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Here we report 1.3 um electrical injection lasers based on InAs/GaAs quantum dots (QDs) grown on a GaAs substrate,
which can steadily work at 110 °C without visible degradation. The QD structure is designed by applying the Stranski—
Krastanow growth mode in solid source molecular beam epitaxy. The density of InAs QDs in the active region is increased
from 3.8 x 10!9 em™2 t0 5.9 x 10'% cm™2. As regards laser performance, the maximum output power of devices with low-
density QDs as the active region is 65 mW at room temperature, and that of devices with the high-density QDs is 103 mW.
Meanwhile the output power of high-density devices is 131 mW under an injection current of 4 A at 110 °C.

Keywords: InAs/GaAs quantum dots, high-operating-temperature laser, molecular beam epitaxy (MBE)
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1. Introduction

High temperature resistant semiconductor lasers have
prospective applications in many situations, such as light
sources for data transmission,?! optical sensing and fiber gy-
ros in a variety of harsh environments, even including ap-
plications for underground exploration of natural resources.
Self-assembled quantum dots (QDs) of InAs/GaAs have raised
great interest for the realization of high-performance laser
diodes, owing to their low threshold current density, high
quantum efficiency and stability at high temperature.'>~"1 The
semiconductor near-infrared laser diode market has been dom-
inated by InP-based materials for a long time, but one of the
limitations of InP-based lasers is that when working at ele-
vated temperature, a thermoelectric cooler or a thermal dissi-
pation platform is needed. For InAs/GaAs QD lasers, when
the density of the QDs is further improved under the same
multi-layered structure the optical gain can be sharpened and
maximum gain is increased without changing the laser opti-
cal mode, thus increasing the characteristic temperature of the
laser and resulting in a wider application field for QD lasers.

With much progress being made in molecular beam epi-
taxy (MBE) technology, the development of QD lasers has also
greatly benefited. MBE is an epitaxial technology particularly
suited for the preparation of advanced materials, heterostruc-
tures and nanostructures. Various investigations have been
reported for optimizing the parameters to obtain high-quality
QDs. Metal-organic chemical vapor deposition (MOCVD) is
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one of the typical deposition techniques employed.!®?! How-
ever, it is difficult to fabricate As-based high-performance
QD lasers using MOCVD.!%!l MBE is a more suitable
method, and the interruption growth mode of QDs,!'?! growth

14.15] are factors

temperature!'3! and multistacking QD layers!
proposed to enhance the surface dot density. While these
do improve the dot density to (4-5)x10'® em~2, introduc-
tion of single large QDs is also seen and this degrades the

16.17] In order to enhance the QD quality

QD uniformity.!
further, suppression of the introduction of single large QDs
needs to be achieved. Various methods, such as increasing
the surface adatom mobility,['®! introducing a strain reduc-
ing layer (SRL)!'8) and optimizing the growth rate,!'>>°] have
been investigated for improving QD size uniformity. A re-
cent study by Liu’s group systematically improved the QD
dot-height uniformity, obtaining a linewidth of 30 meV with
a density of 4.5 x 10'° cm™2 and 42 meV with a density of
5.8 x 10'% cm~2.[2! Thus far, few comprehensive investiga-
tions for improving both dot density and size uniformity have
been done. We aim to further optimize the growth parameters
to obtain high dot density and high size uniformity.

In this paper, we applied annealing during active region
growth in the MBE chamber and successfully eliminated the
bimodal size distribution in InAs/InAs QDs by optimizing an-
nealing temperature and annealing layer position.>>23 Based
on that, by optimizing the deposition rate, growth temperature
and As pressure of InAs, we improved the density of QDs and
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their monolayer uniformity, which increased optical gain in
broad area lasers. In addition, we have prepared high-density
(5.9 x 10'° cm™?) InAs/GaAs QD lasers and also low-density
(3.0 x 10'° cm~2) QD lasers with the same active region stack
for comparative experiments.

2. Material growth

The InAs/GaAs quantum dots were grown in a Veeco
Gen 930 MBE system, and the epitaxial structure is shown
in Fig. 1. The growth began with deoxidation and oxide
desorption was performed by holding the GaAs substrate at
a temperature of 680 °C for 10 min in the chamber. The
substrate was then cooled down to 620 °C for growing a
500 nm GaAs layer as the buffer layer and a 1800 nm n-
The ac-

tive region was grown between the top and bottom undoped

doped Alg45Gag s5As layer as the cladding layer.

waveguide layers; the thickness of both waveguide layers was
200 nm. Then a 1800 nm p-doped Alg45Gag 55As layer was
deposited followed by a 200 nm p-doped GaAs layer on top of
it for electrical contact. The doping density of the buffer layer,
cladding layer and electrical contact layer was 2 x 10'8 cm—3,

2x 10" cm™3 and 1 x 10! cm ™3, respectively.

