CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

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

Growth of high material quality InAs/GaSb type-ll superlattice for long-wavelength
infrared range by molecular beam epitaxy

Fang-Qi Lin(#k 7 £5), Nong Li(Z=4K), Wen-Guang Zhou(Jf 3C) ), Jun-Kai Jiang(# 12 %4), Fa-Ran Chang( & ),
Yong Li(%* %), Su-Ning Cui(4 % T*), Wei-Qiang Chen([%{i5%), Dong-Wei Jiang (% 1#), Hong-Yue Hao(#i 7 1H),
Guo-Wei Wang(E [E f§), Ying-Qiang Xu(# ¥ 5%), and Zhi-Chuan Niu(4-%4)11)

Citation:Chin. Phys. B, 2022, 31 (9): 098504. DOI: 10.1088/1674-1056/ac615d

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

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

Wet etching and passivation of GaSb-based very long wavelength infrared detectors

Xue-Yue Xu(¥F35 H), Jun-Kai Jiang((F12 £), Wei-Qiang Chen([%fF5#), Su-Ning Cui(£ % T°), Wen-Guang Zhou(/#
J7), Nong Li(ZEA4X), Fa-Ran Chang(# & 1), Guo-Wei Wang(F EfF), Ying-Qiang Xu(f4& M 5%), Dong-Wei
Jiang(FVl4#L), Dong-Hai Wu(= 4:7), Hong-Yue Hao(#i{ % 3H), and Zhi-Chuan Niu(2F-%4)1])

Chin. Phys. B, 2022, 31 (6): 068503. DOI: 10.1088/1674-1056/ac4ccl

Investigation of active-region doping on InAs/GaSb long wave infrared detectors

Su-Ning Cui(#£ & 7*), Dong-Wei Jiang(# %), Ju Sun(fhJE), Qing-Xuan Jia(%%JK%T), Nong Li(Z=4%), Xuan
Zhang(5KJiE), Yong Li(Z=5), Fa-Ran Chang(# & 1), Guo-Wei Wang(F [EfF), Ying-Qiang Xu ({4 M.5%), Zhi-Chuan
Niu(ZF-24)11)

Chin. Phys. B, 2020, 29 (4): 048502.  DOI: 10.1088/1674-1056/ab773c

High quantum efficiency long-/long-wave dual-color type- II InAs/GaSb infrared

detector

Zhi Jiang(*# &), Yao-Yao Sun(FMEk#E), Chun-Yan Guo(¥8%E WF), Yue-Xi Lv(= ¥-45), Hong-Yue Hao(/ % IH),
Dong-Wei Jiang(#113), Guo-Wei Wang(E [EF), Ying-Qiang Xu(f# N 5#), Zhi-Chuan Niu(Z-%7)11)

Chin. Phys. B, 2019, 28 (3): 038504.  DOI: 10.1088/1674-1056/28/3038504

Performance of dual-band short- or mid-wavelength infrared photodetectors based on

InGaAsSb bulk materials and InAs/GaSb superlattices

Yao-yao Sun(#MkfE), Yue-xi Lv( 2 E47), Xi Han(¥#4), Chun-yan Guo(58%&WT), Zhi Jiang (¥ &), Hong-yue Hao (/i
%:1H), Dong-wei Jiang(¥1i7), Guo-wei Wang( - [E ff), Ying-giang Xu(f V. 5%), Zhi-chuan Niu(ZF-%7)11)

Chin. Phys. B, 2017, 26 (9): 098506.  DOI: 10.1088/1674-1056/26/9/098506

Very long wavelength infrared focal plane arrays with 50% cutoff wavelength based on

type-Il InAs/GaSb superlattice

Xi Han(#i42), Wei Xiang([r]4%5), Hong-Yue Hao(#%H), Dong-Wei Jiang (% 1#), Yao-Yao Sun(fhEk#E), Guo-Wei
Wang(F [E1F), Ying-Qiang Xu(& N 5%), Zhi-Chuan Niu(4-%4)11)
Chin. Phys. B, 2017, 26 (1): 018505. DOI: 10.1088/1674-1056/26/1/018505


