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We present microscopic calculations of the light emission and carrier dynamics in an electrically pumped
quantum-dot emitter at low injection currents and room temperature. The modeled structure consists of a bulk
semiconductor and self organized InGaAs/GaAs quantum-dot layers �embedded by a wetting layer�. Carrier
transport through the structure is driven by scattering with longitudinal optical phonons including the nonequi-
librium phonon dynamics. Even though the phonon distribution remains at room temperature, a substantial
carrier heating corresponding to more than 50 K above the phonon temperature occurs in the wetting layer.
Surprisingly, this temperature difference is observed in particular at low pump currents. It can be attributed to
a nonequilibrium in the sample due to energy level alignment and external pumping.
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I. INTRODUCTION

Quantum-dot emitters �QDEs� consist of QDs embedded
into the intrinsic layer of p-i-n diode structures. These de-
vices have two main applications. �i� High speed optical net-
works require electrically pumped semiconductor
amplifiers1,2 and lasers.3 Recent efforts focus on the con-
struction of ultrafast devices with low power consumption.
The latter task mainly aims at reducing the lasing threshold
current and is of particular importance in highly integrated
photonic networks. �ii� At low, modulated pumping currents
quantum key distribution for methods in quantum cryptogra-
phy is a proposed QDE application.4 Here, most of the cur-
rent approaches rely on single and entangled photons,5–7 i.e.,
nonclassical light, and ultimately rely on photon sources at
low pumping currents. For both application fields, i.e., lasers
and nonclassical light sources, QDEs with self assembled
QDs are the most elaborated candidates.8,9 A detailed theo-
retical understanding of the microscopic electron transfer and
photon emission processes in a QDE is essential for future
optimization and development.

QDEs consist of a spatial extended, three-dimensional
bulk of intrinsic or doped semiconductor with several layers
of QDs �cf. Fig. 1�. Due to the self-assembling growth
mechanism,8,10 the investigated QDs are not directly embed-
ded in the surrounding bulk material, but are located in a
thin, i.e., two-dimensional wetting layer �WL�. Light is emit-
ted by radiative electron-hole recombinations from confined
QD levels �Fig. 1�. In order to induce such recombination
processes, carriers must be injected into the bulk semicon-
ductor first. This is usually done via p-n contacts sandwich-
ing the bulk-WL-QD system. From the bulk material carriers
relax via the WL into the QDs to recombine there radiatively.

Phonon-assisted WL-QD transition has been assumed to
be a bottleneck in the relaxation chain,11,12 since phonon-
assisted transitions between discreet QD states are energeti-
cally forbidden. Here, we will use a multiphonon approach to
describe this transition.13,14

In the following, we examine the main idea of this paper
by analyzing the consequences of the energy alignment, cf.

Fig. 1�b�, in the considered QD structures. Potential energy
of bulk electrons/holes is transformed into kinetic energy of
WL carriers when carriers are scattered from the bulk band
structure minima into the WL. After injection, these high
energetic WL carriers will lose energy by emission of
phonons. A detailed analysis of the WL-QD scattering shows
that mainly carriers around the WL � point, i.e., carriers with
low kinetic energy are scattered into the QD. Therefore, dur-
ing its operation via electrical pumping, the WL is perma-
nently filled with carriers of high energy, while carriers with
low energy are drained to the QDs. Compared to an equilib-
rium situation, the WL carrier distribution is deformed in
favor of the high energy tail. Later on, we will show that this
distribution—even if it is a nonequilibrium distribution—can
be fitted by a Fermi–Dirac distribution and it is justified to
define a temperature in terms of the mean free energy. The
deformation of the carrier distribution corresponds to a heat-
ing of the WL carriers. Since the scattering probability from
the WL to the QD depends strongly on the WL
temperature,2,14 this heating will influence the device perfor-
mance.
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FIG. 1. �Color online� �a� Schematic view of a QD photo emitter
with two active layers. �b� Energy level scheme of the investigated
structure. The energetic difference between the lowest states in bulk
and WL is 64 meV �187 meV� for electrons �holes�. The QD elec-
tron �hole� states are in a distance of 79 meV �42 meV� from the
WL band edge. The lens-shaped QDs have typically a diameter of
10 nm and a height of 5 nm �Ref. 8�.
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To study the proposed heating effects, we investigate a
model structure to evaluate the coupled electron-phonon dy-
namics to analyze a carrier heating in QDE, in particular at
low electrical pump currents.

