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Abstract: We demonstrate a new type of laser composed of an array of 
coupled photonic crystal nanocavities that enables high differential quantum 
efficiency and output power, together with a low threshold power 
comparable to those of single photonic crystal cavity lasers. In our 
experiment, the laser efficiency increases faster than the lasing threshold 
with an increase in the number of coupled cavities. We observe a single 
mode lasing and measure the output powers that are two orders of 
magnitude higher than in single nanocavity lasers. Finally, we study the 
laser behavior theoretically and show that the benefits resulting from the 
coupling of cavities are due to strong cavity effects such as the enhanced 
spontaneous emission rate.  
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1. Introduction 

A single mode laser that can be turned on at low pump powers, directly modulated at high 
speeds and that can produce sufficiently high output powers is crucial for applications ranging 
from optical telecommunications and optical interconnects, to spectroscopic sensing and 
optical image processing. Vertical cavity surface emitting lasers (VCSELs), first demonstrated 
in 1989 [1], have been investigated extensively as promising candidates for these purposes; 
however they suffer from limitations such as relatively high threshold powers, multi-mode 
operation, problems with direct modulation above 20GHz [2], and difficulty in growing their 
Distributed Bragg Reflectors for long-haul telecommunications wavelengths.  

In recent years, high quality factor, small-mode volume cavities based on photonic crystals 
(PCs) [3-4] have attracted significant attention, because of their ability to modify the density 
of optical states (DOS) strongly. An increase in DOS of the lasing mode causes significant 
enhancement of the spontaneous emission rate (Purcell effect) [5]. This consequently enables 
larger fractions of photons to be emitted into the lasing mode with respect to all other modes 
(denoted as spontaneous emission-coupling factor β) and reduces the lasing threshold [6-8]. 
The β-factor in VCSELs is typically less than 10-3, but it can be increased by two orders of 
magnitude in photonic crystal nanocavities. In addition, the Purcell effect also increases the 
achievable direct modulation speed [9]. Unfortunately, output power levels of such PC 
nanocavity lasers are extremely low (a few nW), below the levels needed for many practical 
applications. In an attempt to increase output powers of PC lasers, band-edge lasers have been 
investigated recently [10-12]. However, they do not offer the aforementioned benefits of 
nanocavity lasers, and can also suffer from multimode lasing [13]. 

To overcome these problems, we recently proposed two-dimensional coupled PC 
nanocavity array lasers [14]. In this paper, we describe the experimental demonstration of 
such a laser, which operates in a single mode and produces output powers that are two orders 
of magnitude higher than those of single nanocavity lasers. We also show that the laser 
efficiency increases faster than the lasing threshold with an increase in the number of coupled 
cavities. We note that the coupling of a small number of VCSELs has been previously 
investigated [15-18]. However, it is very hard to control the uniformity of the arrays and the 
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coupling between individual lasers, which are necessary to achieve the phase-locked lasing 
from a large number of cavities. Moreover, a rather complicated fabrication procedure has 
been used to achieve phase-locked lasing even from small number of coupled cavity arrays 
[17]. With photonic crystal nanocavity arrays, we can control both the uniformity and the 
coupling very precisely (e.g., we have recently demonstrated arrays consisting of 3600-
coupled PC nanocavities in silicon [19-20]). In our laser, each cavity forming the array 
occupies an area of only 1.5μm2 (much smaller than a typical VCSEL), implying that an ultra-
dense packing is achievable with coupled PC nanocavities lasers, which can also enable 
higher output powers. Finally, we study the behavior of our laser theoretically and show that 
the full benefits resulting from the coupling of cavities are achievable only if strong cavity 
effects are present (i.e., large β factor), implying that the coupling of PC nanocavities is 
preferential over coupling of larger resonators (e.g., VCSELs). 

