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InGaSb/AlGaAsSb double-quantum-well diode lasers emitting around 2 pm are demonstrated. The AlGaAsSb bar-
riers of the lasers are grown with digital alloy techniques consisting of binary AlISb/AlAs/GaSb short-period pairs. Peak
power conversion efficiency of 26% and an efficiency higher than 16% at 1 W are achieved at continuous-wave operation
for a 2-mm-long and 100-pm-wide stripe laser. The maximum output power of a single emitter reaches to 1.4 W at 7 A.
19-emitter bars with maximum efficiency higher than 20% and maximum power of 16 W are fabricated. Lasers with the
short-period-pair barriers are proved to have improved temperature properties and wavelength stabilities. The characteristic
temperature (7p) is up to 140 °C near room temperature (25-55 °C).

Keywords: mid-infrared laser diode, digital alloys, characteristic temperature, bars

PACS: 42.55.Px, 78.55.Cr, 78.67.De, 42.60.Pk

1. Introduction

GaSb based InGaSb/AlGaAsSb multi-quantum well
structures are recognized as the most suitable structures for
lasers emitting around 2 pm in terms of output power and
power conversion efficiency (PCE).!'?] However, the struc-
ture has serious flaws in the energy band design.!®! The va-
lence band offset is no more than 0.1 eV even if between
an In0.4Gao_6Sb well and an A10‘25Ga0‘75AS(),02$b0‘98 barrier,
a limiting quantum well structure which actually may not be
used in practice. With the increased In composition (InGaSb)
in the well, however, the valence band offset becomes smaller.
The poor offset means poor hole confinement, leading to in-
creased thermionic emission of carriers from quantum wells,
and the increased thermionic emission leads to an increase of
the threshold current because of the leakage current, which
would lead to poor device performance eventually.

Therefore, we involved digital alloys'*! as the barriers of
active layers in the band design to increase the effective barrier
height. Quantum well lasers with digital alloy as barriers have
improved temperature stability, namely, higher characteristic
temperature.’! It is mainly attributed to the less thermionic
emission of carriers because of the good carrier confinement.

In this article, we report results on diode lasers and bars
emitting around 2 pm, part structure of which were grown
with digital alloys. The AlGaAsSb barriers and gradient layers
were digital alloys (DA), and the remaining structures includ-

DOI: 10.1088/1674-1056/28/1/014208
ing InGaSb wells were random alloys (RA).

2. Device design

The partial digital-grown lasers discussed in this paper
were grown on Te-doped GaSb substrates by Gen-II molec-
ular beam epitaxy (MBE) system. 500 nm Te-doped GaSb
buffer was firstly grown after the deoxydation of the sub-
strate, followed by 2000 nm N-type Algs5Gag 5As0.04Sbo.os
cladding layer. Two quantum wells were grown between
500 nm undoped Alj25Gag.75A80.025bo.9s waveguide layers.
And the structure was ended with a 250 nm p™ GaSb cap.
Between the claddings of high Al component (0.5) and the
waveguides of low Al component (0.25) were 39 nm gra-
dient layers grown via digital alloy technique. The 20 nm
Aly 25Gag 75A80.02Sbg.9g barriers on both sides of the 9 nm In-
GaSb wells were designed to be digital alloys too.

The AlGaAsSb digital alloy barriers are grown with pairs
of short superlattices of 3 nm as a cycle. One circle is grown
with the sequence of AISb (#1)/AlAs (2)/AlSb (¢1)/GaSb (13).
The total growth time (2¢; +t, 4 #3) of a circle is about 20 s.
Digital alloys also bring benefits to the epitaxial growth.6]
The As vapor pressure is too low to be stable when growing
lattice-matched Alg25Gag 75A80.02Sbg.9g barriers using tradi-
tional MBE technique. ‘As a result, it is difficult to control the
Sb/As ratio to grown perfectly lattice-matched crystals. How-
ever, the component of AlGaAsSb digital alloys is decided by

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61790580 and 61435012), the National Basic Research Program of China
(Grant No. 2014CB643903), and the Scientific Instrument Developing Project of the Chinese Academy of Sciences (Grant No. YJIKYYQ20170032).
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the shutter time of the binary materials ((2¢; +#,)/t3) instead
of the V group ratio, which perfectly solves the problem of
instability of the As vapor pressure.

