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Efficient terahertz room-temperature photonic crystal nanocavity laser
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The authors describe an efficient

surface-passivated photonic crystal nanocavity laser,

demonstrating room-temperature operation with 3 ps pulse duration (detector response limited) and
low-temperature operation with an ultralow threshold of 9 uW. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2770767]

Lasers in two-dimensional photonic crystals (PCs) hold
great promise as single-mode light sources for low-power,
high-speed applications in optical telecommunications, opti-
cal interconnects, and nanoscale sensing. Their near-minimal
mode volume allows for utilization of cavity quantum elec-
trodynamic effects for improved threshold and speed.l’2 Fur-
thermore, such enhancements can be achieved with even
modest quality factor (Q) so that the cavity response time 7,
does not limit the modulation rate. We previously demon-
strated a quantum well (QW)-driven coupled-cavity PC laser
operating at cryogenic temperature and producing short
pulses with rise time of ~1 ps, fall-time of ~2 ps, and full
width at half maximum (FWHM) ~5 ps.3 In this letter, we
report on room-temperature operation with lasing response
FWHM below 3 ps and low-temperature continuous-wave
(CW) operation with extremely low threshold power of
9 uW. The operating temperature and threshold improve-
ments are possible by increasing laser efficiency through sur-
face passivation, while the speed up results from faster car-
rier relaxation into the QW lasing level at room temperature.

The lasers discussed here are similar to those described
in Ref. 3 consisting of 172 nm thick GaAs slabs patterned
with 9 X9 arrays of coupled PC cavities in a square-lattice
PC (Fig. 1). Four 8 nm Inj,Gaj gAs QWs separated by 8-nm
GaAs barriers form the gain medium. To reduce nonradiative
(NR) surface recombination on the large QW area exposed
through PC patterning, the sample was passivated with
(NH,)S, which resulted in a 3.7-fold reduction in the lasing
threshold.* Measurements were obtained with a confocal mi-
croscope setup through a cryostat, as detailed in Ref. 5.

The coupled cavity array laser is shown in Fig. 1(a).
Only sets of small numbers of cavities in the array lase si-
multaneously as a result of fabrication imperfections. By
spatially targeting the excitation laser at such sets, individual
modes can be brought to lasing. Here we focus on single-
mode lasing of a mode with \.,=950 nm at 10 K [Fig.
1(b)]. The spontaneous emission (SE) rate enhancement in
this resonant mode is estimated at F_,,=~33, following
Ref. 4.

We first consider laser operation at low temperature
(LT). The following measurements were obtained at 10 K,
though lasing operation does not change significantly up to
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~100 K. Figure 2(a) shows the lasing curve for pulsed ex-
citation (3.5 ps at 13 ns repetition), with an averaged thresh-
old of 6.5 uW and corresponding peak power of ~21 mW.
All powers reported are measured before the objective lens.

CW lasing at LT shows a much lower threshold. Figure
2(c) displays the lasing curve, indicating onset of lasing at
only ~9 uW pump power, considerably below other re-
cently reported values for QW lasers.®” Several factors con-
tribute to the small threshold. One reason is that pulsed op-
eration wastes pump energy when the laser mode
periodically dips below threshold and carriers decay through
inefficient SE or NR recombination, as illustrated in Fig.
3(b). Another reason is higher pump overlap with the active
region as explained below.

To quantify these contributions, we describe the laser
action using the rate equations model given in Ref. 4. The
model considers carrier concentrations in the pump level
(Np) and lasing level (Ng;), and the cavity photon density P
(number of photons in lasing mode divided by coupled cav-
ity mode volume). The pump level is excited with a laser at
780 nm, above the GaAs band gap. In Fig. 2(a), we apply the
model to the coupled nanocavity laser at LT in pulsed opera-
tion. Here, the time-dependent photon density P(z) is calcu-
lated following a 3.5 ps Gaussian pump pulse and then av-
eraged over the 13 ns repetition period to give the plotted
output power. The parameters in the model are either directly
measured or standard values from literature;® the only pa-
rameter we fit is the pump absorption efficiency #=1.3
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FIG. 1. (Color online) Coupled cavity photonic crystal laser. (a) Scanning
electron micrograph of laser structure: 9 X9 array of single-defect cavities.
Periodicity a=315 nm, hole radius ~120 nm, and thickness 172 nm. (b)
Lasing mode pumped at low power (4 uW, pulsed, pump laser diameter
~5 pm).
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FIG. 2. (Color online) LL curves. (a) Low-temperature lasing (10 K) with
pulsed excitation (3.5 ps, 13 ns repetition) shows an averaged threshold of
6.5 uW, corresponding to 21 mW peak power. (b) At room temperature,
lasing threshold increases to an averaged 68 uW (221 mW peak). (c)
Continuous-wave lasing at low temperature shows a very low threshold of
9 uW. Pump powers are measured before the objective lens.

X 1073 quantifying the fraction of the pump power that ex-
cites carriers in the pump level. The gain overlap appears to
be lowered by carrier diffusion, which broadens the PL spot
to ~4 um in diameter (as seen through the confocal micro-
scope), considerably larger than the ~1 um pump laser spot
size. We note that although the model incorporates Auger
recombination with coefficient C,=10"2% cm®/ s, it is insig-
nificant at present pump powers (it does become important at
approximately ten times threshold power from an estimate of
NG).