2. Theoretical analysis of a nanocavity array laser 

As described above, we show here that the full benefits of the cavity array lasers are 
achievable only when the cavity effects are strong (i.e. large β), as it is in our PC nanocavity 
arrays. The threshold pump power (Lin,th) is defined as the input pump power at which the 
photon number inside the optical mode volume is equal to 1 [21] and the differential quantum 
efficiency (DQE) is defined as the slope of the laser output-input power curve (LL-curve) 
above threshold [22].  Starting with the rate equations in the steady-state (see Appendix) and 
assuming that the carrier density and the gain above threshold are clamped to their values at 
the threshold [22], and that the nonradiative decay rate is much slower than radiative rate, one 
can derive an expression for Lin,th and DQE: 

in,th
p mod
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L = p a th th

e r r

V N N

V

ω
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η τ τ τ
⎡ ⎤

− +⎢ ⎥
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In this derivation, in contrary to the usual assumption of neglecting the β term [22], we 
keep it since it is significant in nanocavities studied here. In the expressions above, ωp is the 
pump laser frequency, ωl the laser emission frequency, η the absorption ratio of the pump in 
the active region, Va the pumped active volume, Vmode the optical mode volume, τp =Q/ωl is 
the photon lifetime (Q is the quality factor of the optical mode), τr the carrier radiative 
lifetime, Nth the carrier density at threshold, 1/ τmirror the photon loss rate towards detection 
system (ideally τmirror=τp, if all emitted photons are collected), Γ the confinement factor, and 
G(Nth) the gain at the threshold. From the rate equations, the gain at threshold can be 
expressed as: 

 ( ) mod

p r

1
= th e

th

N V
G N β

τ τ
Γ − .                                         (3) 

When nc individual lasers are coupled in an array, both Vmode and Va increase by a factor 
roughly equal to nc (relative to a single laser). In addition, the photon storage time τp (and 
consequently τmirror) can increase (by nc times for ideal 3-D coupled nanocavity arrays). 
Hence, for non-negligible β, τmirrorΓG(Nth) decreases in a coupled laser array which leads to an 
increase in DQE. In an ideal case (β≈1), according to (1)-(3), coupled cavity lasers would 
have the same threshold as single cavity lasers since the 2nd and 3rd term in (1) cancel each 
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other and Lin,th becomes independent of nc, but with a much higher DQE.  On the other hand, 
if β is negligible and Vmode is large (as it is in VCSELs), Lin,th of the laser array increases 
roughly nc times relative to an individual laser (as the 3rd term in (1) dominates), while DQE  
does not change (as the threshold gain is primarily determined by 1/τp in (3)). PC nanocavity 
arrays that are shown here are somewhere in between these two extreme cases: their β is non-
negligible and Vmode is small, implying that different terms in the expression for Lin,th and 
G(Nth) become comparable. Therefore, DQE of the PC cavity array lasers increases relative to 
that of a single PC cavity laser, while the increase in the lasing threshold is slower than the 
increase in the number of cavities.  

It should also be pointed out that in PC nanocavity array lasers, Va increases slower than 
Vmode with an increase in the number of cavities. Hence, the ratio Vmode/Va is larger for 
nanocavity array laser than for a single PC cavity laser, leading to an additional increase in 
DQE, which we observe in our experiment below.  This effect is a result of a more efficient 
pumping and the better overlap between the pumped area and the cavity mode. In a single PC 
cavity laser, it is extremely difficult to pump only the central cavity region, and the pump also 
generates carriers inside the mirrors, which do not couple to the lasing mode. On the other 
hand, in a coupled array laser one can pack larger number of lasers more efficiently by 
reducing the space used as mirrors, and the overlap between the pumped region and the cavity 
mode is better.   

3. Experimental results 

3. 1. Design and fabrication of the laser structure 

 

 

 

 

 

 

 

Fig. 1. (a) SEM pictures of a fabricated single PC cavity laser and a coupled PC cavity array 
laser (b) Simulated electric field amplitude of the coupled cavity array quadrupole mode at the 
Γ-point in the middle of the slab. 

