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The influence of the growth conditions of CdSe/ZnSe quantum structures on the confinement properties are
systematically investigated by time integrated and time resolved photoluminescence. Three samples grown on
GaAs �001� by molecular beam epitaxy consisting of three CdSe monolayers embedded between two 40 nm
ZnSe barriers are studied. We focus on the influence of the treatment performed after the growth of the strained
CdSe layer before capping. The results clearly indicate the formation of quantum dots with excellent optical
properties when a specific treatment is performed on the strained CdSe layer before capping, whereas when the
CdSe layer is capped directly after growth a rough QW is obtained.
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I. INTRODUCTION

From the applications point of view, the growth of self-
assembled semiconductor quantum dots �QDs� was initially
motivated by their potential for use in low threshold lasers.1,2

Then, investigation of CdSe/ZnSe QDs gained considerable
attention due to the perspective of incorporating QD struc-
tures in laser diodes for the emission in the green and blue-
green spectral range.3–6 In recent years renewed interest in
QD systems appeared due to their possible applications as
active media in single photon emitters.7 In particular, self-
assembled CdSe/ZnSe QDs is a promising system for single
photon emitters in the blue-green range.8,9

Self-assembled QDs are formed as a consequence of
strain relaxation of a two-dimensional �2D� layer. In the case
of CdSe, different methods have been proposed to induce a
2D-3D �three-dimensional� transition of a strained CdSe
layer. For example, in Ref. 10, an annealing under selenium
flux after the growth of the CdSe layer is used. In this
method, the reorganization of the surface into islands is ob-
tained by thermal activation. It was also shown that using
thermal activation for the QD formation, higher optical qual-
ity and uniformity can be obtained using atomic layer epi-
taxy �ALE� rather than molecular beam epitaxy �MBE� for
the growth of the CdSe layer.11 Other groups do not use any
specific treatment after the growth of the CdSe layer to form
QDs.12–14 In Ref. 12, a 2D-3D transition is observed during
the growth by migration enhanced epitaxy �MEE� of the
CdSe layer. Long dead times between the exposures to the
different elements are used to allow the reorganization of the
surface. However, using this method for the growth of the
CdSe layer, in Ref. 15, the authors conclude from their re-
sults that the QD formation does not occur by Stranski-
Krastanov growth mode during CdSe deposition but during
capping and only if the ZnSe capping layer is also grown by
MEE. They explain the QD formation by a segregation en-
hanced CdSe reorganization process.15,16 In order to grow
CdSe QDs on ZnSe �001� surfaces, we recently developed a
method consisting of covering a layer of strained CdSe with

amorphous selenium at low temperature ��−10 °C� by ex-
posing the surface for 15 minutes to a selenium flux of
10−6 Torr. This amorphous selenium is then desorbed by
ramping the sample temperature from −10 °C to 280 °C
within 15 minutes.17 The QD formation occurs on the sur-
face during the desorption of the amorphous selenium.18

In the present contribution, we investigate the strong dif-
ferences in the confinement properties between three
CdSe/ZnSe heterostructure samples obtained using different
procedures to induce a 2D-3D transition of a strained CdSe
layer. Those different elaboration procedures lead to different
electronic confinement features, ranging from thickness fluc-
tuations along thin quantum wells to purely zero-dimensional
�0D� confinement potentials. Those differences have direct
consequences on the thermal escape of confined electrons
and on the optical properties of the QDs. The confinement
properties are studied by means of temperature dependent
time-integrated and time-resolved photoluminescence �PL�.
In particular, our optical measurements clearly indicate that a
specific treatment of the strained CdSe layer is needed before
capping in order to control the QD formation and minimize
electron thermal escape from QDs.

II. SAMPLE ELABORATION

The study we present is based on the optical property
comparison between three samples. The three samples con-
sist of three CdSe monolayers �ML� embedded between two
40 nm ZnSe barriers. For all samples, the II-VI growth was
started on a deoxidized �001� GaAs substrate following the
deoxidation process described in Ref. 19. The oxide was re-
moved without any chemical treatment and no GaAs buffer
was grown before the II-VI growth. For all samples, the
ZnSe barriers were grown using the same growth procedure
with most of the barriers grown by ALE. In particular, for the
three samples, after the growth of the first ZnSe barrier and
the CdSe layer, the beginning of the capping layer consists of
100 ZnSe ALE cycles. The growth temperature was kept at
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280 °C for the ZnSe barriers as well as for the CdSe layer.
The growth of the CdSe layer was performed by ALE, an
ALE cycle consisting of a 10 s exposure to the Cd flux fol-
lowed by a 10 s dead time, a 10 s exposure to the Se flux and
another 10 s dead time. Note that as in Ref. 12 we used long
dead times between the exposures to the different elements.
One ALE cycle corresponds to the growth of one-half a
monolayer of CdSe.18 What differs between the samples is
the treatment done after the CdSe deposition. For sample A,
the CdSe layer was capped directly after the growth of 3
CdSe ML, without trying to induce a 2D-3D transition by
any specific treatment before capping. For sample B, the
sample was annealed at 340 °C for 20 minutes under sele-
nium flux before capping and for sample C, the 2D-3D tran-
sition of the strained CdSe layer was induced by deposition
of amorphous selenium below room temperature and desorp-
tion of this amorphous selenium as described in Ref. 17.

The growth is monitored in situ by means of reflection
high energy electron diffraction �RHEED�.

Figure 1 shows a comparison of the RHEED patterns dur-
ing the growth of samples B and C at various steps of the
growth. When the 2D-3D transition is thermally activated
�sample B�, we see an evolution of the RHEED pattern dur-
ing the annealing: some intensity modulation appears along
the lines of the initially 2D RHEED pattern. The 2D-3D
transition is however much more obvious when amorphous
selenium is used to induce the 2D-3D transition: a spotty
RHEED pattern is observed after the desorption of amor-
phous selenium. A spotty RHEED pattern corresponds to a
rough surface due to well formed islands.

