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We have measured the gain peak energy of GaInAs quantum dot laser structures, relative to the
absorption peak, as a function of injection. We have used a calculation to remove the effects of state
filling in the inhomogeneous distribution and to estimate the carrier density in the dots. We have
identified shifts, which we associate with many body effects, of up to 8 meV at room temperature
at injection levels typical for laser operation of about 2.2 electrons per dot, producing a peak modal
gain of 10 cm−1. © 2010 American Institute of Physics. 关doi:10.1063/1.3496011兴
It has long been recognized that the optical spectra of
self-assembled quantum dot laser structures are strongly influenced by homogeneous broadening arising from dephasing due to carrier–carrier interactions.1 However it is also
apparent from experimental studies2 that under excitation the
gain peak moves to lower photon energy, and in some cases
gain is observed at photon energies where there is no absorption, which is important in the design of quantum dot vertical
cavity lasers. Theoretical studies of the optical properties of
semiconductor microcrystallites3 suggested that where strong
confinement is imposed in all three directions there is no
many-body renormalization of the transition energy, while
later theoretical work suggests there may be significant deviation from this simple situation.4 Nair and Masumoto5
have calculated a reduction in the transition energy of typical
self-assembled dots due to Coulomb interactions of up to
about 20 meV for 18 electron-hole 共e-h兲 pairs per dot. Single
dot photoluminescence 共PL兲 experiments of Matsuda et al.6
at 300 K are consistent with this, showing a reduction in
transition energy of about 6 meV for 2.5 e-h pairs per dot.
Heitz et al.7 report shifts from PL measurements at 7 K of
only 1.5 meV at 3 e-h pairs per dot but rising to 15 meV at
18 e-h pairs per dot. Additionally, Schneider and Chow8 have
shown theoretically that the Coulomb interaction with the
carriers in the continuum states associated with the adjacent
well or wetting layer can produce redshifts in the gain spectrum of 20 meV at carrier densities in the region of 15 e-h
pairs per dot.
We have studied experimentally the evolution with drive
current of optical gain spectra of electrically injected quantum dot laser structures at currents necessary for laser operation. We have used a model calculation to remove the spectral shift due to state filling within the inhomogeneous
distribution and to estimate the average dot occupation.
We investigated samples grown from two different wafers. The first wafer 共sample A兲 comprised of five layers of
InAs dots each grown in a dot-in-a-well on In0.15Ga0.85As
surrounded by a GaAs core and Al0.45Ga0.55As cladding
waveguide and grown using “high growth temperature
spacer layers,”9 while the second wafer 共sample B兲 differed
only in GaAs spacer layer thickness and cladding waveguide
composition 共see Ref. 10 for further details兲. The experimental data has been obtained by the electrically pumped, sega兲
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mented contact method11 and examples of modal gain spectra at various currents at 300 K are shown in Fig. 1,
providing modal gain up to 10 cm−1. These samples contain
a bimodal distribution of dots,10,12 though this does not have
a direct bearing on the results presented here; throughout we
focus on the lowest energy gain peak which determines laser
action and which is due chiefly to the ground states of the
group of “large” dots. The first absorption peak occurs at
0.962 eV whereas the gain peak at the lowest current used
共13 mA兲 appears 14 meV lower.
To analyze these experimental results we require a value
for the carrier density but this cannot be measured directly.
While it is possible to determine the transparency energy
from the gain spectra as an alternative measure of the injection level, this value itself includes the “band gap” and is
influenced by the 共unknown兲 shift due to many body interactions. We have used the magnitude of the lowest energy
gain peak at each current to estimate the carrier density from
a model calculation. The calculation is described in section
VI of Ref. 12 and is based on fitting five groups of inhomogeneous transitions, for ground and excited states of “large”
and “small” dots, to the absorption spectra. The calculation
incorporated homogeneous broadening using a Sech function
with a temperature dependent linewidth from Ref. 1 but no
other many body interactions. It gives a good description of
the spectrally integrated radiative recombination rates and

FIG. 1. Plot of modal gain vs energy for pulsed drive currents per section
from 13 to 60 mA at 300 K for sample A. The modal absorption spectrum is
shown as 0 mA.
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FIG. 2. 共Color online兲 Plot of absorption peak energy minus ground state
gain peak energy 共from Fig. 1兲 vs total carrier density per dot 共averaged over
all dots兲. The total carrier density per dot is obtained by matching the value
of peak gain in the calculation to the experiment for measurements at 200,
300, and 350 K.

the observed temperature dependence of threshold current.10
The dominant ground state contribution to the lowest energy
gain peak is given by an expression of the form
G pk = 0N

