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Role of thermal hopping and homogeneous broadening on the spectral
characteristics of quantum dot lasers

A. Markus,a� M. Rossetti, V. Calligari, J. X. Chen,b� and A. Fiorec�

Ecole Polytechnique Fédérale de Lausanne (EPFL), Institute of Quantum Electronics and Photonics,
CH-1015 Lausanne, Switzerland

�Received 13 April 2005; accepted 10 October 2005; published online 29 November 2005�

The effect of thermal hopping and homogeneous broadening on the lasing spectra and carrier
distribution in quantum dot lasers is investigated by measuring the spontaneous emission spectra
through a top-contact window. Two intriguing features are observed, i.e., a strong redshift of the
excited-state lasing peak as compared to the spontaneous emission spectrum and the absence of
population clamping at threshold. These features are interpreted on the basis of a rate-equation
model taking into account energy-broadening mechanisms and thermal coupling among quantum
dots. The good agreement between model and experiment allows us to estimate the homogeneous
broadening and capture time, two key parameters for the understanding and proper design of
quantum dot lasers. © 2005 American Institute of Physics. �DOI: 10.1063/1.2133932�
I. INTRODUCTION

Laser diodes based on semiconductor quantum dots
�QDs� have attracted much attention due to various perfor-
mance enhancements predicted1 for a zero-dimensional �0D�
system. Subsequently, ultralow threshold current densities2

combined with decreased temperature sensitivity,3,4 high-
modulation bandwith,4 and low chirp5 were reported for
these devices. Moreover, the underlying physics differs re-
markably from conventional quantum-well �QW� devices,
which leads to a number of peculiar effects. For example, the
coexistence of two lasing lines, which correspond to two
different electronic transitions, has been reported6 and as-
cribed to the relatively slow intraband relaxation.

Yet the description of QDs as isolated 0D systems is not
very accurate. More precisely, the active region of a QD laser
is composed of an ensemble of 0D structures, which are
thermally coupled by a two-dimensional �2D� wetting-layer
�WL� continuum. The QDs in the ensemble are slightly dif-
ferent in geometry and/or composition, which results in a
dispersion of their electronic structure, as manifested in an
inhomogeneously broadened spontaneous emission �SE�
spectrum.

This paper focuses on the interaction among different
QDs in a QD laser, either by �1� carrier transfer or by �2�
homogeneous energy broadening. Intuitively carrier transfer
among QDs can only happen through two mechanisms: tun-
neling between adjacent QDs, which is expected to be weak
due to the large spatial distance and thus is neglected here,
and thermal escape into the WL and subsequent capture into
a different QD. Furthermore, QDs with transition energies
within the homogeneous broadening can interact with the
same photon bath, resulting in an indirect interaction. The
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impact of these two mechanisms on the operation of QD
lasers has been addressed mostly on the theoretical side, with
emphasis on the transition of nonequilibrium to quasiequilib-
rium carrier distributions7–10 as well as the transition from
broadband multimode lasing emission to a narrow lasing
line.7,11–13 This paper presents a detailed experimental inves-
tigation of carrier processes in QD lasers around and above
the lasing threshold. Fitting these results with a numerical
model allows a quantitative estimation of the crucial material
parameters.

For this purpose both the spectral output from the laser
facets and SE spectra are investigated. From the laser facets,
the lasing spectrum and therefore information on the gain
spectrum can be derived. On the other hand, the unamplified
SE spectrum above the lasing threshold is of highest interest,
since conclusions about the actual level populations can be
drawn. Light detection from a window in the top-contact
stripe of the device is a technique often exploited to gain
experimental access to the SE spectrum.10,14 This way the
population clamping at threshold can be investigated. In ad-
dition, the spectral distribution of carriers within the inhomo-
geneously broadened QD ensemble can be studied and
linked to the spectral distribution of the lasing modes. This
comparison allows us to draw conclusions about the degree
of carrier localization within the inhomogeneously broad-
ened QD ensemble, carrier thermalization, and the role of
homogeneous broadening for the carrier-photon interaction.
For example, a thermal carrier distribution down to 100 K
has been evidenced in QD lasers emitting at 1.0 �m,10

whereas no similar study yet exists for QD lasers emitting at
longer wavelengths. The device investigated in this letter has
an emission wavelength of 1.28 �m on the ground-state
�GS� transition, corresponding to much larger carrier local-
ization energies, such that the establishment of thermal equi-
librium within the QD system might be hindered.