II. MODEL QDE STRUCTURE

The considered QDE �Fig. 1�a�� consists of a GaAs bulk
semiconductor and Stranski-Krastanov grown InAs QDs em-
bedded in a two-dimensional In0.5Ga0.5As WL forming a
quantum well.8,15 A list of used material parameters can be
found in Tables I and II. Later, we discuss how the results
can be applied to QDEs with several active layers. Maintain-
ing a low externally injected current, the transport through
the structure is driven by microscopic scattering of nonequi-
librium carriers with longitudinal-optical �LO� phonons
�Fröhlich coupling�.2,16

We focus on weakly pumped devices operating with low
carrier densities at room temperature. Here, carrier-LO pho-
non scattering clearly dominates the dynamics. Coulomb
scattering, important at high carrier densities, i.e., above
1010 cm−2 in the WL,16 is neglected in our study due to a
low carrier density assumption. This leads to carrier level
occupations �1. By incorporation of Coulomb interaction,
our approach can be expanded to the high injection regime.

Referring to Fig. 1�b�, carriers are electrically injected
into the bulk semiconductor, from where they relax via the
WL states into the QDs. The pumping into the bulk material
is realized by carrier reservoirs.17 The expansion of the bulk
material in growth direction is assumed to be 500 nm and
thus large enough to neglect quantum confinement effects. In
the bulk material the carrier wave functions ��bulk� are plane
Bloch waves and the corresponding energies �i.e., parabolic
dispersion�. Around the � point of the band structure can be
obtained using the effective mass approximation. In contrary,
the states inside the wetting layer are quantum confined in
growth direction, while unconfined in perpendicular dimen-
sions. Using the envelope function approximation18 the con-
finement potential is approximated by an one-dimensional

infinite square well with an effective width Leff.
19 In the in-

vestigated setup, at the � point only a single subband with
the wave function ��WL� has an energy below the bulk band
edge.

The lens shaped QDs have typically a diameter of 10 nm
and a height of 5 nm.8 Thus the wave functions ��QD� are
quantum confined in all three spatial dimensions. The con-
finement in growth direction is modeled via an infinite
square well, while the in-plane wave function is approxi-
mated by a two-dimensional harmonic oscillator. This is a
good approximation for dots with a small aspect ratio.20

Interactions between the states are determined by wave
function overlap. Since bulk, WL, and QD states are not
independent from each other, but eigenfunctions of the same
single particle Hamiltonian, they have to be orthogonal. In
particular, in the case of bulk-well and well-dot coupling the
matrix elements are overestimated by the use of plane wave
functions.21 To calculate the combined bulk-well and well-

dot scattering matrix elements, orthogonal plane waves ��̃��
are used21

��̃�� = N−1/2����� − �
����

�����	�������
 .

Here, the sum runs over all nonorthogonalized states ����,
while the normalization factor N is chosen in a way that

	�̃� ��̃��=1.
The LO phonons are assumed to have GaAs bulklike

properties with a constant energy ��LO, independent of their
wave vector q� according to the Einstein model.

III. HAMILTONIAN

The Hamilton operator consists of three parts, H=Hfree
+Hc-phonon+Hc-photon, where the first part describes the free-
carrier contribution as well as the free phonon and photon
fields

Hfree = �
�

��a�
†a� + ��LO�

	

b	
†b	 + ��c†c . �1�

Here, a�
† �a�� is the fermionic carrier creation �annihilation�

operator. The compound index � contains the carrier type
�electron or hole�, the subsystem �bulk: ��bulk, ith WL:
��WL, or jth QD in the ith WL: ��QD�, and, if necessary,
the carrier momentum k�. The latter is a three-dimensional
vector in the case of bulk carriers, while it is two dimen-
sional within the WL. � also contains the spin, which we
implicitly include in the k� sums since all considered interac-
tions are spin diagonal and spin-orbit coupling turns out to
be weak for the energy scales involved in this
investigation.22

b	
† �b	� is the bosonic creation �annihilation� operator of

LO phonons with a three-dimensional wave vector q	�. For
the interaction between carriers and light, only a single mode
in a leaky cavity, described by the photon creation �annihila-
tion� operator c† �c� is taken into account.

