CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Single-mode GaSb-based laterally coupled distributed-feedback laser for CO, gas

detection

Shi-Xian Han(##5231), Jin-Yi Yan(j™#—), Chun-Fang Cao(® % 75), Jin Yang(#%%), An-Tian Du(#:%¢°K), Yuan-Yu
Chen(#%:JG5%), Ruo-Tao Liu(XI# ), Hai-Long Wang(Ei# J£), and Qian Gong(3% i)

Citation:Chin. Phys. B, 2023, 32 (10): 104205. DOI: 10.1088/1674-1056/accff2

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Mode characteristics of VCSELs with different shape and size oxidation apertures

Xin-Yu Xie(##772), Jian Li(Z={&), Xiao-Lang Qiu(EF/ME), Yong-Li Wang(F 7k i), Chuan-Chuan Li(Z=)1])1]), and
Xin Wei(ik)
Chin. Phys. B, 2023, 32 (4): 044206. DOI: 10.1088/1674-1056/ac9821

Single-mode lasing in a coupled twin circular-side-octagon microcavity

Ke Yang(#31), Yue-De Yang(#% ik 5), Jin-Long Xiao( 4 4 /%), and Yong-Zhen Huang(#% 7K /)
Chin. Phys. B, 2022, 31 (9): 094205. DOI: 10.1088/1674-1056/ac6802

Numerical study of converting beat-note signals of dual-frequency lasers to optical

frequency combs by optical injection locking of semiconductor lasers

Chenhao Liu(XI| /2 ¥%), Haoshu Jin(#F 218), Hui Liu(XI#%), and Jintao Bai( [ %)
Chin. Phys. B, 2022, 31 (8): 084205. DOI: 10.1088/1674-1056/ac649a

Multi-target ranging using an optical reservoir computing approach in the laterally

coupled semiconductor lasers with self-feedback

Dong-Zhou Zhong(#f Z<¥l), Zhe Xu(f##E), Ya-Lan Hu(#HV.*%), Ke-Ke Zhao(#XR] A]), Jin-Bo Zhang(7K 4 i),Peng
Hou(fZ/%), Wan-An Deng(X( /3 %), and Jiang-Tao Xi(~J{L.{%)
Chin. Phys. B, 2022, 31 (7): 074205. DOI: 10.1088/1674-1056/ac4021

All-fiber erbium-doped dissipative soliton laser with multimode interference based on

saturable-reserve saturable hybrid optical switch

Xin Zhao(iX %), Renyan Wan(F1=/™), Weiyan Li(Z= %), Liang Jin(&7%%), He Zhang(5K%%), Yan Li(Z=%), Yingtian
Xu(#RIEH), Linlin Shi(f #k3k), and Xiaohui Ma( 5 I8 )
Chin. Phys. B, 2022, 31 (6): 064215. DOI: 10.1088/1674-1056/ac5611


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/accff2
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/accff2
https://doi.org/10.1088/1674-1056/accff2
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac9821
https://doi.org/10.1088/1674-1056/ac9821
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac6802
https://doi.org/10.1088/1674-1056/ac6802
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac649a
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac649a
https://doi.org/10.1088/1674-1056/ac649a
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac4021
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac4021
https://doi.org/10.1088/1674-1056/ac4021
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac5611
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac5611
https://doi.org/10.1088/1674-1056/ac5611

Chin. Phys. B 32, 104205 (2023)

Single-mode GaSb-based laterally coupled distributed-feedback
laser for CO; gas detection

Shi-Xian Han(#523)"2, Jin-Yi Yan(®#—)!, Chun-Fang Cao(##:75)!, Jin Yang(#%5)!,
An-Tian Du(#t22%)'3,  Yuan-Yu Chen(%765)", Ruo-Tao Liu(XI##)'2,
Hai-Long Wang(T#iJ#)?, and Qian Gong(Z&ilH)!"

