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Single-dot spectroscopy was used to determine the temperature dependence of the ground-state exciton
energy E�T� in self-assembled InxGa1−xAs/GaAs quantum dots �QDs� from T=2 up to �100 K. Differences of
dot composition and geometry are manifested primarily in the absolute transition energies, whereas the band-
gap reduction depends only weakly on microscopic details. E�T� can be well described by semiempirical
phonon-dispersion models developed recently for bulk, suggesting that thermal lattice expansion and electron-
phonon interaction are the dominant mechanisms for E�T�, whereas QD-specific mechanisms seem to be of
minor importance, in contrast to observations for nanocrystals.
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I. INTRODUCTION

During the last decade, spectroscopy of single quantum
dots �QDs� has become a central research activity of semi-
conductor physics �see e.g., Refs. 1 and 2�. This interest
arises from the three-dimensional �3D� confinement of carri-
ers in them, because of which they often are termed “artifi-
cial atoms”. This nomenclature has been supported by the
observation of spectrally sharp exciton emission with re-
ported linewidths down in the few microelectron-volt range
at cryogenic temperatures.3–5 However, although for atoms
the coupling to the environment is mostly small, for QDs the
embodiment into a crystal matrix cannot be neglected, as
recent studies of exciton dephasing demonstrate; above
�50 K the spectral linewidth broadens rather strongly be-
coming similar to the widths observed for structures of
higher dimensionality. Furthermore, underneath this line a
broad background appears due to phonon-assisted
transitions.6

Because of the high precision of single-dot spectroscopy
it might be possible to address basic problems of semicon-
ductor physics with unprecedented accuracy. One of these
basic problems is the temperature dependence of the band
gap E�T�. As origin for the reduction of the gap two mecha-
nisms have been identified for bulk systems: scattering of
electrons by phonons and thermal expansion of the lattice.
Various simple models have been used for numerical simu-
lations of bulk E�T�.7–10 Most widely known is Varshni’s
formula,7 which represents a combination of a quadratic low-
temperature asymptote with a linear high-temperature depen-
dence.

Following this model, in most experimental studies a de-
crease proportional to T2 has been assumed for E�T� at cryo-

genic temperatures. Because of the often rather broad spec-
tral lines, due to either limited crystal quality or intrinsic
homogeneous broadening, the available data appeared to be
in agreement with this model. However, recently Cardona et
al. could demonstrate strong deviations from a quadratic de-
pendence by performing resonant Raman scattering with
microelectron-volt resolution on bulk Si, revealing a band-
gap reduction proportional to T4 below 4 K.11

The interest in semiconductor nanostructures raises ques-
tions about E�T� in these systems. For the vast majority of
them, with increasing temperature a monotonous decrease of
the gap has been observed, which is similar to the bulk be-
havior. In many cases, in particular also for QDs, the data
could be reasonably well described by a T2 dependence
within the experimental accuracy, irrespective of the re-
stricted validity of the Varshni model. Here, single-dot spec-
troscopy might allow for more accurate insight into the de-
pendence of E�T� as well as its origin.

No detailed theory, either first principles or semiempirical,
that would allow for an accurate description of E�T�, seems
to be available for QDs. The two aforementioned bulk
mechanisms certainly will also contribute to E�T� in dots, but
significant changes are expected for them: �a� depending on
the QD environment the thermal lattice expansion could vary
considerably from the bulk reference. �b� Three-dimensional
carrier confinement changes both the electronic and
phononic level structure and thus the electron-phonon inter-
action should be strongly modified. To give just one example
of an expected change: it has been found that a weak-
coupling model treating the interaction of electrons and
phonons perturbatively �as it is used in GaAs-based struc-
tures of higher dimensionality� is no longer adequate, but
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strong, polaronlike coupling has to be assumed in dot
structures.12,13

In addition, different mechanisms for E�T� might become
important for QDs, as demonstrated by experimental studies
on nanocrystals; because of the confinement of the wave
function in them, the excitonic energy gap increases with
decreasing nanocrystal size d. In some cases it has been
found that the E�d� dependencies vary with lattice tempera-
ture T, implying a dependence of the temperature-induced
band-gap shift E�T� on nanocrystal diameter.14,15 The E�T�
are approaching the limiting asymptote of bulk only when d
becomes larger than or at least comparable to the exciton
Bohr radius aB �representing the so-called large-cluster
limit�. An example for such a mechanism is the increase of
the confined wave function spread by the temperature-
induced lattice expansion, because of which the confinement
energy is reduced.