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac615d
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac615d
https://doi.org/10.1088/1674-1056/ac615d
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac4cc1
https://doi.org/10.1088/1674-1056/ac4cc1
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab773c
https://doi.org/10.1088/1674-1056/ab773c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/3/038504
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/3/038504
https://doi.org/10.1088/1674-1056/28/3/038504
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/9/098506
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/9/098506
https://doi.org/10.1088/1674-1056/26/9/098506
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/1/018505
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/1/018505
https://doi.org/10.1088/1674-1056/26/1/018505

Chin. Phys. B 31, 098504 (2022)

Growth of high material quality InAs/GaSb type-II superlattice for
long-wavelength infrared range by molecular beam epitaxy

Fang-Qi Lin(#4£ 75 %)%, Nong Li(Z=4%)!2, Wen-Guang Zhou(JH ) )12, Jun-Kai Jiang(E 1R 55)!12,
Fa-Ran Chang(# & f)!, Yong Li(Z=5)!, Su-Ning Cui(# & 7)"?, Wei-Qiang Chen([%fHi5#)!2,

Dong-Wei Jiang (¥4 ) 123,

Hong-Yue Hao(#/f % 3H)123,  Guo-Wei Wang(E [EF)1:237,

Ying-Qiang Xu(#: M 58)!123% and  Zhi-Chuan Niu(ZF 8 )1))1:23:8

Ustate Key Laboratory for Superlattices and Microstructures, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China

2Collegf: of Materials Science and Opto-Electronic Technology, University of Chinese Academy of Sciences, Beijing 100049, China

3Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China

(Received 29 December 2021; revised manuscript received 3 March 2022; accepted manuscript online 28 March 2022)

By optimizing the V/III beam-equivalent pressure ratio, a high-quality InAs/GaSb type-II superlattice material for the
long-wavelength infrared (LWIR) range is achieved by molecular beam epitaxy (MBE). High-resolution x-ray diffraction
(HRXRD), atomic force microscopy (AFM), and Fourier transform infrared (FTIR) spectrometer are used to characterize
the material growth quality. The results show that the full width at half maximum (FWHM) of the superlattice zero-order
diffraction peak, the mismatching of the superlattice zero-order diffraction peak between the substrate diffraction peaks,
and the surface roughness get the best results when the beam-equivalent pressure (BEP) ratio reaches the optimal value,
which are 28 arcsec, 13 arcsec, and 1.63 A, respectively. The intensity of the zero-order diffraction peak is strongest at the
optimal value. The relative spectral response of the LWIR detector shows that it exhibits a 100% cut-off wavelength of 12.6
pum at 77 K. High-quality epitaxial materials have laid a good foundation for preparing high-performance LWIR detector.

Keywords: type-II superlattice, InAs/GaSb, long-wavelength, strain-balanced

PACS: 85.60.Gz, 68.65.Cd, 72.20.Jv

1. Introduction

Since G. A. Sai-Halasz, R. Tsu, and L. Esakil!l firstly
proposed the theory of type-II superlattices in 1977, after
decades of theoretical scientific development and the progress
of molecular beam epitaxy technology, it has aroused great in-
terest from many researchers worldwide. In 1987, D. L. Smith
and C. Mailhiot!?! proposed that type II superlattices could
be used as excellent candidate materials for infrared detec-
tors. The current state-of-the-art infrared detection technology
is based on mercury cadmium telluride (Hg;_,Cd,Te) mate-
rials, and most commercial LWIR optical receivers are domi-
nated by Hg; _,Cd, Te material,’>* which can obtain high de-
tectivity and fast response. Hg;_,Cd, Te materials can be used
for infrared detection based on PIN and avalanche photodiode
(APD) structures. ]

However, Hg;_,Cd,Te has some defects, such as poor
uniformity,[®! a high thermal expansion coefficient,!” extreme
sensitivity to component control,!®! and a large tunneling

tHO-12] due to the low effective mass of electrons.

