
Temperature-dependent midinfrared photoluminescence of epitaxial PbTe/CdTe quantum dots
and calculation of the corresponding transition energy

T. Schwarzl,1,* E. Kaufmann,1 G. Springholz,1 K. Koike,2 T. Hotei,2 M. Yano,2 and W. Heiss1

1Institut für Halbleiter- und Festkörperphysik, Johannes Kepler Universität Linz, Altenbergerstraße 69, A-4040 Linz, Austria
2Osaka Institute of Technology, Asahi-ku Ohmiya, Osaka 535-8585, Japan

�Received 10 July 2008; published 23 October 2008�

We present the temperature dependence of continuous-wave midinfrared photoluminescence of PbTe quan-
tum dots in a CdTe matrix. The quantum dots are formed by epitaxial precipitation of a two-dimensional PbTe
layer upon thermal annealing. A strong shift of the emission to longer wavelengths with decreasing temperature
is found. This shift is not only caused by the strong temperature dependence of the band gap of PbTe but also
by the strain in the dot as well as by the change in quantization energies, both being temperature dependent due
to the thermal-expansion mismatch between PbTe and CdTe, and via the effective masses of PbTe. At low
temperatures we observed an increase in the emission intensity with rising temperature, depending on dot size.
This is attributed to the presence of a dark ground state, as was also observed for lead salt nanocrystals. The
influence of the excitation power on the emission spectra at various temperatures indicates carrier redistribution
between the dots. Furthermore, an analytical calculation of the ground-state transition energy in the dots is
performed using a spherical dot shape, and including the temperature-dependent strain in the dots and the
matrix as well as the temperature dependence of the effective masses of PbTe. From these model calculations,
a good agreement to the experimental data is obtained over the whole temperature range from 20 to 300 K.

DOI: 10.1103/PhysRevB.78.165320 PACS number�s�: 78.67.Hc, 81.07.Ta, 78.55.Hx, 78.55.Et

I. INTRODUCTION

In recent years, a lot of effort has been devoted to the
investigation of semiconductor systems with reduced dimen-
sionality. In particular, reducing the dimensionality to zero so
that free carriers are confined in all three directions of space
results in an atomlike density of states.1–3 In such quantum
dots �QDs�, not only interesting physical effects were ob-
served but also applications for optical devices, such as low-
threshold semiconductor lasers, have been shown.4–7 The
most common fabrication method for QDs is the Stranski-
Krastanow �SK� growth mode of strained-layer heteroepit-
axy, which yields defect-free QDs �Ref. 8� exhibiting strong
photoluminescence �PL� emission. SK dots usually exhibit
relatively flat dot shapes and are connected by a two-
dimensional wetting layer on which the dots are formed.

The typical and most studied materials for SK dots are
In�Ga�As/GaAs, leading to emission between 1 and 1.3 �m.
The temperature dependence of the PL of these QDs was
studied in some detail. In particular, the integrated PL inten-
sity, the peak position, and the widths of the PL emission
show a behavior not observed in quantum well systems. The
PL intensity of QDs usually remains constant at low tem-
peratures but starts to decrease slowly at intermediate tem-
peratures �about 50–120 K� and finally decreases exponen-
tially for higher temperatures.9–11 The peak energy exhibits
sometimes a redshift with almost sigmoidal form with in-
creasing temperature, which is larger than the band-gap
change of the dots with temperature.11 However, for InGaAs/
GaAs QDs produced by droplet epitaxy without a wetting
layer,12 this shift follows the temperature-dependent band
gap of the dot.13 Also the width of the emission narrows with
rising temperature at intermediate temperatures,9 an effect
that vanishes again for the dots without a wetting layer.13 The
commonly accepted explanation for these observations is the

thermally driven carrier redistribution between the dots and
carrier evaporation out of the dots.

It is interesting to see if such effects are also present in
other QD systems emitting at longer wavelengths, in particu-
lar in the midinfrared �MIR� range that is technologically
important for gas sensing applications. Although recently
InSb/GaSb SK dots with PL emission around 3.5 �m at
room temperature were shown,14 the lead salt �IV-VI� mate-
rials are commonly used for such MIR applications.15–18 Be-
side their narrow-band gap, the IV-VI compounds have the
advantages of nearly symmetric conduction and valence
bands at the direct band gap, and of low Auger recombina-
tion rates.19 Furthermore, PbTe exhibits very large electron
and hole Bohr radii aB of 360 and 290 nm at 300 K, respec-
tively, due to its large dielectric constant ��s=414 at 300 K�
�Ref. 20� and small effective masses.21 Thus, the strong con-
finement limit is easily reached even for larger dot sizes.
Lead salt QDs have mostly been fabricated as colloidal nano-
crystals in liquid solutions giving strong and tunable PL
emission between 1 and 4 �m.22–24 Also molecular-beam
epitaxy �MBE� grown SK PbSe/PbEuTe QDs were success-
fully demonstrated.25,26 For these types of dots, however,
photocurrent spectroscopy studies in the MIR indicate a
strain-induced type-II band alignment27 leading to poor PL
emission efficiency.