P共ប兲 pk
共2f − 1兲,
wmod

共1兲

where 0 is the spectrally integrated optical cross section, N
is the dot density, P共ប兲 pk is the fraction of dots with transition energy at the gain peak in the inhomogeneous distribution, wmod is the effective mode width, and f is the fractional occupation probability of the ground state 关see Ref. 13,
Eq. 共8兲兴. The product 0N in the calculation is matched to the
area of the corresponding fit to the measured modal absorption spectrum 关Eq. 共1兲 with f = 0兴 so the relation between
fractional occupancy of a given group of dots and peak gain
does not require knowledge of the dot density.
Figure 2 shows experimental values 共as points兲 for the
measured difference between the energy of the lowest absorption peak and the energy of the lowest gain peak 共from
Fig. 1兲, plotted as a function of total carrier density per dot
共averaged over all dots兲 obtained as the carrier density necessary in the calculation to produce the magnitude of peak
gain in the experiment for measurements at 200, 300, and
350 K. The lines in Fig. 2 are the calculated behavior of the
energy of the lowest gain peak, relative to the calculated
absorption peak energy, in the absence of many body effects.
It is possible that the magnitude of the gain is enhanced by
many-body effects, and this could introduce an error into our
estimates of the carrier density. However, in the absence of
any other measure of the internal injection level, the values
in Fig. 2 provide a reasonable basis for taking account of the
relative variation with temperature of the carrier density required for a given gain, and for qualitative comparison with
other work. We observe that the measured values of gain in
Fig. 1, even at the highest currents, do not exceed the magnitude of the measured absorption.
At the lowest injection the experimental gain peak is at
lower energy than the absorption peak and is in close agreement with the calculation 共Fig. 2兲 for all temperatures, with

FIG. 3. 共Color online兲 Plot of the energy difference between experiment and
calculation, ascribed to many body effects, 共obtained from Fig. 2兲 vs total
carrier density per dot. Data is only shown for results when the difference is
greater than the experimental error.

no adjustable parameters. This derives from the use of the
0N product from absorption spectra measured directly on
these samples, and also suggests negligible gain enhancement due to many body effects, within the experimental uncertainty, in this region. With increasing injection the gain
peak moves to higher energy, following the calculation, before deviating from the calculation and moving to lower energies at the highest excitations. We postulate that at very
low injection only the lowest energy electron and hole states
in the inhomogeneous distribution are populated, producing
the initial redshift. Then, as more states are occupied, the
gain peak moves to higher energy in the distribution till at
the highest injection the experimental gain peak shifts to
lower energy due to the increasing effect of many body interactions at high carrier density. The difference between experiment and calculation therefore represents the many-body
shift alone and Fig. 3 shows that this difference increases
with increasing number of electrons per dot. These results
also suggest that the many body shift at a given carrier density may be temperature dependent, decreasing with temperature between 200 and 300 K, however these plots represent the total carrier density, including the higher lying small
dots and the wetting layer and the fraction of carriers in these
latter states is temperature dependent. Figure 4 shows the
shifts for this sample A and for devices from wafer B, as a
function of the number of carriers on the large dots divided
by the number of large dots, removing the contribution of
wetting layer carriers and carriers on the group of small dots
which are not colocated with the large dots. Some temperature dependence remains though we note it is smaller in
sample B. The magnitudes of the shifts, after the state filling
effects have been removed, are 4–8 meV at 300 K for about
2.2 carriers per dot which is in good agreement with the
results from single dot PL measurements6 where state filling
in an inhomogeneous distribution does not arise.
The calculations of Schneider et al.8 for the effects of the
wetting layer were done for carrier densities of 3 electrons
per dot and above and for a separation of wetting layer and
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a function of injection and after removing the effects of state
filling in the inhomogeneous distribution we have identified
the shifts due to many body effects. The magnitude of the
many body shift is up to 8 meV at room temperature at
injection levels typical for laser operation, about 2.2 electrons per dot, producing a peak modal gain of 10 cm−1. The
shift is smaller that the standard deviation of the Gaussian fit
to the ground state absorption spectrum of 14 meV. In these
samples we expect that the carrier density in the wetting
layer is very small so the observed effects are due to carriers
on the dots themselves.
We acknowledge financial support from the Engineering
and Physical Sciences Research Council under Grant No.
EP/F006683.
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FIG. 4. 共Color online兲 Plot of the difference between experiment and calculation, representing the many body shift, for sample A 共top兲 and sample B
共bottom兲 vs the carrier density per large dot 共removing higher lying state
contributions and wetting layer states兲 at 200, 300, and 350 K.

dot transition energies of only 55 meV. From photovoltage
absorption measurements this energy separation is about 300
meV in our samples and we estimate from our calculations
that for the largest shift at 350 K, the wetting layer carrier
density is about 0.065 electrons per dot. We conclude that
carriers in the wetting layer do not contribute to the shifts in
Fig. 4. Furthermore it was predicted that Coulomb effects
decrease the magnitude of the gain at a given carrier density
because of differential shifts in the states in the wetting layer
and dot8 but we do not expect to see these effects at the
injection levels in our experiments.
In conclusion, we have observed the gain peak position
of quantum dot structures, relative to the absorption peak, as
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