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Abstract

A compact photonic crystal defect nanocavity was fabricated on a sapphire substrate.
Continuous wave lasing at room temperature was achieved with a low threshold power. We
characterized the operated mode, quality factor and radiative efficiency for the compact laser.

The thermal properties of the nanolaser were also investigated.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Two-dimensional photonic crystal defect lasers have become
a promising technology as novel light sources in dense chip-
scale optical systems. There are many reports for photonic
crystal defect cavities formed in a suspended membrane
[1-7], and most of them can operate only under pulsed
pumped conditions. For future integrated photonics, compact
continuous wave (CW) operated light sources are required
elements; however, there are only a few demonstrations of
photonic crystal defect lasers [8—12] that are capable of
operation under CW conditions at room temperature. When
the size of a photonic integrated system is reduced to the
micrometre scale, the sub-micrometre cavity becomes one
of the critical elements to fit in the compact platform. The
most popular approach is to propose a compact photonic
crystal nanocavity in a suspended membrane [7, 13, 14]. These
types of nanolasers usually have a higher quality factor (Q)
because of their good vertical confinement from the higher
index contrast between a semiconductor and air. However,
the temperature around the defect region increases by more
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than 100K only under pulsed pumped conditions [15]. For
a photonic crystal micro-laser operated at room temperature
(~300K), the threshold will be increased by more than
250%, and very sensitive to temperature since its characteristic
temperature is about 40K [15]. Therefore the operating
temperature becomes a critical concern for the membrane
compact CW laser. In this paper, we report a sapphire-
bonded photonic crystal nanolaser which is capable of room
temperature CW operation. Though the photonic crystal
microlasers on a sapphire substrate had been demonstrated
[11, 16], here we have demonstrated a CW photonic crystal
nanolaser in this platform. With better thermal properties,
it can operate under higher pumped power and higher
environment temperature compared with a similar photonic
crystal nanocavity in a suspended membrane. The illustration
of a sapphire-bonded photonic crystal nanolaser is shown in
figure 1. The low index sapphire substrate here functions as a
heat sink for dissipating the heat from the defect region due to
its excellent thermal conductivity (~5 x 107! Wem™! K1),
With an ultrasmall cavity size, this photonic crystal laser is
one of the smallest CW operated lasers [10—12] to date. In

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. The structure of InGaAsP slab bonded with sapphire
substrate.

this paper, we have also studied the optical characteristics and
thermal properties of this photonic crystal nanolaser.

2. Fabricated process

These devices were fabricated in a 240 nm thick InGaAsP layer
that contains four InGaAsP strained quantum wells (QWs)
designed to emit near 1.55 um at room temperature. These
InGaAsP layers were deposited by metal-organic chemical
vapor deposition (MOCVD) on an InP substrate. The wafer
was then bonded to a sapphire substrate and annealed in a
H, chamber at 480 °C. The InP substrate was removed by a
wet etching procedure with HCI solution. After the wafer
bonding step, the photonic crystal cavities were fabricated
in the InGaAsP layer. A silicon nitride (SiN,) mask was
deposited in a plasma enhanced chemical vapor deposition
(PECVD) system and a 5% polymethylmethacrylate (PMMA)
resist was spin coated on the top of the SiN,, layer. The photonic
crystal cavities were defined by electron beam lithography, and
the photonic crystal patterns were transferred into the SiN,
mask using a reactive ion etch (RIE) system with CHF3/O,
mixture. The pattern was transferred into the InGaAsP layer
using an inductively coupled plasma (ICP) system with a
CH4/Cl,/H, mixture. The mask was removed at the end of the
fabrication.

3. Characterization of the sapphire-bonded
photonic crystal nanolaser

The D1 photonic crystal nanocavities were formed by a single
hole defect in the triangular photonic crystal lattices. We
label this cavity D1 because of the one missing hole from the
hexagon photonic crystal lattices. The cavity is surrounded by
more than 10 periods of photonic crystal lattice cladding which
support enough in-plane confinement for the CW nanolaser
[11]. The laser cavities were optically pumped at room
temperature using an 850 nm diode laser at normal incidence.
The pumped spot was focused by a 100x objective lens to
a spot approximately 1.5 um in diameter. The output power
was collected from the top of the cavities by a multi-mode
fibre which was connected to an optical spectrum analyzer.
Figure 2(a) is a scanning electron microscope (SEM) image
of a photonic crystal nanocavity with a lattice constant of
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Figure 2. (a) SEM image of a D1 sapphire-bonded photonic crystal
nanocavity. (b) The magnified image of the defect region taken from
a 30° angle view.