Recently, we presented an approach for fabrication of
high-quality lead salt QDs for the MIR based on the epitaxial
precipitation of lattice-type mismatched heterostructures.28

This approach results in wetting-layer-free QDs with
highly symmetric shapes28,29 and atomically sharp
heterointerfaces.29–31 Furthermore, these QDs are defect free
and exhibit an intense continuous-wave �cw� PL at room
temperature.28,29 We are also able to control the dot sizes and
the vertical positions of the dots by the growth conditions.32

The employed semiconductors are PbTe with a rock-salt lat-
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tice as dot material and CdTe with a zinc-blende lattice as
matrix material. This material combination exhibits only a
small lattice mismatch of 0.29% at room temperature. The
fabrication starts with MBE growth of a two-dimensional
PbTe layer �Eg=320 meV at 300 K� �Ref. 33� with a thick-
ness in the nanometer range sandwiched between CdTe bar-
rier layers �Eg=1.53 eV�.34 This PbTe quantum well is sub-
sequently transformed into QDs by thermal annealing, based
on the immiscibility of the two materials35 and the minimi-
zation of the interface energy. Also PbSnTe QDs in CdTe
with Sn contents up to 20% have been fabricated in a similar
way.36 First, results on the temperature-dependent PL of
PbTe and PnSnTe dots have showed a strong shift of the
peak accompanied by an unusual change in intensity.37

In the current work, we present a detailed study of the
temperature dependence of the cw PL of PbTe/CdTe QDs for
different dot sizes. Interestingly, we observe an increase in
the PL intensity with rising temperature before it starts to
decrease above a certain temperature, and the temperature
with maximum PL output depends on the size of the dots. We
suggest that this behavior arises from the splitting of the
ground state into a bright state and a lower lying dark state,
as was also observed in nanocrystal quantum dots. In addi-
tion, the excitation power dependence of the PL spectra at
various temperatures is analyzed and attributed to carrier re-
distribution between the dots over the barrier. In the second
part of the paper, we explain the strong temperature shift of
the PL peak by means of a calculation of the transition en-
ergy responsible for the PL emission. This shift and its origin
are completely different as compared to those of III-V dots.
For the analytical calculation, we make use of the fact that
the ground-state transition in a spherical dot with finite bar-
rier heights can be calculated in analogy to the first-excited
state in a quantum well with the same dimensions �see, e.g.,
Ref. 38�. We also include the strain in the dots and the an-
isotropic effective masses of PbTe, both being temperature
dependent, and we obtain a good agreement with the experi-
mental data.

II. SAMPLE STRUCTURE AND EXPERIMENTAL
DETAILS

The samples were grown by MBE using solid source
CdTe, PbTe, Cd, and Te effusion cells on semi-insulating
�100�-oriented GaAs substrates. High quality CdTe/MnTe
buffer layers were grown as described in detail in Ref. 39.
This is necessary because of the large difference in lattice
constant between GaAs and CdTe. First, a 80-nm-thick CdTe
film was grown at 280 °C on a sulfur-treated �100�-oriented
GaAs substrate as a nucleation layer for �100�-oriented CdTe
growth, and then a 400-nm-thick CdTe film was grown at
320 °C. This two-step growth was effective in obtaining a
smooth �100�-oriented CdTe surface on the GaAs substrates.
Subsequently, an in situ thermal annealing at 380 °C for 30
min was performed after capping the CdTe surface with a
100-nm-thick MnTe layer. This MnTe capping was employed
to suppress the reevaporation of CdTe during annealing.39

Onto the MnTe/CdTe buffer layer, 50 nm CdTe and then a
25-period �5 nm MnTe�/�2 nm CdTe� strained-layer superlat-

tice �SLS� was grown at 280 °C to reduce the strain induced
by the MnTe layer, and then a 600-nm-thick CdTe layer at
320 °C was deposited. The quality of the uppermost CdTe
layer on the SLS was very high as evidenced by atomic force
microscopy �AFM� with an average roughness below 0.5
nm, and PL spectra consisting only of strong CdTe band-gap
emission and no defect-related PL peaks, which were present
in samples without the SLS.39 On the Cd-terminated CdTe
buffer, PbTe layers with different thicknesses of 3 and 5 nm
were deposited using a low growth temperature of 220 °C to
ensure a two-dimensional growth without island formation,
as proven by in situ reflection high-energy electron diffrac-
tion �RHEED� and AFM.40 Finally, a 50 nm CdTe barrier
layer was grown on top to form a PbTe quantum well and a
25 nm MnTe cap layer to finish the layer sequence. The
growth rate was 100 nm/h for all layers and the whole
growth process was monitored by in situ RHEED.