The main goal of the present paper is to show that unlike
for nanocrystals, the origin for the E�T� dependence in self-
assembled In1−xGaxAs/GaAs QDs lies dominantly in the
same mechanisms as for bulk, whereas dot-specific influ-
ences apparently are small. Phonon-dispersion models devel-
oped for bulk, such as a higher-order root representation16 or
a two-oscillator model,17 describe the band-gap reduction
E�T� by temperature very well. This extrapolation of analyti-
cal models to QDs is possible even though the exciton Bohr
radius aB is quite a bit larger than the dot size d �“small-
cluster limit”�.

Precise information on the E�T� dependencies in QDs are
of great interest, as low-temperature variations have been
suggested as the “control knob” in quantum devices: an in-
stance is a single-photon emitter that produces photons on

demand and is necessary for technical implementations of
quantum information technology, such as quantum
cryptography.18 Such a device might be realized by a single
QD located in a resonator. The spontaneous emission from
this dot can be controlled by varying the energy of its
ground-state exciton transition relative to a confined optical
resonator mode. One possibility for such a variation is
changing the temperature,19 besides others like application of
DC electric field, AC-Stark effect, etc.

II. EXPERIMENT

In this work we have studied two different types of self-
assembled QDs fabricated by MBE. The first type was the
QDs with a material composition In0.60Ga0.40As in the dot
and GaAs in the barrier. From scanning electron microscopy
of a sample, in which the QDs were not covered by a cap
layer, their geometry is approximately lens shaped, with a
diameter d�20 nm and height h�6 nm. The second type of
QDs was the InAs/GaAs structures, where the self-
assembled growth had been extended by an indium flush20

resulting in disk like QDs with diameter d�20 nm and
height h�2 nm. Thus the two dot types differ significantly
in composition and geometry, as sketched in Fig. 1. The
energy of the ground-state exciton emission of the
In0.60Ga0.40As/GaAs QDs is located in a range from 1.25 to
1.30 eV, and that of the InAs/GaAs dots ranges from 1.31 to
1.36 eV.

One remark should be made on the QD material compo-
sition: it has been shown by high resolution microscopy that
during growth an intermixing21 of Ga and In occurs, smooth-
ing the confinement potential and reducing its depth.22,23

FIG. 1. Photoluminescence
spectra of �a� two
In0.60Ga0.40As/GaAs QDs for
temperatures from T=4 up to 100
K �in steps of 4 K� and �b� an
InAs/GaAs QD from T=5 up to
120 K �in steps of 5 K�. The exci-
tation power was 0.3 mW in each
case. The sketches schematically
show the geometries of the two
dot types. The symbols in each
panel give the energy shift of bulk
GaAs �the solid symbols� and
InAs �the open symbols�.
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Since detailed information on deviations from the nominal
compositions is not available, we will still refer to the struc-
tures as InAs/GaAs and In0.60Ga0.40As/GaAs QDs, respec-
tively.

For single-dot spectroscopy both samples were patterned,
providing mesa structures with lateral sizes down to
�100 nm. The samples were mounted either in a He-flow or
a He-bath cryostat, allowing us to reduce the sample tem-
perature down to T=2 K. To obtain a sufficiently high accu-
racy for temperature-related shifts, T was varied in steps of 2
K below 40 K and in steps of 4 or 5 K above. We used a
frequency-doubled Nd-YAG laser for non-resonant optical
excitation with low power densities so that only single
electron-hole recombination is monitored. The emission was
dispersed by a monochromator �f =0.5 m, 600 lines/mm�
and detected by a liquid-nitrogen-cooled Si CCD camera
providing a spectral resolution of �50 �eV in this configu-
ration.

Photoluminescence spectra of two In0.60Ga0.40As/GaAs
QDs for T from 2 up to 100 K are shown in Fig. 1�a� and the
resulting temperature dependencies of the emission energies
E�T� are shown by the full circles in Figs. 2�a� and 2�b�.
Both lines shift monotonically to lower energies with in-
creasing temperature. Similar observations are made for the
single InAs/GaAs QD, for which the photoluminescence
spectra from T=2 up to 120 K are shown in Fig. 1�b� and the
corresponding data for E�T� are given in Fig. 3. For both dot
types, the emission lines broaden considerably with increas-
ing temperature. In particular, broad sidebands due to
phonon-assisted transitions are observed for temperatures
above 50 K, as discussed in Refs. 24 and 25.