The experimental data are then linked to a comprehen-
sive rate-equation model, which takes into account both in-

homogeneous and homogeneous energy broadening, and the

© 2005 American Institute of Physics6-1
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impact of various parameters such as capture time, tempera-
ture, and homogeneous linewidth are discussed quantita-
tively.

The article is organized as follows: In Sec. II experimen-
tal results of spontaneous emission spectra versus stimulated
emission spectra are discussed. In Sec. III a rate-equation
model is developed and the impact of various parameters on
the carrier distribution function is presented, as well as the
consequences for the level population and gain spectrum. In
Sec. IV the interaction with photons is implemented in the
rate-equation model and the experimental spectra from Sec.
II are reproduced. The impact of the homogeneous broaden-
ing is discussed. Finally, the main results are summarized in
Sec. V.

II. EXPERIMENTAL RESULTS

The edge-emitting laser investigated in this section has
been fabricated from the same epitaxial structure described
in Ref. 6 in detail. It consists of a Al0.7Ga0.3As/
GaAs/Al0.7Ga0.3As waveguide with three QD layers, sepa-
rated by 40 nm. Lasers with as-cleaved facets and a cavity
length l�2.5 mm operate on the ground-state transition at
1.28 �m and for l�1.5 mm on the excited-state �ES� tran-
sition at 1.22 �m. For an intermediate cavity length �1.5
� l�2.5 mm� lasing takes place on both GS and ES transi-
tions due to a combination of GS gain saturation and slow
intraband relaxation time, as previously reported.6 In order to
access the spontaneous emission spectrum during laser op-
eration, l=2-mm-long devices were fabricated with 4�10-
�m-sized holes in the top-metal contact. The electrolumines-
cence �EL� from these holes was then detected in a micro-
photoluminescence ��-PL� setup, involving a Spex 1000M
monochromator and an In–GaAs detector array. The EL from
the facets was spectrally resolved by an optical spectrum
analyzer.

Typical emission spectra from the laser facets at room
temperature and in pulsed mode �1 �s pulses, 1% duty cycle
to minimize heating effects� are depicted in Fig. 1�a�. At an
injection current of J=140 A/cm2 the device starts lasing on
the GS transition at 0.965 eV. With increasing bias the GS
lasing line broadens and at J=890 A/cm2 a second lasing
line appears at 1.025 eV, corresponding to the ES transition.

The corresponding spectra detected from a hole in the
top-contact stripe are shown in Fig. 1�b�. In this case the
emission consists of both spontaneously emitted light and a
fraction of the lasing mode intensity that is scattered by the
hole. The latter is unintentional but quite useful to verify the
lasing threshold and the position of the lasing peak. In fact,
the observation of the same two-state lasing behavior from
the facets and from the top-contact window confirms that this
mechanism is intrinsic and not due to inhomogeneous carrier
distribution along the cavity. The same behavior has been
also observed on single transverse-mode lasers,6 providing
further confirmation. The fraction of scattered light stem-
ming from amplified spontaneous emission can be neglected,
as confirmed by the absence of line narrowing in these spec-
tra. Therefore, since apart from the lasing modes the spectra

are composed of SE photons only, conclusions about the ac-
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tual level population below and above the lasing threshold
can be drawn. State filling becomes evident with increasing
injection current. The GS SE is peaked at 0.97 eV, close to
the spectral position of the lasing line. More strikingly, the
ES SE peak is located at 1.045 eV and is blueshifted by
20 meV as compared to the position of the ES lasing line.
Obviously gain peak and SE peak do not coincide, due to
thermal carrier redistribution in the QD ensemble, as dis-
cussed in Sec. III in detail.

As a next step the quantitative dependence of the SE
spectra on the injection current is studied. The GS and ES
integrated SE intensities are proportional to the respective
peak value of the SE spectrum, since the overlap of the two
emissions is negligible. Figure 2�b� depicts the EL intensity
close to the peak position of GS spontaneous emission �E
=0.98 eV� and at the peak position of ES spontaneous emis-
sion �E=1.045 eV� as a function of the injection current den-
sity. At GS threshold the increase of the GS spontaneous
emission peak is strongly reduced and the slope further de-
creases at the ES threshold.