By postgrowth thermal annealing in inert N2 atmosphere,
the PbTe quantum well layers are transformed into isolated
quantum dot nanoprecipitates28,29 due to the immiscibility of
PbTe and CdTe.35 The annealing conditions �duration and
temperature� were optimized for each sample to achieve the
highest cw-PL intensity at room temperature. These condi-
tions were 320 °C for 10 min and 350 °C for 10 min for the
3 and 5 nm PbTe sample, respectively. According to our
recent transmission electron microscopy �TEM� studies,32 for
these PbTe thicknesses PbTe dots with diameters between
about 20 and 30 nm are obtained. These comparatively large
dot sizes have the advantage that possible interface states do
not significantly affect the electronic properties of the dots.
Due to very large electron and hole Bohr radii of PbTe,
strong confinement is easily reached even for these dot sizes.
As shown by TEM,28,29,32 the annealed dots have a cen-
trosymmetric shape of a small-rhombo-cubo-octahedron
which is the dot shape in thermal equilibrium �minimization
of interface energies�.28 The shape resembles a facetted
sphere, as was also observed for colloidal PbSe nanocrystals
in liquid solutions.41 From the TEM investigations, we also
know that the dots are essentially defect free and exhibit
atomically sharp heterointerfaces.28–31

The PL measurements were done with a cw diode laser
with a wavelength of 1480 nm and an output power of up to
245 mW. The pump laser was focused on the sample placed
in a He flow cryostat with a spot size of about 0.1 mm2

under an angle of 45° and the PL emission was recorded by
lock-in technique with a liquid-nitrogen-cooled InSb infrared
detector mounted on a grating spectrometer.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Temperature dependence of the photoluminescence spectra

Figure 1 shows the cw-PL spectra for the two QD samples
with initial 3 and 5 nm PbTe layers for temperatures between
20 and 300 K. For all temperatures and both samples, there is
only a single PL peak with a Gaussian line shape and a
linewidth between 330 and 460 nm. The absence of an addi-
tional PL peak from residuals of the quantum well �as seen in
Ref. 28� shows that the PbTe quantum well layers were com-
pletely transformed into PbTe QDs by the optimized thermal

SCHWARZL et al. PHYSICAL REVIEW B 78, 165320 �2008�

165320-2



annealing process. As shown in Fig. 1, with decreasing tem-
perature the PL peak strongly shifts to longer wavelengths.
For the 3 nm sample, the emission shifts from 3 �406 meV�
to 4 �m �308 meV� between 300 and 20 K. A slightly larger
shift is found for the 5 nm sample from 3.4 �368 meV� to
4.8 �m �258 meV� in the same temperature range.

This shift is also shown in Fig. 2, in which the energy of
the PL maxima of the spectra is plotted as a function of the
temperature �symbols�. These experimental data are com-
pared to the band gap of bulk PbTe �Ref. 33� �dash-dotted
line� revealing immediately that �1� most of the shift with
temperature arises from the strong positive temperature
dependence of the band gap of PbTe �dEg /dT=
+0.44 meV /K�, which is an anomaly common to all lead
salts,42 and �2� the increase in the transition energy due to the
confinement in the dots. However, it is seen that the tempera-
ture shift of the QD PL is slightly smaller �0.36 and 0.39
meV/K for the 3 and 5 nm samples, respectively� than for
bulk PbTe. The reason for this is, on the one hand, the strain
in the dots due to the small lattice mismatch between PbTe
and CdTe, and on the other hand, the confinement energy
into which a considerable temperature dependence enters
through the PbTe effective masses. The details of these con-
siderations will be presented in Sec. IV, which deals with
calculation of the ground-state transition energy responsible
for the PL peak position. By comparing the results of the two
samples in Fig. 2 one also sees that the confinement is much
larger for the originally 3–nm-thick layer than for the 5 nm

layer, which indicates a larger dot size for the 5 nm PbTe
layer. An anomaly in the PL peak shift with an almost sig-
moidal form larger than the band-gap change as observed in
most III-V dots11 was not found here. This behavior is usu-
ally caused by thermally activated carrier transfer between
the dots via the wetting layer, and is absent for wetting-layer-
free III-V dots.13 In our wetting-layer-free dots, however,
there are other indications for carrier transfer, as will be out-
lined in Sec. III B.

