) and 1.8 eV is attributed to
the confinement energy of the valence-band hole in the ZnTe
QD potential well. Note that, in the CdSe/ZnSe QD system,
Xin et al.6 reported that a large energy differencesDE
,0.5 eVd between the type-I CdSe QD peak energy

FIG. 1. AFM plain view image of ZnTe QDs with 3.0 MLs.

FIG. 2. Photoluminescence spectra of ZnTe QDs with 2.5, 3.0, and 3.5 MLs.

FIG. 3. Schematic type-II band alignment for ZnTe QDs.
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s2.3 eVd and the energy of the valence-band to conduction-
band edge(1.8 eV for cubic CdSe) is due to the interdiffu-
sion of Zn and Cd atoms and the strain-induced valence-
and/or conduction-band shifts. Figure 4 plotsDE versus
ZnTe coverage:DE decreases as the ZnTe coverage in-
creases. The activation energy obtained from the
temperature-dependent PL, which will be discussed later, is
represented on they axis on the right-hand side of the plot.
The dotted and solid lines are guides to the eye.

Glaseret al.13 proposed a bent band structure, as sche-
matically depicted in the insert of Fig. 4, to explain the
strong PL of the InSb/GaAs QD system. Band bending is
most significant around the top of the ZnTe QD. It is caused
by the electron–hole Coulomb interaction, which in turns
generates the respective hole and electron potential well near
the ZnTe QD and the ZnSe matrix interface. In Fig. 2, the
decrease of the PL intensity as the dot size increases may be
caused by the increase in the electron and hole separation
with the increasing size of the ZnTe type-II QD, since the
hole wave function become less confined.(The hole is fur-
ther away from the top of the ZnTe QD.) However, the de-
crease of the PL line integrated intensity could also be due to
other effects. When the coverage increases from 2.5 to 3.5
MLs not only increase the dot size of ZnTe QDs but also
induce some extended defects, which are caused by strain,
relaxed or ripening growth mode occurs. Those extended de-
fects usually occur on the interface between QD and matrix,
and form the nonradiative center.14

Figure 5 shows the shift of the PL peak energy with the
excitation power for the sample with 2.5(square), 3.0 (tri-
angle), and 3.5 MLs(circle) at 12 K. The excitation power is
increased from 3 to 380mW. A blueshift occurs as the exci-
tation power is increased. This shift is characteristic of all
type-II structures.15,16Consider the band structure in the inset
in Fig. 4. A high excitation power promotes the generation of
numerous electron–hole pairs, which are located in the sepa-
rated region, increasing the degree of the bending band.
Therefore, in the type-II structure, the electron–hole pair re-
combination energy increases with the excitation power. The

energy shifts of the 2.5-, 3.0-, and 3.5-ML samples are 11,
12, and 6 meV, respectively. The dot sizes cause the varia-
tion in energy shifts. The sample with 3.5 MLs has larger
dots than the samples with 2.5 and 3.0 MLs, indicating the
lower confinement energy of the hole. This result implies
that band bending is suppressed and transition energy is de-
creased.

Figures 6(a)–6(c) show the temperature-dependent PL
spectra of the 2.5-, 3.0-, and 3.5-ML samples. Four important
issues must be considered:(i) temperature-dependent energy
shifts, (ii ) the line broadening with temperature,(iii )
temperature-dependent intensity, and(iv) activation energy,
which characterizes the temperature stability of the material
system. They are discussed below.

The PL peak energies of the 2.5- and 3.0-ML samples
decrease monotonically as the temperature increases. The
redshift in energy is attributed to the shrinkage of the band
gap as the temperature increases. Figure 7 summarizes the
peak energies. Varshni’s equation,17 as shown below, was
employed to fit the experimental data.

EgsTd = Egs0d −
aT2

sT + bd
, s1d

whereEgsTd and Egs0d are the band gap at temperaturesT
and 0 K, anda andb are fitting parameters that are charac-
teristic of a given material. For comparison, the dotted and
dashed lines are Varshni’s fits of the temperature-dependent
band gap for the ZnSe and ZnTe epilayers, respectively. The
PL peak positions of the samples with 2.5 and 3.0 MLs fol-
low the temperature-dependent band gap of the ZnTe epil-
ayer rather than that of the ZnSe epilayer, since the
temperature-dependent band-gap redshift is more pro-
nounced for ZnTe. However, the PL peak energy for the

FIG. 4. Energy differencesDEd between the PL peak energy(2.282, 2.181,
2.066, and 1.958 eV) and 1.8 eV and activation energysEad vs ZnTe cov-
erage. The insert depicts a bent band structure.

FIG. 5. The shift of PL peak energy with excitation power for the 2.5-, 3.0-,
and 3.5-ML samples at 12 K. The excitation power is increased from
3 to 380mW.
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sample with 3.5 MLs is initially blueshifted as the tempera-
ture increases to around 40 K, and then redshifted as the
temperature increases further. A blueshift of about 10 meV is
clearly observed for the 3.5-ML sample at low temperature.
A strong redshift in energy, which is a signature of carrier
transfer from the smaller QDs(higher energy states) to the
larger QDs(lower energy states), is also observed at high
temperature (above 100 K). The redshift is about
0.50 meV/K for QD and is much larger than that of the
ZnTe epilayer which is approximately 0.35 meV/K. Funato

et al.7 proposed a potential fluctuation model, as shown in
Fig. 8, to explain the initial energy blueshift of the
MgS/CdSe QD system. In Fig. 8(a), the regions marked I
(I8) and II (II8) are the CdSe islands(which correspond to
the ZnTe QDs in this work) while region III is either the
CdSe wetting layer or the MgS barrier layer(corresponding
to the ZnTe wetting layer or the ZnSe layer). At a low tem-
perature of 10 K, holes are confined in the localized I states.
The PL structure is dominated by the emission from the lo-
calized I state. As temperature is increased slightly, the holes
are thermalized to region-II states. A blueshift in energy is
then obtained. As the temperature increases further, carriers

FIG. 6. Temperature-dependent PL spectra of the 2.5-, 3.0-, and 3.5-ML
samples.

