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The single-longitudinal-mode operation of a ridge waveguide
laser based on two-dimensional photonic crystals”
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An electrically driven, single-longitudinal-mode GaAs based photonic crystal (PC) ridge waveguide (RWG) laser
emitting at around 850 nm is demonstrated. The single-longitudinal-mode lasing characteristic is achieved by introducing
the PC to the RWG laser. The triangle PC is etched on both sides of the ridge by photolithography and inductive coupled
plasma (ICP) etching. The lasing spectra of the RWG lasers with and without the PC are studied, and the result shows that
the PC purifies the longitudinal mode. The power per facet versus current and current—voltage characteristics have also
been studied and compared.
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1. Introduction

High light output power, low energy consumption, and
low noise edge emitting lasers operating around 850 nm have
been widely used in numerous applications such as pump
sources, optical sensors, high speed optical interconnection
systems, and data communications.|'! Single transverse and
longitudinal modes are quite necessary when taking into con-
sideration long distance communication, stability of the beam,
device size, heat dispersion, and surrounding disturbance. The
ridge waveguide (RWG) laser is the simplest and cheapest way
to obtain a single fundamental transverse mode owing to its
simple structure and easy fabrication. However, the destabiliz-
ing hole-burning effect,[®! strain and scattering centers,””! de-
teriorate the quality of the longitudinal mode. As a result, the
RWG laser is likely to operate with multi-longitudinal modes.
Moreover, the number of oscillating modes in high speed mod-
ulation tends to increases as a result of the frequency chirp.[%!

The photonic crystals (PCs)%!% provide a new method
to control the propagation of light. Due to their excel-
lent characteristics such as photonic bandgap (PBG),I'!! slow
light,'?! and resonance guided mode,!'3] they are widely stud-
ied for the applications of vertical-cavity surface-emitting
laser (VCSEL), light emitting diode (LED), and compact
waveguide.'*~!"1 In our previous studies,!'8! we have etched
a PC with air holes into the top distributed Bragg reflector
(DBR) of a VCSEL emitting at about 850 nm. The PC not
only helps to improve the single transverse mode characteris-
tic but also purifies the longitudinal mode of the VCSEL. In
this paper, we etch PC holes with a single line defect to make
a PC RWG laser, the PC around the ridge plays an important
role in purifying the longitudinal mode. This structure is easy
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to fabricate and well-suited for planar large-scale integration.
We employ the PC with lattice constant @ = 5 um and air hole
radius-to-lattice constant r/a = 10% to the RWG laser and ob-
tain a single longitudinal mode output.

2. Growth and fabrication

The schematic diagram of the fabricated PC RWG laser
is shown in Fig. 1. The epitaxial layers are grown on an n™
GaAs substrate. The undoped active layer with AlIGaAs quan-
tum wells (QWs) separated by a GaAs barrier is grown by
metal-organic chemical vapor deposition (MOCVD). The alu-
minum proportion of AlGaAs is coordinated to obtain the cen-
ter wavelength of 850 nm. The optical limiting p- and n-type
cladding layers are both deposited in AlGaAs material. The
RWG is formed by etching PC holes with a single line defect.
The effective index difference between the PC hole and the
line defect is designed for the transverse mode confinement.
The ends of the ridge waveguide are cleaved to form two par-
allel mirrors, thus forming a Fabry—Pérot resonator. The cavity
length is 591 um. Then an anodic oxide layer is grown upon
the RWG as the electrical confinement layer. The electrodes
are grown below the n™ GaAs substrate and upon the AlGaAs
electrical confinement layer.

PC triangular holes are formed by photolithography and
inductive coupled plasma (ICP) etching. First, the PC pattern
with special markers is transferred to the correct location of
photoresist, and then the photoresist is used as the mask for
etching AlGaAs, and the etching gas is BCl3/Cl,. We optimize
the gas ratio, pressure, power, bias, and etching time to get the
required depth and less air hole defects. The top view of the
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PC RWG laser under scanning electron microscopy is shown
in Fig. 2. The RWG is composed as a single line defect PC
waveguide. To clearly analyze the effect of PC on the RWG
laser, a conventional RWG laser without PC is also fabricated
for comparison.

Fig. 1. Schematic diagram of a PC RWG laser.

Fig. 2. Top view of the fabricated device.

