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As an attempt to collect more in-plane emission power out of wavelength size two-dimensional
photonic crystal defect lasers, edge-emitting photonic crystal double-heterostructure quantum well
membrane lasers were fabricated by shortening the number of cladding periods on one side.
120 uW peak output power was collected from the facet of the single mode laser at room
temperature. Laser efficiencies were analyzed and agree very well with three-dimensional
finite-difference time-domain modeling. © 2009 American Institute of Physics.
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The physical size of semiconductor lasers has been
shrinking down to the wavelength1 or even subwavelength
scale,” which greatly increases the potential for dense photo-
nic integration. However, the laser output power scales with
its mode volume. As one of the smallest lasers that is capable
of electrical injection3 and continuous wave operation at
room temperature,’'* two-dimensional (2D) photonic crys-
tal (PC) defect lasers have not been shown to have sufficient
collected output power (>50 uW) for current on-chip opti-
cal receivers to operate at high bandwidth (10 GHz) and low
bit-error rate (107!2)." In addition, most 2D PC defect lasers
emit vertically instead of in-plane, which is the preferred
direction for planar lightwave circuits. Their dominant out-
of-plane loss has always been a bottleneck in engineering the
direction of laser emission. Recently, the double-
heterostructure (DH) cavitylz’13 was realized on 2D PC
membranes with a quality factor (Q) of more than 100 000
and mode volume as small as ~(\/n)?, where n is the re-
fractive index of the semiconductor membrane. This cavity’s
ultrahigh Q gives us the luxury to intentionally increase the
in-plane optical loss by orders of magnitude so that it is
much greater than its vertical loss and still be able to achieve
lasing.14 This was done by shortening the waveguide clad-
ding on one side of the cavity, following up on the previous
demonstration by Yang et al.”® in which a DH nanocavity
laser was demonstrated to edge-emit into a planar integrated
PC waveguide. We expect that this approach will result in a
single-sided edge-emitter with the potential for high collec-
tion efficiency at the 0ut6put facet without going to a larger
mode volume structure.'

To demonstrate this idea, DH cavities with an InGaAsP
quantum well (QW) active region were fabricated in which
each cavity had a different number of PC periods cladding
one side of the central heterostructure. Their waveguide
cores were aligned along (011) direction on a (100) InP sub-
strate in order to open up the facet from etch stop planes in
the final HCI undercut.”” Fabrication of these devices fol-
lowed the same procedures as in Ref. 18 with the addition
that the sample was diced very near the end of the cavities in
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order to facilitate the collection of the edge-emitted laser
radiation.

Figure 1 is a scanning electron microscope (SEM) image
of the number 5 device where the device number represents
the number of cladding periods on the facet side of the het-
erostructure. All devices have 14 cladding periods on the
other side and 14 periods in the direction perpendicular to
the waveguide except the heterostructure region where more
periods were added to ease identification. The lattice con-
stant is 441 nm along the waveguide core only in the hetero-
structure region and 420 nm everywhere else. The r/a (ra-
dius over lattice constant) value is 0.306. The standard
deviation is less than 2% in lattice constant and is about 3%
in r/a. It is obtained from image analysis of Fig. 1 where the
lattice is defined by the centers of mass of the air holes
identified by an edge-detection algorithm.

These cavities were optically pumped by an 852 nm di-
ode laser at normal incidence through a 100X infrared-
corrected objective lens at 21 °C substrate temperature. The
pulse duration was 8 ns with 0.1% duty cycle. The size of
the pump spot overlapping the field-confining heterostructure
region was about 2 um in diameter. The output power was
collected from the facet by a 60X anti-reflection-coated as-
pheric lens with 0.65 numerical aperture (NA) and detected
by an InGaAs photodiode. A piece of double-side-polished

FIG. 1. Top view SEM image of a fabricated PC DH cavity with five PC
cladding periods on the left. The heterostructure region is delineated with
white dotted lines.
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FIG. 2. (Color online) (a) L-L curves of number 4, 5, and 6 devices. (b)
Threshold and lasing wavelength behaviors versus device numbers. (c) Las-
ing spectrum of the number 5 laser.

silicon wafer was used as a filter to verify that light from the
pumping laser was not collected.