1 Key Laboratory of Terahertz Solid State Technology, Shanghai Institute of Microsystem and Information Technology, Shanghai 200050, China

2Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China

3 Shandong Provincial Key Laboratory of Laser Polarization and Information Technology, School of Physics and Physical Engineering,
Qufu Normal University, Qufu 273165, China

(Received 23 March 2023; revised manuscript received 24 April 2023; accepted manuscript online 25 April 2023)

We report on a GaSb-based laterally coupled distributed feedback (LC-DFB) laser with Cr gratings operating at
2004 nm for CO, detection application. Butterfly packaged with single-mode fiber pigtailed, the laser diode operates in
the continuous-wave mode in a temperature range from —10 °C to 60 °C, with a maximum output power of 2 mW and a
maximum side-mode suppression ratio over 30 dB. Wavelength-modulated absorption spectroscopy of CO, demonstrates
the applicability of the LC-DFB laser to tunable diode laser absorption spectroscopy. Furthermore, the diode junction
temperature, which is measured by using the wavelength shift method, exhibits a maximum value of 17 °C in the single-

mode operation range.

Keywords: semiconductor lasers, quantum wells, laser spectroscopy
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1. Introduction

Gas detection based on tunable laser diode absorption
spectroscopy (TDLAS) is based on scanning the wavelength
of a narrow linewidth laser across the rotational-vibrational
absorption line of a specific gas molecule and analyzing
the absorption spectrum.!!! The development of the TDLAS
technology has been stimulated by the high standards re-
quired for industrial process control,” medicine and pollution
detection,®! and high sensitivity detection requirements.* In
a typical TDLAS system, custom-made diode laser operating
at a particular wavelength aiming at a specific gas absorption
line is indispensable as a key light source component. For ex-
ample, a laser wavelength of about 2 um is significant in de-
tecting CO, gas due to its strong characteristic absorption."!
Although Fabry—Perot (FP) edge-emitting GaSb laser diodes
have been used in trace-gas spectroscopy, their applications
are largely restricted by multimode operation and undesirable
random mode hopping behaviors. It is, thus, important to
develop continuous-wave (CW) distributed-feedback (DFB)
lasers that are workable in single mode and tunable near 2 pm
for the targeted CO; gas absorption lines.

In this work, GaSb-based LC-DFB lasers with Cr grat-
ings are fabricated, without the regrowth process used in tradi-
tional DFB laser fabrication.®! The LC-DFB laser is designed
to operate at 2004 nm for CO, detection with the first-order
gratings. The butterfly packaged LC-DFB laser with 4-pum-
wide ridge operates under CW mode with a threshold current
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of 19 mA. The side mode suppression ratio (SMSR) is larger
than 30 dB over the tuning wavelength region of 2.4 nm. Fur-
thermore, the applicability of the proposed laser to detecting
CO, gas is also proved by a simplified TDLAS system based
on wavelength-modulated absorption spectroscopy. Finally,
the maximum junction temperature is estimated at 17 °C by
measuring the shift in the emission wavelength that occurs due
to temperature.

2. Fabrication

The laser structure was grown on an n-type GaSb
(100) substrate using molecular beam epitaxy equipment.
The grown structure started with a 100-nm-thick Te-doped
(1x10" cm™3) GaSb buffer. The Alg9GaAsSb n-type
cladding layer was comprised of an 857-nm-thick layer and a
979-nm-thick layer, which had been Te-doped at 2 x 10" ¢m—3
and 5x10'7 cm™3, respectively, in order to reduce the ab-
sorption of free carriers.!”] Two 12-nm-thick InGaSb quantum
wells separated with a 25-nm-thick Aly 25GaAsSb barrier were
centered at a 356-nm-thick undoped Al ,5sGaAsSb waveguide
core layer. Then, Be doped p-type cladding layer with the
same thickness as the n-type cladding layer was grown. Fi-
nally, the growth was completed by a 100-nm-thick Be-doped
(1x10'" cm™3) GaSb layer as a contact layer.