Here we used nonresonant excitation into the GaAs bar-
riers for optimizing the signal strength, resulting in signifi-
cantly larger spectral linewidths than would be expected
from the radiative exciton decay time. The origin of this
broadening is a fluctuating charge environment around the
dot, which leads to a spectral diffusion of the emission line
during the time used for recording a spectrum �in our case
120 s�.26 The charge-induced Stark shifts occur symmetri-
cally around the genuine exciton energy.27,28 Therefore, the
accuracy of the determination of the QD emission energy is
only marginally reduced for these experimental conditions.
This is supported by studies with below band-gap excitation
conditions, but reduced temperature resolution. In these stud-
ies basically the same data for E�T� were obtained as for
above-gap excitation.3

III. DISCUSSION OF EXPERIMENTAL DATA

Let us first compare the temperature dependencies of the
exciton emission energies in the two QD types to the behav-
iors in the related bulk materials GaAs29 and InAs.30 These
shifts are indicated in Fig. 1 by the solid symbols for GaAs
and the open symbols for InAs, where we have shifted the
T=0 energies of the bulk band gaps to appear in the range of
the corresponding dot emission. The shift of the QD gaps is
weaker than the shifts in the 3D crystal at very low tempera-
tures, where almost no T dependence at all is observed. This
might be expected if one refers to the E�T� mechanisms for
bulk: at low temperatures only long-wavelength phonons are
excited, for which the electron-phonon interaction is very

FIG. 2. E�T� curves obtained by least-mean-square fits of the experimental data for the In0.60Ga0.40As/GaAs dots 1 and 2 of Fig. 1�a�. The
insets show the low-temperature sections of the fit curves resulting from the power-function model Eq. �2�, the two-oscillator model Eq. �3�,
the Bose-Einstein model Eq. �4�, Varshni’s model Eq. �5�, and the quadratic approximation of the latter Eq. �6�.
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much reduced in an object smaller than the wavelength of
the lattice vibration, as is the case of a quantum dot. How-
ever for higher temperatures, above 50 K, the bulk and QD
gaps to a good approximation shift in parallel to lower ener-
gies as seen in Fig. 1�a�. This is the T range where for ex-
ample exciton dephasing studies in self-assembled dots have
shown that the interaction strength of phonons with confined
carriers becomes strong and leads to linewidths similar to
those for higher-dimensional systems.6

Now let us turn to the comparison of the E�T� in the
In0.60Ga0.40As/GaAs and InAs/GaAs dots in Figs. 2 and 3.
Experimentally we find only very small differences for the
E�T� between these dots, despite of the significant differ-
ences in dot composition and geometry. The low-T plateau is
a bit more extended for the InxGa1−xAs dots as compared to
the InAs dots. Neglecting these tiny differences that might
hint at dot-inherent origins of E�T�, this suggests that any
QD-specific origins do not seem to be of major relevance for
the band-gap reduction, as they should manifest themselves
in distinct differences between the two dot types. On the
contrary, the behavior appears to be dominated by the same
mechanisms as in bulk, a combination of electron-phonon
interaction and thermal lattice expansion. Before we discuss
this finding in more detail, we want to compare our data to
that reported in literature for other InxGa1−xAs/AlyGa1−yAs
self-assembled dot systems.

Although in most of these types of investigations the
magnitude of the temperature-induced shifts was not the cen-
ter of interest, but the variation of T served as tool for induc-
ing state resonances, studying electron-phonon interaction,
etc.;19,24,25,31 these investigations inherently also give infor-

mation about E�T�. The comparison shows that within the
experimental accuracy the reported shifts are basically iden-
tical to the ones observed here, although the dot systems
have strong variations in shape, size, composition, strain, etc.
This strongly supports our conclusion that dot-inherent prop-
erties are not dominant for E�T�.

Let us now list the QD-specific mechanisms, which have
been addressed in detail in a recent work15 on PbS nanocrys-
tals: �i� the temperature dependence of the strain from whose
release the energies of the confined valence band levels, e.g.,
in self-assembled QDs might be strongly reduced. �ii� the
temperature dependence of the band gap due to the confine-
ment energy reduction that is caused by the lattice expansion
and the resulting expansion of the envelope wave function.