 
Here, we focus on arrays of nanocavities in a square lattice PC and choose non-degenerate 
high Q- factor (~2000) quadrupole mode (field pattern is shown in Fig. 1(b) [14,19].  We 
fabricated such nanocavity arrays in InP material system. The active region contains four 
InGaAsP quantum wells (QWs) with a peak photoluminescence emission wavelength of 
1560nm (Fig.2). Fabrication process starts with the PECVD deposition of 90 nm thick SiO2 
followed by spinning of the 380 nm thick PMMA layer. Electron-beam lithography is used to 
define the patterns in PMMA. First, the patterns are transferred from PMMA layer to oxide 
mask using reactive ion etch with CHF3/O2 gas combination and then transferred from oxide 
mask to InGaAsP slab layer using Cl2/Ar/BCl3 gas combination at 200oC. Finally the InP 
sacrificial layer under the slab is released by immersing the sample into HCl:H2O (4:1). 
During the lithography step trenches are opened at the sides of the structure (Fig. 1) to ease 
the undercut of sacrificial layer [23,24]. The coupled array consists of 81 cavities (9x9) with 
two layers of photonic crystal in between. PC parameters are the free-standing membrane 
thickness (d) of 280nm, periodicity (a) of 500nm, and the hole radius (r) tuned from 160nm to 
230nm to change the resonance frequency of cavities. Single cavity lasers are also fabricated 

#8553 - $15.00 USD Received 23 August 2005; revised 11 October 2005; accepted 18 October 2005

(C) 2005 OSA 31 October 2005 / Vol. 13,  No. 22 / OPTICS EXPRESS  8822



  

on the same chip, with the same parameter range. With these parameters, the quadrupole 
mode frequency calculated by the Finite Difference Time Domain (FDTD) method falls 
within the gain linewidth. 

3.2. Experimental set-up 

The coupled PC nanocavity array lasers with sizes ~15μm are optically pulse-pumped normal 
to the structure at room temperature. A diode laser at 808nm is focused on the sample with a 
spot size of ~15μm by a 40x microscope objective lens with a numerical aperture of 0.6. The 
pump pulses are 20ns long with 1% duty cycle, chosen to reduce the heating of the structure. 
Emitted light is collected from the top of the sample (in the Γ direction, perpendicular to the 
sample surface) using the same optics and coupled to an optical spectrum analyzer. To 
compare the performance of the coupled cavity array lasers to that of single nanocavity lasers 
(with size ~4μm), a similar setup with a beam spot size of ~5μm is used. 
 
3.3. Coupled PC nanocavity array laser spectrum 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. (a) Spectrum of the coupled cavity array laser with a peak at 1534nm. The PC hole 
radius in this structure is about 192nm. The inset on the left shows the zoomed-in portion of the 
spectrum fitted with a Lorentzian (green dashed curve) of 0.23nm linewidth. The inset on the 
right shows the QW photoluminescence from unprocessed wafer (QWs shown on the SEM 
image). 

 
Single mode lasing is observed from coupled nanocavity array lasers (spectrum is shown in 
Fig. 2). The lasing wavelength matches that of the phase-coupled quadrupole mode at the Γ-
point calculated by FDTD. The collection angle of the objective lens is wide enough to collect 
the emission from any other possible modes [14]. However, we observe only a single mode in 
the spectrum, even at low powers. A slight linewidth narrowing was observed above 
threshold, while the spectrum below the threshold was hard to measure due to the poor 
sensitivity of spectrum analyzer. 

 
 
 
 

100nm 
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3.4. Lasing mode imaged on the IR-camera 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3. (a) The IR-camera image (left) and the simulated time-averaged Poynting vector in the 
vertical direction (right) of the lasing mode for a single cavity laser. The size of the structure is 
indicated by the dashed square. (b) The same for a coupled cavity array laser. 

 
The profiles of the lasing modes both from a single cavity and a coupled cavity array laser 
taken with an infrared-camera are shown in Fig. 3. The setup used for probing a single cavity 
has a higher magnification and shows clearly the four-fold symmetry of the mode, which is 
expected for the quadrupole. At the center of the square, there is a strong field localization, 
corresponding to the location of the single defect. A strong radiation leak outside the square is 
also visible, which is due to the fact that the cavity is surrounded by only four PC layers. The 
set-up used for probing coupled cavity array laser has a lower magnification, and therefore 
individual cavities are hard to resolve, but emission from most of the array is visible. The 
radiation profiles for the quadrupole mode are simulated by the FDTD method, by calculating 
the time averaged Poynting vector in the vertical direction. The radiation patterns 
corresponding to the plane positioned at ~1μm above the structure are very similar to the 
experimentally measured field patterns, as shown in Fig. 3. The match is especially good for a 
single cavity, where both localized and leaking field components are nicely reproduced in the 
simulation. 