The second contribution of H is the carrier-phonon
Hamilton operator

TABLE I. Physical parameters of bulk GaAs.

Constant Symbol Value

Low-frequency dielectric number �l 12.9

High-frequency dielectric number �h 10.9

Effective electron mass mbulk,e 0.067m0

Effective hole mass mbulk,h 0.51m0

LO phonon energy ��LO 36.4 meV

TABLE II. Physical parameters of the In0.5Ga0.5As WLs.

Constant Symbol Value

Effective electron mass mWL,e 0.042251m0

Effective hole mass mWL,h 0.461m0

Effective WL width Leff 8 nm

WOLTERS et al. PHYSICAL REVIEW B 80, 245401 �2009�

245401-2



Hc-phonon = �
���	

�g�,��
	 a�

†a��b	 + H.c.� . �2�

The Fröhlich carrier-phonon coupling elements g�,��
	 are

given by18

g�,��
	 = − i�2
e2��

�V

1

�q	�
	���eiq�	r������ . �3�

The coupling strength is defined by the chosen wave
functions and the material parameters, cf. Tables I and II.
Here, � is the effective dielectric constant of GaAs bulk ma-
terial: �=�0� 1

�h
− 1

�l
�−1. If the states ���� and ����� both are

three-dimensional plane waves, the expectation value in
Eq. �3� provides momentum conservation, otherwise it yields
the form factor F= 	���eiq	r����� for bulk-WL and WL-QD
interaction.

The carrier-light interaction Hamiltonian reads in the
electron-hole picture23

Hc-photon = �
�,��

�M�,��a�a��c
† + H.c.� . �4�

The carrier light interaction described by Hc-photon is re-
stricted to the QD states. The coupling matrix element M�,��
is nonvanishing, only if � and �� refer to different carrier
types, i.e., electrons and holes, in the same QD.

IV. EQUATIONS OF MOTION FOR CARRIER TRANSPORT
AND PHOTON EMISSION

To describe the electron-phonon scattering processes,
which drive the electrons through the compound system, a
higher order Born approach to the many particle correlations
in the bulk, WL, and QD systems is applied.14,24,25 The equa-
tions of motion for an arbitrary operator O are derived
through the Heisenberg equation: i��tO= �O ,H�−. Expecta-
tion values of observables are calculated using the density
matrix �

	O� = tr��O� . �5�

We start with the carrier dynamics and discuss the photon
emission dynamics later on.

A. Electron transport

Applying a standard equations of motion approach26 the
Markovian dynamics of the carrier populations f�

=tr��a�
†a��, and phonon occupation numbers n	=tr��b	

†b	�
�� being the initial statistical operator� are given by
Boltzmann-type rate equations18,27

�

�t
f� = ��

in�1 − f�� − ��
outf�, �6�

�

�t
n	 = �	

+�1 + n	� − �	
−n	. �7�

The corresponding relaxation processes are illustrated in
Fig. 2. The considered channels are relaxation within the

bulk and the WL states, carrier scattering from bulk to WL
states, and phonon-assisted capture into the QDs. The in and
out scattering rates ��

in/out and the emission �+� and absorp-
tion �−� rates �	

 are functions of the carrier and phonon
distribution functions and are calculated microscopically. We
use second order Born-Markov approximation for the
bulk-WL coupling. This approach results in the Bloch-
Boltzmann-Peierls formulas, Eqs. �6� and �7� �Refs. 18, 27,
and 28� with the scattering rates