The importance of these mechanisms depends on the dot
size: in qualitative agreement with calculations for the PbS
nanocrystals it was demonstrated, that the two bulk mecha-
nisms are dominating over the QD-specific ones, as long as
the QD size is much larger than the exciton Bohr radius aB.
It also holds to a good approximation down to sizes compa-
rable to aB, but fails for smaller sizes. It is exactly this latter
regime that we address with self-assembled QDs, which are
generally considered as dot structures in the strong coupling
regime. Therefore dot-related mechanisms are expected to
become important, and bulk models for E�T� are supposed to
fail, in contrast to the experimental findings. Although one
might argue that the lateral dot sizes are not that much dif-
ferent from the exciton Bohr radii, their heights are, in any
case, much smaller.

However, previous investigations have shown that many
electronic phenomena involving phonons in these dots can
often be satisfactorily treated by considering the interaction
of confined carriers with a bulk phonon bath �see, for ex-
ample, Refs. 12 and 32�. Although we cannot give an ulti-
mate reason for the rather small influence of dot-specific in-
fluences, as this would require detailed theoretical modeling,
we want to give at least a qualitative argumentation.

For self-assembled QDs the lattice expansion should not
differ too much from the homogeneous semiconductors that
form the heterostructures. As compared to nanocrystals with
a radius of only a few nanometers, the volume of the self-
assembled dot structures is still quite a bit larger so that the
relative temperature-induced changes are, in effect, consider-
ably smaller. For example, the change of the envelope wave-
function extension affects mostly the confinement energy
along the heterostructure growth direction, whereas the ef-
fects on the lateral confinement are comparatively weak, in
contrast to the 3D changes in the nanocrystals.

Turning to the strain modification, here most probably
also the embodiment of the nanocrystals in a glass matrix15

has to be regarded, which, from a crystallographic point of
view, is an environment very much different from that of a
self-assembled dot. Dot system and surrounding are much
more comparable for these QD systems; they have the same
crystal structure except for a lattice mismatch of maximum
7%. In summary, this might lead to the dominance of the
mechanisms that are important for the band-gap reduction in
bulk also for self-assembled InxGa1−xAs/GaAs quantum
dots.

The small differences between the E�T� of the two QD
types, however, might result from dot-specific origins: for

FIG. 3. Same as Fig. 2, but for the single InAs/GaAs QD of Fig.
1�b�.

ORTNER et al. PHYSICAL REVIEW B 72, 085328 �2005�

085328-4



the In0.60Ga0.40As dots, the low-T plateaus are a bit more
extended than for the InAs dots, for which we expect a stron-
ger strain field, so that a temperature increase may affect
these structures more than the In0.60Ga0.40As dots. In addi-
tion, the height of the InAs is only �2 nm, which is 2–3
times smaller than that of the In0.60Ga0.40As dots. Thus a
thermal lattice expansion will lead to a considerably stronger
reduction of the confinement energy along the heterostruc-
ture growth direction in the InAs dots.

IV. ANALYTICAL MODELS FOR E„T…

Following the discussion above, it is appropriate to check
whether models developed for bulk may be used for describ-
ing E�T� in the dot structures. For both mechanisms that have
to be considered then, the electron-phonon interaction and
the thermal lattice expansion, the contributions of the indi-
vidual lattice oscillators with energies �=�� are propor-
tional to the average phonon occupation number n̄
= �exp�� /kBT�−1�−1.10,33 E�T� can therefore be represented
as

E�T� = E�0� −
�

kB
� d�

�w���
exp��/kBT� − 1

. �1�

Here �=−dE�T� /dT�T→� is the slope of the linear T depen-
dence in the high temperature limit, and w����0 is the nor-
malized weighting function of the phonon oscillators,
	d�w���=1. Different assumptions for w��� lead to the sev-
eral models discussed in the following.

A convenient analytical treatment of E�T� is obtained by a
power-function ansatz:16 w���=��� /�c��−1 /�c, �	0 for � up
to the cutoff energy �c of the phonon spectrum, and w���
=0 above. In this model, the T→0 asymptotes are given by
power functions �E�0�−E�T��
Tp, where the fractional ex-
ponent p usually ranges from 2 to 3.34,35 A detailed analysis
shows that for the frequently observed regime of intermedi-
ate to large phonon dispersion E�T� is16

E�T� = E�0� −
��

2 
�1 + �
n=1

3

an���2T

�
�n+�

+ 2T

�
�5+��1/�5+��

− 1� , �2�

with the expansion coefficients an���

a1��� =
5 + �

6
�

2
�2+�� − 1�2/2

,

a2��� =
1 − �

2
,

a3��� =
�5 + ���1 + ��2

3��2 + ��
.

