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Abstract: GaSb-based laterally coupled distributed feedback (LC-DFB) quantum well lasers with a wavelength of
2 pum were successfully prepared. Second order Bragg gratings are fabricated by holographic lithography and induc-

tively coupled plasma etching (ICP). The etching conditions for grating preparation are optimized and a single lon-

gitudinal mode lasing at room temperature is obtained. The room temperature peak power output per facet exceeds

5 mW with a maximum side-mode suppression ratio of more than 24 dB.
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Introduction

Lasers operating in the infrared region are of parti-
cular interest for molecular spectroscopy' ' as characteris-
tic absorption bands of important industrial gases. GaSb-
based lasers operating within the 2~ 3 pm wavelength
range have a broad applications in gas spectroscopy by u-
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sing tunable diode laser absorption spectroscopy **’. For
accurate sensing, the laser should emit on a narrow line
width with single longitudinal mode and exhibit a moder-
ate tuning range®'. These can be achieved by introdu-
cing a distributed feedback ( DFB) grating in the cavity
of a GaSb-based diode laser'”’. However, the traditional
method of preparing a distributed feedback (DFB) grat-
ing is to introduce a buried grating for mode selecting.
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This method requires the re-growth techniques'**’. Typi-
cally GaSb-based lasers have a high content of aluminum
in the waveguide layers, which easily forms natural oxide
in contact with air, making the buried grating technically
challenging to fabricate' """, Laterally-coupled distribu-
ted feedback (LC-DFB) lasers mitigate this problem by
using a patterned lithographically grating out of the
waveguide ridge''?!. This approach enables fabrication of
the semiconductor structures in single epitaxial growth
step, thus reducing the cost and avoiding the issues relat-
ed to oxidation of AlGaAsSb layers'”!. So far, LC-DFB
layers have been demonstrated with GaAlAs-GaAs, In-
GaAsP-InP, AlGaAsSh-GaSh Materials systems' "'’

Owing to the mode selecting mechanism of LC-DFB
lasers, the defining of subsize grating is more important
and difficult. Among previous reports, Bragg grating has
been fabricated by using electron beam lithography
(EBL)'"" | nanoimprint lithography'"*’ | and holographic
lithography' ', Although electron beam lithography is a
direct-write technique, it is often costly and slow for
mass-manufacturing. Nanoimprint lithography is suitable
to scale up the production of these lasers enabling low
cost fabrication of the laser chips. However, it is difficult
to control the thickness of the embossed plastic and uni-
formity. The most important question is how to alignment
with the second edition. As the result, holographic li-
thography suitable for low-cost and high-throughput pro-
cessing.

In this letter, we report the growth and fabrication
process of GaSb-based type-I quantum well semiconduc-
tor lasers in detail. Second-order surface-defined lateral
Bragg grating devices were fabricated by holographic li-
thography. In order to improve the coupling coefficient of
the grating and light waves, the etch depth of the ridge
waveguide and grating needs to be increased. The grating
etching condition was optimized to obtain a vertical,
deep, smooth, and fine etching gratings. These devices
can produce single-mode emission near 2 pm and gener-
ate more than 5 mW of CW emission at room tempera-
ture, with excellent side-mode suppression ratio

(SMRS) of more than 23 dB.
1 Design and fabrication

1.1 Material growth

The laser diodes were grown by solid source Gen- [
molecular beam epitaxy (MBE) on an n-GaSb (100 )
substrate ™'/ Active region of the laser structure was

comprised of one In, ,GaSb quantum well (10 nm) with
Al, ,sGaAsSb barrier layers (20 nm) embedded in Al 15
GaAsSb waveguide layer (270 nm). The undoped region
was surrounded by lattice matched Al ;;GaAsSb cladding
layers (1500 wm). The structure was capped by a 250
nm highly p-doped GaSb contact layer for achieving a
good Ohm contact with the p-side electrode mental. Typ-
ical epitaxial structure of the devices is shown in Fig. 1.
1.2 Device fabrication