Light-in-light-out (L-L) curves of number 4, 5, and 6
lasers are shown in Fig. 2(a). Number 4 cavity is the device
lasing with the least number of facet cladding periods. The
trends of their lasing wavelengths and thresholds are plotted
in Fig. 2(b). As the number of cladding periods decreases,
lasing wavelength blueshifts since the average index of the
mode decreases. Both their thresholds and slope efficiencies
increase due to the increasing optical loss toward the facets
when more PC mirror periods are removed. Number 4 and 5
devices output similar powers of 120 uW at the highest
pumping level. Number 5 laser has a lower threshold and its
lasing spectrum is shown in Fig. 2(c).

This 120 uW peak output power is much higher than
that of any other PC defect mode lasers reported to date.'*"”
This number is edge-emitted power from a single cavity of
small mode volume under single mode operation at room
temperature. No optimization was done to engineer the far
field or improve the coupling, and no disordering was done
to the cladding mirror to reduce the QW absorption loss.’

The self-written codes® of three-dimensional finite-
difference time-domain (3D FDTD) method was used to
model the number 5 device.'** The time step, spatial reso-
lution, and semiconductor refractive index were 0.035 fs,
22 nm, and 3.4. The mode profile was obtained by discrete
time filtering after broadband initial excitation. The filter was
implemented as a Blackman window with 130 000 time steps
convolution. The dielectric structure in calculation is directly
taken from the top view SEM image in Fig. 1, in order to get
an estimation of the passive quality factor (Qpasive) Of the
fabricated device. The result is 4000 for Qe and the
mode profiles are plotted in Fig. 3, which clearly shows a
dominant facet emission. To calculate the radiated power, a
time average of one oscillation period of the Poynting vec-
tors is performed. Integrating the averaged Poynting vectors
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FIG. 3. (Color online) Mode profile of the number 5 edge-emitter, calcu-
lated by 3D FDTD using the structure information from its top-view SEM
image. (a) Intensity plot of the vertical magnetic field (H.) distribution in
x-y plane at the center of the membrane. (b) H. field profile in the x-z plane
through the center of its waveguide core. Index profiles of the device are
outlined in both plots in gray.

over a conical area set by the NA of the collecting lens and
dividing it by the integral over a closed surface containing
the whole DH mode, we get 18% for collection efficiency
(eoliection)- POyNting’s theorem is numerically verified along
with this calculation and the accuracy is within 1%.

The differential quantum efficiency (77,)* of the number
5 device at low pumping level is 7%, calculated by dividing
the collected photon number by the total number of electrons
injected in the semiconductor slab. 7, is expressed as

_ apassive
7d = Tcollection Minternal ’
passive + aabsorption

(1)

where @pgive ANd Agporpiion ar€ passive optical loss of the
resonator and optical absorption loss from the QW in the
mirror region where carrier density is below transparency.
The ratio between these two loss terms can be determined by
their corresponding Q values (which is inversely propor-
tional to loss). From Ref. 20, we have an equivalent
Qabsorption Of 5600 for DH laser at its threshold, which gives a
value of 60% for the apsive/ (@passive+ Xapsorption) t€rm using
the Qpgive result from 3D FDTD. The internal quantum ef-
ficiency (7iemar) is taken to be 80%,>* which is the fraction
of the absorbed carrier being captured by the QWs. Then the
only unknown term 7ojiecion i Eq. (1) can be extracted to be
15%, which agrees well with the calculated number above.

There is plenty of room to improve 7, A well engi-
neered facet termination'®®  and cavity-waveguide
couplirlgl4’15’26’27 increase  7qojections PhOtopumping with a
longer wavelength light can reduce device heating due to
phonon relaxation, and QW intermixing has already been
demonstrated to be able to eliminate most of the absorption
loss, leading to both increased slope efficiency and lower
threshold.”® A 80% Neollection @Nd our intermixing result can
improve the 7, to be 43% and a power level approaching
1 mW.
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In conclusion, we have reported 120 uW record room
temperature edge-emitting output peak power from QW
membrane single mode PC defect lasers with wavelength-
cubed [~(\/n)’] mode volume, formed by shortening the
number of cladding periods on one side of a DH nanocavity.
Output power of those devices can still be greatly enhanced
to improve their efficiencies. This result is promising for
ultrasmall semiconductor laser applications toward on-chip
light sources and single photon emitters.
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DARPA under Contract No. F49620-02-1-0403 and by NSF
under Grant No. ECS-0507270.
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