The integrated PL intensity of both samples is depicted in
Fig. 3 as a function of temperature between 20 and 300 K.
Starting from 20 K, surprisingly the PL intensity increases at
first until a certain temperature is reached above which the
PL intensity decreases considerably. The temperature with
the maximum PL output is about 55 and 100 K for the 3 and
the 5 nm samples, respectively �dotted lines in Fig. 3�. The
low-temperature behavior is in contrast to what has been
observed for III-V dots for which the intensity is constant in
this range. At higher temperatures III-V dots show an almost
exponential decrease in the intensity due to the thermal es-
cape of carriers out of the dots.9–11 This thermal quenching
can be fitted with an exp�Ea /kT� behavior with an activation

FIG. 1. Temperature-dependent continuous-wave PL spectra for
PbTe/CdTe quantum dots formed from initially �a� a 3-nm-thick and
�b� a 5-nm-thick PbTe layer. The arrows depict the calculated
ground-state transition energy for different dot diameters DQD as
indicated. FIG. 2. Peak energy of the PL emission spectra of PbTe/CdTe

dots from Fig. 1 as a function of temperature �symbols� for �a� 3
and �b� 5 nm PbTe. The full, dashed, and dash-dotted lines depict
the calculation of the ground-state transition energy for �a� 22 and
�b� 32 nm dot diameters, the band gap of isotropically strained
PbTe, and the band gap of bulk PbTe, respectively. The confinement
energy Econf and the energy change of the band gap of PbTe due to
the isotropic strain correction �Egap is indicated for 300 and 20 K.
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energy Ea which matches the barrier height of either one or
both types of carriers.10 Although the quenching with higher
temperatures is much smaller in our case �only about a factor
of 10, as compared to 2–3 orders of magnitude for III-V SK
dots�,9–11 it still can roughly be fitted with an exponential
function resulting in an activation energy of 50–100 meV.
This small activation energy is an indication that the band
offsets for PbTe/CdTe are rather asymmetric with a ratio of
about 1:10, leading to a small barrier height for one type of
carrier. The considerably smaller thermal quenching of the
PL intensity as compared to most III-V dots is a consequence
of the absence of a wetting layer in our dots, which would
provide an efficient channel for the loss of carriers due to
nonradiative recombination.13

A possible reason for the uncommon behavior at low tem-
peratures is the presence of a dark ground state, as was also
experimentally shown for IV-VI nanocrystal QDs in silicate
glass.43 In this case, the ground-state transition is splitted
into two states, one with a short lifetime �bright state� and
one with a long lifetime �dark state� lying energetically be-
low the short-lived one �see also calculation in Ref. 44�. At
low temperatures only the lower-energy dark state is occu-
pied leading to reduced emission intensity. By increasing the
temperature the higher-energy bright state will be thermally
filled and the intensity increases. We experimentally observe
that for the 5 nm sample with larger dots the PL intensity
decrease at low temperatures is larger than for the 3 nm
sample, and that one needs also a higher temperature to ther-
mally occupy the bright state and reach the maximum PL
output, thus indicating a larger splitting for larger dots. How-
ever, this is in contrast to a calculation of this exchange
splitting of the ground state for colloidal PbSe QDs with
diameters of 3 and 6 nm �Ref. 44� that showed a decreasing
splitting with increasing dot size. This disagreement indi-
cates either a different behavior for our much larger dots or
another additional fact that influences the temperature depen-
dence of the emission intensity of our PbTe/CdTe dots.

Also a type-I/type-II band alignment transition with de-
creasing temperature could explain the lower emission inten-

sity at lower temperatures, as was suggested in Ref. 37.
However, the possible origin for type-II band alignment at
low temperatures—the increasing strain in the dots—is over-
estimated in Ref. 37 because the matrix was treated as in-
elastic medium and thus unstrained �for details on effect of
strain on the transition energy of the dots, see Sec. IV A�.
Furthermore, for a type-II alignment the emission intensity
should be very small, which is not the case in the experimen-
tal results. Therefore, a change in band alignment—also aris-
ing from other effects than strain—can rather be ruled out.

B. Pump power dependence of the photoluminescence
spectra

To complete the PL emission studies of the PbTe/CdTe
QDs, the pump power dependence of the PL spectra was
measured at different temperatures. As shown in Fig. 4, a
different behavior at the various temperatures was found.
Whereas at 120 K �Fig. 4�a�� a pronounced redshift of 280
nm with decreasing excitation power from 100 to 5 mW is
found �labeled �� in Fig. 4�a��, for both lower and higher
temperatures no such shift was observed �see Figs. 4�b� and

FIG. 3. Normalized integrated PL intensity vs temperature for
PbTe/CdTe dots with a 3-nm-thick �squares� and a 5-nm-thick PbTe
layer �circles�. The lines are guides to the eye.

FIG. 4. Excitation power dependent PL spectra of PbTe/CdTe
dots with 5 nm PbTe at different temperatures of �a� 120, �b� 60,
and �c� 180 K on a logarithmic scale. The dips at 4.25 �m indi-
cated by the dotted line arise from residual CO2 absorption in the
optical measurement path. The dashed lines are Gaussian line fits to
the data.