For both GS and ES a change in the slope of the SE
intensity takes place at their respective threshold; however,
no complete population clamping is observed, particularly
for the ES. This behavior is in sharp contrast with the ideal
picture of population clamping above the threshold. Even in
QD lasers, a simple model neglecting carrier interactions in
the QD ensemble �“single-mode” rate-equation model� re-
sults in a pinning of GS and ES populations at their respec-
tive threshold.6 In contrast to the experiment here GS and ES
populations are continuously getting filled with increasing
injection current and a complete population clamping is
never observed.

Figure 2�a� shows light-current �L-I� characteristics from

FIG. 1. Electroluminescence �EL� spectra from the facets in logarithmic
scale �a� and from a window in the top-contact stripe in linear scale �b� at
room temperature and at increasing injection current.
the laser facet. GS and ES emissions have been detected
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separately with high/low bandpass filters with a cuton/off
wavelength at 1250 nm. Obviously the GS differential effi-
ciency gets increasingly suppressed above the ES threshold,
but complete saturation of GS output power only occurs well
above the ES threshold. In contrast, the single-mode model
in Ref. 6 �Figs. 1�e� and 1�f�� predicts a complete saturation
of GS emission at the ES threshold already. In Sec. IV this
behavior will be related to the interplay between inhomoge-
neous and homogeneous energy broadening.

III. CARRIER DISTRIBUTION FUNCTION

In order to explain the spectral redshift of the ES lasing
modes with respect to the ES population peak in Figs. 1�a�
and 1�b�, the carrier distribution function of the inhomoge-
neously broadened QD ensemble is calculated in this section.
For the moment we describe the interaction of carriers in
different QDs in the absence of photons. A similar study has
been conducted in Ref. 9, where the discussion has been
limited to GS population and gain function. Here we are
interested in both GS and ES transitions and we adapt the
model parameters to the experimentally found values. This
allows us to quantitatively explain the experimental spectra.

The inhomogeneous energy broadening is treated by as-
suming a Gaussian distribution of the QD transition energies.
Low-temperature PL spectra suggest a full width at half
maximum �FWHM� of GS/ES energy distributions of
FWHMGS=35 meV and FWHMES=45 meV. We discretize
the energy axis in intervals �EGS, �EES around the GS/ES
transition energies. All numerical calculations have been per-
formed with an energy interval size of �EGS�1 meV,
�EES=�EGSFWHMES/FWHMGS. In the following we refer
to Ei as the GS transition energy of a given QD family. The

FIG. 2. �a� Light-current �L-I� characteristics of GS and ES emissions de-
tected from the laser facet. �b� Peak intensity of GS and ES spontaneous
emission spectra in Fig. 1�b� as a function of the injection current density.
corresponding ES transition energy of that QD family will be
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labeled Ei
ES �see Fig. 3�a��. The number of QDs with GS

transition energies in a certain energy interval Ei±�EGS/2
can be calculated as

ND
Ei =

ND

�2��
�

Ei−�EGS/2

Ei+�EGS/2

exp�− �E − Epeak�2

2�2 	dE ,

where Epeak refers to the peak position and � to the variance
of the GS transition energy distribution. By transmission
electron microscopy �TEM� the total number of QDs has
been estimated as ND=3�1010 cm−2 per QD layer. The cor-
responding number of QDs ND

ES,Ei with ES transition energies
around Ei can be derived the same way by accounting for a
spectral shift of the ES peak energy �Epeak+65 meV�, replac-
ing � with the variance of the ES transition energies and the
integration interval with �EES. QDs are assumed to confine
electrons and holes in a twofold �spin-� degenerate GS and a
fourfold degenerate ES due to an additional twofold degen-
eracy arising from the in-plane symmetry in the QD geom-
etry. The resulting joint density of states �DOS� of the QD
system �Fig. 3�a�� can be calculated as DOS�Ei�
=2�ND

Ei /�EGS�+4�ND
ES,Ei /�EES�.

