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Time-resolved lasing action from single and coupled photonic crystal
nanocavity array lasers emitting in the telecom band
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We measure the lasing dynamics of single and coupled photonic crystal nanocavity array lasers
fabricated in the indium gallium arsenide phosphide material system. Under short optical excitation,
single cavity lasers produce pulses as fast as 11 ps 共full width at half maximum兲, while coupled
cavity lasers show significantly longer lasing duration which is not explained by a simple rate
equation model. A finite difference time domain simulation including carrier gain and diffusion
suggests that asynchronous lasing across the nanocavity array extends the laser’s pulse duration.
© 2009 American Institute of Physics. 关DOI: 10.1063/1.3116563兴
I. INTRODUCTION

The ultrasmall mode volume and high quality factor Q
of cavities in photonic crystals 共PCs兲 enable controllable
light-matter interaction. This control can improve the performance of lasers by simultaneously increasing the spontaneous emission rate into the cavity mode while suppressing
emission into all other modes, resulting in a large spontaneous emission coupling efficiency ␤.1–5 Nanocavity lasers
moreover enable very broad modulation bandwidth as the
relaxation oscillation can be shifted beyond the cavity cutoff
frequency.6 We recently demonstrated single and coupled PC
nanocavity array lasers in GaAs membranes with InGaAs
quantum wells 共QWs兲, emitting at 940– 980 nm with a pulse
duration of 7 ps 关full width at half maximum 共FWHM兲兴 at
low temperature7 and a pulse duration shorter than 4 ps at
room temperature.8 There has been particular interest in PC
lasers emitting in the transparency window of standard telecommunication fiber near 1550 nm.9–11 We have recently addressed this wavelength band with PC nanocavity array lasers in the InGaAsP material system, emitting from
1530– 1550 nm in quasicontinuous mode operation.12 To increase power output from single cavities, we also described a
coupled PC nanocavity array design. Here, we investigate
the time-domain lasing characteristics of such coupled and
single cavity PC lasers in the InGaAsP material system, to
better understand their lasing dynamics and potential modulation rates. Under optical excitation with 3 ps pulses above
the semiconductor’s bandgap energy, we measure lasing response as fast as 11 ps for the single cavity structures. This is
explained by a three-level rate equation model. However, the
coupled cavity array laser has a longer response time, as long
as 25 ps; this is not explained by the rate equation model. We
instead analyze the coupled cavity array lasers with a finite
difference time domain 共FDTD兲 simulation incorporating a
carrier gain model, which suggests that the extended lasing
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action results from spatially nonuniform optical pumping of
nanocavities and results in asynchronous lasing action near
threshold.
II. EXPERIMENT

The structures are fabricated in a 280 nm thick
In0.786Ga0.214As0.445P0.555 membrane containing four 9 nm
thick In0.78Ga0.22As0.737P0.263 QWs, separated by 20 nm barriers, as described in Ref. 13. The membrane rests on an InP
substrate. PCs are created using electron beam lithography
followed by a combination of wet and dry etching. We fabricated single cavities 关Fig. 4共c兲兴 and coupled cavity arrays
关Fig. 1共a兲兴 in square lattice PCs with periodicity a = 500 nm
and hole radii ranging from 160 to 230 nm. The array contains 9 ⫻ 9 cavities that are spaced by two holes. It supports
a coupled quadrupole mode 关Fig. 1共c兲兴 that is designed to
overlap with the QW gain.
The structures were tested in a confocal microscope
setup at room temperature. The QWs were excited by pumping with a pulsed Ti:sapphire laser at an 80 MHz repetition
rate with a pulse duration of 3.5 ps and a center wavelength
of 770 nm, above the bandgap energy of the
In0.786Ga0.214As0.445P0.555 membrane. The emission was measured using an optical spectrum analyzer and a streak camera
共Hamatsu N5716-02兲 for time-resolved measurements.
The lasing response of a typical single cavity structure
behavior is shown in the light-in/light-out 共LL兲 curve in Fig.
(a)

(b)

(c)

4m
FIG. 1. 共Color online兲 共a兲 Scanning electron micrograph of coupled nanocavity PC array. The inset shows the cross section of the PC membrane. 共b兲
Far-field radiation pattern of coupled cavity array mode obtained at a pump
power 1.4 above threshold. 共c兲 Electric field intensity of coupled quadrupole
mode.
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FIG. 2. 共Color online兲 共a兲 LL curve of single cavity structure under pulsed
excitation. 共b兲 Single cavity laser spectrum at 28 W averaged pump power.

