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Low-threshold photonic-band-edge laser using iron-nail-shaped rod array
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We report the experimental demonstration of an optically pumped rod-type photonic-crystal
band-edge laser. The structure consists of a 20 x 20 square lattice array of InGaAsP iron-nail-shaped
rods. A single-mode lasing action is observed with a low threshold of ~90uW and a peak
wavelength of 1451.5nm at room temperature. Measurements of the polarization-resolved mode
images and lasing wavelengths agree well with numerical simulations, which confirm that the
observed lasing mode originates from the first I'-point transverse-electric-like band-edge mode. We
believe that this low-threshold band-edge laser will be useful for the practical implementation of
nanolasers. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867886]

Photonic crystals (PhCs) are useful platforms to manipu-
late photons at the wavelength scale.'” In particular, PhC
lasers show excellent optical properties, such as a low lasing
threshold,™ high Purcell factor,”’ and large spontaneous
emission factor,®” due to their high quality (Q) factors and
small mode volumes. In contrast to PhC cavity lasers that con-
fine photons in a defect region via the photonic bandgap effect,
the defect-free, large-area, single-mode, PhC band-edge lasers
exploit the decrease in the group velocity near the band edges
in the photonic band diagram and maximize the distributed
feedback effect.'®'* Although a large output power is a pri-
mary advantage of the PhC band-edge laser, its high lasing
threshold may prevent its practical implementation.

On the other hand, air-hole-type PhC slab lasers have
been widely investigated thus far, in which transverse-
electric-like (TE-like) resonant modes are strongly confined
in a free-standing slab.>”'*'® However, rod-type PhC
cavities/lasers are also attractive in terms of good thermal
conductivity'” and easy current injection through the
rods.""'®!¥ Moreover, such lasers can be useful for optoflui-
dic sensing applications because of the strong interaction
between the liquid used and their optical resonant modes that
are sensitive to environmental changes.'"'® Nevertheless, it
is still a challenging issue to reduce the optical loss in the
substrate in rod-type PhC lasers. In this work, we demon-
strate a low-threshold, rod-type PhC band-edge laser by opti-
cal pumping at room temperature. The laser structure
consists of a 20 x 20 square lattice array of iron-nail-shaped
rods, in which vertical photon confinement is readily
achieved in the nail heads of the rods that are fabricated
using a simple but controllable wet etching process. In addi-
tion, we systematically analyze the lasing mode from meas-
urements of the resulting spectrum and polarization state,
and we compare these measurements with the numerical
simulation results.

Our iron-nail-shaped PhC structure is shown in Fig. 1(a).
Three pairs of InGaAsP quantum wells (QWs) with an
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emission peak at 1.55 um are embedded in the nail heads of
the rods as the active material (right panel, Fig. 1(a)). The
InP post underneath the InGaAsP nail head has a radius R,
that is smaller than the radius of the nail head R, and thus,
the resulting refractive index contrast leads to efficient verti-
cal photon confinement in the nail heads of the rods.
Emission from the QWs overlaps with a band-edge mode
excited in the square lattice array of the iron-nail-shaped
rods, and band-edge lasing operation is achieved. To fabri-
cate the structure, we defined PhC patterns using electron-
beam lithography and the Ar/Cl, dry etching process. An
800-nm-thick InP sacrificial layer was then selectively and
partially wet-etched using a diluted HC1:H,O (3:1) solution
(for ~1 min at 10°C) to fabricate the post structure with its
smaller radius.”® Figure 1(b) shows the scanning electron
microscopy (SEM) image of the fabricated PhC structure
with the desired structural parameters for band-edge lasing.
The rods are positioned in a 20 x 20 lattice, wherein the lat-
tice constant (a) and R are 650 and 240 nm, respectively.

To theoretically investigate the optical properties of the
photonic band-edge mode, the TE-like photonic band dia-
gram was obtained using the finite-difference time-domain
(FDTD) method with the periodic boundary condition in the
x—y plane (Fig. 2(a)). The structural parameters used in
this simulation are as follows: R=240nm, R,=110nm,
h=800nm, and a =650nm. These values are the same as
the corresponding fabrication values of the device shown in
Fig. 1(b). The InP post has a circular cross-section and the
unit cell of the simulation is shown in the inset of Fig. 2(a).
We can observe a non-degenerate band-edge mode at the first
I"-point with a normalized frequency a// of 0.45, which value
agrees well with the peak emission wavelength of the QWs
(red circle, Fig. 2(a)). This I'-point band-edge mode is also
known to exhibit highly directional emission along the verti-
cal direction."'™"*?° In addition, the H,-field and
electric-field intensity profiles of the first I'-point band-edge
mode were calculated for an 11 x 11 array of iron-nail-
shaped rods using the three-dimensional (3D) FDTD method
with perfectly matched layers in all boundaries (Fig. 2(b)).
The field profiles are strongly confined in the nail heads of