Figure 1 also shows that our growth procedure allows us
to recover a perfectly 2D RHEED pattern corresponding to a

smooth surface after the growth of a 40 nm thick ZnSe cap-
ping layer.

III. OPTICAL PROPERTIES

The rest of the paper is devoted to the comparison of the
optical properties between samples A, B, and C. Before go-
ing further, we want to point out the high reproducibility of
the samples in terms of optical properties. Samples B and C
were chosen as representative of series of samples grown
with the same conditions.

Time integrated PL spectra give us interesting features
about the localization potentials. In particular we can study
this way the size distribution of the QDs, show the existence
of a bimodal distribution of QDs or probe the existence of a
wetting layer �WL�. The temperature dependence of the PL
spectra shows how the thermal energy redistributes the car-
riers into the localization potentials. To better understand the
localization into the QDs, time-resolved PL spectra were also
studied. Indeed, time-resolved measurements make it pos-
sible to precisely investigate the dimensionality of the local-
ization and to quantitatively study the escape of the carriers
toward nonradiative channels with temperature.

Time integrated PL spectra were obtained using the
458 nm emission line of an argon laser. Time resolved PL
spectra were measured using a frequency-doubled titanium
sapphire laser �400 nm� working at a repetition rate of
80 MHz with a pulse width of 150 fs. In this setup the lumi-
nescence signal is dispersed by a 0.3 m monochromator
equipped with a 300 mm−1 grating and time resolved by a
streak camera. The spectral resolution is about of 1 meV and
the time resolution is 5 ps.

A. Time integrated PL spectra

1. PL spectra at 10 K

Figure 2 compares the time integrated PL spectra at 10 K
obtained with the 458 nm line of an argon laser under very
low excitation density ��1 W/cm2� for the three samples.
For such conditions, the excitation is in pseudoresonance
with the QDs and the carriers are directly generated into the
QDs.

When no treatment of the CdSe layer is performed before
capping �sample A�, the spectra is well fitted by a single
Gaussian centered at 2.49 eV, with a full width at half-
maximum �FWHM� of 61 meV. This emission energy is
typically the same as the one observed by Gindele et al.13 for
QDs obtained using 3.12 CdSe ML grown by MEE and with-
out any specific treatment of the CdSe layer before capping,
as described in Ref. 12. A simple confinement model shows
that this emission energy corresponds to confinement into a 3
ML thick CdSe quantum well �QW�. The large FWHM can
be explained by thickness fluctuations of the QW of the order
of 1 ML.

We see a clear evolution of the spectra when a treatment
is performed on the CdSe layer after growth. When the
sample is annealed at 340 °C after the growth of the CdSe
layer �sample B�, the emission energy shifts toward lower
energies. The central emission energy in this case corre-

FIG. 1. Comparison of the RHEED patterns between sample B
�2D-3D transition induced by thermal activation� and sample C
�2D-3D transition induced by the desorption of amorphous sele-
nium� during growth: after the growth of the first ZnSe barrier, after
the growth of the CdSe layer, after the 2D-3D transition and after
capping.
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sponds to the one observed in Ref. 10 in which the authors
also use annealing under selenium flux to induce a 2D-3D
transition of a strained CdSe layer. The PL spectrum can be
deconvolved into two Gaussian lines centered at 2.43 eV and
2.48 eV with FWHMs of 51 meV and 54 meV, respectively.
This shift toward lower energies is an optical signature of
confinement into deeper potentials, corresponding to QD for-
mation. The low energy Gaussian corresponds to QDs. The
emission energy of the high energy Gaussian is close to the
one observed for sample A. Thus, the high energy Gaussian
seems to be due to the emission of a rough QW.

When amorphous selenium is used to induce the 2D-3D
transition �sample C�, we observed a larger shift toward
lower energy, corresponding to confinement into bigger QDs
with deeper potentials. As for sample B, the emission spec-
trum can be deconvolved into two Gaussian lines. The

Gaussian lines are centered at 2.33 eV and 2.41 eV with
FWHMs of 56 meV and 75 meV, respectively. The emission
energies of the two Gaussian lines are at lower energy than
the center emission energy of sample A. The two Gaussians
are attributed to the emission of two collections of QDs with
different average sizes.

For sample C, using a titanium sapphire laser at 400 nm at
higher excitation density ��50 W/cm2� we observe an emis-
sion line at 2.74 eV with a FWHM of 15 meV. This emis-
sion is attributed to the emission of a wetting layer �WL�.
Note that we were able to observe the emission of a WL only
for sample C. The emission energy of the WL �2.74 eV�
corresponds to a confinement into a 1 ML thick WL. These
results show that using amorphous selenium, a clear reorga-
nization of 3 ML of strained CdSe into QDs on a thin WL is
obtained. The fact that we can observe the WL is due to the
relatively low density of the QDs, estimated to be of 3
�1010 cm−2 by atomic force microscopy.18

2. Temperature dependence of the PL spectra

The evolution of the PL spectra with temperature gives us
interesting informations about the redistribution of carriers in
the localization potentials as a function of temperature.

Figure 3�a� shows the evolution with temperature of the
PL center emission energy of sample A. The center emission
energy was obtained from Gaussian fits. Indeed, the PL spec-
tra of sample A keeps a Gaussian shape up to room tempera-
ture. The two continuous lines represent the evolution of the
ZnSe band gap as given in Ref. 20. We see that up to 100 K,
the emission perfectly follows the ZnSe band gap energy.
Above 100 K, the PL emission center energy is at higher
energy than the initial evolution. From 220 K, the emission
energy follows again the ZnSe band gap evolution, but at an
energy 50 meV higher than the initial evolution. So, for tem-
peratures higher than 100 K the carriers begin to be redis-
tributed into potentials emitting at 50 meV higher energy
than the levels on which the carrier are localized at low tem-
peratures. In Sec. III B 4, temperature dependent decay-time
measurements will show that this behavior is due to a delo-
calization of the carriers above 100 K into the 2D density of
state of the QW, the carriers being localized at low tempera-
ture by interface fluctuations of the rough QW �cf. Fig. 3�b��.