��
in =

2


�2 �
��,	



�g�,��
	 �2f���n	 +

1

2


1

2
����,��

 � , �8�

��
out =

2


�2 �
��,	



�g�,��
	 �2�1 − f����n	 +

1

2


1

2
����,��

� � �9�

for scattering within and between WL and bulk. The energy
differences ��,��

 are defined by ���,��
 =��−�����	 and

the term �g�,��
	 �2 results from second order Born approxima-

tion. The factor �n	+ 1
2 

1
2 � accounts for absorption �−� or

spontaneous and stimulated emission �+� of phonons. Simi-
larly, the emission rates �	

+ and absorption rates �	
− for LO

phonons in the mode 	 are given by

�	
 =

2


�2 �
�,��

�g�,��
	 �2f��1 − f�������,��

 � . �10�

In principle, the sums in Eqs. �8� and �9� run over all elec-
tronic states of the system, but most of the terms vanish due
to momentum conservation included in the matrix elements
or energy conservation, preserved by the Dirac-Delta func-
tion. Allowed processes are depicted in Fig. 2.

For the QD-WL interaction a second order Born approxi-
mation breaks down.29 In particular, scattering into the QD
states are energetically forbidden due to the large energy off-
set of the lowest WL states to the bound QD states. Such
transitions cannot be described by single phonon processes.
However, the WL-QD scattering is of great importance for

k⊥
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k‖

∆E
2D WL

3D bulk

2h̄ωLO

2D WL

0D QD(b)(a)

FIG. 2. Scattering channel of the investigated system. �a� Pos-
sible relaxation process of an excited bulk electron into the WL. By
emission of one phonon, the electron loses always the energy ��LO.
In all processes that include a WL state the perpendicular momen-
tum k� is not conserved. �b� Relaxation from the WL into the QD.
A carrier can only scatter from a resonant WL state, i.e., a state with
integer times the phonon energy from the QD state, emitting several
phonons.
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the device dynamics, since it feeds the optical active QD
transitions. To address this problem, we use projection-
operator-based effective many phonon Hamiltonians14,30,31

for carrier capture processes into the quantum dots. This cor-
responds to a higher order virtual state description within a
higher order Born approximation. Again, one obtains a
Boltzmann-type equation of motion

�

�t
f��QD = ��

in�1 − f��QD� − ��
outf��QD �11�

Here, we omit the resulting out scattering rate ���QD
out for dot

states, since its contribution is negligible.14 The in scattering
is driven by occupied wetting layer states f�� with the energy
��� close to the resonant energy ��

res=���QD+n��, which is
resonant to the n-phonon process

���QD
in =

1

��
�

���WL

f��L���� − ��
res� �12�

Quasiparticle broadening via acoustic phonons, lifetime
broadening, and inhomogeneous broadening is included by
the distribution function L����−�res�. For numerical reasons
we approximate the coupling of all WL states with ���
���LO equally to the QDs. This is valid since inhomoge-
neous broadening is in the same range as a LO phonon
energy.32 The scattering into QDs corresponds to an out scat-
tering from the WL states. The corresponding WL equation
of motion reads

�

�t
f���WL�

QD
= −

1

��

�1 − f��QD�

�
��
out,QD

f��, ��� � ��LO.

�13�

For the total out scattering rate ���
out,QD we calculated

���
out,QD=3 ps−1 for holes and ���

out,QD=0.3 ps−1 for electrons.
To describe realistic, electrically pumped structures, elec-

trical carrier injection from the p-n contacts is included by
coupling the bulk to pump reservoir distributions f�

pump�t�,
where the Fermi levels in the reservoirs are variable by ex-
ternal bias of the device.17 This approach results in additional
injection rates for the bulk states

���bulk
in,pump = ��f�

pump�t� , �14�

���bulk
out,pump = ���1 − f�

pump�t�� . �15�

The f�
pump correspond to reservoir states with the same mo-

mentum as the corresponding f��bulk. The injection effi-
ciency ��=10−7 s−1 is constant for all electron states, while
the efficiency �� for the hole states is adjusted dynamically
between 0 and 10−8, to obtain global charge neutrality.