FIG. 7. PL peak energy as a function of temperature for the 2.5-, 3.0-, and
3.5-ML samples. The solid line, the dashed line and the dotted line represent
the fitting of Varshni’s law for the ZnTe QD, the ZnTe epilayer, and the
ZnSe epilayer, respectively.
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(mainly holes) transfer to the nearby local potential mini-
mums, which are the I8 and II8 states. Therefore, the PL
peak is strongly redshifted at a temperature of about 100 K.
For the 2.5- and 3.0-ML samples, because the ZnTe coverage
is less, the dot sizes are more uniform, as shown in Fig. 8(b).
Only carrier transfer from the I state to the I’ state, the energy
redshift, is observed. The II and II’ states do not exist, and
the carrier thermalization, which is the blueshift at low tem-
perature from state I to state II, does not occur.

In Fig. 6, for the 2.5- and 3.0-ML samples, the line is
initially narrowed at low temperature and then is broadened
at a higher temperature. However, for the 3.5-ML sample,
the narrowing of the linewidth at low temperature is less
pronounced. The full width at half maximum(FWHM) is
summarized in Fig. 9. For the 2.5- and 3.0-ML samples, line
narrowing of about 5 meV is observed at low
temperatures—from 10 to 50 K and from 10 to 100 K, re-
spectively. While for the 3.5-ML sample, due to a weaker PL
intensity, the data points fluctuated and linewidth narrowing
was less clear to be observed. The narrowing of the PL line
at low temperature can also be understood as involving the
carrier transfer from the I state to the I’ state, as depicted in
Fig. 8(b). At temperatures above 100 K, the line broadening
is governed by(electron/hole)–phonon coupling and can be
described by the temperature-dependent linewidth broaden-
ing model,18 which is described by the following equation:

GsTd = G0 + GaT +
GLO1

exps"vLO1/kTd − 1

+ Gi exps− kEbl/kTd, s2d

whereGsTd andG0 are the linewidths at temperaturesT and
10 K, respectively; Ga is a coefficient of the exciton–
acoustic-phonon interaction, andGLO is a fitting parameter
which reflects the strength of the exciton–longitudinal-
optical (LO)-phonon interaction."vLO1 represents the LO
phonon energies for the ZnTe epilayers.19 Gi is a proportion-
ality factor, which accounts for the density of the impurity
center, andkEbl is the binding energy averaged over all pos-
sible impurities. The solid lines in Fig. 9 are obtained by
using Eq.(2).

In Fig. 6, the PL intensity of the 2.5- and 3.0-ML
samples monotonically decreases as the temperature in-
creases. However, the PL intensity of the 3.5 ML sample first
increases and decreases monotonically as the temperature
rises above 40 K. Figure 10 summarizes the integrated PL
intensity. The monotonic decrease with rising temperature
can be described by the solid lines, which are fitted theoreti-
cally using the PL intensity quenching model20 represented
by the following equation:

I0sTd =
I0s0d

1 + D exps− Ea/kTd
, s3d

whereT is the temperature,k is the Boltzmann constant,D is
a fitting constant,I0sTd andI0s0d are the integrated PL inten-

FIG. 8. Schematic potential fluctuation model(Ref. 7).

FIG. 9. FWHM of PL peak as a function of temperature for the 2.5-, 3.0-,
and 3.5-ML samples. The solid lines are fitted using the line broadening
model.
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sities at temperaturesT and 0 K, andEa is the activation
energy. The activation energies for the 2.5-, 3.0-, and 3.5-ML
samples obtained by theoretical fitting are 6.35, 9.40, and
18.87 meV, respectively. The activation energy increases
with the ZnTe coverage, as shown in Fig. 4. The obtained
activation energies are much lower than that of the type-I QD
system.21,22 For the 3.5-ML sample, the integrated PL inten-
sity increased then decreased maybe because the recombina-
tion in the II state is quicker than that in the I state(Fig. 8).
At low temperature, as the temperature is raised, the carriers

are thermalized from the localized I states into the II states.
Therefore, the PL intensity increases with temperature. As
the temperature is increased further, most carriers are trans-
ferred into the I8 and II8 states. The PL intensity decreases
as temperature increases because the(electron/hole)–phonon
interaction is gradually enhanced.

CONCLUSION

In summary, the size-dependent PL spectra of type-II
ZnTe QDs grown in a ZnSe matrix are obtained. The PL
peak energy is found to decrease as the dot size becomes
larger. A blueshift occurs as the excitation power is in-
creased. The temperature-dependent PL spectra reveal a
strong redshift in energy as the temperature is increased, the
narrowing of the line at low temperature, and the increase in
the PL intensity with(low) temperature. Carrier thermaliza-
tion and carrier transfer between QDs are used to explain the
experimental data. A temperature-dependent linewidth
broadening model is employed to fit the high-temperature
data. The decrease of the PL intensity as the temperature is
increased is fitted by the simple PL intensity quenching
model, to yield the activation energy, which increases with
ZnTe coverage.
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