The traditional fabrication of distributed feedback
(DFB) grating requires epitaxial regrowth method,
which increases manufacturing costs and results in rapid
oxidation of Al-containing layers. A new method was
used to fabricate the Laterally-coupled distributed feed-
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Aly35GaAsSb waveguide
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Fig.1 Epitaxial structure used to fabricate the LC-DFB
laser
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back gratings. Unlike the traditional methods, we divide
the fabrication of ridge waveguide and grating into two
steps. Firstly, ridge waveguide was formed by inductive-
ly coupled plasma (ICP) with a gas mixture of SiCl, and
Ar,. Secondly, the sample was spin coated with photore-
sist, and then the second-order grating was defined a-
longside the ridge waveguide by holographic lithography.
The shallow etching of the grating sharply reduces the
high aspect ratio in ICP etching demanded by the tradi-
tional deep etching approach and also reduces the diffi-
culty of preparing gratings. After the etching of the grat-
ing, a 200 nm thick SiO, protecting mask was deposited
on the surface of the ridge by plasma enhanced chemical
vapor deposition (PECVD) for insulation and planariza-
tion. Conventional UV lithography with ICP dry etching
was used to open a contact window on Si0,. The p-side
top Ohm contacts were formed by 50/50/1000 nm of Ti/
Pt/ Au using magnetron sputtering. The bottom Ohm con-
tacts were achieved by AuGeNi/Au of 50/300 nm using
high vacuum thermal evaporation equipment. Then the n
surface electrode of the device is annealed rapidly for 2
minutes at 335 degrees. Finally, the sample was mount-
ed p-side up on copper heat sink for characterization.
Figure 2 shows the morphology of the waveguide and grat-
ing under scanning electron microscope.
1.3 Optimization of the grating

Inductively Coupled Plasma ( ICP) offers an ex-
tremely effective means of pattern transfer into III-V sem-
iconductor devices. Previous investigations shows that the
particles will follow the material into the tunnel during
the process of etching. That will introducing nonradiative
recombination center, which could introduce damages to
the material. The DFB lasers Bragg grating layer is very
close to the active region. If the ICP parameters are not
introduced in the etching process, a large number of non-
radiative recombination centers will greatly increase the
carrier scattering rate and decrease the carrier lifetime,
thus affecting the device of optical and electrical proper-

ties'??*! . Therefore, optimizing the key process parame-
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Fig.2 SEM diagram of a laterally coupled distrib-
uted feedback laser
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ters of ICP etching and reducing etching damage is the
key to fabricating good-performance gratings.

In the process of etching, the etching rate can be
effectively reduced by increasing the etching rate and de-
creasing the particle energy. This paper used the mixture
of Cl,/Ar,/BCl; as the etching gas. BCl; can improve
the etching surface characteristics which mainly based on
chemical etching, but this etching gas have a low etching
rate. Argon ion bombarding the material surface which is
mainly based on physical etching. Figure 3 shows the
different etching conditions and etching morphologies.
Figure 3 ( A) shows the component etching gas of BCl,
and Ar, ratio is 1 :8 at the RF power of 80 W. It’s clear
that argon ratio is much higher than three boron chloride,
which makes the physical etching mainly and chemical
etching supplemented. A triangular grating can be
formed. When we raised the ratio of Ar,/BCl;/Cl, to 3:5
:4 at the RF power of 60 W, the rate of chemical etching
increased greatly. With the decrease of argon ratio, the
effect of physical etching was weakened. As Fig. 3(B)
shows. Tt is obvious that the grating was inverted triangu-
lar. The bottom of the grating had a serious erosion, and
the chemical etching rate was too fast, which necessitate
to reduction the ratio of BCl,/Cl,. As shown in Fig. 3
(C), we changed the corresponding gas ratio to 5:2:2,
which resulted in a low etch rate. The etching power of
ICP affects the density of the plasma and determines the
ionization rate of the etched gas. With the increase of
power, the ionization rate of gas increases, so the etching
rate increases. However, excessive etch rates will result
in rough etched surfaces. Considering the interaction be-
tween the physical and chemical etching, we changed the
gas ratio of Ar,/BClL/Cl, to 5:3:1 at RF power of 50
W. We can obtained ideal rectangular grating topography
as shown in Fig. 3(D).