The schematic shutter sequences during the gra-

dient layers growth from AlysGagsAsg.0aSbogs to

Aly25Gag.75As0.02Sbo.gs are shown in Fig. 1. Figure 2 de-
picts the energy-band structures of the broadened-waveguide
InGaSb (RA)/AlGaAsSb (DA) double-quantum-well laser.
The wafer then was processed into 2-mm-long, 100-pum-wide
stripe chips with standard contact optical lithography in com-
bination with etching process.!”) 250 nm SiO, was deposited
to be used as insulation after the 2 um ridge was etched.
The wafer was thinned to 130 nm. 50 nm/50 nm/300 nm
Ti/Pt/Au and 50 nm/50 nm/300 nm-1000 nm AuGeNi-Au
were used as P-contact metals and N-contact metals respec-
tively deposited by thermal evaporation equipment. Then the
wafer was cleaved into bars and chips. The chip facets were

2 um Aly5GaAsgsSb cladding

high (> 95%)/anti (< 5%)-reflection coated targeting the las-
ing wavelength, and the devices were indium-soldered p-side
down on C-mount heatsinks and characterized. The bars in-
cluding 19 single HR/AR coated emitters were mounted on
CS heatsinks and characterized.

4.68 4.68 10 2.33 2.33 15
S ).54 s,
Sb
As
Ga gradient
Al Time/s
Alp5Gag.5A80.045bo.96 Alp.25Gag.75A50.025b0.98

Fig. 1. Schematic time shutter sequence utilized during gradient lay-
ers growth from Alg 5Gag.5 Asg.04Sbo.g6 to Alg.25Gag.75A80.025bo.9s via
digital alloy technique.
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Fig. 2. Schematic energy-band diagram of the broadened-waveguide diode laser. The insets show the energy band of digital alloys varying
from AlysGag 5AS0.04Sbo.o6 to Al 25Gag 75A50.02Sbp.9g and the energy band of InGaSb (RA)/Alj 25Gag.75A50.02Sbo.9g (DA) quantum wells.

3. Results

The power conversion efficiency 7 is a significant pa-
rameter to characterize the overall performance!®! of a diode
= Pout/(IV), where Py is the out-
put power, and [ and V are the operating current and voltage.

laser, which is defined as i

The power conversion efficiency along with the optical output
power versus the injection current of our partial digital-grown
laser is plotted in Fig. 3. The measurement for the single
2000 pmx 100 um laser was performed under TEC-cooling
at 290 K. In the extrapolation of the /-V characteristic back
to I = 0, the laser turn-on voltage Vp = 0.672 V is obtained.
One of the empirical terms reducing PCE is the voltage waste,
which is a combination of the voltage drop of junction inter-
face and electrical resistance. The turn-on voltage 0.672 Vis
basically the same as the photon energy, which means that the

short period superlattices (digital alloys) do not increase the
voltage wastes in consideration of the voltage drop between
the waveguides and cladding layers. The measured maximum
power is 1.4 W at 7 A under continuous-wave (CW) operation
with PCE higher than 10%. The low calculated series resis-
tance of 158 mQ results in the maximum efficiency 27% at
0.7 A. And higher than 15% PCE at'1 W output is achieved,
which is remarkable for lasers emitting around 2 pm.[10]
Another remarkable characteristic of the partial digital-grown
emitter is the threshold current density (Ji), which is as low
as 52 A/cm?, Judging from the output power and efficiency of
a diode laser, the partial digital-grown laser is no worse than
that without digital alloys.[>1%)

Many studies have focused on diode lasers with digital

alloy structures for their advantages of improving the device

014208-2
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temperature properties (high 7p).!'!! However, most of them
focused on the 1.3-1.5 pum wavelength range!'>!3 and we
have not found any research on this technique involving mid-
infrared lasers emitting around 2 pm. To make it clear, lasers
without digital alloy but had the same structures with the lasers
described in this paper were fabricated for comparison. Fig-
ure 4 shows the threshold current density (In(Jyy)) in pulse
operation versus heatsink temperature (25-95 °C) for a par-
tial digital-grown InGaSb/AlGaAsSb quantum well laser (type
A). The inset shows the temperature characteristic of an In-
GaSb/AlGaAsSb quantum well laser without digital alloy in
its structures (type B). The stripe width and cavity length of
type A and type B are the same, both 100 pm and 2 mm, re-

spectively.
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Fig. 3. Output power and power efficiency versus laser current for a
2000 umx 100 pm single emitter emitting around 2 um. The facets were

AR/HR coated and the device was mounted p-side down. Maximum CW
power and power efficiency were 1.4 W and 26%, respectively.
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Fig. 4. Threshold current density versus heatsink temperature (25-95 °C)
for a partial digital-grown InGaSb/AlGaAsSb quantum well laser. The inset
shows the temperature characteristic of an InGaSb/AlGaAsSb quantum well
laser without digital alloy in its structure.