SCHWARZL et al. PHYSICAL REVIEW B 78, 165320 �2008�

165320-4



4�c��. This indicates that the observed redshift for lower
powers is not due to local heating of the sample at higher
pump powers, which should be independent on temperature.
Also, a PbTe quantum well reference sample exhibited no
shift of the PL peak with varying pump power. The dip at
4.25 �m in all spectra in Fig. 4 arises from residual CO2
absorption in the optical measurement path. In addition, we
also observed a slightly decreasing linewidth of the PL emis-
sion peak with increasing temperatures from 20 to about 120
K and a constant or increasing linewidth at higher tempera-
tures.

We attribute the observed behavior to thermally induced
carrier redistribution between individual QDs as was also
reported for SK III-V dots9,45 as well as for CdTe/ZnTe self-
assembled QDs connected by a wetting layer.46 In the latter
paper, a simple model explains the observed effect as fol-
lows: At low temperatures, at which the thermal energy of
the carriers localized in the QDs is so small that they cannot
escape, the initial population of the QDs determines the PL
spectrum independent of the pump power. As the tempera-
ture increases, the carriers are able to escape from the dots to
the wetting layer and they are redistributed to energetically
favorable larger dots. This process results in a redshift of the
PL emission with decreasing excitation power, as only the
lowest-energy states of the whole dot ensemble are occupied
and, consequently, also in a smaller linewidth as compared to
the low-temperature regime. Finally, at high enough tem-
peratures the thermally activated carriers do not have enough
time to find an energetically favorite QD before they recom-
bine nonradiatively. Thus, the emission only comes from car-
riers in dots in which they were initially excited, as in the
low-temperature regime independent of the excitation power.
This explanation also fits to the results from our dots, apart
from the important fact that the PbTe dots have no wetting
layer connecting the dots. And without such a layer the car-
rier redistribution should be inhibited, as was also shown
directly in the paper on CdTe/ZnTe dots.46 Therefore, we
conclude that in the PbTe dots the carriers are allowed to
redistribute through the CdTe matrix despite the high band-
gap difference. This again indicates that the band offsets in
conduction and valence bands are strongly different so that
the thermal redistribution over the barriers is facilitated for
one type of carrier.

IV. CALCULATION OF GROUND-STATE TRANSITION
ENERGY

In order to correctly explain the temperature shift of the
PL emission shown in Sec. III, a calculation of the ground-
state transition energy responsible for the PL emission is
performed. For this we make use of the fact that the ground-
state energy in a spherical dot with finite barrier heights can
be calculated in analogy to the first-excited state energy in a
quantum well with the same dimensions �see, e.g., Ref. 38�.
The shape of a sphere is a good approximation to the cen-
trosymmetric shape of the PbTe/CdTe dots corresponding to
a small-rhombo-cubo-octahedron which looks like a facetted
sphere.28 Therefore, this approximation seems to fit better to
the real shape of the dots than the model based on a quantum

box shape recently used for calculations of optical transitions
in PbTe/CdTe dots.47 We also include the strain in the dots as
well as in the matrix due to the temperature-dependent lattice
mismatch between PbTe and CdTe.20,34 So far this strain ef-
fect was considered for the dots only.37 The change of the
confinement due to the temperature dependence of the effec-
tive masses is also an important contribution. The strong
effective-mass anisotropy in bulk PbTe is taken into account
by spherical averaging of the effective masses for different
directions in k space, which is justified by the strong con-
finement of the carriers in all directions in the dot �Bohr
radius of both types of carriers much larger than the dot
dimensions�. Calculations of energy levels for spherical dots
with infinite barrier heights based on the k� · p� method includ-
ing the full band anisotropy resulted in an error of only 4%
as compared to the spherically averaged solution for the
ground-state transition in PbTe dots with diameters of up to
10 nm.48

A. Band gap in an isotropically strained spherical dot

For the calculation of the transition energy in a spherical
QD, it is essential to know the change of the band gap of the
dot material owing to the stress in the dot, arising from the
difference of the lattice constants of dot and matrix material
even if this difference is rather small as for PbTe and CdTe.
Here, it is essential to consider that a major part of the dot/
matrix lattice mismatch is accommodated by elastic distor-
tion of the matrix rather than the dot itself.49 Thus, the strain
in the dot is only about one third of the relative lattice mis-
match �0=�a /a �depending on the elastic constants�.49

For a spherical dot and elastically isotropic materials, the
contact pressure P when the dot and the matrix are brought
into contact is given by49

P = − �0
1

1 + �out

2Eout
+

1 − 2�in

Ein

, �1�

where E and � are Young’s modulus and Poisson’s ratio of
the outer �matrix� and inner �dot� materials. Since PbTe as
well as CdTe are rather anisotropic materials, we use the
approximation of averaged elastic constants with the aniso-
tropy factor H defined over the elastic coefficients cij by50

H = 2c44 + c12 − c11. �2�

The averaged elastic constants � �Lamé constant� and �
�shear modulus� for a cubic crystal are then50