© 2014 AIP Publishing LLC
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FIG. 1. (a) Schematic of photonic band-edge laser consisting of a square-
lattice PhC array of iron-nail-shaped rods. In the right panel, the radius of
the nail head, thickness of the nail head, radius of the post, and height of the
post are indicated as R, 1, R,,, and A, respectively. (b) Tilted SEM image of
our fabricated structure, in which R =240nm, ¢ =280nm, R, =110nm, and
h=800nm. The lattice constant (a) is 650 nm. The scale bar is 1 um. Inset
shows the top-view SEM image. The scale bar in the inset is 3 um.

the rods, including the active material, as shown in the side
views. From the top view, we note that the electric field inten-
sity distribution is concentrated in each nail head, showing a
central intensity minimum. Thus, a large field overlap with
the active material as well as a small optical loss in the post
structure are expected in this rod-type array, which can lead
to desired optical properties such as a low lasing threshold.

To better understand the origin of optical loss in this
PhC structure, the Q factors of the 11 x 11 array of the iron-
nail-shaped rods were calculated as a function of the ratio of
R, and R. Figure 2(c) shows the calculated total Q (Qo0),
horizontal Q (Qy,), and vertical Q factors. The vertical Q fac-
tors are again divided by the Q factors Q, and Qg, which are
related to the losses along the upward and downward direc-
tions, respectively, of the PhC structure. The simulation
result shows that Q, is 3260 at R,,/R = 0.2, and Q,,, tends to
decrease significantly when R,/R > 0.7. Significant vertical
confinement of photons in the iron-nail-shaped rods enables
the achievement of a high Q factor even for the relatively
large post size. In addition, the fact that Q,,, is numerically
close to Q;, implies that the horizontal loss is more dominant.
Since the finite size of the PhC array causes uncertainties in
the wavevector near the band-edge point, the group velocity
becomes non-zero and horizontal loss is induced.”® With
increase in the number of rods, Qp, and Q,, are expected to
show a corresponding increase.’’ Along the vertical direc-
tion, Qq significantly depends on R,/R because the downward
optical loss occurs due to the presence of the post structure.
On the other hand, the resonant peaks are shifted to longer
wavelengths with increasing R,/R due to increase in the
modal index (right axis, Fig. 2(c)).

The fabricated structures were optically pumped at room
temperature using a 980-nm pulsed laser diode (10-ns pulses

Appl. Phys. Lett. 104, 091120 (2014)
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FIG. 2. (a) Calculated TE-like photonic band diagram of the square-lattice
iron-nail-shaped array. The structural parameters of the device shown in
Fig. 1(b) were used for the calculation. The refractive index of the iron-nail-
shaped structure is set to 3.2. The red circle indicates the first I"-point band-
edge mode. Inset: unit cell of the calculation structure (purple box). (b)
Calculated H, (left panel) and |E\2 (right panel) field profiles of the first
I'-point band-edge mode. An 11 x 11 array of the iron-nail-shaped rods was
used for the calculation. (c¢) Calculated Q factors (Qo, Qn, Qu, and Qg; left
axis) and resonant wavelengths (right axis) as a function of R,/R. The struc-
tural parameters are the same as those in (b). Inset: side-view of |E|* field
profile at R,/R =0.4.

with 1% duty cycle). A 40x microscope objective lens with
a numerical aperture of 0.55 was used to focus the pumping
beam to a spot size of ~4 um, and the light emitted from the
structures was collected in either an infrared (IR) camera or
a monochromator using the same lens. Then, strong light
emission was observed in the optically pumped PhC region.
A donut-shaped mode image with a size similar to that of the
pumping spot was captured by the IR camera in the structure
of Fig. 1(b) (inset, Fig. 3(a)). As the pump power was
increased, a sharp single-mode lasing peak was observed at a
wavelength of 1451.5 nm (Fig. 3(a)). To confirm lasing oper-
ation, we measured the output intensity of the peak as a func-
tion of the incident peak pump power (left axis, Fig. 3(b)). A
superlinear increase in output intensity was clearly observed
with a low lasing threshold of ~90 uW. It is to be noted that
this lasing threshold is considerably lower than those of pre-
viously reported PhC band-edge lasers.'®'"'* In our rod-
type PhC laser, unwanted carrier diffusion over the optically
pumped region was suppressed, and the structure was fabri-
cated without damaging the active material by using only
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FIG. 3. (a) Above-threshold lasing spectrum and captured mode image (inset).
Inset: the dotted square indicates the entire sample size, and the scale bar is
5 um. (b) Measured lasing output intensity (black circles, left axis) and spec-
tral linewidth (blue triangles, right axis) as a function of the incident peak
pump power. The lasing threshold is ~90 uW. (c) Measured polarization-
resolved lasing mode images as a function of the polarization angle.