3. Result and discussion

The two kinds of fabricated lasers are put on a probe sta-
tion that connects to the anode of a power source for charac-
terization. The power source is a square wave source with fre-
quency 1 kHz, whose duty cycle and magnitude can be tuned.
The lattice constant g and the air hole radius-to-lattice constant
r/a of the PC are 5 pm and 10%, respectively. Since the longi-
tudinal mode is most important, we firstly study the room tem-
perature lasing spectra at various currents with the frequency
of 1 kHz and the duty cycle of 10%. The emission light is
coupled into an optical spectrum analyzer (Agilent 86145B)
using a multi-mode fiber. The threshold current (Zy,) of the
conventional RWG laser is 9 mA. Figures 3(a)-3(c) present
the lasing spectra of the conventional RWG laser under several
pumping currents. The lasing spectra show that there are two
main peaks and a mode competence between the two peaks
exists. Figure 3(a) shows that the longer wavelength has a
higher lasing peak under driven current 1.1/, while the mode
at the shorter wavelength begins to dominate under pumping
current 1.3/ in Fig. 3(b). After increasing the current further
to 1.91y, the longer wavelength will take the lead again, as
shown in Fig. 3(c).

Figures 4(a)—4(c) present the lasing spectra of the PC
RWG laser under several driven currents. The thresh-
old current of the PC RWG laser is 13 mA, which is
higher than that of the conventional RWG laser. Fig-
ure 4(a) presents the lasing spectrum just above the thresh-
old current (1.11y), which shows a single longitudinal
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Fig. 3. Lasing spectra of the conventional RWG laser under driven cur-
rents: (a) 1.1y, (b) 1.3, and (¢) 1.91,.

mode at around 851.14 nm. However, multi-modes are ob-
served under the current of 1.4fy (not shown). Further in-
creasing the current to 1.61y,, as depicted in Fig. 4(b), a sin-
gle longitudinal mode appears again. This phenomenon may
be explained as follows. As the homogeneous broadening of
the optical gain increases at current-induced high tempera-
tures, lasing-mode photons come not only from the energet-
ically resonant QW but also from other non-resonant QWs
that lie within the homogeneous broadening, so the multi-
modes appear at 1.41y,. When the current is increased to 1.6/,
the center wavelength of photons moves from 851.14 nm to
850.99 nm, which is the center wavelength of the neighboring
mode at 1.41y, so a single-longitudinal mode appears again
at 1.613,. When the current is increased to 1.8[,, the multi-
mode characteristics will appear again, as depicted in Fig. 4(c).
From the lasing spectra at various currents, it can be found that
the PC RWG laser shows the single longitudinal mode charac-
teristic when the current is in the ranges from 1.071y, to 1.15y
and from 1.60/y to 1.691y. Moreover, the linewidth is also
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suppressed as shown in the laser spectrum. The full width
at half maximum (FWHM) of the conventional RWG laser is
0.39 nm under the current of 1.6/ according to the Lorentz
fitting analysis, however, the FWHM of the PC RWG laser is
only 0.19 nm. From the lasing spectra, a blue shift is found for
the PC RWG laser comparing with the conventional one. The
blue shift makes the laser beam closer to the designed 850 nm.
The lasing spectral comparison proves that the PC RWG can
control and purify the longitudinal mode. The mode purifica-
tion is attributed to the optical loss or gain modulated by the
PC hole.
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Fig. 4. Lasing spectra of the PC RWG laser under driven currents: (a)
111y, (b) 1.6, and (c) 1.81.

We have also studied the lasing spectra with different
source duty cycles. The spectra of the conventional RWG
laser show that there are 2—4 peaks and a mode competence
between these peaks exists in different duty cycles. When the
duty cycle is as small as 5%, which is shown in Fig. 5(a), the
longest wavelength of four main wavelengths has the highest

lasing peak. However, the mode at the shorter wavelength be-

gins to dominate with the duty cycle of 10% in Fig. 5(b). After
increasing the duty cycle to 20%, the longer wavelength will
take the lead again, as shown in Fig. 5(c). After increasing the
duty cycle further to 50%, the laser will cease lasing.
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Fig. 5. Lasing spectra of the conventional RWG laser with different
source duty cycles: (a) 5%, (b) 10%, (c) 20%.

The spectra of the PC RWG laser with different source
duty cycles are shown in Figs. 6(a)-6(c). The PC RWG laser
stably operates in the single longitudinal mode without mode
competition with the duty cycle from 5% to 15%. Similar to
the conventional RWG laser, the PC RWG will cease lasing
when the duty cycle is increased to 30%. According to the
spectra of the PC RWG laser in different duty cycles, we also
find a red shift from 852.58 nm to 852.90 nm when the duty
cycle is increased from 5% to 15%. The phenomenon of no
lasing and the red shift of spectrum for the increasing duty
cycle are attributed to the thermal effect.