dark curren
The Hg,Cd;_,Te materials needed for infrared detectors are
difficult to grow consistently on account of high sensitivity
to alloy composition, which causes poor spatial uniformity.
This problem is particularly severe in LWIR and very long-

wavelength infrared detection (VLWIR). Other commercially
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available LWIR detectors!'?] include Si:x,['4! vanadium oxide
(VXO),),“S] and amorphous silicon (a-Si),[®! which have high
operating temperatures (uncooled), good uniformity, compati-
bility with existing COMS processes, and low manufacturing
costs. However, these photodetectors are limited by a narrow
tunable wavelength range and poor detectivity.

Compared with other materials (Hg;_,Cd,Te, InSb,
QWIP, QD, and V,0,, etc.), InAs/GaSb, as a typical type-
IT superlattice material, has many advantages,[!’”~'°! such
as accurate regulation of the band gap, high operating
temperature,?0-2?! large effective mass, ! inhibition of Auger
recombination, >3! broadband absorption, incident light at nor-
mal angle and good uniformity of material growth. The
detection wavelength of InAs/GaSb type-II superlattice ma-
terials can be changed from near infrared to very long
wave infrared only by adjusting the layer thickness of the
InAs and GaSb layers.[>*23 Especially for long-wavelength
infrared (LWIR)!?>?7] and very long-wavelength infrared
(VLWIR)[Z8-3% range detection, its advantage is obvious. Al-
though InAs/GaSb T2SL was deemed a competitive candidate,
the current efficiency is still far from expected. To further im-
prove crystalline quality and device performance, many strate-
gies, including optimizing the heterojunction interface by con-
trolling the Sb/As background pressure and shutter sequence
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during interface formation, using a migration-enhance epitaxy
technique, *'3?] and introducing novel structures to suppress
dark current,>334 have been adopted. These approaches have
been proven to be very effective.

In this paper, we demonstrate that a high-quality strain-
balanced InAs/GaSb type-II superlattice material for long-
wavelength infrared range detection could be obtained by op-
timizing the V/III beam-equivalent pressure (BEP) ratio dur-
ing the molecular beam epitaxy growth process. The long-
wavelength InAs/GaSb superlattice materials prepared in vari-
ous V/III BEP ratios were assessed by using high-resolution x-
ray diffraction, atomic force microscopy and the relative spec-
tral response.

2. Experiment

In our experiment, all epitaxial samples were grown on
tellurium-doped n-type epi-ready GaSb (001) substrates by
a Veeco Gen 20 molecular beam epitaxy system, which was
equipped with group-1II (Ga, In, and Al) SUMO dual-source
cells and group-V (Sby and As;) valve crack sources. The de-
tailed structure of the LWIR detector is shown in Fig. S4 of
the supporting information. Before the growth of functional
layers, the wafers were heated to 420 °C in a preparation mod-
ule for 2 hours of degas and then heated to 680 °C in a growth
module for 30 minutes to remove the surface oxide layers. Af-
ter that, a thin GaSb buffer layer was deposited at 630 °C to
keep the surface smooth. In situ reflection high-energy elec-
tron diffraction (RHEED) was used to monitor the substrate
surface temperature and growth status. When the substrate sur-
face temperature reached a typical temperature (marked as T¢),
the electron diffraction pattern changed from 2 x 5 to 1 x 3,
and T; was defined as the transition temperature at which GaSb
surface reconstruction (2 x 5 <+ 1 x 3).133] occurred at a given
antimony flux. All these samples were grown at 7, — 15 °C.