The average phonon temperature33 �= ��� /kB=��c / �kB�1
+���, leading to a cutoff energy �c=kB��1+�� /�. The dis-
persion coefficient33 =���2�− ���2 / ��� is 1 /���2+��.16 Be-
sides the zero-temperature energy, this model contains three
parameters for fitting the experimental data.

As an alternate to the power-function model, let us con-
sider a two-oscillator model.17 For it, the weighting function
is given by w���=W1���−�1�+W2���−�2�, where �1,2 are
the energies of the oscillators with weights W1,2. E�T� is then

E�T� = E�0� − � W1�1

exp��1/T� − 1
+

�1 − W1��2

exp��2/T� − 1
� , �3�

with phonon temperatures �1,2=�1,2 /kB. The average pho-
non temperature and the dispersion coefficient are �
=W1�1+ �1−W1��2 and =���2−����−�1� /�,
respectively.17 The number of fit parameters is increased to 4,
plus the zero-T emission energy. The high-energy oscillator
comprises the effects of LA, LO, and TO phonons, the ener-
gies of which are a factor of �3 larger than those of the
short-wavelength TA phonons forming the low-energy oscil-
lator. This oscillator, therefore, dominates in the cryogenic
region. The effective phonon temperature �2 of the high-
energy oscillator can be reasonably determined only from
data also covering temperatures significantly higher than 100
K. Here we have chosen �2=315 K, the same value as for
bulk GaAs. The remaining parameters of the model have
been determined by fits and are given in Table I, together
with the fit parameters obtained from Eq. �2�. The relative
errors of the fit parameters are below 5%.

Let us now address the comparison of the two models
with the experimental data: despite of the differences be-
tween confinement potentials, we find almost equal values of
the parameters � and � for the In0.60Ga0.40As and the InAs
dots, independent of the model Eqs. �2� or �3�. This under-

TABLE I. Parameter sets obtained by least-mean-square fits of the E�T� data sets of Figs. 2�a�, 2�b�, and 3 by the power-function model
�Eq. �2�� and the two-oscillator model �Eq. �3��. The relative errors of the fit parameters are below 5%.

QD system Eq.
E�0�

�meV�
�

�meV/K� �
�c

�meV�
�

�K�  W1=1−W2

�1

�K�

In0.6Ga0.4As/GaAs �2� 1267.43 0.356 1.53 30 208 0.43

�dot 1� �3� 1267.35 0.405 240 0.43 0.34 95

In0.6Ga0.4As/GaAs �2� 1261.71 0.355 1.52 30 209 0.43

�dot 2� �3� 1261.64 0.406 241 0.43 0.33 94

InAs/GaAs �2� 1339.55 0.348 1.51 29 200 0.44

�3� 1339.46 0.387 232 0.46 0.38 95
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lines that the primary consequence of varying the QD system
is a different absolute energy position, whereas the
temperature-induced shift E�T� relative to the E�T=0� en-
ergy is only weakly affected by changes of geometry and
composition.

In the two-oscillator model, the estimation of �1=95 K
for the phonon temperature of the low-energy oscillator in
both QD systems corresponds to a phonon energy of kB�1
=8.2 meV. This energy is located just between the two
closely spaced bulk GaAs TA phonon peaks, ��TA�L�
=7.7 meV and ��TA�X�=9.8 meV in the phonon density of
states.36 This indicates that the E�T� dependencies of QDs
are determined mainly by the interaction of the electronic
systems with phonons of the host material.

The temperature dependence of E�T� at low T for the
In0.60Ga0.40As/GaAs dots is somewhat weaker than expected
from the power function model: here the two-oscillator
model provides a better fit because the measured energies are
constant from 2 up to almost 15 K. On the other hand, for the
InAs/GaAs QDs, the power-function model gives a slightly
better fit to the data throughout the whole temperature range.
Yet, in view of the small differences ��0.1 meV� from ex-
periment and among each other, both models can generally
be considered as good approaches for numerical simulations
of E�T� dependencies in QDs.