FIG. 2. PL spectra at 10 K obtained with the 458 nm line of an
argon laser. The inset shows an emission line observed at 2.74 eV
observed for sample C when a doubled titanium sapphire laser at
400 nm is used.

FIG. 3. �a� Evolution of the PL center emission energy of sample A versus temperature. The two solid lines represent the evolution of the
ZnSe band gap. �b� Confinement model for sample A: the carriers are localized by interface fluctuations of a rough QW at low temperature
and transfer toward the 2D density of states of the QW above 100 K.
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Figure 4�a� shows the PL spectra of sample B measured at
10 K, 140 K, and 280 K. Whereas at 10 K the spectrum can
be deconvolved by two Gaussian lines, at 140 K and 280 K,
the spectra are well fitted by only one Gaussian line. More
precisely the high energy Gaussian disappears around 100 K.
In Sec. III A 1 the high energy Gaussian of sample B corre-
sponds to the emission of a rough QW and the low energy
Gaussian to the emission of distribution of QD’s. In Sec.
III B 3, the temperature dependence of the decay times will
show that at low temperatures the carriers emitting into the
QD line, as well as the carriers emitting into the rough QW
line are localized into a 0 D density of states. This suggests
that the carriers emitting into the QW are localized on sur-
face fluctuations. The PL spectrum temperature dependence
shows that above 100 K, the thermal energy allows the car-

riers generated into the rough QW and localized by interface
fluctuations, to transfer into the deeper localization potentials
of the QDs �cf. Fig. 4�b��.

Figure 5 shows the PL spectra of sample C, also measured
at 10 K, 140 K, and 280 K. At 10 K the spectrum can be
deconvolved into two gaussian lines. As for sample B, the
high energy Gaussian disappears around 100 K: Figure 5�a�
shows that the spectrum at 140 K is well fitted by a single
Gaussian. However the high energy Gaussian reappears in
the spectrum at 200 K and Fig. 5�a� shows that the spectrum
can clearly be deconvolved again by two Gaussians at
280 K. So, for sample C, from 100 K, the thermal energy
transfers the carriers from the high energy QD distribution to
the low energy one. Above 200 K, the thermal energy is high
enough to thermally redistribute the carriers between the two

FIG. 4. �a� PL spectra of sample B at 10 K, 140 K, and 280 K. �b� Confinement model of sample B: the carriers localized by interface
fluctuations of the rough QW at low temperature �corresponding to the high energy Gaussian�, transfer above 100 K toward the QD
distribution through the 2D density of states of the QW.

FIG. 5. �a� PL spectra of sample C at 10 K,
140 K, and 280 K. �b� Confinement model of
sample C: the carriers localized into the high en-
ergy QD distribution �QDhe� at low temperature
�corresponding to the high energy Gaussian emis-
sion�, transfer above 100 K toward the low en-
ergy QD distribution �QDle� through the 2D den-
sity of states of the WL. Above 200 K, the
thermal energy is high enough to thermally redis-
tribute the carriers between the two QD
distributions.

ROBIN, ANDRÉ, AND GÉRARD PHYSICAL REVIEW B 74, 155318 �2006�

155318-4



QD distributions. This behavior is probably due to the fact
that from 200 K the thermal energy is high enough to make
the carriers reach the high density of states of the WL which
is an efficient transfer channel for the carrier between the two
QD distributions.

B. PL decay times

Time integrated PL temperature dependence gave us in-
teresting information about the localization potentials for dif-
ferent growth conditions. However, time-resolved PL mea-
surements allow us to better understand the confinement into
our heterostructures. Indeed, we can study this way the di-
mensionality of the confinement, estimate the distance be-
tween the confined levels and quantitatively study the escape
of the carriers toward nonradiative channels with tempera-
ture.

The confinement regime �weak or strong� is also a point
of great interest we want to study by the means of time-
resolved PL. To see if we are in a strong or in a weak con-
finement regime we can first compare the lateral confinement
size � to the Bohr radius aB of the exciton �aB=5.6 nm in
bulk CdSe�. If �� �aB we are in a strong confinement re-
gime and if �� �aB we are in a weak confinement regime. It
is however difficult to estimate the lateral size of the con-
finement. In the case of sample A, the carriers are localized
on surface fluctuation of a rough QW and the size of those
fluctuations is difficult to know. In the case of samples B and
C, the diameter of the islands after amorphous selenium de-
sorption is of the order of 20 nm.18 However capping affects
the shape and the composition of the QDs,16,21,22 so the lat-
eral confinement size is certainly different from the diameter
of the islands observed by AFM.

Thus we are going to calculate the theoretical decay time
in CdSe QDs in the case of a strong confinement regime. In
the next section we will compare this theoretical value to the
decay times measured at low temperature, to quantitatively
estimate what is the confinement regime in our samples.

The oscillator strength f� of an optical transition having a
direction of polarization �� is given by23

f� =
2m0�

�
��f ��� r��i��2 =

2

m0��
��f ��� p� �i��2, �1�

where m0 is the electron mass, � the optical transition fre-
quency, i and f the initial and final states of the optical tran-
sition, and r� and p� are the position and momentum operators.
In the case of the strong confinement regime, the oscillator
strength can also be written24 as

f� =

2

m0
��uv�p����� p� �uc�p����2��	e��	h��2

E
=

Ep��	e��	h��2

E
,

�2�

where E=�� is the optical transition energy, uv and uc are
the Bloch functions in the valence and the conduction bands,
	e and 	h are the envelope functions of the electron and
hole. Ep= 2

m0
��uv�px�uc��2 �Refs. 25 and 26� is the Kane matrix

element, characterizing the optical transition in bulk mate-

rial. In the case of II-VI materials, Ep�21 eV.26

From Eq. �1�, the oscillator strength can be written using

the electrical dipole d� =er�,

f� =
2m0�

e2�
��f ��� er��i��2 =

2m0�dx
2

e2�
, �3�

where x is the light direction of polarization and dx is the
dipolar electric operator matrix element along x.