� = c12 − �1/5�H , �3�

� = c44 − �1/5�H . �4�

Now one can calculate the averaged Young’s modulus E
and Poisson’s ratio � by the above formulas using the stan-
dard relationships from elasticity theory,50

E =
��3� + 2��

� + �
, �5�

TEMPERATURE-DEPENDENT MIDINFRARED… PHYSICAL REVIEW B 78, 165320 �2008�

165320-5



� =
�

2�� + ��
. �6�

The elastic coefficients cij �Refs. 20 and 34� and averaged
elastic parameters used for calculation of the contact pressure
P from Eq. �1� for PbTe and CdTe are listed in Table I. It is
noted that these values are only valid for 300 K. However,
using values of cij for 77 K �Refs. 34 and 51� results in a
relative change in P /�0 of only 0.4%. Thus, for all calcula-
tions the values listed in Table I were used.

To calculate P the temperature dependence of the lattice
mismatch, �0�T�=�a�T� /a�T� must be evaluated. Starting
from the lattice constants of PbTe and CdTe at 300 K �6.462
and 6.481 Å, respectively,20,34 resulting in a �0 of 0.29%�,
we make use of the full temperature dependence of the linear
thermal-expansion coefficients � �Refs. 20, 34, 52, and 53�
�19.8�10−6 /K and 4.9�10−6 /K at 300 K for PbTe and
CdTe, respectively� to calculate the mismatch at lower T.
Due to the large difference of the expansion coefficients, the
lattice mismatch increases with decreasing T. In that way, the
temperature dependence of the lattice constants is calculated
to be

aPbTe�T� = 6.371 Å + 0.056 Å � eT�K�/633 K, �7�

aCdTe�T� = 6.471 Å + 0.003 Å � eT�K�/260 K �T � 60 K�
�8�

resulting in the temperature-dependent lattice mismatch be-
tween PbTe and CdTe:

�0�T� = 0.0075 – 1.53 � 10−5 � T�K� . �9�

At 20 K �0 gets as large as 0.72%.
It is noted that one could also use the thermal-expansion

coefficient of the GaAs substrate as reference instead of
CdTe if one assumes that the CdTe layer is always pseudo-
morphically strained. However, since the ��T� values of
GaAs and CdTe are very similar to each other,52–54 this
yields essentially the same results.

After calculating the pressure P�T� imposed on the PbTe
dots as a function of temperature, the resulting change of the
energy-band gap can be given by

�Egap�T� =
�Egap

�p
P�T� , �10�

with the hydrostatic pressure coefficient �Egap /�p=
−75 meV /GPa for PbTe �Ref. 20� �considered as constant
with T�. At room temperature the contact pressure P on the
dot is −0.12 GPa �the minus sign indicates tensile stress on
the dot because the lattice constant of the matrix is larger
than that of the dot�, resulting in a change in the energy gap
�Egap of +9 meV. This strain-induced band-gap change in-
creases with decreasing temperature and thus becomes more
important. The resulting band gap for isotropically strained
PbTe in CdTe is plotted in Fig. 2 as dashed line as a function
of temperature. One can see that at 20 K this strain correction
becomes as large as +23 meV.

It is noted that the strain correction for the band gap for a
biaxially strained PbTe quantum well in CdTe is much larger
because the lattice mismatch �0 directly leads to a corre-
sponding strain in the two-dimensional pseudomorphic epil-
ayer in contrast to the strain in the dot which is only about
one third of �0 �Ref. 49� �see text in the beginning of this
section�. Consequently, at 300 K the quantum well strain
correction is already 21 meV and increases to 51 meV at
20 K.

B. Ground-state energy in a spherical dot with finite barriers

As mentioned above, we calculate the ground-state energy
E of a spherical dot with finite barrier height V in analogy to
the first-excited state �first odd solution� of a quantum well
with finite barriers, setting the well width L equal to the dot
diameter D �see, e.g., Ref. 38�. Thus, we determine the first
solution of the following equation:

cot
k�E� · D

2
+

mdot

mmatrix
�	�E�

k�E�
+

2

k�E� · D
� −

2

k�E� · D
= 0,

�11�

with

k�E� =�2mdotE


2 , �12�

	�E� =�2mmatrix�V − E�

2 . �13�

The main parameters for the calculation of the energy level
Ei apart from the dot size D are the effective electron and
hole masses within the PbTe dot mdot and the CdTe matrix
mmatrix which are strongly temperature dependent, in particu-
lar the one for PbTe for which Ref. 21 gives detailed
temperature-dependent data. The masses for PbTe decrease
with temperature due to the decreasing band gap �e.g.,
me,t�300 K�=0.031m0, me,t�80 K�=0.024m0, mh,t�300 K�
=0.036m0, and mh,t�80 K�=0.027m0�. As a consequence, the
quantum confinement for both types of carriers exhibiting
similar effective masses �in contrast to most other semicon-
ductors� will strongly increase with decreasing temperature.
The masses for CdTe for 300 and 4 K are taken from Ref. 34

TABLE I. Parameters used for the calculation of the contact
pressure P �Eq. �1��. The elastic moduli cij are taken from Refs. 20
and 34.