Driven by the voltage source with frequency 1 kHz and
10% duty cycle, the power per facet versus current (P—/) and
the current versus voltage (I-V') characteristics of the conven-
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Fig. 6. Lasing spectra of the PC RWG laser with different source duty
cycles: (a) 5%, (b) 10%, (c) 15%. Gray lines are Lorentz fitting func-
tions.
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tional RWG laser at room temperature are tested and shown
in Fig. 7(a). This figure shows that the threshold current Iy, is
9 mA. The figure also shows that the differential series resis-
tance is approximately 270 Q and the laser emits maximum
output power per facet of 1.64 mW at 33 mA. The power
slope efficiency is from 0.03 W/A to 0.05 W/A for current
from 9 mA to 20 mA. Figure 7(b) shows the P-I and -V
curves of the PC RWG laser. The measurement is also car-
ried out at room temperature. The threshold current is 13 mA,
which is higher than that of the conventional RWG laser be-
cause the etched PC around the waveguide increases the series
resistance. The PC RWG laser emits maximum output power
per facet of 0.54 mW at 23 mA. The maximum light output
is merely one third of the conventional RWG laser. The lower
output power is mainly due to the loss caused by the etched PC
holes. The efficiency of the single longitudinal mode PC RWG
laser can be improved by varying the lattice constant and the
air-hole radius of the PC. In nowadays etching systems, larger
lattice constant and air-hole radius will bring lower damage

of materials, thus improving the efficiency. However, as the
lattice constant increases, some properties of the PC, such as
photonic band gap and slow light, will disappear or become
weak at short wavelength. Specially, there exist parameters
with which the efficiency of the PC can reach the maximum.
Our goal is to find these lattice constant and air-hole radius.
To reach the goal, we should simulate the optical field and
the optical mode of the PC RWG laser with different lattice
constants and different air-hole radii by numerical simulation
method to get a high efficiency. At the same time, optimizing
the dry etching condition to get lower damage of the materials.
In Fig. 7(b), the power slope efficiency of PC RWG laser is
above 0.05 W/A for 13-20 mA.
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Fig. 7. Power per facet P—I and I-V curves of RWG lasers (a) without
PC and (b) with PC.

We have tested the lateral mode in our experiments. The
result shows that the far field patterns of the RWG lasers with
and without the PC are almost the same. The divergence an-
gles of the RWG lasers with and without the PC under the
same pulsed operation (15 mA) are 9.50° and 10.98°, respec-
tively. This result shows that the etching PC is somewhat ben-
eficial to achieve a low divergence angle beam.

It is believed that DFB-like guided mode and effective in-
dex guided mode are two main mechanisms of PC to select
the laser mode. For the DFB-like guided mode, the PC act-
ing as a second-order DFB enhances the light-matter interac-
tion and thus provides an easy and accurate way of control-
ling the wavelength of the laser.!'”! The lattice constant of the
PC in DFB-like guided mode is comparable to the wavelength
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(L/I < 1), however, in our work, the lattice constant is rather
large (L/I = 5.88), so the mechanism for DFB-like guided
mode does not work. For the effective index guided mode,
light is confined in the central core due to the total internal re-
flection caused by the index contrast between the central core
and the effective surrounding cladding formed by the periodic
structure. This effect is like that of the photonic crystal fiber.
To further investigate the effective index characteristics of the
PC, the 2D plane wave expansion (PWE) algorithm is used.[*’]
The refractivity indexes of the slab and the hole are 3.6 and 1,
which correspond approximately to GaAs and air, respectively.
The lattice constant a and the air hole radius-to-lattice constant
r/a of the PC are 5 um and 10%, respectively. For the wave-
length A = 850 nm used in experiment, the effective index of
the waveguide is calculated to be ne = 3.49. The refractive
index contrast is used to confine the light in the evanescent
area and purifies the longitudinal mode, which is similar to the
effect of PC to VCSEL in our previous studies.'®!

4. Conclusion

We fabricate and characterize an electrically pumped, sin-
gle longitudinal mode RWG laser emitting at around 850 nm
by etching the PC holes with a single line defect. This struc-
ture is easy to fabricate and well-suited for planar large-scale
integration. By comparing its P—I, [-V characteristics and las-
ing spectra with those of the conventional RWG laser, we con-
firm that etching PC into RWG laser improves the single lon-
gitudinal mode characteristic. The single longitudinal mode
arises from the index contrast produced by the PC. Etching
PC into RWG laser supplies a simple method to control the

longitudinal mode, which is also well suitable for large scale
planar integration.
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