This expression allows us to directly link the oscillator
strength to the radiative lifetime in the QDs. Indeed, the ra-
diative lifetime of a QD is given by24

1



=

dx
2�3n

3��0�c3 , �4�

where n is the CdSe index of refraction. Using Eq. �3�, the
radiative lifetime reads

1



=

f�e2�2n

6�m0c3�0
. �5�

Using Eq. �2�, the radiative lifetime also reads

1



= EpE��	e�	h��2

e2n

6��2m0c3�0
. �6�

For an electron and a hole in their lowest s state,
��	e �	h��2�1. Hence we find a radiative lifetime 

�400 ps. For this calculation we did not take into account
the Coulomb interaction between the carriers, so when the
lateral size of the QD is larger than the Bohr radius in the
weak confinement regime, we expect to measure a radiative
lifetime shorter than 400 ps.

1. PL decay times at 10 K

To investigate the confinement regime in our samples, we
first study the decay time versus the emission energy at
10 K. At this temperature, the measured decay times are the
radiative lifetimes of the excitons in the structures. For each
emission energy the decay of the luminescence is measured
using a 0.5 meV large spectral window.

Figure 6 presents the PL decay times versus the emission
energy of samples A, B, and C measured at 10 K. We can see
a strong difference in the range of decay times between
sample A and samples B and C. For sample A, the decay
time varies from 750 ps at the low energy side of the spec-
trum to 350 ps at the high energy side, whereas for samples
B and C the PL decay times are much shorter: between 180
and 330 ps for sample B and between 240 and 300 ps for
sample C. The longer decay times for carriers confined in
sample A heterostructure show that the overlap of the elec-
tron and the hole wave functions is less important than in the
case of confinement in samples B and C. This is probably
due to the fact that in the case of sample A the carriers are
confined by interface fluctuations of a rough QW �cf. Sec.
III A 2�. In the case of samples B and C the localization into
well-defined QDs obtained thanks to a specific treatment of
the CdSe layer before capping leads to a better overlap of the
wave functions of the electron and the hole and shorter decay
times.
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The energy dependence of the decay times, with shorter
decay times at the high energy side of the spectrum, particu-
larly striking for sample A, with strong variations of the de-
cay times over the PL spectrum was observed by many other
groups in CdSe/ZnSe heterostructures, especially when no
specific treatment was performed after the growth of the
CdSe layer before capping.13,14,27,28

In Ref. 13 the increase of the radiative lifetime at lower
emission energy was attributed to a decrease of the coherent

volume with increasing lateral confinement.29 This explana-
tion supposes a strong confinement regime at the low energy
side of the spectrum and a weak confinement regime at the
high energy side. Experimentally, we measure in sample A
radiative lifetimes between 350 and 750 ps. If we compare
those decay times to the theoretical value of the radiative
lifetime calculated in the case of a strong confinement re-
gime �400 ps� we see that in our case we cannot explain
decay times as long as 750 ps, even in the case of a strong
confinement regime. Long decay times could result from a
spatial separation of the electron and the hole due to alloy
composition fluctuations. TEM images21 indicate that in our
growth conditions a Cd rich shell can be formed during cap-
ping around the CdZnSe heterostructures. Such alloy compo-
sition fluctuations could lead to a confinement configuration
as shown in Fig. 7. The electron and the hole are confined
into the same thickness fluctuation of the rough QW. How-
ever, because of its larger mass, the hole can be localized on
the Cd rich shell whereas the electron because of its smaller
mass is not sensitive to the alloy fluctuation and is localized
on a larger scale. In that case, confinement into smaller QW
thickness fluctuations leads to a smaller separation of the
electron and the hole. Indeed this simple model could also
explain the observed smaller decay times at higher energies.

For samples B and C, the measured radiative lifetimes are
of the order of 300 ps. For confinement in those samples, the
confinement is between the strong and the weak confinement
regime: the decay times measured are close to the theoretical
value found with the assumption of a strong confinement
regime �400 ps�, but lower because we did not take into ac-
count the Coulomb interaction in our calculations. For
sample B, we also observe a strong dependence of the decay
times versus the emission energy: the decay times vary from
330 ps at the low energy side of the spectrum to 180 ps at
the high energy side. As for this sample the decay times are
smaller than 400 ps, the energy dependence of the decay
times can effectively be explained by a change of the coher-
ent volume as suggested in Ref. 13: the confinement into
interface fluctuation is less deep than the confinement into
QDs �this is why the emission of the rough QW is observed
at higher energy than the QD emission�. The lateral size of
the interface fluctuations can also be larger than the lateral
size of the QDs and we then obtain a weak confinement
regime for the interface fluctuations emitting a higher energy

FIG. 6. Decay times versus emission energy for samples A, B,
and C measured at 10 K, superimposed on the PL spectra.

FIG. 7. Separation of the electron and the hole wave functions
due to alloy composition fluctuations of a rough QW.
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with short decay times whereas a stronger confinement re-
gime and larger decay times are obtained for the QDs emit-
ting at lower energy.

For sample C, the decay time is quasiconstant over each
Gaussian component of the spectrum: about 300 ps for the
low energy Gaussian and 250 ps for the high energy Gauss-
ian. This is certainly due to the fact that the two Gaussians
correspond to the emission of two different types of well-
defined QDs, each QD distribution having its specific prop-
erties.

2. Temperature dependence of PL decay times of sample C

To better understand the confinement in our heterostruc-
tures, the evolution with temperature of the PL decay times is
studied. Temperature dependence of the PL decay time is a
signature of the confinement dimensionality. To extract more
information from this study, for each sample a theoretical
model is used to fit the experimental temperature dependence
of the decay times. This model, that we are going to present
in this section allows us to understand the redistribution of
the carriers with temperature into the different confined lev-
els, to determine which levels play a role into the emission
process, to estimate the energy separation between the con-
fined levels and to better understand the escape of the carri-
ers with temperature toward nonradiative channels. For clar-
ity, especially for the introduction of the model used to fit the
temperature dependence of the decay times, we will first fo-
cus on sample C.