422 nm, and figure 2(b) is a magnification of the defect region
taken from a 30° angle view. The size of this photonic crystal
nanocavity is only about 580 nm in diameter.

Three-dimensional (3D) plane-wave expansion (PWE)
and finite-difference time-domain (FDTD) methods were used
to simulate this sapphire-bonded photonic crystal nanocavity.
Figure 3(a) is the band diagram of the photonic crystal lattices
on a sapphire substrate from 3D PWE calculation. To prevent
the power leakage out of the InGaAsP slab, only the region
below the light-line (thick black line) will be considered.
The first band-gap region is from 0.26 to 0.33 in normalized
frequency (a/A). Figure 3(b) shows the calculated spectrum
(blue solid line) of the nanocavity from the FDTD simulation.
The high-Q defect mode (A) is shown at the normalized
frequency of 0.28. Figure 3(c) shows the top view of the H,
field profile of the defect mode from the FDTD simulation.
The estimated mode volume of the nanocavity is only
0.023 um? ~ 1.5(x/2n)3, where n is the refractive index of the
InGaAsP slab.

Figure 4(a) shows a lasing spectrum of a D1 sapphire-
bonded photonic crystal cavity pumped at twice the threshold
power under room temperature CW conditions. The lasing
wavelength is 1587.6nm. The side-mode suppression-ratio
(SMSR) of this laser is approximately 17 dB, which is good
for optical communication. Figure 4(b) shows the light-in
light-out curve (L-L curve) of the nanolaser. The lasing
threshold occurred at 0.85mW in incident power. The
effective threshold power is only 35 uW after estimating
the material absorption and surface reflectivity of the cavity
structure.

The polarization of the operated mode is also characterized
with a linear polarizer. The measured polarization curve of the
lasing signal is shown in figure 5. The polarization ratio can
be defined by the formula

Imax - Imin

Polarization degree =

s
max T Imin

where [ is the signal intensity. We obtained approximately
90% polarization from the lasing signal. The nanolaser has
the definite polarization direction that indicates the lasing mode
oscillates along the particular in-plane direction. It confirms
the lasing operation of the defect mode and the mode profile
from the FDTD simulation, since the polarization degree of the
photonic crystal band edge mode is usually relatively low. With
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Figure 3. The simulated results for the photonic crystal nanocavity on a sapphire substrate. (a) The band diagram (red solid dotted line) of
the photonic crystal lattices from the PWE method. The thick black curve is the light-line. (b) The FDTD simulated spectrum (blue solid
line) for this nanocavity. The defect mode at a normalized frequency (a/2) of 0.28 is labelled mode A. (c¢) The top view of the H, field

profile of mode A which is obtained from the FDTD simulation.
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Figure 4. (a) The lasing spectrum from a D1 sapphire-bonded photonic crystal cavity under CW pumped conditions at room temperature.
Its lasing wavelength is 1587.6 nm and SMSR is about 17 dB. (b) The light-in light-out curve of this D1 laser cavity. The incident threshold

power is about 0.85 mW.
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Figure 5. The measured polarization curve of the lasing mode from
a D1 sapphire-bonded photonic crystal cavity under room
temperature CW conditions.

a photonic crystal cavity, we can tune the resonant wavelength
lithographically. Figure 6 shows the lasing wavelength versus
the lattice constants of the nanocavities. The linearity of
the data indicates that these cavities are all lasing in the
same defect mode with a normalized frequency (a/A) of 0.27.
The lasing wavelength of the cavities in these data shifts by
approximately 69 nm by increasing the lattice constant by
8nm. The wavelength tuning rate is about 8.6 nm for a 1 nm
variation in lattice constant.
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Figure 6. The lasing wavelength versus the lattice constant of
photonic crystal nanocavity. The normalized frequency of this
lasing mode is approximately 0.27.

4. Quality factor and radiative efficiency of the CW
photonic crystal nanolaser

From the threshold power, the parameters of the InGaAsP
QWs and the geometrical parameters of the cavities, we can
estimate the quality factor (Q) and optical characteristics
of the photonic crystal nanocavities with a simple model
[11]. The threshold power of a semiconductor laser can be
attributed into three parts, surface recombination, spontaneous
radiative recombination and Auger recombination, which
are proportional to the carrier density (n), the square of



J. Phys. D: Appl. Phys. 42 (2009) 105113

M H Shih et al

Table 1. Parameters used for characterizing the sapphire-bonded
photonic crystal nanolasers.

Parameters Value

10*cms™!

1.6 x 107"0¢cm3s~!
3.0 x 107® cm®s~!