AuGeNi/Au

GaAs contanct layer 200 nm
(p~1 x 10'° cm™3)

P~2ZX cm’

GaAs waveguide layer 200 nm

...

GaAs waveguide layer 200 nm

GaAs buffer 500 nm
(n~2 x 10'® cm=3)

AuGeNi/Au

Fig. 1. Schematics of the epitaxial structure of an InAs/GaAs QD laser.

The active region contained five sets of InAs/GaAs QDs
and partially p-doped GaAs as the initial p-type modulation
layer. Then the temperature of the substrate was reduced to
525 °C for the growth of 2.1 monolayer (ML) InAs at a growth
rate of 0.046 ML-s !, followed by a 5-nm Ing 15Gag gsAs layer
to relieve the misfit stress [caused by the lattice constant mis-
match between GaAs (5.65 A) and InAs (6.06 A)]. The sub-
strate temperature was kept at 540 °C for the growth of 15 nm
GaAs, and then up to 630 °C and held for 5 min; this step
can further eliminate dislocations and misfits within the inter-
face. QD annealing could further eliminate the bimodal size
in InAs/GaAs, and details of this are available in our previ-
ous report.?* Then the temperature was reduced to 620 °C
for the growth of 25 nm GaAs. The reason why annealing
was introduced after the 15 nm GaAs instead of the 5 nm
Ing.15Gag gsAs is that the desorption temperature of In is lower

than that of Ga. If the annealing process immediately followed
the Ing.15Gag gsAs growth step, In would desorb and most of
the misfit stress could not be released. The above experimen-
tal parameters were used to grow InAs/GaAs QDs at a density
of 3.8 x 10!9 cm~2. The atomic force microscopy (AFM) test
results are shown in Fig. 2.

14 nm
—1 nm

Fig. 2. The 1 um x 1 pm AFM measurement of low-density QD testing
sample.

On this basis, we continued to investigate a series of sam-
ples with varied growth parameters, namely, InAs deposition
rate, deposition amount and growth temperature experiments
to improve the QD density. The optimal experimental parame-
ters for achieving a high density were obtained, the temper-
ature of the substrate was set to 535 °C for the growth of
2.45 ML InAs at a growth rate of 0.1 ML-s !, and the cap layer
structure and growth conditions are consistent with the former.
With the above growth method, we obtained 5.9 x 109 ¢m—2
ultra-high density InAs QDs. The AFM test results are shown
in Fig. 3 and the growth details including As pressure, growth
temperature and shutter sequence are shown in Fig. 4.

Fig. 3. The 1 pm x 1 pm AFM measurement of high-density QD testing
sample.

(@)
Be-doped
GaAs

High temperature
GaAs

In“p

INg4on

____________ —
|

620

535 |==mmmmme
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“C)
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Fig. 4. Growth parameters for a period of InAs/GaAs QD growth:
(a) shutter sequence, (b) temperature and As pressure.
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3. Device fabrication and measurement result

A ridge waveguide laser with 100 um ridge width and
2 mm cavity length was fabricated on the as-grown material.
The ridge was fabricated using lithography and an inductively
coupled plasma. The depth of the waveguide was 1.6 um, with
200 wm SiO; grown on top of it by plasma enhanced chemical
vapor deposition for isolation. After a 90-pum contact window
had been fabricated on the top of the isolation layer, 50 nm
Ti/50 nm Pt/1000 nm Au was deposited on top of it by mag-
netron sputtering as the p-type electrode. The backside pro-
cess and other fabrication details have been reported in detail
previously.!?! A cross-sectional schematic diagram and scan-
ning electron microscope (SEM) image of the InAs/GaAs QD
laser are shown in Fig. 5.

The basic performance of two devices with different den-
sities was tested. Both types of devices achieved continuous
lasing at room temperature. The active region of the devices

(a) 800 . . . ; : —3.0
] —=—P-1 s I
001 v s 125
6001
— F2.0
= 5001 {./- L
. F1.5
£ 400 o
g 3001 J 1.0
5 5001 RT-CW uncoated L
A 5QD stacks Lo.5
100+ Up layer Be-doped: 5 s |
0 100 pm X 2000 pm )
—100 T —-0.5

110 115 210 215

Current (A)

0 05 3.0

was low-density or high-density InAs/GaAs QDs. The device
lasing spectrum and L-/-V curves for the low-density device
are shown in Fig. 6. The center wavelength of the lasing spec-
trum of both devices was 1300 nm and the maximum out-
put power at room temperature for the low-density device was
650 mW.