After growth, LC-DFB lasers were fabricated with Cr
gratings. The cross-sectional view of the laser ridge and top
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view of the Cr gratings obtained by scanning electron mi-
croscopy are shown in Fig. 1. The 4-um-wide ridge was fabri-
cated via dry etching by using the gases of Ar, Cl,, and BCls.
First-order Cr gratings were exposed alongside the ridge by
using electron beam lithography (EBL), and followed by the
deposition of Cr layer by electron beam evaporation, as well as
the lift-off process. The grating period was 288.8 nm designed
by using the Bragg formula for a target Bragg wavelength of
2004 nm. Subsequently, a 200-nm-thick SiN, layer was de-
posited as a passivation layer. For p- and n-contacts, Ti/Pt/Au
layer and GeAu/Ni/Au layer were evaporated, respectively. Fi-
nally, the chip was cleaved into bars each with a dimension of
0.4 mm x 0.5 mm and was packaged in a 14-pin butterfly pack-
age with a single-mode optical fiber.

Fig. 1. (a) Cross-sectional view of LC-DFB laser. (b) Top view of Cr
gratings covered by SiN, and electrode thin film.

3. Results

3.1. Electro-optical characterization

The LC-DFB laser is tested under the CW operation
mode, and the current—voltage—power characteristics of this
laser are shown in Fig. 2(a). The device shows a threshold cur-
rent of 19 mA at 20 °C, corresponding to a threshold current
density of 950 A/cm~2, which is roughly 1.15 times higher
than that of the FP lasers fabricated from the same structure.
This minor increase in the threshold current is likely to be
caused by the small optical loss, owing to the Cr gratings.
As shown in Fig. 2(a), the device operates in the single mode
at temperature ranging from —10 °C to 60 °C. The forward
voltage rises with the decrease of operating temperature, re-
sulting from the combined effect of intrinsic carrier concen-
tration, band-gap energy, and effective density.® Figure 2(b)
shows the lasing spectra recorded at —5 °C with injection cur-
rent varying, measured by a grating type optical spectrum ana-
lyzer (Yokogawa AQ6376) with a resolution of 0.1 nm, which
limits the measured line width to gigahertz level. Therefore,
the line width of the LC-DFB laser is measured by a scanning
Fabry—Perot interferometer (Thorlabs SA201-12B) with a bet-
ter resolution of 67 MHz. The laser line width is obtained to be
85.5 MHz, which is around the measurement limit of our inter-
ferometer. The stable single-mode operation generates emis-
sions of wavelengths ranging from 2002.36 nm to 2004.76 nm,
with the SMSR values over 30 dB for all the tests. The cur-
rent tuning speed (0.10 nm/mA) is slightly higher than that of
a typical DFB laser,”) which implies that a lower amplitude

of tuning current is sufficient to cover the CO, gas absorption
wavelength (i.e. 2004 nm) required for TDLAS applications.
The output optical power from the fiber is more than 1.5 mW
when the laser operates at the wavelength of 2004 nm.
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Fig. 2. (a) Current-voltage—power characteristics of LC-DFB laser at
temperatures ranging from —10 °C to 60 °C. (b) Emission spectra ob-
served at injection currents ranging from 20 mA to 44 mA and —5 °C
near the target CO, absorption wavelength of 2004 nm.