Micro-PL measurements �not shown� show that the emis-
sion energy of a single QD follows with temperature the
ZnSe band-gap evolution given in Ref. 20. Thus, to be sure
to study the same QDs over the whole temperature range, the
spectral window used to measure the decay times is shifted
with temperature following the ZnSe band-gap evolution.

Figure 8 presents the temperature dependence of PL decay
time of sample C for three different spectral positions. The
spectral positions E1 and E2 correspond to the low energy tail
and the maximum of the low energy Gaussian. For these
emission energies we were able to measure the decay times
up to room temperature. The spectral position E3 corre-
sponds to the maximum of the high energy Gaussian. For
this emission energy we could measure the decay time up to

90 K. As we saw in Sec. III A 2, for higher temperatures, the
emission of the high energy Gaussian disappears.

The temperature dependence of the decay time is deter-
mined by the thermalization effect and is known to reflect the
dimensionality of quantum structures.30–32 For the three
emission energies, the decay times do not vary with tempera-
ture between 10 K and 50 K. This is due to the zero-
dimensional confinement into the QDs: the thermalization is
suppressed because of the 
-function-like density of states.

For the high energy Gaussian, we observe an exponential
decrease of the decay time above T0

E3=50 K, which corre-
sponds to the activation of the nonradiative channels. The
activation energy of the nonradiative channels is Ea

E3

=8 meV for this QD distribution.
We see that for the two emission energies within the low

energy Gaussian, the temperature dependence of the decay
times is the same, showing that the confinement characteris-
tics are the same within the same QD distribution. Between
60 K and 140 K we observe an increase of the decay times
from 300 ps to 450 ps. In Ref. 33 an increase of the decay
time with temperature was also measured on a single CdSe
QD. Using a quantitative model we will explain this increase
of the decay times by a thermalization of the carriers on the
excited states of the QDs. Above 150 K the decay time de-
creases because the carriers begin to reach the nonradiative
channels. Above T0

E1=T0
E2=180 K we then observe an expo-

nential decrease of the decay times, the nonradiative chan-
nels being dominant in the deexcitation process. The activa-
tion energy of the nonradiative channels for the two emission
energies studied is Ea

E1,E2=80 meV.
We also measured the PL decay time versus the tempera-

ture on the WL of sample C. The results are shown in Fig. 9.
We observe a linear increase of the decay time between 10
and 40 K with a slope of 1,1 ps/K. This behavior is a signa-
ture of a confinement into a two-dimensional structure30 and
was reported before in the case of GaAs/GaAlAs QWs
�Refs. 34 and 35� and CdTe QWs.36 The temperature depen-
dent PL decay clearly shows that the emission observed
around 2.75 eV for sample C is due to a WL. More precisely,
for a two-dimensional confinement, the linear dependence of
the radiative lifetime reads30

FIG. 8. Decay time temperature dependence of sample C for
three spectral positions. The inset shows the PL spectrum at 10 K.
The arrows indicate the three spectral positions studied.

FIG. 9. Temperature dependence of the decay time of the WL of
sample C. The inset shows the PL spectra of the WL at 10 K.
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r�T� =

0kBT

Ecinmax
X , �7�

where 
0=1/�0 is the radiative lifetime for k	 =0. This radia-
tive lifetime is linked to the FWHM of the zero-phonon ex-
citonic line by the Heisenberg uncertainty relation �E
0=�.
In Eq. �7�, Ecinmax

X is the maximal kinetic energy of the exci-
tons that recombine radiatively,

Ecinmax
X =

�2k	max
2

2M
, �8�

where M is the exciton mass and k	max the maximum in-plane
wavevector of the excitons that recombine radiatively. k	max
is linked to the emission energy by the equation

�k	max = n
EPL

c
, �9�

where n is the ZnSe index of refraction and EPL is the WL
emission energy.

Using those equations and the slope value �1.1 ps/K� for
the linear temperature dependence of the decay time, we find

0=2.5 ps, which corresponds to a zero-phonon FWHM line
�0=260 �eV. In Ref. 37 �0 values of about 200 �eV are
measured by reflectivity in ZnSe based QWs. In Ref. 38 a
value of �0 of 300 �eV is deduced from a Rabi splitting
measurement in the strong coupling regime in CdZnSe QWs.
Those values are in good agreement with the �0 value we
find from the decay time temperature dependence of the WL.

We will now present a model to explain the temperature
dependence of the decay time of the low energy QD distri-
bution. In particular, we will show that the increase of the
decay times between 60 K and 140 K is compatible with
confinement into QDs. This model is similar to the one pre-
sented in Ref. 39 to explain decay time temperature depen-
dent of CdTe QDs. A schematic of the model is shown in Fig.
10. It is based on a thermal redistribution of an electron and
a hole over the discrete states of a QD and the 2D continuum

states of the WL. We will consider the redistribution of the
electron and the hole separately, assuming that the Coulomb
effects are negligible compared to the confinement effects.
This assumption is reasonable according to the calculation
done in Sec. III B 1 which showed us that we are close to the
strong confinement regime in our QDs.

The decay time measurements on the QD distribution
were done under very weak excitation with no more than one
exciton in a QD. This is why we consider a QD occupied by
one electron and one hole. We consider a lowest s state and
two excited p states for the electron e and the hole h. We also
consider the continuum density of states of the WL De�h�

wl

=
me�h�L

2

��2 where L2 is the typical area accessible for a con-
tinuum state wave function and me�h� the electron �hole�
mass.

For a QD containing one exciton, the sum over all the
level occupation probabilities for the electron �and the hole�
must be unity,


 dEDe�h��E�pe�h��E� = 1, �10�

De�h��E� is the electron �hole� density of states and pe�h��E�
= 1

Ze�h�
exp�−E /kBT� is the canonical occupation probability.