During the serials growth of these samples, the As/In
beam-equivalent pressure ratios were set at 2, 3, 4, 5, and 7,
and the Sb/Ga BEP flux ratio was kept at 7. Then the Sb/Ga
beam-equivalent pressure ratios were set at 5, 6, 7, 8, 9, and
10 (marked as A, B, C, D, E, and F), while the As/In beam-
equivalent pressure ratio was kept at 3, and the more param-
eters detail are shown in Table 1 of supporting information.
After the optimization of the 12.5 ML/8 ML InAs/GaSb su-
perlattice absorption region, LWIR detectors were fabricated,
as shown in Fig. S6. The device consisted of 7 functional lay-
ers from bottom to top: tellurium-doped n-type GaSb (001)
substrates, GaSb buffer layer, bottom n-type contact layer and
barrier sharing the same structure, which was composed of
18/3/5/3 MLS of InAs/GaSb/A1Sb/GaSb superlattices. The p-
type absorption regions share the same structure as the top p-
type contact layer, which consists of 12.5/8 MLs of InAs/GaSb

superlattices. Finally, a 200 nm GaSb layer cap was deposited
to protect the superlattices.

After epitaxial growth of the functional layers, for all the
samples, optical microscopy was used to observe and esti-
mate surface defects by using a Nikon Eclipse LV 100D optical
microscope. The structural quality was assessed by symmet-
ric (004) x-ray scans with a Bruker JV QC-3 high-resolution
double-crystal x-ray diffractometer (HRXRD), and the sur-
face morphology was studied by using a Park System NX20
atomic force microscope (AFM). The optical performance of
the epitaxial layers was measured by using a Bruker Vertex-80
Fourier transform infrared (FTIR) spectrometer.

3. Results and discussion

To balance the strain of 12.5 MLs/8 MLs InAs/GaSb with
the GaSb substrate, the InSb interface was adopted in this ex-
periment. In each growth period, the nominal interface type
was varied by using the techniques of migration-enhanced
epitaxy (MEE). The indium and antimony shutters were kept
open for a few seconds to generate the InSb interface between
the InAs and GaSb layers. The mechanical shutter sequences
used during the growth period in this work are illustrated in
Fig. 1. Specifically, the indium shutter was kept open before
and after the growth of the InAs layer for 2.9 seconds and
2.7 seconds, respectively. At a high growth rate, it is easy
to form an InSb island structure. To improve the growth of the
InSb interface, it was deposited by employing a low growth
rate indium source. Similarly, the Sb shutter was kept open
before and after the growth of the GaSb layer for 6 seconds
and 3 seconds, respectively.

Shutters
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Fig. 1. The shutter sequence during per period.

From the high-resolution x-ray diffraction results shown
in Figs. 2(a) and S1, in these samples, the Sb/Ga BEP flux ra-
tio was kept at 7, and we can clearly see that lattice mismatch
between the epitaxial layer and the substrate of the five sam-
ples falls first and then rises as the As/In BEP flux ratio rises.
When the As/In BEP flux ratio is small, the tensile strain is not
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exactly compensated, resulting in a compressive strain. When
the As/In BEP flux is 3, the mismatch reaches a smallest value
of 20 arcsec (165 ppm). When the As/In BEP flux ratio is
large, the tensile stress becomes larger as the As/In BEP flux
ratio rises. Similarly, from Figs. 2(b) and S3, we can see that
lattice mismatch between the epitaxial layer and the substrate
of the six samples falls first and then rises as the Sb/Ga BEP
flux ratio rises. When the Sb/Ga BEP flux ratio is small, the
InSb faces produced between the InAs layers and GaSb layers
are not enough to balance the intrinsic tensile strain. When
the Sb/Ga BEP flux is 8, the mismatch of sample D reaches
a smallest value of 13 arcsec (108 ppm), but it produces too
many InSb faces when the Sb/Ga BEP flux ratio is large, and
the compressive stress becomes larger as the Sb/Ga BEP flux
ratio rises.

The surface morphology roughness was evaluated by
AFM, as shown in Figs. 2(a), 2(c), S2, and S3. Generally, the
growth rate of epitaxial layers is determined by the III group
element BEP flux, while the V/III BEP flux ratio will influ-
ence the nucleation process and then play a crucial role in the
material surface quality.

