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Quantum dot photonic crystal membrane lasers were fabricated and the large-signal modulation
characteristics were studied. The authors find that the modulation characteristics of quantum dot
lasers can be significantly improved using cavities with large spontaneous emission coupling factor.
Their experiments show, and simulations confirm, that the modulation rate is limited by the rate of
carrier capture into the dots to around 30 GHz in their present system. © 2007 American Institute
of Physics. �DOI: 10.1063/1.2720753�

Recent advances in microfabrication technology have
enabled researchers to control the electromagnetic environ-
ment and, consequently, the spontaneous emission rate of an
emitter by coupling it to a semiconductor microcavity.1,2 In a
microcavity where the spontaneous emission rate is signifi-
cantly enhanced, a large fraction of spontaneously emitted
photons can be coupled into a single optical mode. This
unique property has been used to demonstrate microcavity
semiconductor lasers with thresholds dramatically reduced
relative to conventional lasers.3 Thresholds can be further
reduced by using quantum dots as the gain medium because
of the reduced active area and nonradiative recombination.
Recently, quantum dot lasers exhibiting high spontaneous
emission coupling factors and very few quantum dots as a
gain medium were demonstrated.4 In addition, microcavity
lasers can be designed to have very broad modulation band-
width because the relaxation oscillation can be shifted be-
yond the cavity cutoff frequency.5 A recent experiment dem-
onstrated direct modulation rates far exceeding 100 GHz in
quantum well photonic crystal �PC� lasers.6 Lasers for appli-
cations such as high-speed optical telecommunications or on-
chip optical interconnects could benefit from a combination
of reduced thresholds and increased modulation bandwidth.
In this letter we examine the factors limiting the modulation
rate of quantum dot photonic crystal lasers and demonstrate
large-signal direct modulation rates approaching 30 GHz in
quantum dot structures.

In a quantum dot laser the maximum modulation band-
width is limited by either the frequency of the relaxation
oscillations or the rate of carrier capture into the quantum
dots depending on which is smaller. In conventional quantum
dot lasers at low pump powers, the relaxation oscillation fre-
quency is significantly smaller than the rate of carrier capture
into the dots. This frequency increases with input power, so
the modulation bandwidth can be enhanced by increasing
pump power. This technique was used to demonstrate small-
signal modulation rates of several tens of gigahertz,7 but
relatively large pump powers were necessary, making these
lasers impractical for low-power applications. In addition,
the large-signal modulation rates are considerably slower be-
cause the turn-on delay times are on the order of a
nanosecond.8,9 This could be resolved by using a microcavity
laser with enhanced spontaneous emission coupling factor,

which increases the relaxation oscillation frequency �as dem-
onstrated for quantum well lasers6�. In that case, the maxi-
mum modulation rate would be limited by the rate of carrier
capture into the dots at practically achievable pump powers.
To demonstrate the utility of this approach, we fabricated
quantum dot photonic crystal lasers and investigated their
large-signal modulation characteristics. We find that the
maximum modulation rate is limited by the rate of carrier
capture into the dots, as predicted.

The laser cavities employed in our experiment are high-
Q linear three-hole defect PC cavities in a GaAs membrane
�Fig. 1�a��. Finite-difference time domain simulations were
used to design the cavities to have a high-Q resonance near
the center of the quantum dot gain spectrum �Fig. 1�b��. The
membrane is approximately 135 nm thick and contains one
layer of high density �600/�m2� InAs quantum dots. Elec-
tron beam lithography is used to define the photonic crystal
pattern in polymethyl methacrylate. A chlorine-based reac-
tive ion etch is used to create the holes. Finally, an
Al0.9Ga0.1As sacrificial layer is first oxidized, then removed
in a KOH solution to release the membrane. After fabrication
the structures are placed inside a He-flow cryostat and cooled
to 5 K �necessary for operation of the InAs/GaAs quantum
dots with shallow quantum confinement�. The lasers are op-
tically pumped using a Ti:sapphire laser, and the emission is
detected using a liquid nitrogen cooled spectrometer or
streak camera.

To determine the cavity photon lifetime �p, the quality
factor of the cavities was measured well below threshold
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FIG. 1. �Color online� �a� Scanning electron microscope image of fabricated
laser cavity. �b� Finite-difference time domain simulation of electric field
amplitude for high-Q cavity mode. �c� Spectrum of laser above threshold.
�d� Light in–light out curve of one PC laser �blue� and fit to rate equations
�red� demonstrating � of approximately 0.2.
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using continuous wave pumping. Fits to a Lorentzian line
shape indicate that the cold-cavity quality factors are around
3000, corresponding to a cavity photon lifetime of about
1.5 ps. To investigate the dynamics of the structures, we
pumped them with 3 ps pulses at an 80 MHz repetition rate
using the Ti-Sapphire laser. Streak camera measurements of
the rise time of photoluminescence from quantum dots in
bulk GaAs indicate that the carrier capture time is around
10 ps for a wide range of pump powers. Because the carrier
capture time is longer than the cavity photon lifetime, it will
ultimately determine the maximum modulation bandwidth of
the lasers. Figure 1�c� shows an L-L curve taken under
pulsed pumping conditions and a fit to the rate equations for
one of the PC lasers. The L-L curve exhibits a threshold of
around 1 �W confirming that the structures are lasing. In the
best structures �where the cavity mode is near the center of
the gain spectrum� threshold values are around 250 nW av-
erage power, while in other structures with more absorption
and less gain, threshold values were measured at several mi-
crowatts average power. From fits to the light in–light out
curve we estimate that in our structures the spontaneous
emission coupling factor � is around 0.2. To confirm that the
spontaneous emission rate in our cavities is significantly en-
hanced, we used a streak camera to compare the decay time
of photoluminescence from quantum dots in bulk GaAs and
cavity coupled dots in nonlasing devices. The measurements
show that the dot lifetime is significantly reduced from the
bulk value of 2.5 ns–300 ps when coupled to the PC cavity.