Taking the QD s-state energy as origin, Ee�h�
p the energy of

the p states and Ee�h�
wl the lowest energy of the WL continuum

density of states, De�h��E� reads

De�h� = 2
�E� + 4
�E − Ee�h�
p � + De�h�

wl ��E − Ee�h�
nr � . �11�

� being the Heaviside function. From Eq. �10� we can
determine the partition function Ze�h� versus temperature

Ze�h��T� = 2 + 4 exp�− Ee�h�
p /kBT� + kBTDe�h�

wl exp�− Ee�h�
wl /kBT� .

�12�

Then we obtain the occupation probabilities es�hs� of the s
orbital as well as the occupation probability ep�hp� of one of
the two p orbitals,

es�hs� = 2pe�h��0� =
2

Ze�h��T�
,

ep�hp� = 2pe�h��Ee�h�
p � =

2 exp�− Ee�h�
p /kBT�

Ze�h��T�
. �13�

The two factors are due to the spin degeneracy.
The probability of an electron �or hole� being in the WL is

given by

ewl�hwl� = 

Ee�h�

wl

�

De�h�
wl pe�h��E�dE = De�h�

wl kBT .
exp�− Ee�h�

wl /kBT�

Ze�h��T�
.

�14�

We then consider three different recombination channels:
�i� and �ii� discrete recombinations between electrons and
holes in an s or in a p orbital with lifetimes 
s and 
p, re-
spectively; �iii� nonradiative recombination that will occur

FIG. 10. Schematic of the model used to explain the QD distri-
bution decay time temperature dependence.
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with a nonradiative lifetime 
nr if the electron or the hole
reach the WL. Thus the decay time 
 reads

1



=

eshs


s
+ 2

ephp


p
+

�ewl + hwl�

nr

. �15�

We calculate the energy separation between the s state and
the p states considering a parabolic confinement potential in
the QD.40 Thus, the lateral dimension Lx,y is then an adjust-
able parameter of the model. The energy separation between
the s state and the WL continuum density of states is fixed,
given the energy separation between the emission of the QD
distribution and the emission of the WL.

Figure 11 presents the measured �datapoints� and calcu-
lated �curves� decay time temperature dependence of the low
energy QD distribution. The dotted curve presents the evo-
lution of the decay times when the nonradiative recombina-
tions are not taken into account �in this calculation we sup-
pressed the escape of the carriers toward the WL�. We see
that we can perfectly reproduce the temperature dependence
of the decay times only considering the radiative recombina-
tion processes up to 140 K. The s state and the p states
radiative lifetimes are found to be 
s=305 ps and 
p
=250 ps. The energy separation between the s state and the p
correspond to a lateral size of the QD Lxy =7.3 nm. The inset
of Fig. 11 presents the temperature dependence of the occu-
pation probabilities es, hs, ep, and hp of the electron and hole
s and P orbitals when the escape of the carriers toward the
WL is not taken into account. We see that the increase of the
decay times between 60 K and 140 K can be explained by a
thermal redistribution of the hole in p states at low tempera-
ture, the electron remaining in the lowest s state.

Discussion: This model gives us a lateral size of the con-
finement into our QDs smaller than the diameter of the is-
lands measured by AFM �typically 20 nm �Ref. 18��. As sug-
gested in Refs. 15 and 16 this tends to show that capping

modifies the shape and the size of the QDs. The confinement
lateral size �7.3 nm� is close to the Bohr radius of the exciton
�5.6 nm in bulk CdSe�, showing that we are close to a strong
coupling regime, which justifies the approach used in the
model. We also find similar lifetimes for recombination into
an s state or into a p state. This is consistent with the fact that
the overlap of the wave functions of the electron and the hole
is of the same order of magnitude when the two carriers are
in orbitals with the same symmetry.

However, with this model we are not able to perfectly
reproduce the exponential decrease of the decay times on the
high temperature side. This is due to the fact that the only
nonradiative process we consider is the escape of the carriers
toward the WL. More precisely, the activation energy we
calculate is greater than the one measured. This is due to the
fact that we fixed the energy separation between the s states
and the WL. However, defects in the ZnSe barriers must also
play a role in the nonradiative recombinations. The defects in
the barriers are also easier to reach when the thermal energy
redistributes the carriers into p states because when the car-
riers are localized on excited levels, their wave functions
penetrate deeper into the barriers. We must take into account
other nonradiative channels than the WL.

The activation energy we measure is 80 meV. In Fig. 12
we present the result of a calculation using a nonradiative
density of states for the holes Dh

nr 80 meV higher than the s
state of the QD. The Arrhenius plot of the measured and
calculated decay time vs the inverse of the temperature pre-
sented in the inset of Fig. 12 shows that in this case we are
able to perfectly reproduce the exponential decay. Thus, the
model fits now very well the evaluated activation energy.
Note that even if we obtain a good fit, we cannot however
quantitatively identify the defects which play a role into the
nonradiative process: this model just tells us that the WL is
not the only nonradiative escape channel.

3. PL decay time temperature dependence of sample B

Figure 13 presents the evolution of the PL decay times of
sample B for three different spectral positions. The spectral
positions E1 and E2 correspond to the low energy tail and the
maximum of the low energy Gaussian. The spectral position
E3 corresponds to the maximum of the high energy Gaussian.
For this emission energy we could measure the decay time
up to 150 K, the emission of the high energy Gaussian dis-
appearing for higher temperatures.

For the three emission energies, the decay times do not
vary with temperature between 10 K and 50 K. As for
sample C, we observe a zero-dimensional confinement at low
temperature. In Sec. III A 1, from the comparison between
the emission energy of the high energy Gaussian of sample B
and the emission energy of sample A, we concluded that the
high energy Gaussian in the spectrum of sample B is prob-
ably due to a rough QW. In this case, the zero-dimensional
confinement is due to localization of the carriers by interface
fluctuations. For the high energy Gaussian, we observe an
exponential decrease of the decay time above T0

E3=80 K,
which corresponds to the activation of the nonradiative chan-
nels. The activation energy of the nonradiative channels is
Ea

E3=14 meV.