Intensity (norm.)

2共a兲 and indicates a threshold of 具Lin典 = 22 W timeaveraged power 共corresponding to ⬃71 mW peak power in a
3.5 ps pulse兲. At an average pump power of 具Lin典 = 28 W,
we observe a lasing mode with a FWHM of 0.25 nm at
1511 nm 关Fig. 2共b兲兴. A streak-camera measurement at
30 W indicates a lasing response with FWHM of ⬃11 ps.
This is shown in Fig. 3共a兲. We analyze the lasing dynamics
using the rate equation model described in Ref. 14. Briefly,
this model assumes a homogeneous distribution of carriers
across the spatial extent of the PC structure. The carriers are
considered to be either in the ground, the pump, or in the
lasing level. Using parameters derived from experiment, together with literature values for the gain and transparency
carrier concentration,15 the model predicts a cavity photon
number Pfit
⬘ 共t兲. To compare Pfit共t兲 with the experiment, we
first convolve it with the streak-camera response function
共modeled as a Gaussian pulse with FWHM= 3 ps兲. The resulting cavity photon number Pfit共t兲 is in good agreement
with the experimental data in Fig. 3共a兲.
To estimate the maximum modulation rate of the single
cavity laser, we excited the structure with a series of pulses
produced with an etalon setup in the excitation path. A small
angle misalignment in the etalon caused consecutive pulses
to walk off from the excitation path, so that only two pulses
are visible in the streak-camera measurement of the pump
关center panel of Fig. 3共c兲兴. The laser is pumped at 1.4 times
above the threshold, where it showed stable operation. The
pulse separation shown is 21 ps and represents the smallest
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pulse separation that resulted in two clearly distinguishable
lasing response pulses 关bottom panel of Fig. 3共c兲兴. This pulse
repetition is longer than the sub-10 ps repetition time reported for single-cavity photonic crystal lasers in GaAs
membranes with InGaAs QWs.8 The laser turn-on delay is
1 = 11 ps for the first pulse and 2 = 9 ps for the second
pulse. To understand the lasing dynamics, we again model
the system with the rate equation model. The result is shown
in the solid curve Pfit共t兲 and fits the data well. It is useful to
consider the lasing level concentration NG共t兲 predicted by the
model; it is plotted in the top panel of Fig. 3共c兲, normalized
by the carrier transparency concentration Ntr ⬃ 1.5
⫻ 1018 cm−3. The fraction of carriers that exceeds the transparency value 共shaded region兲 is efficiently converted to cavity photons during the lasing process, since the threshold
carrier concentration roughly equals the transparency concentration; the remainder recombines primarily through nonradiative recombination at the PC hole boundaries, with a
recombination time given by nr = r / 2S, where r and S are the
hole radius and the surface recombination velocity,
respectively.16,17 This decay is also visible in the spontaneous
emission tail in the bottom panel of Fig. 3共c兲. From separate
lifetime measurements, we estimate nr ⬇ 270 ps, which
gives S ⬇ 3 ⫻ 104 cm/ s. This value is two to three times
higher than the value of S ⬃ 104 cm/ s reported elsewhere for
this material system,12,18 probably due to the processing of
the holes. The slower decay of carriers that remain after the
first lasing pulse 关roughly equal to Ntr in the top panel of Fig.
3共c兲兴 strongly impacts the dynamics of the second laser pulse
and would lead to eye-closing under a pseudorandom bit
sequence. Therefore, return-to-zero signaling would be problematic at a modulation rate exceeding ⬃1 / NR unless the
laser is pumped far above threshold where the remaining
carrier concentration Ntr becomes insignificant. In our suspended structures, thermal problems made it difficult to
achieve stable lasing action above ⬃1.6 times the threshold
power. Heat dissipation can be improved by fabricating the
PC laser structures on top of low-index substrates such as
sapphire or silicon oxide.10,11,19–21
We next turn to the 9 ⫻ 9 PC nanocavity array. At a
pump power of two times above threshold and below, we
measured significantly longer lasing duration. For a pump
intensity of 1.4 times above threshold, where we achieved
stable operation, we measured FWHM⬇ 19 ps 关Fig. 3共b兲兴.
This longer response time is not adequately explained by the
rate equations model, as shown in the poor match of the best
fit to the data.
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FIG. 3. 共Color online兲 共a兲 Single cavity lasing response 共dots兲 and rate
equations fit Pfit. Pump power 具Lin典 = 31 W. All plots are normalized to the
maximum intensity. 共b兲 Coupled-cavity array lasing response 共具Lin典 = 1.4
times threshold兲. The rate equations model do not adequately explain the
long lasing duration. The delay between pump and lasing action equals ⌬t1
共⌬t2兲 for the first 共second兲 pulse. 共c兲 Single cavity response to excitation by
two pulses: top, lasing level concentration; center, measured excitation sequence; bottom, observed intensity and rate equations fit.