To investigate the large-signal modulation response,
emission from the lasers above threshold was collected by
the streak camera. One of the main advantages of cavity-
QED enhanced lasers is the decreased rise time because
spontaneous emission rapidly builds up the photon number
in the laser mode.6 Experimentally we find that as the pump
power is increased the rise time is reduced to 13.5 ps when
the laser is pumped at about five times threshold �Fig. 2�b��.

Experiments performed at 10 and 15 times threshold indicate
that the rise time is pinned at about 12 ps even at very high
pump powers. From simulations we conclude that the rise
time of quantum dot lasers is limited by the carrier capture
time. However, in high-� lasers this limit is practically
achievable because it is approached at lower pump powers
relative to threshold �as opposed to quantum dot lasers not
employing stong cavity effects where higher power pumping
is needed�.

Above threshold, higher pump powers lead to faster de-
cay times due to increased stimulated emission rates. Small-
mode volume PC cavities can be used to achieve large pho-
ton densities and speed up this process. Figure 3�a� shows
the laser response at various pump powers, demonstrating
the reduction in decay time with increasing pump power. We
observed a minimum decay time of 8.5 ps at pump powers
around five times threshold �Fig. 2�a��. For higher pump
powers the laser response appears largely unchanged. We
attribute this to large carrier densities causing the gain to
saturate, preventing further decrease of the decay time, but
more work is necessary to characterize saturation effects in
our quantum dots. Based on the measured laser response and
the results of simulations, we predict that our laser can be
modulated at large-signal modulation rates approaching
30 GHz.

To accurately model the photonic crystal laser modula-
tion characteristics, the usual rate equation model must be
adapted to include the finite relaxation time from the wetting
layer into the quantum dots. We employed a three-level rate
equation model adapted from Refs. 10 and 11 for the photon
density P, the quantum dot ground state carrier density Ng,
and the wetting layer carrier density Nw,

dNw

dt
= Rp −

Nw

�w
−

Nw

�c
, �1�

FIG. 2. �Color online� �a� Laser response pumped at around five times
threshold �blue� and exponential fit �red� demonstrating a fall time of ap-
proximately 8.5 ps. �b� Streak camera response showing the time delay be-
tween pump �first peak� and PC laser �second peak� reponse demonstrating
a rise time of only 13.5 ps.

FIG. 3. �Color online� �a� Experimentally measured laser response near
threshold demonstrating reduction in fall time as the stimulated emission
rate is increased. �b� Simulated laser response for the same pumping
conditions.
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Here �sp and �nr are the spontaneous emission lifetime and
nonradiative lifetime of the dots, �w is the lifetime of carriers
in the wetting layer including spontaneous and nonradiative
recombination, �p the photon lifetime, �c the carrier capture
time into the dots, � the confinement factor, and Rp the pump
rate. Streak camera measurements of the wetting layer re-
sponse indicate that for our samples 1/�w�1/100 ps. From
estimates of the overlap of the mode volume with the gain
medium, we estimate that �=0.028 in our lasers. We have
assumed a linear gain model

G = G0�Ng − Ntr� , �4�

where G0 is the linear gain coefficient and Ntr is the trans-
parency carrier density. From fits to the L-L curve we esti-
mate that in our system G0=8.13�10−6 s−1 and Ntr=3.22
�1017 cm−3. The linear gain model was chosen to give good
quantitative agreement when the lasers are operated around
threshold, but the model will overestimate the gain well
above threshold. A more sophisticated gain model is neces-
sary to model the modulation response of the lasers when
gain saturation effects become significant. Figure 3�b� shows
the simulated laser response at various pump powers demon-
strating good agreement between theory and experiment.

For practical applications, room temperature operation
of the quantum dot microcavity lasers will be necessary.
Quantum dot lasers have been shown to have a strongly
temperature-dependent modulation response. Recent work
on tunnel injection quantum dots has demonstrated that fast
relaxation rates ��1.7 ps� at room temperature are achiev-

able. These dots have been used to demonstrate 25 GHz
small-signal modulation bandwidth.7 We believe that this
bandwidth can be significantly improved using a PC laser
cavity.

In summary, we have investigated the large-signal
modulation characteristics of quantum dot PC lasers. We
demonstrated that cavity-QED effects can be used to com-
bine ultralow threshold operation and improved bandwidth.
Because of their low-power consumption and high-speed op-
eration, quantum dot microcavity structures have the poten-
tial to significantly improve optical interconnect and photo-
nic integrated circuit technology.
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