The carrier dynamics in the QD system is modeled in a
rate-equation approach similar to the one presented in Refs.
6 and 15. However, rather than assuming eh-pairs that oc-
cupy corresponding energy states in their respective bands,
in the model here electrons and holes are treated separately
and the respective distribution functions are denoted as fe

and fh, respectively. It has been pointed out on Refs. 16 and
17 that such a treatment is crucial for a correct description of
the temperature dependence of the threshold current. Thus
electron and hole capture are uncorrelated and intraband
electron-hole recombination is described by bimolecular re-
combination terms. As a result charge neutrality in different
quantum dots is not imposed and thermal population of ex-
cited hole states is enhanced due to the more closely spaced
valence-band states.

The respective GS/ES distribution functions fGS
e,h�Ei� and

fES
e,h�Ei� �corresponding to a QD family with a GS transition

FIG. 3. �a� Density of states �DOS� of the modeled QD system. ��b� and �c��
Calculated escape times �ES

e,h�Ei� from ES and �GS
e,h�Ei� from GS, assuming a

capture time �c=1 ps and a relaxation time �0=10 ps.
energy Ei� are described by a set of four rate equations each:
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dfGS
e,h�Ei�

dt
=

2fES
e,h�Ei��1 − fGS

e,h�Ei��
�0

−
fGS

e�Ei�fGS
h�Ei�

�r

−
fGS

e,h�Ei��1 − fES
e,h�Ei��

�GS
e,h�Ei�

, �1�

dfES
e,h�Ei�

dt
=

f res
e,h�1 − fES

e,h�Ei��
4�c

−
fES

e,h�Ei��1 − fGS
e,h�Ei��

�0

−
fES

e�Ei�fES
h�Ei�

�r
+

fGS
e,h�Ei��1 − fES

e,h�Ei��
2�GS

e,h�Ei�
−

fES
e,h�Ei�

�ES
e,h�Ei�

. �2�

Here, the radiative lifetime is set to be �r=1 ns, identical
for carriers on the GS and the ES. Relaxation from ES to GS
is accounted for by the time constant �0 and the capture
mechanism from the WL continuum into the QDs by the
time constant �c. For simplicity, the values of �0 and �c are
set to be identical for electrons and holes �these assumptions
are discussed in the following�. Thermal escape from GS and
from ES is described by the time constants �GS

e,h�Ei� and �ES
e,h�Ei�,

respectively. The WL continuum acts as a carrier reservoir,
which is approximated here by a single discrete energy state
corresponding to the spontaneous emission peak of the WL
continuum at EWL=1.2 eV. All sets of rate equations for the
QD distribution functions are coupled via two equations for
the number of electrons/holes in the reservoir f res

e,h:

df res
e,h

dt
= G −

1

ND


Ei

f res
e,h

�c
· ND

Ei�1 − fES
e,h�Ei��

+
1

ND


Ei

4ND
EifES

e,h�Ei�

�ES
e,h�Ei�

−
f res

e f res
h

�r
, �3�

where G denotes the number of injected carriers per QD and
per carrier lifetime �r. Note here that f res

e,h are not the electron/
hole population probabilities, but the total number of carriers
in the reservoir divided by the total number of QDs ND.

Various experimental studies18,19 reveal that carrier dy-
namics in InAs QDs is dominated by Auger mechanisms and
therefore dependent on the size of electron/hole densities.
However, in Ref. 6 it has been shown that the experimental
behavior of GS and ES threshold currents can be quantita-
tively reproduced by a constant �phenomenological� relax-
ation time as a single fitting parameter. Thus we believe a
constant relaxation time is a reasonable approximation in the
limited carrier density range considered here. In the subse-
quent calculations �0 is set to 10 ps, whereas the impact of
the capture time �c is discussed in the following. The time
constants for the escape of electrons and holes can be derived
from Eqs. �1� and �3� by assuming that the system reaches
thermal equilibrium in the absence of external excitation:6,7

�GS
e,h�Ei� =

�0

2
exp� se,h�Ei

ES − Ei�
kBT

	 ,

�ES
e,h�Ei� = 4�c exp� se,h�EWL − Ei

ES�
kBT

	 .

