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We investigate many-body and nonequilibrium effects on the dynamical behavior of a quantum-dot
laser diode. Simulations, based on the Maxwell-semiconductor-Bloch equations, show strong
dependence of the turn-on delay on initial cavity detuning, because of a dynamical shift in the
quantum-dot distribution caused by band gap renormalization. Gain switch behavior is found to be
insensitive to inhomogeneous broadening, because the balancing between many-body and
free-carrier effects inhibits a cavity resonance walk-off. Both the relaxation oscillation damping and
frequency are found to increase with decreasing inhomogeneous broadening widths. However, in
contrast to bulk and quantum-well lasers, oscillation damping increases less than the frequency.
© 2010 American Institute of Physics. [doi:10.1063/1.3488004]

The advantages of semiconductor quantum-dot (QD)
lasers are being intensively investigated.1 Low threshold
currents, temperature-insensitive performance, suppression
of filamentation, and reduced sensitivity to optical feedback
have been theoretically predicted and experimentally
demonstrated.”™ Still to be fully realized is the potential for
fast dynamical response.6’7 Since carrier relaxation is slowed
down for discrete energy levels, it is generally agreed that
nonequilibrium effects will have greater influence on dy-
namical behavior in QD lasers.>'? Furthermore, many-body
effects were found to influence optical properties.11

QD lasers are being modeled using a wide range of ap-
proaches. The typical two- or three-variable rate equation
model describing total carrier densities, while having the ad-
vantage of computational simplicity, cannot systematically
account for essential details of the relaxation processes and
nonequilibrium situations. 12716 In this work, in order to miti-
gate this deficiency, we consider the momentum resolved
population and polarization dynamics, which in an effective
relaxation rate approximation allows one to discuss nonequi-
librium effects on time scales ranging from subpicoseconds
to nanoseconds. Moreover, many-body effects are taken
into account at the level of the screened Hartree—Fock
approximation.17 This approach was further improved by in-
cluding separate dynamics of electrons and holes in the QDs
and in the wetting layer as indicated by quantum kinetic
calculations of carrier-carrier scattering rates. 819 Such a
model is sufficiently rigorous and comprehensive for inves-
tigating QD laser dynamics under most operating conditions.

Discussions in Ref. 17 brought out concerns involving
the interplay of nonequilibrium carrier dynamics and many-
body effects that can be detrimental to QD microcavity lasers
under current modulation conditions. The goal of this paper
is to address those concerns, in particular, the extent of how
many-body effects, population hole-burning, and inhomoge-
neous broadening may impact laser design and fabrication.

Central to the model’s capability to handle a wide dy-
namical range is the description of carrier—carrier and
carrier—phonon collisions within the effective relaxation rate
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approximation, as opposed to quantum Kinetic equations.20

Here, y(z) describes the rates at which the charge carrier
populations of bulk and quantum-well (QW) states are
driven toward a common quasi-Fermi distribution. The rates
y(3) include relaxation of bulk, QW and QD states. We label
the scattering rates accounting for collisions of two charge
carriers with the subscript c—c, while c—p refers to collisions
of charge carriers and phonons. In QD lasers, scattering pro-
cesses for holes are generally faster than those for
electrons.'®?! This leads to changes in Egs. (22)—(24) in Ref.
17, describing collision contributions in the Maxwell-
semiconductor-Bloch equations, where we have replaced the
scattering rates y,_. and y,_, with the corresponding rates for
electrons and holes. Although the basic trends remain un-
changed, this improvement noticeably changes the quantita-
tive results. The dynamic variables are the electron and hole
densities in the QDs n,, n;, and in the wetting layer w,, w,,
corresponding to N?, N¢ and N%, N? in Ref. 17, respectively.
Further variables are the laser output power P and the laser
frequency detuning A=#%(w.—w), where o, is the cavity
mode frequency and w is the emission frequency correspond-
ing to the peak of the inhomogeneously broadened QD
distribution.