3.2. Gas measurements

In order to further verify the application of this laser to
the CO;, gas detection, a simplified experimental TDLAS plat-
form is set up by using the principle of wavelength-modulated
absorption spectroscopy as shown in Fig. 3(a). The system in-
volves the wavelength length modulation, gas absorption, and
data processing. The wavelength modulation is implemented
by driving the LC-DFB laser with a signal generator (Rigol
DG1032Z), a temperature controller (Thorlabs ITC4020), and
a current controller (Thorlabs LDC210A). Based on the HI-
TRAN database for CO, gas absorption near 2.0 um as shown
in Fig. 3(b), the central frequency of the CO, gas absorption
line is chosen as 4990.0 cm~! (2004 nm) to avoid the absorp-
tion peaks of the HO gas. As shown in the inset of Fig. 3(b),
the full width at half maximum (FWHM) of the selected gas
absorption line is 0.064 nm. A composite signal consisting
of a symmetrical sawtooth signal and a sinusoidal signal is
generated to drive the laser through the current controller. To
ensure that the laser operates at a specific wavelength, the
diode temperature is maintained at —8.5 °C. Thus, the laser
wavelength is slowly scanned through the absorption line at a
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speed of 0.10 nm/mA by using a 10-Hz sawtooth wave with
(41 mA=3 mA)-injection currents. At the same time, the laser
wavelength is modulated by a 5-kHz sinusoidal wave with an
amplitude of £2.4 mA, which corresponds to a wavelength
modulation factor (ratio of the modulation amplitude to the
gas linewidth) of 2.2.[1 Then, the gas absorption is completed
by coupling the light into a 75-cm-long gas cell filled with
CO, in wet Ny (water vapor concentration of 0.07%) under
1 atm (1 atm=1.01325x10° Pa) and 298 K. An InGaAs de-
tector with extended cutoff wavelength is used to collect the
light transmitted through the CO, gas and generate signals
carrying gas absorption information, which is displayed on
an oscilloscope (Rigol, DS2072A). The recorded signals are
shown in Fig. 4(a). An obvious depression (highlighted by
the blue circles) is observed in the spectra owing to the CO,
gas absorption. Naturally, the spectrum corresponding to the
high CO; concentration of 4% has a stronger absorption sig-
nal than that in the low concentration case (0.03%) as shown
in Fig. 4(a). Moreover, the 2f harmonic signal spectra are
extracted by a lock-in amplifier (EG & G 7265) and shown
in Fig. 4(b). The correlation of the absorption signal men-
tioned above is well verified by the 2 f harmonic signal spectra.
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Fig. 3. (a) Flowchart depicting TDLAS system. (b) Absorption spectrum
of 0.03% CO, and 0.07% water vapor at 1 atm, 298 K, and an absorption
length of 75 cm, with inset showing magnified part of absorption line with
FWHM of 0.064 nm (from HITRAN database).

Therefore, the application of the LC-DFB laser to the CO, gas
detection is verified in this work. However, the signal-to-noise
ratio is somewhat low, which might be affected by system fac-
tors such as detector shot noise, detector thermal noise, laser
linewidth, optical feedback to the laser due to scattering from

[10]

components, etc.
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Fig. 4. Measured waveforms of (a) absorption signal and (b) 2f har-
monic signal at CO, concentrations of 0.03% and 4%.

3.3. Temperature characteristics

Since the applications of TDLAS rely heavily on the
wavelength tunability of laser source and, at the same time,
the lasing wavelength is temperature-dependent, the temper-
ature characteristics of the LC-DFB laser is studied below.
The dominant factor of wavelength tuning in a laser diode
is the change of effective refractive index of the material in
the laser structure, owing to the thermal effect of injection
current. Usually, the junction temperature in the CW mode
may be significantly higher than the ambient temperature.!'!]
In addition, the thermal effect may also affect other device
performance characteristics such as internal efficiency, maxi-
mum output power, stability, and lifetime. Various methods of
measuring the junction temperatures of different kinds of light
emitting diodes have been proposed, such as AlGalnP/GaAs
LEDs, InAs/InP(100) quantum-dot lasers, GaN-based laser
diodes, etc., including the extraction of the junction temper-
ature from external parameters, e.g. voltage,!'>!3 power,[!#]
and wavelength.!'%13] Here, the junction temperature is mea-
sured by using the wavelength shift method, which involves
pulse-wave (PW) measurement and CW measurement. For
the PW measurement, the LC-DFB laser is driven by a square-
shaped pulse current (with a pulse width of 200 ns, a pulse
period of 200 ps, corresponding to a duty cycle of 0.1%) to
ensure that heating effect can be ignored. Therefore, junction
temperature (73) can be assumed to be equal to the operation
temperature (7,p). The PW measurement also establishes the
relationship between the emission wavelength and 7;, which
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can be expressed as follows:
Adp = K;-AT o, (1)

where K is the temperature coefficient of wavelength at Ty,
and A, is the wavelength lasing under pulsed current condi-
tions. In CW measurement, the PW result is used to deduce Ty
under the CW mode by using the following equations:

ATy = (Ae = Ap) /Ky, 2
L= Top +ATy, 3

where A is the wavelength under CW current condition, 7j is
the junction temperature in CW mode, and AT7j is the incre-
ment of junction temperature due to heating effect.

PW mode with current of 60 mA
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Fig. 5. Evolutions of emission intensity with wavelength at injection
current of 60 mA, different wavelengths, and operation temperatures
ranging from —10 °C to 60 °C.

The variation in spectrum intensity with T, is illustrated
in Fig. 5. The measurements are performed at a fixed injec-
tion current of 60 mA in a temperature range of —10 °C to
50 °C. Two single-mode operating ranges are observed. The
fundamental mode TE(y emits the target Bragg wavelength
in a temperature range of 5 °C—15 °C, which evolves from
2002 nm to 2005.8 nm. The wavelength of the shorter sin-
gle mode TEq varies from 1991 nm to 1993 nm. The dif-
ference in wavelength between the TEyy mode and the TE g
mode is approximately 11 nm, which corresponds to the dif-
ference in refractive index between the TEq (3.469) mode and
the TE o modes (3.4502). Meanwhile, the TEyy mode exhibits
K, value of 0.18 nm/°C and the TE ¢y mode exhibits K, value
of 0.21 nm/°C. The gain profile is red-shifted with temperature
rising at a rate of 1.17 nm/°C, which is much higher than that
observed with DFB modes. Mode hop and multimode occur
owing to the overlap and mismatch between the gain curve and
the DFB modes with increasing operating temperature, which
should be avoided when LC-DFB laser is utilized in TDLAS.
Figure 6 shows that the variation in DFB emission wavelength

with injection current is measured from —9 °C to 5 °C, where
the laser operates in the TEgy mode. The calculated 73 value
is displayed on the right coordinate. The TEgy) mode domi-
nates when 7j is in a range from —1 °C to 17 °C. For junction
temperatures outside of the range mentioned above, the TE g
mode or multi-mode operation mode may dominate. Thick
gold plating layer acting as a heat spreader on the top of the
contact layer or epi-side down mounting are alternative meth-
ods of reducing 7j. In this way, the operation temperature at
which TEy) mode dominates can be improved. Finally, the
thermal resistance of the device is deduced to be 101 K/W
which is similar to the value reported previously.!”]

2005.5
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2004.0
2003.5F 4 4%
2003.0F -

2002.5F v

2002.0
2001.5

Peak wavelength (nm)
Junction temperature (°C)

) ) 'II‘Em mode region ) )
15 20 25 30 35 40 45 50 55
Current (mA)

Fig. 6. Evolutions of emission spectra with current at different opera-
tion temperatures, an injection current of 60 mA under different peak
wavelengths, currents, and junction temperatures.

4. Conclusions

In summary, we demonstrated an LC-DFB GaSb-based
quantum well laser with butterfly packaging and fiber output,
operating at 2004 nm. The first-order Cr gratings are fabri-
cated alongside the ridge by using EBL. The pigtailed laser
diode operated in the CW mode with maximum output pow-
eras high as 2 mW. The wavelength of the single longitudi-
nal mode shifts from 2002.36 nm to 2004.76 nm when the
injection current increases from 20 mA to 44 mA, at a rate of
0.10 nm/mA. A single absorption line at 2004 nm of the CO,
gas is chosen and the measured absorption spectrum clearly
proves that the LC-DFB laser can be used in the TDLAS . Fi-
nally, it is found that the device operates in the TEy) mode
when the junction temperature is in a range of —1 °Cto 17 °C,
characterized by the wavelength shift method.
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