In agreement with recent calculations20 we attribute a
e
factor of s =0.8 of the measured transition energy-level

Downloaded 08 Oct 2009 to 131.155.151.77. Redistribution subject to
separations �Ei
ES−Ei and EWL−Ei

ES� to the electron-level
separations, and the remainder sh=0.2 to the hole-level sepa-
rations. Note here that the GS and ES escape times do not
only depend on temperature T and on the respective GS/ES
transition energies Ei and Ei

ES, but also on relaxation time �0

and capture time �c, respectively. Since the escape times are
crucial parameters for the results in this letter, a detailed
derivation is given in the Appendix. Figures 3�b� and 3�c�
depict the variation of escape times over energy for electrons
�full line� and holes �dashed line�. The energy dependence of
GS escape times �Fig. 3�c�� stems from the variation in the
ES-GS energy difference and favors the GS escape in lower-
energy QDs. Inversely, escape from ES to the discrete reser-
voir level �Fig. 3�b�� is favored for higher-energy QDs.

At first we discuss the impact of the capture time �c on
the calculated results. The calculated carrier distribution
functions for two different values �c=10 ps and �c=1 ps are
plotted in Figs. 4�a� and 4�b�, respectively. The full lines
refer to the electron distributions and the dashed lines to the
hole distributions. For a longer capture time ��c=10 ps, Fig.
4�a�� and at low injection rates �0�G�2�r

−1� most electrons
reside in the GS levels �E�1 eV, full lines�. In this regime
QDs with different GS transition energies are not filled
equally, due to the larger energy separation of GS and ES for
QDs with a higher transition energy, resulting in a smaller
escape time �see Fig. 3�c�� and in an enhanced occupation of
the ES. When the GS starts to saturate �G	2�r

−1�, Pauli
blocking becomes important and the ES becomes increas-
ingly populated �E�1 eV�. The overall behavior is deter-
mined by a slow-escape mechanism from the ES to the WL,
which does not allow different QDs to “communicate” with
each other, and a strong nonequilibrium carrier distribution is
established. In contrast, the hole distribution function �Fig.
4�a�, dashed lines� resembles very closely a Fermi distribu-

FIG. 4. Calculated carrier distribution functions for a DOS shown in Fig.
3�a� for electrons �full line� and holes �dashed lines� and at two different
values for the capture time, �c=10 ps �Fig. 4�a�� and �c=1 ps �Fig. 4�b��.
tion at all injection currents, and we conclude that the holes
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are in a situation close to quasithermal equilibrium due to a
valence-band spacing that is inferior to kBT. As a conse-
quence, the assumption of a faster capture mechanism ��c

=1 ps� does not change the overall behavior of the hole dis-
tribution function �Fig. 4�b�, dashed lines�. In contrast the
enhanced carrier-transfer process among QDs in the conduc-
tion band �full lines� leads to equilibration within the inho-
mogeneous broadening of the QD ensemble and also overall
between GS and ES. As a result a probability distribution
more similar to a Fermi function is established.

The impact of the different electron distributions for dif-
ferent capture times on the spontaneous emission and gain
spectrum is displayed in Figs. 5�a� and 5�b�, respectively.
The full lines refer to calculations assuming �c=1 ps and the
dashed lines assuming �c=10 ps. In the calculation of SE and
gain homogeneous energy broadening has to be considered.
This is done by a convolution with a Lorentzian function
with a width of 8 meV �the technical details are discussed in
the following paragraph�. Note in Fig. 5�a� that the maxi-
mum position of GS and ES SE peaks shifted towards lower
energies for a faster capture time �c=1 ps �full lines� as com-
pared to the peak values of the DOS �Fig. 3�a��. This shift is
due to carrier thermalization when the occupation of lower-
energy QDs is favored. Note also that in the corresponding
gain curves in Fig. 5�b� the respective shifts are larger. At an
injection rate of G=4�r

−1, ES gain reaches the peak value of
the nearly saturated GS gain. This situation is particularly
important for the interpretation of the experimental spectra,
since both GS and ES lasing are expected to set in at around
this gain value. Here the peak positions of GS population and
GS gain nearly coincide with the DOS peak position, since
the ground states of all QDs are completely filled. In con-
trast, excited states of the QD ensemble are far from being

FIG. 5. Calculated level populations �a� and gain distributions �b� assuming
�c=1 ps �full lines� and �c=10 ps �dashed lines�. Note that the gain is
shifted towards the low-energy side with respect to the population function.
This shift depends on temperature, capture time, and carrier injection.
saturated, and thermal redistribution towards lower energies

Downloaded 08 Oct 2009 to 131.155.151.77. Redistribution subject to
produces a redshift of the population and gain spectra. This
effect is more pronounced for the gain curve, since popula-
tion inversion is facilitated for QD families with a lower
areal density.