FIG. 11. Measured �datapoints� and calculated �curves� decay
time temperature dependence of the low energy QD distribution of
sample C. The dotted curve presents the evolution of the calculated
decay time when the nonradiative channels are not taken into ac-
count. The inset presents the temperature dependence of the occu-
pation probabilities es, hs, ep, and hp of the electron and the hole
into the s orbital or into one of the two p orbitals when the escape
of the carriers toward the WL is not taken into account.
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For the two emission energies of the low energy Gaussian,
the evolutions of the decay time with temperature are similar.
Between 50 K and 160 K we observe an increase of the de-
cay times from about 250 ps to 350 ps. Above 160 K we
observe a decrease of the decay times which becomes expo-
nential from T0

E1 =T0
E2 =200 K with an activation energy

Ea
E1,E2 =135 meV. Compared to sample C the increase of the

decay time is less important. This is certainly due to the fact
that the carriers are confined into QDs with larger lateral
size: the energy separation between the p states and the s
states is more important and a higher thermal energy is then
needed to reach the p states. The same model we applied for
sample C will confirm this interpretation. We also note that
the temperature T0 for which the nonradiative deexcitation
processes become dominant and the corresponding activation
energy is higher than for sample C. This could be due to the
fact that for sample B, the redistribution of the carriers on p
states is less important than for sample C so the probability
for a carrier to reach a defect into the barriers is lower.

Figure 14 presents the best fit of the low energy Gaussian
decay time temperature dependence. We used the same
model as the one presented in Sec. III B 2. The redistribution
with temperature of the electron and the hole in s and p
states is calculated separately. To fit the exponential decay at
high temperature, we introduced a nonradiative density of
states Dnr for the holes 135 meV higher than the s state of the
QD corresponding to defects into the barrier. We see that for
this sample also we can perfectly fit the increase of the decay
times. As for sample C, this increase is due to a redistribution
of the hole in p states, the electron remaining in the lowest s
state. The energy separation between the s states and the p
states corresponds in this case to a lateral size of the QD
Lx,y =11 nm. Therefore this model shows that for sample B,
the carriers are confined into QDs with larger lateral size
than for sample C. This can also explain the shorter decay
times we measure at low temperature on sample B. The

FIG. 12. �a� Measured �datapoints� and calculated �curve� temperature-dependent decay times of the low energy QD distribution of
sample C. The inset shows an Arrhenius plot of the measured and calculated decay times vs 1/T. �b� Schematic of the model used for this
calculation: we introduced a nonradiative density of states for the holes corresponding to defects into the ZnSe barriers.

FIG. 13. Decay time temperature dependence of sample B for
three spectral positions. The inset shows the PL spectrum at 10 K.
The arrows indicate the three spectral positions studied.

FIG. 14. Measured �datapoints� and calculated �curve�
temperature-dependence decay times of the low energy Gaussian of
sample B. The inset shows an Arrhenius plot of the same data.

ROBIN, ANDRÉ, AND GÉRARD PHYSICAL REVIEW B 74, 155318 �2006�

155318-10



Arrhenius plot presented in the inset of Fig. 14 shows that
the model fits very well the evaluated activation energy.

4. PL decay time temperature dependence of sample A

Figure 15 presents the evolution with temperature of the
PL decay times of sample A for three different spectral po-
sitions. The spectral positions correspond to the low energy
tail, the maximum and the high energy tail of the spectrum.
The temperature dependence of the decay times is different
for each emission energy. However, for the three spectral
positions, the decay time is constant between 0 and 40 K,
showing that even if we did not try to induce a 2D-3D tran-
sition for this sample, the carriers are localized on discrete
energy levels at low temperature. The discrete density of
states is certainly due to the interface fluctuations of a rough
QW.

For the low emission energy �E1�, we see an increase of
the decay time from 700 ps to 860 ps between 50 K and
80 K. For the two other emission energies, the decay time is
constant to about 90 K. For the three emission energies, we
then observe a decrease of the decay times between 90 K and
120 K. What is striking about this sample is the fact that the
decay time becomes constant again for the three emission
energies between 120 K and 140 K. Above about 150 K, we
then observe an exponential decrease of the decay times.

In Sec. III A 2, the temperature dependence of the PL
center emission energy showed us that the carriers are redis-
tributed above 100 K in potentials 50 meV higher than the
levels on which the carriers are localized at low temperature.
We interpreted this behavior by a delocalization of the carri-
ers above 100 K into the 2D density of states of the QW, the
carriers being localized by thickness fluctuations at low tem-
perature. The model we will present shows that the plateau in
decay times between 120 K and 140 K is another signature
of the redistribution of the carriers into the QW above
100 K.

To explain our observations, we will present a model
similar to the one presented in Sec. III B 2. We were not able
to explain the decay time temperature dependence of sample
A with a discrete density of state for the confined levels. The

plateau observed between 120 K and 140 K is certainly due
to a localization on excited levels at high temperature. In this
case, only a high density of states such as the 2D density of
state of the QW can allow an occupation rate close to 1 at
higher temperature into other levels than the fundamental
level.

In Secs. III B 2 and III B 3 we explained the increase of
the decay time observed for the low energy Gaussians of
samples C and B by a thermally activated redistribution of
the electron and the hole into p states separately. For sample
A, at the high energy side of the spectrum, we do not observe
an increase of the decay times and we deduced from this
observation that we have an excitonic behavior of the carri-
ers at high emission energy. Indeed, for this sample, the con-
finement by interface fluctuations of a rough QW is certainly
weaker than in the case of confinement into QDs and a weak
confinement favors exciton formation.