Carrier generation and carrier losses in the bulk and the
WLs are included in form of phenomenological rates. The
loss rate in the bulk is ���bulk

out,gr =1 ns−1 and for the WL
���WL

out,gr =10 ns−1.18

Additionally we take into account repulsion of the phonon
occupation into the equilibrium by anharmonic decay. In ac-
cordance with experiments this time constant is �phonon

decay

=3.5 ps.33

B. Summary of the equations of motion

Altogether, we obtain the final set of equations

�

�t
f� = �̃�

in�1 − f�� − �̃�
outf�, �16�

�

�t
n	 = �	

+�1 + n	� − �	
−n	 −

n	 − n	,0

�phonon
decay , �17�

where the total scattering rates �̃�
in/out are the sums of the

individual rates

�̃�
in/out = ��

in/out + ��
in/out,pump + ��

in/out,gr �18�

and n	,0 is the equilibrium phonon distribution. The coupled
differential equations Eqs. �16� and �17� can be solved nu-
merically using standard methods.

C. Photon emission

Knowing the dynamics of the populations directly leads to
the photon output of a QD-based device. Taking into account
a radiative recombination constant �rad, leads to an estimation
of the photon flux. In the limiting case of low photon density
and the weak coupling limit, the carrier-light Hamiltonian,
Eq. �4�, yields the spontaneous emission of photons from
occupied quantum-dot states34

d

dt
npt = 2NQD

fQD,efQD,h

�rad
−

npt

�loss
. �19�

The photon occupation is damped by a cavity loss �loss
=4 ps.35 The photon creation is proportional to the number
of QDs NQD, and the factor of two results from spin degen-
eracy.

V. NUMERICAL RESULTS

By applying a constant voltage, the Fermi levels in the
pump reservoirs are adjusted and after several nanoseconds a
stationary current flows through the structure �Fig. 3�a��. The
current density j is calculated by summing up the pump
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FIG. 3. �a� The current-voltage characteristics is typical for a
diodelike structure. �b� Losses play only a minor role and the pho-
ton emission is close to the one photon per electron-hole pair limit.
At extreme low currents it takes longer than 10 ns to reach a steady
state.
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terms over all bulk electron state and multiplying with the
elementary charge e �Ref. 17�

j =
e

AWL
�

��bulk
���

in,pump�1 − f�� − ��
out,pumpf�� . �20�

Figure 3�b� shows the photon emission in continuous opera-
tion. At extreme low currents, in the few photon regime it
takes longer than 10 ns to reach the steady state. Thus the
calculated emission stays below the theoretical limit of one
photon per electron-hole pair.

We now focus on the microscopic information contained
in our model: under steady, nonequilibrium operation, the
carriers in the bulk and the WLs deviate from an ideal Fermi
distribution at room temperature �Fig. 4�a��. However, their
distribution is close to a Fermi-Dirac function at higher tem-
perature and thus it is justified to define a temperature for
comparison with a quasi-Fermi function at room tempera-
ture. A temperature of the WL carriers can be defined easily
by the expectation values of the total carrier energy 	Etot�
=�k�

�2k�2

2meff
fk� and the particle number 	Ntot�=�k� fk�. Using these

values a temperature T can be attributed to the carrier distri-
butions. In terms of that for bulk carriers the classical Bolt-
zmann limit is even valid. In this case, the bulk carrier tem-
perature T can be calculated by using

	Etot� =
3

2
	Ntot�	−1. �21�

Here, the inverse temperature 	 is defined by 	= �kBT�−1

with kB being the Boltzmann constant.
In the two-dimensional wetting layer this classical limit

appears to be invalid. However, we find the exact expression

	Etot� = −
C

	2Li2�1 − exp� 	Ntot�	
C


 �22�

for the free energy of a two-degree electron gas. The constant
C is defined by C=

meffAWL


�2 and Li2�z� is the dilogarithm of z

with: Li2�z�=�k=1
� zk

k2 . From Eq. �22� the temperature can be
obtained numerically.