Surface recombination velocity (v)
Radiative recombination coefficient (B)
Auger recombination coefficient (C)

Modal gain (Gy) of InGaAsP QWs 76 cm™!
InP index of refraction 3.17
Photonic crystal cavity confinement factor  0.15
Cavity size in diameter 580 nm
Volume of active region 0.068 um?

the carrier density and the cubic of the carrier density,
respectively (equation (1)) [17,18]. The incident optical
power was converted into an effective current (Zeec). The
recombination currents due to surface recombination (Ig),
radiative recombination (/s,) and Auger recombination (/yuger)
were also determined with the coefficients A, B and C in [17]:

Lec = Ig(n) + Isp(nz) + IAuger(n3)- ()

Then the modal gain can be determined for a QW laser

using [19]
Totee — 1
G = Goln (%) , )
tr

where G is about 76 cm™! for our photonic crystal lasers and
I, is the transparency current for our QW. G was determined
from material gain measurements made on broad area lasers
with the same active region as in [19] and then the confinement
factor was calculated from a simple finite difference algorithm.
The quality factors of the cavities were obtained from the
threshold modal gains using

27 nyp
0= ,
AGy

3

where npp = 3.17 and Gy, is the threshold modal gain.

By solving the carrier density, we can obtain the
recombination currents of three components. The radiative
efficiency of these compact CW nanolasers can be estimated
with the following formula [18]:

Bn

A 4
A+ Bn+Cn? @)

nsp
Table 1 lists the parameters we used to analyse this photonic
crystal nanolaser, and the optical characteristics of the device
are provided in table 2. We obtained a quality factor of 320
for the nanocavity which is close to the simulated value from
the FDTD. The radiative efficiency is approximately 0.18 after
substituting the carrier density into equation (4). Because of
the ultrasmall cavity size and the mode distribution, most of
the carriers are consumed in surface recombination and Auger
recombination for this nanocavity. However, the efficiency
could be increased by the further designed photonic crystal
cavities.

Table 2. Characterization of the sapphire-bonded photonic crystal
nanolasers.

Characteristics of the sapphire-bonded

photonic crystal nanolaser Value

Cavity mode volume 0.023 um? ~ 1.5(1/2n)3

Side-mode suppression-ratio (SMSR) 17dB
Incident threshold power (mW) 0.85
Estimated Q value 320
Radiative efficiency (7sp) 0.18
1587.5
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Figure 7. The lasing wavelength of the photonic crystal nanolaser

versus the pumped power. The slope, % is about 0.14 nmmW~".

5. Thermal properties of the CW photonic crystal
nanolasers

One of the advantages of the sapphire-bonded photonic crystal
lasers is better thermal properties because of the excellent heat
dissipation with the sapphire substrate. In order to characterize
the thermal impedance of the nanocavity, we monitored the
shift of the lasing wavelength above the threshold by varying
the pumped power. Figure 7 shows the lasing wavelength of
a D1 photonic crystal laser versus the pumped power. The
rate at which the lasing wavelength shifts with increasing
pumped power, % is approximately 0.14nmmW~'. The
thermal impedance of this bonded photonic crystal cavity can
be determined by the following equation [17, 20]:

I AT AL AT

— == 5)
R AP AP AA

where Ry, is the thermal resistance, AT is the temperature
change, AP is the absorbed power from optical pumping
and AA is the lasing wavelength shift of the device. The
lasing wavelength shift due to temperature changes, =, is
about 0.05nmK~! [15]. After substituting these two values
into equation (5), we obtained a thermal impedance of this
photonic crystal nanolaser that is approximately 2.8 KmW !
The value for this photonic crystal nanolaser is larger than
the values reported for vertical-cavity surface-emitting lasers
(VCSELs), of about 1 KmW~! [20,21]; however it is much
smaller than the reported value, 10° K W~!, from a photonic
crystal nanolaser in a suspended membrane [12]. We attributed
this lower value to the fact that the sapphire substrate has
much better thermal conductivity than air. Although a higher
O might be obtained from a suspended membrane cavity,

AL
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the sapphire-bonded cavity still has reasonable Q and better
thermal properties. Therefore this sapphire-bonded photonic
crystal nanolaser can be an excellent CW nano-scale light
source for future photonic integrated circuits.

6. Summary

In short, we have demonstrated a sapphire-bonded photonic
crystal nanolaser under CW operating conditions at room
temperature. The CW nanolaser has ultrasmall size, excellent
heat dissipation, low threshold and a high SMSR. We
characterized the quality factor and radiative efficiency for
the nanolaser. The thermal impedance of the nanocavity was
also evaluated from the lasing wavelength shift under different
pumped powers.
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