We investigate QD laser dynamical properties by simu-
lating the turn-on of a laser device and its subsequent relax-
ation oscillations. The QD laser consists of five Iny,GajgAs
layers, each with a thickness of d;=3 nm. Embedded in
each layer are a density of N®=10"" cm™ In,¢Ga,4As
QDs. The quantum wells are cladded by bulk GaAs layers.
The device has a length of L=50 um and a stripe width of
wr=4 um, with a mode confinement factor of 1'=0.20,
which is the fraction of overlap of the laser mode and the
QW layers containing the QDs. The energy separations of
band edges between bulk and QW layers are AE QW
=155 meV and AEY"V=76 meV for the conduction and va-
lence bands, respectively. The QDs have one bound transi-
tion with a dipole moment u=0.56e, nm. The QD state lies
AEQD 52 meV below the QW conduction band edge for
electrons and AERP=65 meV below the QW valence band
edge for holes, which yields an energy gap of 7w,
=1.074 eV. We describe the QD energy distribution by a

© 2010 American Institute of Physics
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TABLE I. Numerical parameters used in the simulation unless stated other-
wise.

Symbol Value Symbol Value
AEQY 155 meV m 0.062m,
AEYY 76 meV mj, 0.129m,
AE®P 52 meV NQP 10" ¢m™2
AER 65 meV nlow 3.74
Y2 (e) 20 ps~! non 334
Y2 () 4 ps”! fra 1.074 eV
7%:(6) 10 psi1 o 0.56¢, nm
Yeple) 2 ps! Ae 30 meV
¥ (h) 40 ps! B 10
¥ (k) 8 ps”! r 0.2
ij(h) 20 ps~! L 50 wm
723_)],(}1) 4 ps! d;, 3 nm
Y 10 ps! wy, 4 um
Vre 1 ns™! a, 5
Ye 1 ps!

Gaussian distribution around the mean QD energy fiw with a
standard deviation of Ae=30 meV to account for inhomo-
geneous broadening. The scattering rates along with further
parameters used here are listed in Table I, where 7y is the
polarization dephasing rate, v,. is the charge carrier loss rate
due to spontaneous recombination or crystal defects, v, is the
cavity line width, and S is the fraction of spontaneously
emitted photons, which contribute to the cavity mode. The
effective masses of electrons and holes are m, and m), re-
spectively. The active medium refractive indices at low and
optical frequencies are given by n'°% and n°, respectively.
Turn-on dynamics of the QD laser is investigated using
an injection current j=7j4 (jy, is the laser threshold current
density) that is switched-on at t=0 with a rise time of 1 ps.
The solid curve in Fig. 1(a) shows a time trace of the laser
output power. It depicts a turn-on delay period followed by a
gain-switched peak and strongly damped relaxation oscilla-
tions. Compared to the dashed trace that was obtained with-
out many-body effects, there are important quantitative dif-
ferences arising from dynamical detuning effects. (Note: To
accentuate shape differences the dashed curve is shifted in
time to match the initial rise of the solid curve. The differ-
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FIG. 1. (Color online) Laser turn-on with (solid) and without (dashed)
many-body effects. (a) Superimposed time evolution of optical power after
turn-on. (b) Phase portrait of output power vs QD electron density during
turn-on. (c) Phase plot of the turn-on showing optical power vs detuning. (d)
Turn-on projected onto the (n,,w,)-phase plane.
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FIG. 2. (Color online) (a) Turn-on delay vs initial cavity detuning with
(solid) and without (dashed) many-body effects for inhomogeneous broad-
ening of 5 and 30 meV. (b) Phase plot of optical power vs detuning for
initial cavity detuning of —80, —56, and —40 meV with 5 meV (upper
panel) and 30 meV (lower panel) inhomogeneous broadening.

ence in turn-on delay will be addressed later.) For the many-
body result, the initial value of detuning A was chosen so
that it reached a value of zero right before actual turn-on.
Without many-body effects, a zero detuning was chosen. Fig-
ure 1(b) shows the phase space projection of the turn-on
process of output power versus QD electron density. Here the
QD density n, is the total sum over all electrons in the QD
ensemble. It illustrates the internal carrier dynamics with the
curve spiraling into the fixed point. The QD electron density
at the onset of gain switching as well as at steady state is
slightly higher when band gap renormalization is taken into
account.