It is important to note that the spectral redshift of gain
and population functions only depends on the amount to
which thermal equilibrium is established, and therefore indi-
rectly on the chosen value of the capture time �c. Assuming a
slower capture time �c=10 ps gain and population peaks are
nearly centered at the peak positions of the DOS at all injec-
tion currents �Figs. 5�a� and 5�b�, dashed lines�. In order to
reproduce the spectral redshift of the gain curve at
T=300 K, the assumption of a capture time �c�1 ps is
essential.

IV. LASING SPECTRA

In order to include carrier-photon interaction into the
model, homogeneous energy broadening has to be consid-
ered, which arises due to dephasing processes. One of them
is intrinsic dephasing, imposing a limit in the �eV range for
typical radiative lifetimes around 1 ns. Indeed ultralong
dephasing times in the time range of several hundred pico-
seconds have been found at low temperatures.21,22 At room
temperature the homogeneous line broadening increases to
typically about 10–20 meV.23,24 In this case other dephasing
mechanisms have to be considered, such as phonon scatter-
ing or carrier-carrier scattering.23 The spectral lineshape of
the homogenous broadening at an energy Ei is described by a
Lorentzian function over all discretized energies Ek:

LEk

Ei =



�
·

1

�Ei − Ek�2 + 
2 ,

where 
 is the exciton homogeneous linewidth. An
absorption/stimulated emission term can then be introduced
in the sets of rate equations �1� and �2� by performing a
convolution of inhomogeneous and homogeneous line-
shapes:

− B�fGS,ES
e�Ei� + fGS,ES

h�Ei� − 1�

Ek

LEk

Ei ND
EkPGS,ES

Ek ,

with the respective photon numbers PGS�ES�
Ek at the GS/ES

transition energies. They are described by an additional set of
two rate equations at each photon energy:

dPGS
Ei

dt
= −

PGS
Ei

��

+
2�

�rND
Ei


Ek

LEk

Ei ND
EkfGS

e�Ek�fGS
h�Ek�

+ 2BPGS
Ei 


Ek

LEk

Ei ND
Ek�fGS

e�Ek� + fGS
h�Ek� − 1� , �4�

dPES
Ei

dt
= −

PES
Ei

��

+
4�

�rND
Ei


Ek

LEk

Ei ND
EkfES

e�Ek�fES
h�Ek�

+ 4BPES
Ei 


Ek

LEk

Ei ND
Ek�fES

e�Ek� + fES
h�Ek� − 1� . �5�

The photon lifetime �� and the radiative transition prob-
ability B have been derived from the experimental laser

6
characteristics. More precisely, �� is determined by the mir-
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ror and internal loss, whereas the B factor accounts for the
experimentally determined saturation of GS gain. The spon-
taneous emission coupling factor �, quantifying the fraction
of spontaneously emitted photons that couple into the lasing
mode, is set to a typical value of 10−4. The values of �c

=1 ps and 
=8 meV are used as fitting parameters to repro-
duce the experimental spectra.

We first analyze the spectral positions of the SE spec-
trum and lasing line. A detailed calculation of the spectrally
resolved behavior is shown in Figs. 6�a� and 6�b�. Figure
6�a� depicts the calculated cavity photon numbers corre-
sponding to a spectrum from the facets in the experiment
�see Fig. 1�a��. Figure 6�b� shows the calculated spontaneous
emission photon numbers according to the experiment of de-
tected EL from holes �see Fig. 1�b��. A comparison of Figs.
6�a� and 6�b� shows that GS and ES lasing emissions are
redshifted from the respective energy positions of the spon-
taneous emission peak, where the ES lasing line shows a
large shift ��15 meV� and the GS lasing line shows a small
shift ��3 meV�, in good agreement with the experimental
spectra in Figs. 1�a� and 1�b�. This behavior is understood in
terms of the spectral shift of the gain curve with respect to
the population curve, as discussed in the previous section
�see Fig. 5�. The size of this shift depends on the extent of
state filling. GS population is nearly saturated at the GS
threshold and the peak position of gain and population spec-
trum is similar. In contrast ES population is far off from
being saturated at the ES threshold and the gain peak is
shifted to the low-energy side of the population spectrum.
Thus, by assuming �c�1 ps, we are able to reproduce the
experimental shift of �20 meV of the ES lasing line with
respect to the population peak.