We believe that the poor fit to the rate equations model
arises in large part because it does not account for spatial
variations in the carrier concentration across the PC device.
It was found previously that the spatial profile significantly
impacts lasing dynamics, for example, through spatial hole
burning,22 and is important in understanding lasing
threshold.17 To understand its role in the laser time response,
we have implemented a model of the carrier dynamics in our
FDTD simulation. Such nonlinear FDTD implementations
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shorter; unfortunately, the lasing response becomes unstable
when the pump power exceeds roughly 1.4 times the threshold power, so we were not able to acquire reliable data on the
streak camera. Nevertheless, this observation is supported by
our nonlinear FDTD model, as all cavities would reach lasing threshold more rapidly.
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FIG. 4. 共Color online兲 共a兲 Lasing-level carrier concentration 共1 ps after injection兲 showing density gradient toward lasing cavity. Spatial hole burning
results from the fast stimulated recombination during the lasing pulse. Pump
power is 2 ⫻ Ntr at the center of the Gaussian spot with radius 2a, where a is
the PC lattice period. 共b兲 Carrier concentration in PC array, 1 ps after injection. Pump energy corresponds to 1.4⫻ Ntr. Small inhomogeneities in the
pump spot 共radius 6a兲 and coupled cavity mode can result in a spreading of
lasing onset times, contributing to longer total pulse duration. 共c兲 Scanning
electron micrograph 共SEM兲 of single cavity InP laser structure. 共d兲 Out-ofplane magnetic field of lasing mode, 1 ps after carrier injection.

In conclusion, we have measured time-resolved lasing
action of single and coupled nanocavity lasers in the
InGaAsP / InP material system and emitting near the telecommunication band. Single cavity lasers show a lasing response
as fast as 11 ps 共FWHM兲 at 1.5 times above the threshold
power, but their modulation rate appears approximately two
times slower than that of InGaAs/ GaAs PC lasers, probably
due to slower nonradiative recombination. The significantly
longer response time of the coupled cavity array structure
indicates that under excitation with short pulses, it is difficult
to excite the full PC structure uniformly to achieve phase
locking across all nanocavities. This result suggests that
large-signal modulation of the coupled cavity array laser requires attention to uniform injection current.
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have been used previously to model the dynamics in PC
lasers.23 Material gain is implemented in FDTD by an effective conductivity , as in Refs. 24 and 25. An auxiliary differential equation is used to describe the evolution of the
current density Jជ . In turn, Jជ is related to the carrier density
NG 共assumed here to be equal for holes and electrons兲. The
ជ is substituted into
set of equations obtained when Jជ = E
Maxwell’s equations is then expressed in the time domain
and discretized as described in Ref. 23.
A simulation of optical pumping with a spatially
Gaussian-shaped beam results in inhomogeneous gain and
asynchronous lasing action, spreading out the total pulse duration. This is seen from the lasing level concentration NG
and cavity field in Figs. 4共b兲 and 4共d兲, recorded here 1 ps
after injecting carriers at 1.4 times the transparency concentration in the center. The cavities are in different stages of the
lasing cycle: in some cavities, the gain has already been used
up 关dark cavities in 共b兲兴, while other cavities are still at the
onset of lasing 关bright cavities in 共b兲兴. The corresponding
cavity fields are shown in the Bz component of the field in
共d兲. The carrier concentration in 共b兲 is blurred through carrier
diffusion with an ambipolar diffusion constant of 7 cm2 / s.26
As a result of the asynchronous lasing action across the
coupled-cavity array, the nanocavities are not phase locked
together, and the total response time is broadened. This hypothesis is supported by the microscope image in Fig. 1共b兲,
which shows that the laser emission at 1.4 times threshold is
not uniform across the structure. Experimentally it appears
that at higher pump power, the pulse response becomes
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