To some extent, the FWHM and intensity of the zero-
order diffraction peak from high-resolution x-ray diffraction
can indicate the epitaxial quality of the heterogeneous inter-
face. As shown in Fig. 2(d), when the Sb/Ga BEP flux ratio
is too small or large, the intensity of the zero-order diffraction
peak decreases considerably and reaches a maximum value of
5.52 x 10° when the Sb/Ga BEP flux ratio is 8. In contrast, the
FWHM obtains a small value with 28 arcsec at 8. It should
be noted that the FWHM of these samples are relatively close,
which means that the interface of the six samples is flat with

70

the same shutter sequences.

From the AFM results, whether there is too large or too
little As/In ratio, many rod-shaped islands are generated on
the surface. From the theory of film formation, they are not
suitable for atoms to migrate to a reasonable lattice position
to form a smooth and flat surface. When the As/In BEP and
Sb/Ga flux is 3 and 7 respectively, the AFM images show an
RMS surface roughness of approximately 2.29 A. In order to
obtain better surface morphology, then Sb/Ga flux should be
optimized. We can see that there are many V group vacancies
when the Sb/Ga BEP flux ratio is small, as shown in Fig. S5
(Sb/Ga = 3, 4, and 5). When the Sb/Ga BEP flux ratio is
larger than 8, many three-dimensional network structures are
produced on the surface, as shown in Figs. S5 (Sb/Ga = 10
and 11) and S3 (Sb/Ga = 9 and 10). This is caused by too
many Sb atoms adsorbed on the surface, and excess Sb atoms
lead to the growth model transforming into an island growth
model. Too much or too little Sb atom flux causes the surface
to be rough. When the Sb/Ga BEP flux ratio is 8, the smallest
RMS surface roughness was obtained, as shown in Figs. 2(f),
S4 and S5. The AFM images show an RMS surface roughness
of approximately 1.63 A and clear atomic steps over an area
of 10 x 10 um? and 5 x 5 um? as shown in Fig. 2(f).

The period thickness of the 12.5 ML/8 ML InAs/GaSb
superlattice epitaxial layer was extracted from HRXRD. The
HRXRD measurements agree well with the simulation results,
as shown in Fig. 3. The measured period of this material is ap-
proximately 61.44 A (theoretical period thickness is 62.22 A),
as shown in Fig. 3, and the high-resolution x-ray diffraction
exhibits high-order satellite peaks, which indicate that the epi-
taxial material possesses high quality.
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g ; = 2 a0l g 20350\
& 0 030 » & 40 ls00E =
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Fig. 2. The material quality of the samples. (a) The mismatch (arcsec) and RMS at different As/In BEP fluxes. (b) The mismatch (arcsec/ppm)
at different As/In Sb/Ga BEP fluxes. (c) Surface roughness at different Sb/Ga BEP flux. (d) The FWHM and intensity of the zero-order peak
at different Sb/Ga BEP fluxes. (e) The AFM image of As/Inggp—3 (2 x 2 um?). (f) The AFM image of Sb/Gaggp—_g (5 x 5 um?).
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Fig. 4. The relative spectral response of LWIR detector.

Finally, an FTIR spectrometer was used to measure the
relative spectral response of the LWIR detector at 77 K. The
optical performance of the devices is shown in Fig. 4. The de-
vice exhibits a 100% cut-off wavelength of 12.6 um under a
20 mV applied bias. The peak response wavelength is approx-
imately 4 pm, in addition, there is a strong CO, absorption
peak at 4.26 pm.

4. Conclusion

In summary, we have obtained high material quality
InAs/GaSb type-II superlattice material for long-wavelength
infrared range by using optimal V/III beam-equivalent pres-
sure ratio, which is 8 and 3 with MEE method controlled
InSb-like interface, and the experimental results indicate that
we succeed in growing strain balanced and high quality
InAs/GaSb superlattices on the GaSb substrate. In the fol-
lowing steps, we will improve the device performance of
the LWIR detectors. High-quality epitaxial materials have
laid a solid foundation for designing and manufacturing high-
performance infrared photodetectors.
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