Parameters PbTe CdTe

c11 �GPa� 105.3 53.3

c12 �GPa� 7.0 36.5

c44 �GPa� 13.2 20.4

H �GPa� −71.9 24.0

� �GPa� 21.4 31.7

� �GPa� 27.6 15.6

E �GPa� 67.3 41.7

� 0.218 0.333
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and are linearly interpolated for intermediate temperatures.
Their influence is not very strong due to the low penetration
of the dot wave functions into the barrier materials due to the
large barrier potential. As discussed above, the anisotropic
masses of PbTe are spherically averaged using mav=�3 mt

2ml,
where mt and ml are the transverse and longitudinal effective
masses, respectively.

Another influence is the band offset in the conduction �Ec
and valence bands �Ev. The band offset ratio �Ec /�Ev is
unknown for PbTe/CdTe heterostructures. Also the work
functions of PbTe and CdTe give no reliable indication be-
cause the values in literature scatter strongly. As a conse-
quence, we evaluated the ground transition for various band
offsets and found no significant change in the resulting tran-
sition energies. Even strongly asymmetric offset ratios of
1:10 or 10:1 result only in a small change in the transition
energy of less than 10 meV compared to the symmetric 1:1
case for dots with diameters of 20 nm. For larger dots the
difference is even smaller. Thus, we used for all calculations
here a symmetric band offset.

C. Results for the calculated transition energy

Adding up the temperature-dependent ground-state ener-
gies of electrons and holes and the band gap for isotropically
strained PbTe yields the ground-state transition energy as a
function of temperature and dot size. The results are plotted
in Fig. 5 as a function of the dot diameter for 300 �full line�
and 100 K �dashed line�. One clearly sees the typical quan-
tum size effect with an increasing transition energy with de-
creasing dot size as well as the considerable temperature in-
fluence for larger dot sizes. Interestingly, the temperature
effect becomes smaller with decreasing dot diameter and
even changes sign for very small dots ��8 nm diameter, see
dotted vertical line�.

This is shown better in the inset of Fig. 5, depicting the
calculated change of the transition energy with temperature
dEtrans /dT in dependence of the dot size. dEtrans /dT is almost
independent of temperature �for dots smaller than 10 nm
only above 80 K�; but with decreasing dot dimensions its
value strongly decreases until it is zero and even changes
sign for dot diameters below about 8 nm �see dotted vertical
line�. Also for comparatively large dots �0.39 meV/K for a
diameter of 32 nm�, it is smaller than the strained bulk band-
gap value of dEg /dT=0.42 meV /K because of the still large
confinement of about 40 meV. The reason for this effect is
the strongly increasing confinement for both electrons and
holes with decreasing temperatures due to the decreasing ef-
fective masses, which in the case of very small dots even
becomes dominant over the strong decrease in the PbTe band
gap with decreasing temperature. This surprising observation
is illustrated in detail in Fig. 6, showing the calculated tran-
sition energy vs temperature for a QD with only 5 nm in
diameter together with the strained and bulklike band gaps of
PbTe. As indicated in the figure, the large confinement due to
the small dot size and small effective masses at low tempera-
tures results indeed in a larger transition energy at lower
temperatures �e.g., the confinement energy increases from
712 meV at 300 K to 915 meV at 20 K�.

Such an effect was also reported for spherical PbS and
PbSe QDs in rigid glass matrices55 with dot sizes up to 16
nm in diameter. However, the temperature-dependent con-
finement due to the temperature-dependent effective masses
was not taken into account as a reason for this observation
but instead the thermal expansion of the lattice and the
electron–phonon coupling.55

V. COMPARISON OF THE CALCULATION WITH THE
EXPERIMENTAL DATA

Finally, we compare our calculation with the experiments
shown in Figs. 1 and 2. The arrows in Fig. 1 are the results of

FIG. 5. Calculated ground-state transition energy for spherical
PbTe/CdTe quantum dots as a function of the dot diameter for 300
�full line� and 100 K �dashed line�. The symbols are the experimen-
tal results for the PL peak for the 3 �squares� and 5 nm samples
�circles�. The inset shows the calculated change of the transition
energy with temperature dEtrans /dT in dependence of the dot diam-
eter at 300 K.