FIG. 6. Calculated spectra of the cavity photon number �a� and the sponta-
neously emitted photon number �b� in a l=2 mm laser cavity at increasing
carrier injection rate G. The FWHM of the homogenous broadening is fixed
to 
=8 meV and the assumed capture time is �c=1 ps.
Now we discuss the impact of the homogeneous line-

Downloaded 08 Oct 2009 to 131.155.151.77. Redistribution subject to
width on the �incomplete� population clamping at the thresh-
old. The values of the GS/ES spontaneous emissions at the
DOS peak positions over G are displayed in Fig. 7�b�. In
these calculations, as in the experiment �see Fig. 2�b��, the
level population of GS and ES increases above the respective
threshold, although the GS population increases only very
slightly. This increase can be adjusted using 
 as a fitting
parameter. For smaller values �e.g., 
=5 meV� the increase
is much more pronounced, whereas a larger value �e.g., 

=15 meV� leads to complete population clamping. That is
because the extent to which QDs with energies away from
the gain peak contribute to the laser modes in the gain center
is governed by the homogenous linewidth 
. A smaller value
for 
 leads to a smaller contribution to stimulated emission
of QDs with energies off the lasing line. Consequently, the
population in those QDs is not clamped at the threshold.

This has two more consequences: �1� The lasing line
broadens with increasing carrier injection, as observed in the
experiment �Fig. 1�a�� and also by other groups.25 We note
that the larger broadening of the GS lasing line suggests a
smaller value of 
 for the GS—our simplified assumption of
a constant value for 
 indeed neglects the detailed depen-
dence on the electronic structure and the injected carrier
density.23,24 �2� The GS lasing photon number does not com-
pletely saturate �Fig. 7�a��, as observed in the experiment
�Fig. 2�a�� and in contrast to the prediction of a single-mode
model.6 The reason is that the ES threshold, i.e., the current
at which the ES starts to emit at the expense of the GS
intensity, is reached gradually with the broadening of the ES
lasing line.

Note that not only the homogeneous linewidth, but also
the degree of carrier thermalization have a crucial impact on
the behavior of population clamping above the threshold.
Indeed, enhanced thermal coupling among different QDs
leads to a larger number of carriers contributing to the stimu-
lated emission process. It has been checked that for the same
value of 
=8 meV, the assumption of very fast escape and
capture times ��c�100 fs� lead to complete population
clamping at the ES lasing threshold and results in complete
saturation of both the GS lasing emission and GS/ES spon-
taneous emissions. Thus the opposite observation in the ex-
periment �Figs. 2�a� and 2�b�� indicates that thermal equilib-
rium within the QD ensemble is not fully established. An

FIG. 7. Corresponding curves to Figs. 6�a� and 6�b� for the integrated cavity
photon numbers �normalized by the total number of QDs� �a� and the values
of the SE spectrum at the DOS peak position �b� plotted over the carrier
injection rate G.
assumption of a capture time �c in the range of �1 ps is
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therefore essential to reproduce on one hand the spectral shift
of the lasing line and on the other hand the incomplete satu-
ration of GS lasing intensities.

After having validated our model parameters by fitting
the experiment, we can now calculated the carrier distribu-
tion functions under lasing conditions �Fig. 8�, as compared
to the nonlasing regime considered in Fig. 4. Under stimu-
lated emission conditions the electron distributions �full
lines� deviate even more severely from a quasi-Fermi distri-
bution due to the effect of spectral hole burning. This is
produced by a carrier-transfer process among different QDs
that is not able to follow the much faster stimulated-emission
mechanism. With increasing carrier injection the “spectral
hole” increases without decreasing the net gain value, since
an increasing number of QDs off the gain peak �and within
the homogeneous broadening� contributes to the stimulated
emission process. This effect is less pronounced in the hole
distribution �dashed lines� due to a faster carrier transfer in
the closely spaced valence-band states. We stress that the
assumption of faster relaxation and capture rates in the va-
lence band would even further confirm the establishment of a
distribution close to thermal equilibrium in the valence band.
In this case, the SE and gain spectra would be mainly deter-
mined by the electron distribution, and an estimation of cap-
ture and relaxation times would apply to electrons only.