(a)

Ti/Pt/Au

(b)

GaAs waveguide layer
Active region
GaAs waveguide layer

AuGeNV/Au

Fig. 5. Schematic diagram and SEM image of a 1.3 pm InAs/GaAs
QD laser. (a) Schematic diagram of a side view of the QD laser cav-
ity. (b) SEM image of the side wall of the QD laser device; the height of
the side wall is 2.04 pm.
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Fig. 6. (a) Power—current (P-I) characteristics and (b) spectrum for the low-density InAs/GaAs QD laser at room temperature.
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Fig. 7. (a) The P-I characteristics test of a high-density InAs/GaAs QD laser at temperatures between 5 °C and 110 °C. All continuous
wave optical output power values presented in this graph are from a single facet. (b) Room temperature spectra of a 1.3 pum InAs/GaAs QD
laser recorded for injection current densities between 0.25 kA-cm~2 and 1.00 kA-cm~2. Maximum intensities are normalized with respect to

themselves for all measurements.

Compared with the low-density QD laser, a series of P—/
characteristic tests were conducted for the high-density InAs
QD laser at temperatures between 5 °C and 110 °C with the

assistance of a self-built temperature control thermoelectric
cooler (TEC) module, as shown in Fig. 7(a). In order to con-

firm that no device degradation occurs during the tempera-
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ture measurement process, the temperature of 5 °C was mea-
sured twice before and after this variable temperature test. The
laser achieved considerable performance, the output power
was as high as 131 mW at 110 °C without visible degener-
ation and 1.030 W at room temperature with a threshold as
low as 0.3 A. The laser spectral characteristics of the high-
density InAs/GaAs QD laser at room temperature are shown in
Fig. 7(b). The peak wavelength shifts from 1307.8 nm at a cur-
rent density of 1.00 kA-cm~2 to 1317.8 nm at 0.25 kA-cm 2.
Once the injection current exceeds the threshold, increasing
the current will not change the number of carriers in the ac-
tive region. The number of electrons and holes is stable in
the active region, which is different from the mechanism of
wavelength shift below the threshold current. When inject-
ing current above the threshold current, the temperature of the
p-n junction increases with increasing injection current; con-
sequently, the lasing wavelength shows a trend of a shift to a
long wave band. Due to the advantage of three-dimensional
quantum confinement effect in the QDs, the wavelength only
shifts 10 nm when the injection current density quadruples
from 0.25 kA-cm ™2 to 1.00 kA-cm 2.

4. Conclusion

Two kinds of InAs QDs with different densities in active
regions were applied in a QD laser for emitting at 1.3 pm.
The broad-area edge-emitting lasers were fabricated on the
presented structure. In order to characterize the resulting
high-density QD laser device, P-I tests were carried out in
the temperature range between 5 °C and 110 °C. The room-
temperature spectra tests also showed that the wavelength of
the QD lasers can be fixed at 1.3 pm over a broad injec-
tion current range. The output power is 131 mW at 110 °C
and 1.030 W at room temperature, with a threshold as low as
0.3 A. The performance of the high-density QD laser exceeds
that of the low-density QD laser, because when the density of
the QDs is further improved under the same uniformity and
multi-layered structure the optical gain can be sharpened and
maximum gain is increased without changing the laser optical
mode, resulting in improving output power and characteristic
temperature for QD lasers.

Acknowledgments

Project supported by the Science and Technology Pro-
gram of Guangzhou (Grant No. 202103030001), the Key-
Area Research and Development Program of Guangdong

Province (Grant No. 2018B030329001), the National Nat-
ural Science Foundation of China (Grant Nos. 62035017,
61505196, and 62204238), the Scientific Instrument De-
veloping Project of the Chinese Academy of Sciences
(Grant No. YJKYYQ20170032), the Major Program of
the National Natural Science Foundation of China (Grant
Nos. 61790580 and 61790581),
of Sciences and Changchun City Science and Technol-

the Chinese Academy

ogy Innovation Cooperation Project (Grant No. 21SHO06),
Jincheng Key Research and Development Project (Grant
No. 20210209), the Key R&D Program of Shanxi Province
(Grant No. 202102030201004), the R&D Program of
Guangdong Province (Grant Nos. 2018B030329001 and
2020B0303020001), Shenzhen Technology Research Project
(Grant No. JSGG20201102145200001), and the Na-
tional Key Technologies R&D Program of China (Grant
No. 2018YFA0306100).