Specifically, the band gap renormalization leads to two
effects. At first a dynamical detuning of the laser mode
caused by the shifting in the QD distribution. In Fig. 1(c) the
laser output power is plotted with respect to the laser detun-
ing. With many-body effects (solid curve) the laser mode is
slightly detuned toward lower photon energies (positive de-
tuning) during the initial rise in output power. The detuning
then decreases during turn-on and eventually reaches a
steady-state value of about —6 meV. Obviously, for the
simulation neglecting many-body effects, the detuning re-
mains constant (dashed line). The second effect of the band
gap renormalization is depicted in Fig. 1(d). The curves
show the turn-on projected onto the (n,,w,)-phase plane, il-
lustrating the QD-QW charge carrier dynamics. Including
many-body effects, the absolute QW electron density is
lower, while the QD electron density is slightly increased.
This is caused by an increase in energy separation between
QDs and QW band edge. It shifts the charge carrier distribu-
tion toward lower energies, thus leading to a lower electron
density in the QW states, which affects relaxation oscillation
damping.

In Fig. 2(a) the impact of initial cavity detuning A, on
the turn-on delay of the laser is investigated. With Ay>
-39 meV for an inhomogeneous broadening of Ae
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FIG. 3. (Color online) (a) Relaxation oscillation frequency fro (left ordi-
nate) and ratio of relaxation oscillation damping coefficient ygq to fre-
quency (right ordinate) vs inhomogeneous broadening with (solid) and with-
out (dashed) many-body effects. (b) (n,,w,) phase plots for inhomogeneous
broadening of 5 and 40 meV, with (solid) and without (dashed) many-body
effects.

=30 meV (Ay>-27 meV for Ae=5 meV), the ensuing
band gap renormalization shifts the laser mode too far away
from gain maximum to allow lasing. With decreasing A, the
turn-on delay passes a minimum and then increases steadily.
The dashed curves are obtained by neglecting many-body
effects. They show an overall difference in delay times and a
more symmetric shape about the delay time minimum, while
depending surprisingly more sensitively on A.

At present, substantial effort is directed toward improv-
ing QD uniformity to reduce inhomogeneous broadening. It
is generally agreed that smaller inhomogeneous broadening
contributes directly to overall gain performance. On the other
hand, Fig. 2 points to a concern that laser modulation re-
sponse may suffer because a narrower inhomogeneous width
will be less tolerant to detuning changes arising from band
gap renormalization. Fortunately, our simulations show that
this is not the case because of a balancing between many-
body and free-carrier contributions. This is shown in Fig.
2(b), where for 5 and 30 meV inhomogeneous broadening
the phase plots of optical power versus detuning for initial
cavity detuning of —80, —56, and —40 meV is plotted.
Comparing the phase plots, we see that a smaller band gap
shift occurs with a narrower inhomogeneous distribution.
The reason is that smaller inhomogeneous broadening leads
to a higher gain for a given carrier density, or equivalently, a
lower threshold carrier density for the same threshold gain. A
small carrier density, in turn, gives a smaller renormalization
shift, thus preventing the carrier distribution to completely
shift away from the lasing mode.

The red curves in Fig. 3(a) show that smaller inhomoge-
neous broadening leads to higher relaxation oscillation fre-
quency fro. The reason is that as in QW and bulk lasers fro
increases with increasing j/jy,. In our case, j/jg increases
with decreasing Ae because smaller inhomogeneous broad-
ening leads to lower j,, while j is kept fixed. However, in
contrast to QW and bulk lasers, we found that the damping
coefficient 7y increases slower than fro increases, as de-
picted by vro/fro in Fig. 3(a) (blue curves). This leads to
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more pronounced relaxation oscillations for narrower QD
distributions. The difference in QD relaxation oscillation dy-
namics can also be seen in the (n,,w,) phase plots of Fig.
3(b), that show a strongly deformed spiral for Ae=40 meV
caused by carrier exchange dynamics between QD and QW
states.

In conclusion, we apply a nonequilibrium many-body
laser model to investigate QD laser dynamics. The study
produces two results that impact design and fabrication of
QD lasers for injection-current switching and modulation
conditions. One is that for applications where control or re-
producibility of the turn-on delay is important, it is crucial to
have the proper initial cavity detuning with respect to the QD
distribution. Nevertheless balancing between many-body and
free-carrier effects inhibit a cavity resonance walk-off (from
the gain region) and thus inhibit a more drastic sensitivity of
gain switch behavior to inhomogeneous broadening. The sec-
ond result involves relaxation oscillation behavior after turn
on, which influences modulation response. We found an
overall increase in relaxation oscillation frequency and
damping with decreasing inhomogeneous broadening. How-
ever, unlike QW and bulk lasers,22 the relaxation oscillation
damping increases at a slower rate than the relaxation oscil-
lation frequency.
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