3.5. LL curve 

Coupled nanocavity array lasers with different r/a ratios have been tested and Fig. 4 shows the 
measured light-out/light-in (LL) curve of one of them (blue). We have observed single-mode 
lasing at 1534nm with a threshold peak pump power of ~2.4mW. Several single cavity 
structures with different r/a have also been tested. The LL-curve of one of them (with r/a≈0.4) 
is shown in Fig. 4 (red). The parameters of this cavity and therefore the emission wavelength 
at 1543nm are quite similar to the coupled cavity array laser, giving an additional indication 
that the quadrupole mode and the phase-coupled quadrupole band at the Γ point are the lasing 
modes for a single cavity laser and a couple nanocavity array laser, respectively. The 
threshold peak pump power is around ~320μW.  
 

(a) 

(b) 
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Fig. 4. LL-curves of the single PC cavity and the coupled PC cavity array laser. The inset 
shows a magnified curve for the single PC cavity 

 
By fitting laser rate equations with the typical InGaAsP QW parameters (listed in Table 2 

in appendix) to the LL-curves of both lasers we obtain the range of β values given in Table 1 
[5, 22, 25]. β of the coupled cavity array laser is estimated to be slightly smaller than β of a 
single cavity, but it is still large enough to observe strong cavity effects mentioned above. We 
have measured the threshold peak power and DQE of the LL-curve for several different 
coupled array and single nanocavity lasers; the averaged results are given in Table 1. The 
measured lasing threshold of coupled photonic crystal nanocavity arrays is about 10 times 
larger than for a single cavity. According to the parameters that we use in the β-fit, the third 
term in (1) dominates the threshold expression, so we expect that the threshold pump power 
scales with the pumped active volume Va. In the experiment, the size of the pump beam size 
for coupled cavity laser is almost 10 times larger than for a single cavity laser, which explains 
the observed increase in threshold. On the other hand, the measured 20-fold increase in DQE 
of the cavity array is larger than the increase in threshold, implying that a higher output power 
can be extracted per nanocavity in a coupled cavity array laser in comparison to a single 
nanocavity laser. In fact, the maximum power achieved from our coupled cavity array laser 
with only ~10 nanocavities (>12 μW) is about 100 times larger than a single cavity laser (Fig. 
4). 

 
 
Table1. Averaged values of the measured thresholds and DQEs of several single cavity and 
coupled cavity lasers and their ratios. Also shown are the β-factor ranges obtained by fitting 
laser rate equations to the measured LL-curves. 

 
 
 
 
 
 
 
 

Threshold [mW] DQE β−factor 

Single Cavity 

Coupled Cavity Array 

RATIO 

0.26 

2.68 

~10 

0.51 

10.37 

~20 

[0.09-0.15] 

[0.03-0.09] 
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In our optically pumped lasers, the improvement of DQE can result from two effects: more 
effective pumping scheme (i.e., an increase in Vmode/Va), and cavity effects (i.e., reduction of 

τmirrorΓG(Nth)), as explained in Section 2. In our experiment, we know that the pumped active 
region Va is approximately ~9-10 times larger with respect to single cavity laser, but we do 
not know the exact increase in Vmode, since some of the 81 cavities in the area may be 
uncoupled from the lasing mode. Fig. 5 shows the output power from the coupled PC array 
laser and a single cavity laser, theoretically analyzed by solving rate equations with 
parameters corresponding to our experimental conditions (Table 2). Clearly DQE increases 
with the number of coupled cavities (nc) that are lasing together (Vmode,array=ncVmode,single). On 
the other hand, the threshold does not change with nc, as it is primarily determined by the 
pumped active volume Va as explained above. By comparing theoretical analysis shown in 
Fig. 5 with our experimental results shown in Fig. 4, we conclude that majority of 81 cavities 
in the array are lasing together in our laser. With such a large number of coupled cavities, the 
coupled cavity band forms, the lasing occurs from the high symmetry point (Γ), and the 
individual cavity resonances are not visible as in the case of a small number of coupled 
resonators [26-17]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Output power as a function of the input pump power and the number of coupled cavities 
in the array, analyzed using rate equations and our experimental conditions (parameters given 
in Table 2).  Single cavity results are shown in red and coupled cavity array laser results in 
blue. Coupled cavity laser has 10 times larger Va than single cavity laser, while the mode 
volume Vmode increases relative to that of a single cavity laser by a factor of 10 (diamond), 40 
(circle) and 70 (square). By comparing theoretical analysis shown here with our experimental 
results shown in Fig. 4, we conclude that majority of 81 PC cavities in the array are lasing 
together in our laser. 