References

[1]1 Fuchs C, Briiggemann, A, Weseloh M J, et al. 2018 Sci. Rep. 8 1422
[2] Maximov M V, Kryzhanovskaya N V, Nadtochiy A M, et al. 2014
Nanoscale Res. Lett. 9 657

[3] Akahane K, Yamamoto N and Kawanishi T 2010 /EEE Photon. Tech-
nol. Lett. 22 103

[4] Jin CY, Liu HY, Badcock T J, Groom, et al. 2006 IEE Proc. Optoelec-
tronics 153 280
[5] Kageyama T, Takada K, Nishi K, Yamaguchi M, et al. 2012 Proceed-
ings of SPIE-The International Society for Optical Engineering 8 8277
[6] Gerschutz F, Fischer M, Koeth J and Chacinski M 2006 Electron. Lett.
42 1457
[7]1 Gerschiitz F, Fischer M, Koeth J, et al. 2008 Opt. Exp. 16 5596
[8] Guimard D, Ishida M, Li L, et al. 2009 Appl. Phys. Lett. 94 939
[9] Rajesh M, Bordel D, Kawaguchi K, et al. 2011 J. Cryst. Growth. 315
114
[10] LiT H, Wang Q, Guo X, et al. 2012 Phys. E 44 1146
[11] Liu H, Wang Q, Chen J, Liu K and Ren X M. 2016 J. Cryst. Growth.
455168
[12] Huang S S, Niu Z C, Zhan F, Ni H Q, Zhao H, Wu D H and Sun Z 2008
Chin. Phys. B 17 323
[13] Yue L, Gong Q, Cao CF, et al. 2013 Chin. Opt. Lett. 11 061401
[14] Hao HM, Su X B, Zhang J, et al. 2019 Chin. Phys. B 28 078104
[15] YamaguchiK, Yujobo K and Kaizu T 2000 Jpn. J. Appl. Phys. 39 12458
[16] Nishi K, Saito H, Sugou S and Lee J S 1999 Appl. Phys. Lett. 74 1111
[17] Konishi T, Clarke E, Burrows C W, Bomphrey J J, Murray R and Bell
G R 2017 Sci. Rep. 7 42606
[18] Liu W S 2013 J. Alloys Compd. 571 153
[19] Henini M 1996 III-Vs Review 9 32
[20] Su X B, Ding Y, Ma B, et al. 2018 Nanoscale Res. Lett. 13 59
[21] Ning L, Peng J and Zhan-Guo W 2012 Chin. Phys. B 21 408
[22] Chen Z S, Ma B, Shang X J, et al. 2016 Nanoscale Res. Lett. 11 382
[23] YuY,LiMFE HelF, et al. 2012 Nanotechnology 23 065706
[24] Chen Z S, Ma B, Shang X J, et al. 2017 Nanoscale Res. Lett. 12 378
[25] Shao Y, Zhang X, Su H, Hao J, et al. 2018 The 3rd International Con-
ference on Photonics and Optical Engineering 1105212

098103-4


https://doi.org/10.1038/s41598-018-19189-1
https://doi.org/10.1186/1556-276X-9-657
https://doi.org/10.1186/1556-276X-9-657
https://doi.org/10.1109/LPT.2009.2035821
https://doi.org/10.1109/LPT.2009.2035821
https://doi.org/10.1049/ip-opt:20060048
https://doi.org/10.1049/ip-opt:20060048
https://doi.org/10.1117/12.905873
https://doi.org/10.1117/12.905873
https://doi.org/10.1049/el:20063401
https://doi.org/10.1049/el:20063401
https://doi.org/10.1364/OE.16.005596
https://doi.org/10.1063/1.3099902
https://doi.org/10.1016/j.jcrysgro.2010.09.019
https://doi.org/10.1016/j.jcrysgro.2010.09.019
https://doi.org/10.1016/j.physe.2012.01.002
https://doi.org/10.1016/j.jcrysgro.2016.09.033
https://doi.org/10.1016/j.jcrysgro.2016.09.033
https://doi.org/10.1088/1674-1056/17/1/057
https://doi.org/10.1088/1674-1056/17/1/057
https://doi.org/10.3788/COL
https://doi.org/10.1088/1674-1056/28/7/078104
https://doi.org/10.1063/1.123459
https://doi.org/10.1038/srep42606
https://doi.org/10.1016/j.jallcom.2013.03.197
https://doi.org/10.1186/s11671-018-2472-y
https://doi.org/10.1186/s11671-016-1597-0
https://doi.org/10.1088/0957-4484/23/6/065706
https://doi.org/10.1186/s11671-017-2153-2

	1. Introduction
	2. Material growth
	3. Device fabrication and measurement result
	4. Conclusion
	References