The equation Jy, = Joexp (T /Tp) is used to calculate the
characteristic temperature 7. Near room temperature (25—
55 °C), the characteristic temperature T for type A is 142 °C,
compared with 122 °C for type B. At a temperature higher than
55 °C, the Ty for type A decreases to 55 °C and for type B de-
creases to 40 °C. The decrease in Ty for both types is mainly

due to the increase in Auger recombination and current leak-
age with increasing temperature.

By comparison, the characteristic temperature 7y of type
A is larger than that of type B. Thus, we come to a conclusion
that a laser with AlGaAsSb digital-alloy barriers has higher
Tp than that with A1GaAsSb random-alloy barriers. In conclu-
sion, the short-period superlattices could also raise lasers’ tem-
perature properties at 2 wm wavelength range. The improve-
ment in Tp is attributed to the reduced thermionic emission of
carriers out of the quantum wells because of the increased bar-
rier height after using digital alloys as barriers.

For a given diode laser device, the wavelength increases
with the operating current because of the chip core area tem-
perature rise and the gap decrease in the InGaSb band. The
normalized lasing spectra at different currents of a partial
digital-grown laser at CW operation with natural heat dissi-
pation are shown in Fig. 5. The inset shows the linear relation-
ship between the lasing wavelengths and operating currents of
the laser. Most electroluminescence measurements in Fig. 5
were performed on the Bruker Fourier transform infrared spec-
trometer with TE-InGaAs detector and the spectrum at 0.35 A
with full-width at half-maximum (FWHM) only 1.8 nm was
measured by Yokogawa OSA equipment with better accuracy.
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Fig. 5. Emission wavelengths at different injection currents for the par-
tial digital-grown device at 290 K. The inset shows the relationship be-
tween lasing wavelengths and operating currents.

From the data, the emission wavelength shifts from
1951.62 nm to 1988.29 nm with the injection current increased
from 1 A to 4 A because of the drifting of the gain peak. The
slope is estimated to be 10 nm/A when the current is lower
than 2 A. The slope increases to 13 nm/A after 2 A due to the
thermal influence on mode selection, and the emitting spectra
of a laser device without digital alloys were also measured and
the red shift slope was about 20.14 nm/A which was two times
as. much as that of a partial digital-grown laser. The significant
reduction in red shift slope for the partial digital-grown laser,
which has not been mentioned in any paper before, may be
attributed to the difference of thermal effect for digital alloys

014208-3
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and random alloys. The difference of thermal expansion coef-
ficient between digital alloy barriers and random alloy barriers
would cause different lattice mismatch between InGaSb wells
and AlGaAsSb barriers. The different thermal conductivities
of the two alloys might also be one of the causes.

High performance laser bars were also fabricated. Fig-
ure 6 shows the optical power for a 0.95 cm laser bar with
20% fill factor under CW operation. The bar contains 19 emit-
ters including digital alloy as barriers and gradient layers in its
structures, and is mounted on a CS heatsink. A peak power of
16 W is achieved at 70 A with water cooling systems at 290 K.
The maximum power efficiency is higher than 26%, which is
almost equal to that of a single emitter and higher than 20% ef-
ficiency is reached at 11 W, meeting the requirements of com-
mercial product considerations.!'* The high performance of
the 19-emitter-bar is a good proof that the optimization of the
growth technique does not sacrifice the infrared laser perfor-
mance and also a good proof of emitter uniformity around the

whole wafer.[19]
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Fig. 6. Output power of a 0.95 cm diode laser bar emitting at 1976 nm.

4. Conclusion

In summary, we have investigated the influence of the dig-
ital alloys in diode laser emitting around 2 um. By using digi-
tal alloys as the barriers and gradient layers in laser structures,
an improved temperature property (higher 7p) is achieved,
which is 142 °C near room temperature. It is also proved
that the laser has better wavelength stability by comparison
with lasers without digital alloys. The maximum power 1.4 W
and the maximum efficiency 27% under CW operation are ob-
tained from a single partial digital-grown emitter, which is a
good result at present. A peak power of 16 W is also achieved
at 70 A with a high performance 19-emitter-bar.
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