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InP/GalnAsP square-resonator microlasers with an output waveguide connected to the midpoint of one side
of the square are fabricated by standard photolithography and inductively-coupled-plasma etching tech-
nique. For a 20-um-side square microlaser with a 2-um-wide output waveguide, cw threshold current is
11 mA at room temperature, and the highest mode @ factor is 1.0 X 10* measured from the mode linewidth
at the injection current of 10 mA. Multimode oscillation is observed with the lasing mode wavelength
1546 nm and the side-mode suppression ratio of 20 dB at the injection current of 15 mA. © 2008 Optical

Society of America
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Square optical resonators have attracted a great deal
of interest for potential applications in microlasers
and optical add-drop filters [1-12]. Square optical
resonators can have long coupling lengths with input
and output waveguides. However, an optical add—
drop filter based on a perfect-square resonator can
realize only a 25% drop in power owing to the
standing-mode characteristics [1]. To realize a com-
plete drop in power, as in traveling-wave mode reso-
nator filters, coupled-square resonators [1] and de-
formed square resonators [2,3] were investigated as
the square-resonator optical add—drop filters. Multi-
mode resonances were observed in square-shaped u
cavities of fused silica [4,5], and single spatial-mode
selection was realized in a layered square microcav-
ity laser [6]. Mode field distribution and mode wave-
length were derived for guided modes in a square
resonator, which were in agreement very well with
the numerical results of the finite-difference time-
domain (FDTD) technique [7]. Furthermore, mode
characteristics were numerically simulated for two-
dimensional imperfect square microcavities [8] and
three-dimensional microsquare resonators [9]. Galn-
AsP microsquare resonators supported by an InP
pedestal were fabricated by the selectively etching
technique, and obvious mode peaks were observed in
the photoluminescence spectra of the resonators [10].
Very recently, high-@ lasing outputs were realized in
square-shaped and deformed square-shaped organic—
inorganic hybrid microdisks [11].

The inherent disadvantage of the total internal re-
flection and the isotropic emission of microdisks lim-
its their directional emission for practical applica-
tions. To improve this deficiency, asymmetric points
in the circular [12,13], quadrupolar [14], ellipse [15],
and spiral-shaped [16] microdisk structures were ap-
plied to realize direction emission microlasers. In ad-
dition, highly directional output was achieved by cou-
pling the microdisk resonator with a straight
waveguide [17]. Recently, general designing rules of
the deformation were discussed for realizing direc-
tional emission microcavity lasers [18]. For a square
resonator with an output waveguide connected to the
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midpoint of one side, FDTD simulation indicated that
the confined mode can have high @ factors, especially
for the first-order transverse modes [19]. In this Let-
ter, we report the fabrication and characteristics of
cw electrically injected InP/GalnAsP square microla-
sers at room temperature.

The InP/GalnAsP laser wafer with the active re-
gion consising of seven quantum wells is grown by
metal-organic chemical-vapor deposition on (001) InP
substrate, where the thicknesses of the quantum
wells and the barrier layers are 7 and 12 nm, respec-
tively. The active region is sandwiched between
100-nm-thick GalnAsP cladding layers, and the up-
per layers are a 1.5-um-thick p-InP and a p*-InGaAs
ohmic contact layer. The square lasers with a
2-um-wide output waveguide connected to the mid-
point of one side of the square are fabricated by the
similar technique process of the triangle lasers [20].
Firstly, an 800 nm SiO, was deposited by plasma-
enhanced chemical-vapor deposition on the as-grown
InP/GalnAsP laser wafer as a hard mask for dry
etching. Next, the patterns of the square resonator
with a short output waveguide are transferred onto
the SiO, layer using standard photolithography and
inductively-coupled-plasma (ICP) etching techniques.
The patterned SiO, hard masks define the square
and output waveguide geometry for subsequent ICP
process to etch InP and GalnAsP. The ICP etching
depth is about 8 um, which is overetched owing to a
controlling problem. After the ICP etching, a chemi-
cal etching process is used to improve the smoothness
of the side walls of the squares, and then the residual
Si0y hard masks on the top of the squares are re-
moved using a diluted HF solution. The scanning-
electron-microscope image of a square resonator with
an output waveguide after the ICP and the chemical
etching processes is shown in Fig. 1, where the cov-
ering layer on the top of the square is the SiO, mask
layer. The square pattern has slightly rounded verti-
ces mainly owing to pattern distortion during photo-
lithography and the chemical etching process. The
length of the output waveguide is determined by the
mask patterns instead of a cleaving across the output
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Fig. 1. Scanning-electron-microscope image of a square
resonator after the ICP etching and wet chemically etching
processes.

waveguide for the triangle lasers [20]. After that, a
400 nm SiO, insulating layer is deposited over the
etched laser wafer, including the side walls of the
square resonators. Then the SiO, insulating layer on
the top of each square resonator is etched using an-
other ICP etching process to open a contact window,
and a Ti—Au p electrode is formed using a standard
metal-deposition process over the laser wafer. Fur-
thermore, a chemical etching process is used to etch
the Ti—Au p electrode at the end of the output wave-
guide for realizing laser output. Finally, the laser wa-
fer is lapped down to a thickness of about 100 um,
and an Au—Ge-Ni—-Au metallization is used for the
n-type contact on the other side of the InP substrate.
The upper side of the fabricated square microlaser in-
cluding the side walls of the square is covered with
the SiO, insulating layer and the Ti—Au p electrode,
except on the top of the square, where the SiO, insu-
lating layer is etched by the ICP etching process for
realizing current injection.