V. CONCLUSION

In summary, the spectral investigation of the lasing mode
and the spontaneous emission allows us to shed light on the
interaction of different QDs. In fact, both thermal escape and
homogeneous broadening allow the interaction among other-
wise isolated QDs with important consequences on the laser
characteristics.

Two main experimental findings are reported: a spectral
redshift of the ES lasing line as compared to the population
peak and incomplete clamping of GS and ES populations at
threshold. The spectral redshift can be accounted for in a
rate-equation model by a redshift of the ES gain peak, which
is explained by a partial carrier redistribution to lower-
energy states in the inhomogeneously broadened QD en-
semble. The incomplete clamping of GS and ES populations
at threshold is attributed to a homogeneous linewidth that is
inferior to the inhomogeneous broadening and limits the

FIG. 8. Calculated carrier distribution functions under lasing conditions for
electrons �full line� and holes �dashed lines�.
quantum efficiency of such a device. As a consequence the

Downloaded 08 Oct 2009 to 131.155.151.77. Redistribution subject to
lasing line broadens above the respective threshold current
and the GS emission power does not completely saturate at
the ES threshold. The values of 
=8 meV for the homoge-
neous broadening and �c�1 ps for the capture time result in
a good agreement with the experiment. The application of
these values in the model and the ensemble of experimental
observations indicate that a situation close to thermal equi-
librium is established in the valence band, while strongly
nonthermal electron distributions appear in the conduction
band due to a larger energy spacing.

As a main conclusion, modeling in a rate-equation
model including inhomogeneous and homogeneous energy
broadenings not only provides a qualitative understanding of
the experimentally found spontaneous emission spectra, but
also allows us to estimate two key material parameters, i.e.,
the homogeneous linewidth 
 and the capture time �c. Both
play an important role in the static and dynamic characteris-
tics of QD lasers and amplifiers.
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APPENDIX: DERIVATION OF ESCAPE TERMS

In Sec. III the escape terms from GS and ES ��GS
e,h�Ei� and

�ES
e,h�Ei�� were given by assuming a thermal equilibrium in the

absence of external excitation and interband recombination.
In this case rate equation �1� can be written as

�fGS
e,h�Ei�

�t
= −

fGS
e,h�Ei��1 − fES�

�GS
e,h�Ei�

+
2fES

e,h�Ei��1 − fGS
e,h�Ei��

�0
= 0

⇒−
fGS

e,h�Ei�

�e
GS +

fGS
e,h�Ei�fES

e,h�Ei�

�GS
e,h�Ei�

+
2fES

e,h�Ei�

�0
−

2fGS
e,h�Ei�fES

e,h�Ei�

�0
= 0

Under the condition that the Fermi level Ef of the system
is inside the band gap �fES1, fGS1�, Eq. �3� yields

−
fGS

e,h�Ei�

�GS
e,h�Ei�

+
2fES

e,h�Ei�

�0
= 0 ⇒

fES
e,h�Ei�

fGS
e,h�Ei�

=
�0

2�GS
e,h�Ei�

.

In this case fGS and fES can be approximated by a Bolt-
zmann distribution:

fGS
e,h�Ei� = exp−

se,hEi − Ef

kBT
� ,

fES
e,h�Ei� = exp−

se,hEi
ES − Ef

kBT
� ,

⇒
fES

e,h�Ei�

fGS
e,h�Ei�

= exp�−
se,h�Ei

ES − Ei�
kBT

	 =
�0

2�GS
e,h�Ei�

,

which finally yields the GS escape time:

�GS
e,h�Ei� =

�0 exp� se,h�Ei
ES − Ei�	 .
2 kBT
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The same considerations �f res1, fES1� are taken into
account in the sum of rate equations �1� and �2�, in such a
way that a detailed balance between capture and remission is
established:

f res�1 − fES
Ei �

4�c
−

fES
Ei

�ES
e,h�Ei�

= 0

⇒
f res

fES
= exp�−

se,h�EWL − Ei
ES�

kBT
	 =

4�c

�ES
e,h�Ei�

,

which yields the ES escape time:

�ES
e,h�Ei� = 4�c exp� se,h�EWL − Ei

ES�
kBT

	 .
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