FIG. 6. Calculated ground-state transition energy for a spherical
PbTe/CdTe quantum dot with a diameter of 5 nm as a function of
temperature �full line�. The dashed and dash-dotted lines depict the
band gap of isotropically strained PbTe and the band gap of bulklike
PbTe, respectively. The confinement energy Econf and the energy
change of the band gap of PbTe due to the isotropical strain correc-
tion �Egap is indicated for 300 and 20 K.
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the calculated ground transition energy for three different dot
diameters �DQD�. For the 3 nm sample, an average dot size of
22 nm yields the best agreement to the PL peak at all tem-
peratures, whereas for the 5 nm sample a larger average dot
diameter of 32 nm is found �see full arrows�. One clearly
sees that the temperature dependence of the PL emission is
very well reproduced by the calculation despite the approxi-
mation of the dot shape by a sphere. Moreover, the dot di-
mensions deduced from the model calculations fit quite well
to the dot sizes determined from our recent TEM studies on
the PbTe dots,32 which yielded dot diameters of around 20
nm for a sample with a 3 nm PbTe layer. This indicates the
reliability of the calculation presented here.

From the calculated transition energies as a function of
dot size as shown in Fig. 1 by the dashed and dotted arrows,
one is also able to estimate the dot size dispersion and the
influence of the average QD size on the transition energy. As
can be seen in Fig. 1, the influence of the dot size variation
becomes significantly larger with decreasing temperature due
to the increasing quantum confinement. If one assumes that
the width of the PL peak at the lowest measurement tempera-
ture of 20 K directly reflects the size dispersion of the dots
�no homogeneous broadening�, this dispersion is estimated
as �10% or lower for both dot sizes. Consequently, with
rising temperature, due to the decreasing influence of the
average dot size on the PL peak position, the linewidth
should become narrower by about a factor of 1.5 from 20 to
300 K �see the distance between the arrows in Fig. 1 at each
temperature�. However, we observe only a small narrowing
from 20 to about 120 K and, at higher temperatures, even a
broadening of the linewidth. This demonstrates that homoge-
neous broadening of the PL linewidth with rising tempera-
ture is a considerable effect. A strong homogeneous broad-
ening attributed to enhanced coupling to acoustic phonons
was also observed for small, strongly confined colloidal PbS
nanocrystals.56

The good agreement of the calculation with the tempera-
ture dependence of the PL peak is also seen in Fig. 2, in
which the full line depicts the calculated ground transition
energy for the two dot sizes of 22 �Fig. 2�a�� and 32 nm �Fig.
2�b�� as a function of temperature. Evidently, the data points
of the PL peak energy fit very well to the calculation for both
dot sizes. Only at lower temperatures ��100 K�, a slight
deviation to lower energies on the order of a few percent is
observed. This is attributed to thermal carrier redistribution
to energetically favorable larger dots, as outlined in Sec.
III B. By comparing the data to the calculated band gap of
isotropically strained PbTe �dashed lines in Fig. 2�, one again
sees the different contributions to the transition energy, i.e.,

the band gap of bulk PbTe �dash-dotted lines�, the strain in
the dot, and the confinement changing with temperature due
to the temperature dependence of both the lattice mismatch
between PbTe and CdTe and the effective masses of PbTe.
The experimental PL peak positions for the two dot sizes of
22 �squares� and 32 nm �circles� for 300 and 100 K are also
plotted into Fig. 5 for comparison to the calculated data,
again showing the good agreement.

VI. CONCLUSION

To summarize, we presented the temperature dependence
of continuous-wave midinfrared photoluminescence of PbTe
quantum dots in a CdTe matrix for two different dot sizes.
These QDs are formed by epitaxial precipitation of an ini-
tially continuous PbTe layer upon thermal annealing because
of the immiscibility of PbTe and CdTe. A strong shift of the
single PL peak to longer wavelengths with decreasing tem-
perature was found for both dot sizes. This shift is not just
explained by the strong temperature dependence of the band
gap of PbTe but also by the strain in the dots as well as by
the change in the quantization energies with temperature due
to the changing lattice mismatch between PbTe and CdTe,
and the effective masses of PbTe.

We also observed an increase in the PL intensity with
rising temperature before it starts to decrease above a certain
temperature due to thermally activated carrier evaporation
out of the dots. The temperature with the maximum PL out-
put is between 50 and 100 K, depending on the size of the
dots. We attributed this behavior to a splitting of the ground
state into a bright state and a dark state lying below the
bright state, as was also proposed for other quantum dots. In
addition, the influence of the excitation power on the PL
spectra at various temperatures was analyzed, indicating car-
rier redistribution between the dots.

Furthermore, a calculation of the ground-state transition
energy responsible for the PL emission was presented. For
this analytical calculation, we made use of the fact that the
ground-state transition in a spherical dot with finite barrier
heights can be calculated in analogy to the first-excited state
in a quantum well with the same dimensions. We also in-
cluded the temperature-dependent strain in the dots and the
matrix as well as the temperature-dependent effective masses
of PbTe. In that way, a good agreement to the experimental
data was obtained over the whole temperature range from
300 to 20 K.
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