In a large number of studies concerning the temperature
dependencies of energy gaps in semiconductors, Varshni’s
formula7,8 or expressions of Bose-Einstein type9,10 have been
used for fitting E�T� data sets. In these models it is not pos-
sible to adjust the system-specific degree of phonon disper-
sion �quantified by the dispersion coefficient �. Instead,
both models involve fixed  values.16,37 On the other hand,
the numerical effort for data fits is considerably smaller, so it
is worth also testing their applicability to describing QD data
with high accuracy.

Let us consider first the Bose-Einstein model, which de-
scribes the limiting case of completely vanishing dispersion
=0. For direct comparison of the model parameters with
those from the phonon-dispersion models it can be rewritten
in the form35,37,38

EB�T� = EB�0� −
�B�B

exp��B

T � − 1

= EB�0� −
�B�B

2
�coth�B

2T
� − 1� , �4�

where �B=�B /kB is the temperature of the phonon oscillator,
giving a total of three fit parameters �listed for the two dot
types in Table II�. The fitted dependencies are shown by the
dotted curves in the insets to Figs. 2�a�, 2�b�, and 3. In com-
parison to the two-oscillator model, the Bose-Einstein model
curves show more extended and energetically lowered pla-
teaus.

EV�T� = EV�0� −
�VT2

� + T
�5�

is the Varshni model with three fit parameters as well.7,8 Here
� is expected to be comparable with the Debye temperature.
When fitting the experimental data sets by Eq. �5�, however,
one is facing a factually unlimited �order-of-magnitude�
floating of the parameters �V	0 and �	0 toward
infinity.16,34 Such a limiting transition corresponds to EV�T�
approaching a quadratic dependence34,37,38

EV�T� → EQ�T� = EQ�0� − cV · T2, �6�

where cV=lim�→���V /��. From computational points of
view, Eq. �6� has the advantage that it comprises only two
parameters: the T=0 energy and the curvature parameter cV
�see Table II�. The corresponding parabolas are shown by the
dashed-dotted curves in Figs. 2 and 3. For T�20 K, the
descent of these curves is much stronger than those of the
experimental data.

From a formal point of view, it is possible to achieve a
reduction of the curvature of EV�T� by admitting negative
values, �V�0 and ��0, in Varshni’s model. The corre-
sponding values are also listed in Table II. Yet, from the
dashed-double-dotted curves in Figs. 2 and 3, we see that
even then no good simulation of the behavior can be ob-
tained. Moreover, negative parameter values obviously rep-
resent a situation of no physical relevance. In summary the

TABLE II. Parameter sets of the fits to the experimental data according to the Bose-Einstein model Eq.
�4�, the Varshni formula Eq. �5�, and the limiting two-parameter version of the latter Eq. �6�. The relative
errors of the fit parameters are below 5%.

QD system Eq.
E�T=0�
�meV�

�B/V

�meV/K�
�B ,�
�K�

�V /� ,c
�meV/K2�

kB�B

�meV�

In0.6Ga0.4As/GaAs �4� 1267.22 0.260 144 - 12.4

dot 1 �5� 1267.59 −0.484 −490 0.99·10−3 -

�6� 1267.77 �→�� �→�� 1.22·10−3 -

In0.6Ga0.4As/GaAs �4� 1261.50 0.259 144 - 12.4

�dot 2� �5� 1261.88 −0.495 −501 0.99·10−3 -

�6� 1262.05 �→�� �→�� 1.22·10−3 -

InAs/GaAs �4� 1339.33 0.280 149 - 12.8

�5� 1339.76 −2.233 −1912 1.17·10−3 -

�6� 1339.82 �→�� �→�� 1.24·10−3 -
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simple models Eqs. �4�–�6� cannot give reasonable descrip-
tions of experimental data for E�T�.

V. SUMMARY

The temperature-dependent energy shifts of the exciton
emission in different InxGa1−xAs/GaAs QD samples at cryo-
genic temperatures can be well described by the power func-
tion and the two-oscillator model, developed recently for
bulk materials. QD-specific mechanisms are apparently small

for self-assembled dots: structural variations such as differ-
ent compositions and geometries have only little influence on
the temperature dependencies, which are mostly determined
by coupling to the bulk phonon system of the material in
which the QDs are embedded.
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