4. Conclusion 

In summary, we have shown that by ultra-dense coupling of photonic crystal nanocavity lasers 
with large spontaneous emission coupling factor β, the differential quantum efficiencies can 
be improved dramatically, without sacrificing the low lasing thresholds of single PC 
nanocavity lasers. This could not have been achieved by coupling lasers with small β (such as 
VCSELs). We have experimentally demonstrated coupling of a large number of PC 
nanocavities (β~0.1) in a controlled manner, we have also shown that with an increase in the 
number of coupled cavities, the increase in DQE is significantly larger than an increase in the 
lasing threshold (with respect to single cavity lasers). We measured peak output powers from 
the PC laser array that are more than two orders of magnitude higher than in single PC cavity 
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laser [7]. Furthermore, output powers comparable to conventional single mode VCSELs, but 
at much lower threshold pump powers, can be achieved by coupling even larger numbers of 
PC cavities. We expect that such structures can also be directly modulated at high speeds, as a 
result of a strong localization of light [9], implying that coupled nanocavity arrays can be an 
effective way to achieve high power and high-speed single mode laser sources. 
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A. Laser Rate Equations 

The dynamics of carrier density N and photon density P in a laser are given by the following 
rate equations: 
 

( )indN L
= P

dt p a r nr

N N
G N

V
η

ω τ τ
⎛ ⎞
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N P
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τ τ
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Table 2. Typical parameters for InGaAsP-InP MQWs that are used in solving rate equation.  
 
Surface recombination velocity (Vs) = 104cm/s 
Bimolecular recombination coefficient (B) = 1.6x10-10cm3/s 
Auger nonradiative recombination rate (C) = 5x10-29cm6/s 
Transparency carrier density (Ntr) = 1.5x1018cm-3 

Gain coefficient (G0) = 1500 cm-1 
Absorption ration of pump in QW region (η ) = 0.26 
Confinement factor (Γ) = 0.159 
Propagation distance for surface recombination (da) = 2x10-5cm 
Pumped active volume (Va) = 2.2x10-13 cm3 
Optical mode volume for single cavity (Vmode) = 6x10-14 cm3

 

Lasing wavelength (λl) = 1.53x10-4 cm 
Pump laser wavelength (λp) = 0.83x10-4 cm 
 

 
The parameter definition and their values are listed in Table 2. In (4) the carrier density 

increases with the pump rate (1st term), decreases by radiative recombination (2nd term), non-
radiative recombination (3rd term) and stimulated emission (4th term). In the analysis the 
radiative recombination rate is expressed as 1/τr=BN. It should be noted that this expression is 
correct for bulk materials but is not exact for nanocavities since it does not include 
modification of radiative lifetime in the cavity. For non-radiative processes only surface 
recombination (1/τs=Vs/da) and Auger recombination (1/τA=CN2) are included. . In (5) the 
photon density increases with the stimulated emission (1st term) and spontaneous emission 
that is coupled to the particular lasing mode (2nd term) and decreases with a leakage rate 
trough the cavity by 1/τp (3

rd term). Following references [22,25], we have assumed in our 
analysis that the gain is expressed as G(N)=G0c/neqlog(N/Ntr), with effective index neq= for 
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our structure. The carrier and photon density is calculated at steady state condition by using 
(4) and (5). The carrier and photon numbers are given by NVa and PVmode respectively. The 
output power is calculated as Lout=�ωlPVmode/τmirror. In the analysis we have assumed that 

τmirror = τp. 
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