For the emission energies E2 and E3, we consider the
evolution of an exciton on an s fundamental level and a 2D
continuum with a density of state Dex

2D. To model the nonra-
diative recombinations we also consider a nonradiative den-
sity of states Dex

nr. The exciton density of states then reads

Dex = 2
�E� + Dex
2D��E − Eex

2D� + Dex
nr��E − Eex

nr� . �16�

Eex
2D and Eex

nr being the energy separations between the
fundamental s state and the 2D continuum and the nonradi-
ative states, respectively.

The partition function of the exciton is

Zex�T� = 2 + kBTDex
2D exp�− Eex

2D/kBT� + kBTDex
nr

�exp�− Eex
nr/kBT� . �17�

The occupation probabilities exs of the s orbital and the
occupation probabilities ex2D and exnr of the 2D and the non-
radiative contimua are

exs =
2

Zex�T�
,

ex2D = Dex
2DkBT

exp�− Eex
2D/kBT�

Zex�T�
,

exnr = Dex
nrkBT

exp�− Eex
nr/kBT�

Zex�T�
. �18�

Considering a radiative lifetime 
s for a recombination on
the s state, a radiative lifetime 
2D�T� for a recombination
into the 2D density of states and a nonradiative lifetime 
nr,
the decay time 
 reads

1



=

exs


s
+

ex2D


2D�T�
+

exnr


nr
. �19�

For recombination into the 2D density of states, we con-
sidered the same linear temperature dependence of the decay
time 
2D�T� as we measured on the 2D WL of sample C, i.e.,
1.1 ps/K. For the energy separation Eex

2D between the s fun-
damental state and the 2D density of states, we used the

FIG. 15. Decay time temperature dependence of sample A for
three spectral positions. The inset shows the PL spectrum at 10 K.
The arrows indicate the three spectral positions studied.
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value measured from the temperature dependence of the PL
emission energy in Sec. III A 2, i.e., 50 meV.

Figure 16 presents the best decay time fits we obtained for
the emission energies E2 and E3 by adjusting Dex

2D, Dex
nr, Eex

nr,
and 
nr. Note that the values of Eex

2D �=50 meV�, Dex
2D, Dex

nr,
and 
nr are the same for the two fits. The energy separation
Eex

nr between the fundamental s state and the nonradiative
continuum was changed according to the energy difference
between E2 and E3. The only difference between the two fits
is the s radiative lifetime 
s. This lifetime corresponds to the
one measured at 10 K for each emission energy, i.e., 
s
=570 ps for E2 and 
s=370 ps for E3. We see that we can
reach a fairly good agreement between the calculated curves
and the experimental data. According to this model, the pla-
teau in decay times observed between 120 K and 140 K is
indeed due to a delocalization of the exciton into a 2D den-
sity of states.

An excitonic model cannot however explain the tempera-
ture dependence of the decay time observed for the emission
energy E1, especially the increase of the decay time observed
between 50 and 80 K. For this emission energy, the Coulomb
interaction between the electron and the hole must be too
weak to form an exciton. Indeed, E1 corresponds to the low
energy tail of the spectrum and if the long decay time is due
to the separation of the electron and the hole as described in
Fig. 7, this separation is the most important on the low en-
ergy side of the spectrum. We used the model described in
Sec. III B 2 for this emission energy. We treated the electron
and the hole separately, introducing a 2D density of states
and a nonradiative density of states for each carrier. We

chose the energies separation Ee�h�
2D between the s states and

the 2D densities of states for the electron and the hole so that
Ee

2D+Eh
2D=50 meV. We also took the same density of states

for the 2D continuum and nonradiative channels as for the
calculations done for the emission energies E2 and E3.

There are some quantitative discrepancies between the
measured and the calculated curves �Fig. 17�. However, con-
sidering the simplicity of the model and the fact that we tried
to minimize the number of parameters as much as possible,
we see that we obtain a good qualitative agreement over the
whole temperature range. In particular, this calculation also
shows a plateau around 130 K which is due to a delocaliza-
tion of the electron and the hole into a 2D density of states.
Note that for this sample also, the Arrhenius plots presented
in the insets of Figs. 16 and 17 show that the model fits very
well the evaluated activation energies.

IV. CONCLUSION

We studied the relation between the confinement proper-
ties and the growth procedure to form CdSe/ZnSe QDs.
Three samples have been studied, each sample correspond-
ing to a different treatment of the strained CdSe layer before
capping. Our study clearly shows that to control the localiza-
tion of the carriers into QDs, a specific treatment is needed
after the growth of the CdSe layer before capping. The opti-
cal properties of the heterostructures strongly depend on the
treatment performed. The energy shift toward low energies
measured by time-integrated PL measurements gives clear
evidence that the carriers are localized into deeper localiza-
tion potentials when a specific treatment is performed before
capping. The lowest emission energy, corresponding to local-
ization into QDs, is observed when amorphous selenium is
used to induce the 2D-3D transition �sample C�. In this case,
the emission from the WL is observed for higher excitation
density. When no treatment is performed before capping,
long decay times are measured at low temperature with
strong variation versus the emission energy due to the sepa-
ration of the electron and the hole in a rough QW. Tempera-

FIG. 16. Measured �datapoints� and calculated �curves�
temperature-dependence decay times of sample C for the two emis-
sion energies E2 and E3. The insets show Arrhenius plots of the
same data.

FIG. 17. Measured �datapoints� and calculated �curve�
temperature-dependence decay times of sample C for the emission
energy E1. The inset shows an Arrhenius plot of the same data.
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ture dependent PL measurements show that the carriers are in
this case localized on interface fluctuations at low tempera-
ture and are delocalized into the 2D density of states of the
QW at higher temperature. Using a specific treatment before
capping much shorter decay times at low temperature are
obtained, corresponding to localization into QDs. The local-
ization into QDs can be maintained up to 200 K. Tempera-
ture dependent PL measurements show that the redistribution
into excited levels of the QDs with temperature as well as the

quality of the barriers play an important role in the escape of
the carriers toward nonradiative channels.
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