simple fabrication procedures such as selective wet etching.
The spectral linewidth of the peak was also measured (right
axis, Fig. 3(b)), which showed a rapid decrease to the resolu-
tion limit of our monochromator, ~0.3 nm, soon after the las-
ing threshold. In addition, to investigate the polarization
characteristics of the lasing mode, we positioned a linear
polarizer in front of the IR camera and measured the
polarization-resolved mode images as a function of the
polarization angle. The observed mode images exhibit an in-
tensity minimum along the direction of the polarizer
(Fig. 3(c)), which indicates that the electric-field direction is
distributed along the circumference of the donut-shaped
mode.?* Further study will be necessary to examine the ther-
mal property of our structure and the possibility of
continuous-wave (CW) lasing operation.

To clearly identify the observed lasing mode, the 3D
FDTD simulations were performed. First, we calculated the
field profiles of the first I'-point band-edge mode by also
considering the experimental pumping conditions. Since the
lateral confinement of a band-edge mode originates from the
refractive index change caused by the optical-pumping-
inducing carriers, the pumping area corresponds to the lateral

Appl. Phys. Lett. 104, 091120 (2014)
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FIG. 4. (a) Calculated electric field intensity distribution of the first I'-point
band-edge mode, obtained by considering the PhC pattern within the experi-
mental pumping area. The structural parameters are the same as those in
Fig.2(b). The scale bar is 5 um. (b) Calculated z-components of the total
(left), horizontally polarized (middle), and vertically polarized (right) time-
averaged Poynting vectors at a position 14.5 um above the PhC pattern. The
scale bar is 5 um. (c) Calculated (line) and measured (dots) resonant wave-
lengths plotted as a function of R. In the simulation, R,/R was fixed at 0.46.

extension of the band-edge mode.'' Thus, we considered
only the PhC pattern within the pumping area for the simula-
tion (Fig. 4(a)). We did not consider the effective index con-
trast due to optical pumping, and the simulation result could
be an estimate.'' As observed from the z-components of the
total, horizontally polarized, and vertically polarized
Poynting vectors at a position 14.5 um above the PhC pattern
(Fig. 4(b)), these calculated profiles closely reproduced the
measured total and polarization-resolved mode images
shown in Figs. 3(a) and 3(c). The mode sizes also exhibit
good agreement between the simulation and experimental
results. Second, we calculated the resonant wavelengths of
the first I'-point band-edge mode as a function of R, and we
compared these values with the measured lasing wavelengths
of the three samples (Fig. 4(c)). The band-edge laser corre-
sponding to Fig. 3 is shown at R =240 nm, and the other two
laser samples (R =215 and 250 nm) also exhibit identical op-
tical properties, including the mode image and polarization
state. The ratio R,/R was fixed to 0.46 in the simulation
based on the fabricated structures. We note that the calcu-
lated resonant wavelength of each mode agrees well with the
measured one. The slight discrepancy between the experi-
mental and calculated results is due to structural imperfec-
tions in fabrication. Overall, the simulation results strongly
support the conclusion that the observed lasing mode origi-
nated from the first I'-point band-edge mode.

In summary, we demonstrated an optically pumped
iron-nail-shaped PhC band-edge laser with a low threshold
of ~90 uW, at room temperature. The post structure of the
rod, with a radius smaller than that of the nail head, was fab-
ricated to achieve significant vertical photon confinement by
using a simple but controllable wet etching process. In addi-
tion, the laser mode was identified as the surface-emitting
first ['-point band-edge mode from measurements of the
polarization-resolved mode images and lasing wavelengths.
Further, these measurements agreed closely with the 3D
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FDTD simulation results. We expect that efficient current
injection can be achieved in the iron-nail-shaped rod array
through the graphene sheet covering the top surface of the
nail heads.'®** The demonstration of this low-threshold PhC
band-edge laser represents a significant step toward the prac-
tical implementation of an electrically driven, large-area
surface-emitting laser that does not involve complicated fab-
rication procedures.
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