In CW pumping, the PL spot size is considerably
smaller, largely because a lower average thermal velocity vy,
of carriers leads to less diffusion. From microscope imaging,
we estimate it at ~1.2 um in diameter. When this fact is
taken into account in the above lasing model by n— 1.4
X 1072 and otherwise identical parameters, we obtain a pre-
dicted threshold power of L;, .,=35 uW. This value is still
larger than the observed value of 9 uW. We speculate that
CW pumping is made more efficient by carrier drift into the
lasing cavities: in the steady-state lasing regime, a carrier
density gradient surrounding the coupled cavities channels
carriers into them. This effect exists in pulsed lasing as well,
but is far less effective since the rate-limiting holes diffuse
slowly compared to A7, the fast lasing duration: vgpAT
~0.2 um—in other words, the cavities cease to lase before a
significant fraction of carriers could have diffused into them.
We estimate that it is reasonable that this carrier drift in the
CW regime improves the pump absorption efficiency to 7
~(.055 as the cavities effectively capture approximately
four times more carriers. The model then describes the CW
lasing curves well, as shown in Fig. 2(c). Thus, the remark-
ably low CW threshold appears possible through three en-
hancements over pulsed operation: more efficient conversion
of carriers into lasing mode photons in steady-state lasing, a
smaller PL spot size, and carrier drift into the lasing mode.

The measurements described so far were obtained at low
temperature. Room-temperature (RT) operation is more chal-
lenging because of heating problems associated with higher
threshold, and was previously not possible with our struc-
tures. We achieved RT lasing after suppressing NR surface
recombination using a surface passivation technique.4 We
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FIG. 3. (Color online) Photonic crystal laser time response. (a) At low
temperature (blue curve), FWHM=14.1 ps at two times above lasing thresh-
old. At room-temperature (green), time response follows that of the pump
laser with FWHM=3.5 ps. Inset: calculated response to a shorter, 1 ps ex-
citation pulse shows FWMH near 1 ps when pumped two times above
threshold; response is faster if we assume faster carrier relaxation time 7z .
(b) Mlustration of pump inefficiency in pulsed operation. Pump energy is
efficiently channeled into the cavity mode only during lasing (shaded area
under P(f) curve, amplified here five times visibility); much of the remain-
ing pump energy is wasted to SE and NR losses. (c) Time-resolved PL from
unpatterned QW at RT. Faster response is possible through faster relaxation
into the lasing level, estimated at 7 <<1 ps from fitting to the rate model.

first consider the easier case of RT lasing in the pulsed mode.
The lasing curve in Fig. 2(b) indicates a threshold of 68 uwW
averaged power. The larger threshold results in part from
higher transparency concentration and smaller optical gain.10
Threshold is also roughly proportional to the NR surface
recombination rate, which is as fast or faster than the SE rate
in this type of PC structure.* From separate lifetime measure-
ments on bulk and patterned QW regions, we estimate the
NR recombination lifetime to drop from 149 ps at LT to
50 ps at RT. In addition to pulsed operation, we also
achieved quasi-CW operation at RT. To limit heating, this
required a chopper wheel that provided 1 ms long pulses at a
17 Hz repetition rate. However, operation was too transient
to measure a light-in light-out (LL) curve reliably.

RT operation allows remarkably fast full-signal laser
modulation rates. In Fig. 3(a), we present streak camera mea-
surements of the lasing response to 3.4-ps-long pump pulses
(13 ns repetition) at LT and RT. Both measurements were
obtained with pump powers roughly two times above thresh-
old, corresponding to averaged pump powers of 13 uW and
136 uW at LT and RT, respectively. We measured signifi-
cantly faster lasing response at RT, with the lasing pulses
roughly following the pump duration. This speed up is due to
faster phonon-mediated carrier relaxation at RT, as indicated
in the PL response from the unpatterned QW at RT, shown in
Fig. 3(c): the rise time 7, is streak-camera limited to less
than 1 ps, significantly shorter than the LT rise time of
~6 ps. This behavior is captured well by the three-level rate
equations model whose calculated response is convolved
with a filter that takes into account the 3.2 ps response time
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(FWHM) of the streak camera.* Based on our model, lasing
response should approach FWHM=1.2 ps at two times
threshold pump power when pumped with shorter 1 ps laser
pulses, implying modulation rates in the terahertz regime.
This is shown in Fig. 3(a) (inset), where the lasing response
is modeled for two values of the carrier relaxation time into
the lasing level, 75 ,=0.8 ps and 7 ;=0.2 ps. The delay can
be decreased with increasing pump power, but is ultimately
limited by the carrier relaxation time 7 .

In conclusion, we have described the laser dynamics in a
surface-passivated GaAs PC coupled nanocavity laser em-
ploying an InGaAs quantum well gain medium. At low tem-
perature, we observe remarkably low CW threshold pump
powers near 9 uW. At room temperature, increased surface
recombination, higher transparency concentration, and lower
QW gain increase the threshold and lead to heating prob-
lems. Thus we only observe transient CW operation. To ad-
dress this problem, we are currently investigating sandwich-
ing the PC membrane between PMMA and/or oxidized
AlyoGag ;As, which improves heat exchange by ~20 times
while permanently capping the structure to prevent reoxida-
tion. On the other hand, pulsed operation at room tempera-
ture is very stable. The increased relaxation rate into the
lasing level at room temperature enables very fast modula-
tion rates; we observe laser pulses with FWHM near the
3.4-ps pump-pulse duration, with rise and fall times ~1 ps.
Our three-level laser model agrees well with experimental
observations and indicates that the PC laser has nearly
cavity-lifetime-limited response time, putting our structures
in the terahertz modulation rate regime.
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