The output characteristics of a square laser with
the side length a=20 um were measured at room
temperature without controlling temperature. The
output power and the applied voltage versus the cw
injection current are plotted as the solid and dashed
curves in Fig. 2, respectively. The threshold current
is 11 mA, and the highest output power is 0.07 mW
as the injection current /=36 mA. From the applied
voltages at the injection current /=1 and 50 mA, we
estimate the series resistor to be 23 (). The rise of
temperature, owing to the high series resistor,
greatly limits the laser output power. At room tem-
perature, the laser spectra are measured using an op-
tical spectrum analyzer with a resolution of 0.1 nm.
The lasing spectra of the square laser are plotted in
Fig. 3 at /=10 and 15 mA. By fitting the resonance
peaks marked by open squares in Fig. 3 with a Loren-
ztian function, we simple estimate the mode @ factor
from the 3 dB bandwidth of each resonance peak.
Mode @ factors of 3.1x 103, 9.6x 103, and 1.0 x 10*

jected current for an InP/GalnAsP square laser with
20 um side at room temperature.

are obtained for the mode at 1505.78, 1529.83, and
1546.07 nm from the laser spectrum at 10 mA. Mul-
timode resonances are observed with the lasing
wavelength of 1546.4 nm and the side-mode suppres-
sion ratio of 20 dB at =15 mA.

In the square resonator, Fabry—Perot mode inter-
val is S\pp=\%/2an, for the mode light ray near nor-
mal incident at the sides of the square, and the lon-
gitudinal mode interval for the whispering-gallery-
type modes is SA=\2/2 yEang [10], which is consistent
with the normal modes at 45° ray’s incident angle [4],
where n, is the group index of the square. We ob-
served the mode interval of S\ from photolumines-
cence spectrum of the disk-type square resonator
supported by a pedestal with side length a=7 um
[10]. But the unpublished photoluminescence spectra
of 15- and 20-um-side square resonators exhibited
much wider resonance peaks with the mode interval
of S\gp, because the Fabry—Perot modes have higher
output coupling efficiency than the whispering-
gallery-type modes. We can expect that the laser
spectra in Fig. 3 are influenced by the whispering-
gallery-type modes and the Fabry—Perot modes.
From the envelope of the resonance modes, we find
several evident dips, with two of them at the wave-
lengths of 1513.60 and 1529.15 nm marked by the up
arrows in Fig. 3. Matching the corresponding wave-
length interval 15.55 nm to the Fabry—Perot mode in-
terval o\pp, we have the mode group index n,=3.71
and the longitudinal mode interval SA=11.0 nm for
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Fig. 3. Output spectra of the InP/GalnAsP square laser

with 20 um side at room temperature and cw injected cur-
rent of 10 and 15 mA.
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the whispering-gallery-type modes. The modes with
the wavelength interval 11.0 nm relative to the las-
ing mode at 1546.4 nm are marked by the down ar-
rows in Fig. 3, which should have the same trans-
verse mode index as the lasing mode, but they are not
strong resonance peaks. For another batch of square
lasers with the highest lasing temperature about
200 K, we observed distinct peaks with wavelength
intervals of 16 nm at room temperature and clear
lasing modes with wavelength intervals of 10 nm at
200 K [21], which is much simpler than the laser
spectrum in Fig. 3 at 15 mA.

Finally, to estimate the influence of the output
waveguide on the mode @ factor, we numerically
simulate a 20-um-side square resonator with a
2-um-wide output waveguide connected to the mid-
point of one side of the square by 2D FDTD tech-
nique. In the simulation, the square resonator and
output waveguide with refractive index 3.2 are con-
fined by air instead of the SiO, insulating layer and
the p-electrode layer, as in real devices. Two pulse-
plane waves, centered at wavelength 1550 nm sym-
metric to the dashed line shown in the inset of Fig. 4,
are added to excite symmetry modes relative to the
middle line of the output waveguide. The time varia-
tion of a selected field component at some point in-
side the square is recorded as an FDTD output, and
then the Padé approximation is used to transform
the FDTD output from the time domain to frequency
domain. The obtained intensity spectrum is plotted
in Fig. 4, which shows that several modes have a @
factor larger than 10%. So it is possible to realize that
for low-threshold microlasers, even the width of the
output waveguide is 2 um. It should be noted that
the laser spectra of Fig. 3 are contributed by the sym-
metric and antisymmetric modes. Furthermore, the
mode interval obtained by FDTD simulation cannot
be directly compared with the experimental results,
because a constant refractive index is used in the nu-
merical simulation.

In conclusion, we have fabricated InP/GalnAsP
square lasers using conventional photolithography,
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Fig. 4. Intensity spectrum obtained by the FDTD simula-
tion for the symmetry modes relative to the middle line,
shown as the dashed line in the inset, in the square with
20 um sides and a 2-um-wide output waveguide.
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the ICP etching technique, and the chemical etching
process. The cw threshold current at room tempera-
ture is 11 mA for a 20-um-side square laser. The las-
ing wavelength is 1546 nm, and the side-mode sup-
pression ratio is 20 dB at 15 mA. We expect that the
square microcavity laser is a potential light source
for photonic integrated circuits and single-mode la-
sers.
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