In the following we focus on the device relevant room
temperature. In steady operation, the temperatures of the

bulk carriers and the LO phonons remain at their initial value
of 300 K. At least in the studied low injection limit, the
generation of nonequilibrium LO phonons is too weak to
influence the dynamics. Note, that other two-dimensional
systems, with a stronger electron-phonon coupling, e.g.,
graphene, exhibit phonon heating due to carrier relaxation.28

Since the impact of WL dynamics to the bulk phonons is
negligible, the approach can be linearly extrapolated to sev-
eral WL-QD layers. In the WL a substantial heating of the
two-dimensional electron gas occurs. Figure 5 depicts the
evaluated WL carrier temperature as a function of injection
current. We observe a QD density dependent carrier heating,
in particular for low injection currents This heating origi-
nates from the permanent nonequilibrium pumping from the
bulk into the WL: in the injection process carriers gain ki-
netic energy due to the potential difference between bulk and
wetting layer states. Therefore, typically carriers with high
kinetic energies are injected into the WL, while the QDs act
as a sink for carriers with low kinetic energy, around the �
point of the band structure. The average energy is elevated in
the WL carrier distribution, i.e., the temperature is increased.
As a surprising effect, we find, that the heating is more pro-
nounced at low currents and vanishes at higher currents, cf.
Fig. 5. This clearly means, that it depends on the time, an
electron spends in the WL whether heating occurs or not. If
carriers are instantly transferred to the dots after reaching the
� point, there are only few electrons with low energy in the
WL, i.e., the WL distribution is hot, or vice versa if carriers
remain in the WL before being transferred. To check this
interpretation, we define the average carrier dwell time �WL

�

in the wetting layer by the ratio of the current density j and
the density of carriers nWL

� = 1
AWL

���WLf�,� of type �

= �electron, hole� in the WL

�WL
� =

nWL
�

j
. �23�

The defined dwell time is the time needed to transfer the
number of carriers stored in the WL, AWLnWL

� , by the current
AWLj through the WL.

Calculations for various QD densities and currents show,
that the carrier temperature in the WL is a function of the
dwell time �WL

� , cf. Fig. 6. At low dwell times the carriers do
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not have the time to cool within the WL. Now, we can un-
derstand the current-temperature characteristics from Fig. 5.
Since the dwell time is determined by the ratio of nWL

� and j,
one may expect the dwell time to decrease and thus the tem-
perature to raise with increasing current. But due to Pauli
blocking in the QD states �Fig. 4�b�� the WL density in-
creases faster than linear with the current. Therefore, increas-
ing current leads to an increased dwell time and to a reduced
heating since the carriers acquire time to cool via phonon
emission. We note, that the proposed heating mechanism is
in agreement with earlier experiments on the cooling time in
quantum wells from Ref. 36.

The WL carrier temperature, or alternatively �WL
� , is also

very sensitive to the dot density �Fig. 7�. This is caused by
the direct influence of the dot density on the out scattering
rate. Above 1�1010 QDs per cm2, a value easily achieved in
experiments,15 the temperature raises at small currents as
shown in Fig. 7. Even values around 600 K can be reached
for electrons. The hole temperature does not reach as high
values. The temperature saturates since a maximum tempera-
ture is defined by the pumping distribution. The hole tem-
perature saturates for smaller number of dots than the elec-
tron temperature, since the drain per dot is much higher for
holes than for electrons.

VI. CONCLUSION

We have calculated the coupled carrier-phonon dynamics
for a biased light emitter device built up from a heterostruc-
ture of bulk, wetting layer, and quantum dots. We investi-
gated the limit of low injection currents and single photon
emission, using microscopically based equations of motion.
The electrons and holes in the bulk and the wetting layer
appear to have different temperatures. In particular at low
dwell times the carriers in the wetting layers do not have
time to cool and a substantial carrier heating well above
room temperature is predicted. The impact of this heating
influences on the device performance, such as for emitters of
nonclassical light working in this limit,37 will be discussed in
further research.
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