The design of our LC-DFB lasers is based on the
modified coupled wave theory'”’. The device modal ef-
fective refractive index n; is calculated to be 3. 45 while

the electric-field overlap factor T',,,;,, is calculated to be
0.46% which describes the extent to the electric field o-
verlaps with the grating'®’. The period of the second or-

Fig.3 The SEM of different etching conditions of grat-
ing topography
K3 ARZIZEIE T OEH SEM

der grating, A , is calculated to be 580 nm for a wave
range of 2 wm according to the deformation of the Bragg
equation.

2 Measurement

The preliminary results exhibit a stable single-mode
oscillation around 2 pwm with a high side mode suppres-
sion ratios (SMSR) under continuous wave (CW) oper-
ation. All the laser performance was measured without
facet coating. The measurements of lasers output power
were done by a pyroelectric detector and the emission
spectra were scanned using a Fourier transform infrared
spectroscopy ( FTIR) system. All measurements were
done for a component with as-cleaved facets.

Figure 4 presents the emission spectrum of the LC-
DFB laser at 300 mA in temperature of 20°C. The laser
shows single mode emission at a wavelength of 1971 nm
and a side mode suppression ratio of more than 20 dB.
The corresponding laser spectrum of FP reference sample
is shown as an inset. It’ s clear that the DFB gratings
have effective filter to the wavelength. We can select the
ideal wavelength by adjusting the period and order of the
grating.

Figure 5 shows the light-current-voltage ( LIV )
characteristics of the laser at 20°C in continuous wave
(CW) regime. We can achieve the largest light power is
more than 5 mW with the injection current of 265 mA at
room temperature. Under low operating currents, multi-
mode emission is observed from these lasers because the
gain spectrum is on the short wavelength side of the DFB
grating. As the current increases, the gain spectrum is
red-shift toward the grating wavelength and a single-mode
operation is observed'”’’. The high turn-on voltage of 2 V
is more likely caused by the poor Ohm contact from the
annealed AuGeNi/Au contact on the bottom of the n-
GaSb substrate.

The maximum achieved side mode suppression ratio
(SMSR) is 24 dB at an operating temperature of 20°C



24y LI Huan et al:Laterally-coupled distributed feedback lasers with optimized gratings by holographic lithography etching

143

[ 300 mA

21 20

300 mA
20 C

Fig.4 Emission spectrum for as-cleaved 1500 pm long device
under an injected current of 300 mA at a wavelength of 1. 971
pm in temperature of 20°C. The inset shows the laser spectrum
of FP at the same conditions
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Fig.5 Light-current-voltage and characteristic curve of second-
order LC-DFB CW laser at room temperature
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with the drive current of 350 mA , which is shown in Fig.
6. Despite the higher turn-on voltage, the threshold cur-
rent and the side mode suppression (SMSR) of our de-
vices grown on GaSbh-based substrates are compare favor-
ably to high order DFB lasers. Several changes can be
made in the future to reduce the turn-on voltage through
optimizing the Ohm contact between the metal and epi-
taxy. It’ s also can be removed by redesigning the laser
such that the n-side contact is fabricated on the top-side
of the device™ or by using & doping to reduce the nega-
tive impact of a contact anneal ™ . Further development
of the process is also needed for improving the grating
profile and increase the etching depth of the Bragg grat-
ing, which can enhancing the coupling of the lateral grat-
ing with the optical mode in the cavity and increasing the

SMSR.
3 Conclusion
In summary, we have fabricated GaSb-based 2 pum

laterally-coupled distributed feedback lasers with second
order gratings through holographic lithography. The epi-
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Fig. 6 The output spectrum of an LC-DFB laser
shows an SMSR of 24 dB with an injecting current of
350 mA
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taxy was completed in a single growth step, so the re-
growth of oxidated Al content in epitaxy layer was avoi-
ded. We optimized the etching condition of the grating
and obtained the rectangular grating while the ratio of
etching gas of Ar/BCl,/Cl, is 5:3: 1. The CW laser e-
mission wavelength is around 2 pm in a single longitudi-
nal mode at room temperature. The device exhibits an
output power over 5 mW at room temperature and has an
side mode suppression ratio of 24 dB which is enough for
gas sensing application in infrared wavelength.
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