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TOPICAL REVIEW — Photodetector: Materials, physics, and applications
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In this article, unique spectral features of short-wave infrared band of 1 µm–3 µm, and various applications related
to the photodetectors and focal plane arrays in this band, are introduced briefly. In addition, the different material systems
for the devices in this band are outlined. Based on the background, the development of lattice-matched and wavelength-
extended InGaAs photodetectors and focal plane arrays, including our continuous efforts in this field, are reviewed. These
devices are concentrated on the applications in spectral sensing and imaging, exclusive of optical fiber communication.
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1. Introduction
Photodetectors (PDs) and focal plane arrays (FPAs) re-

sponding to 1 µm–3 µm short-wave infrared (SWIR) wave-
length band have attracted much attention because of their
unique spectral features in this band. For example, the wa-
ter molecules, which are the most important component on the
earth, have four important absorption zones around 2.7, 1.9,
1.4, and 1.1 µm, respectively. Clear transmission windows
exist between them, as shown in Fig. 1. The high contrast
characteristics in SWIR band make it fascinating to observe
this planet from satellite to obtain diverse information. On
the ground, fog penetrating and special night vision, and also
astronomy in this band are required. Furthermore, the spec-
troscopic character of numerous water containing substances
such as soil, fruits, beverage, and medicament in SWIR band
also arouse much interest. Besides, CO2 also has signifi-
cant spectral fingerprints in this band, especially those around
1.6 µm and 2.1 µm. These absorption features are located in
the water absorption windows with distinct intensities, which
makes them quite suitable for CO2 distribution mapping or
monitoring from space or on ground. Meanwhile, many ar-
eas including spectra of characteristic absorption of gases or
liquids, water content in soil, crop yield estimation, cloud and
mineral discrimination, thermal photovoltaic energy conver-
sion, thermal imaging of high temperature objects, wind de-
tection lidar, and so on are also presumed to rely on PDs and
FPAs in this band.

Quantum- or photon-type PDs and FPAs have different

types, such as photo-conductor or photovoltaic. For the appli-
cations mentioned above, photovoltaic-types are more prefer-
able because the devices can operate at zero bias, resulting
in lower dark current. In the SWIR band, these types of de-
vices mainly rely on two kinds of semiconductor materials;
i.e., II–VI and III–V. The HgCdTe (MCT), a representative
variable gap semiconductor of II–VIs, has worked success-
fully in SWIR band.[1] This can be epitaxially grown on a
lattice-matched but quite expensive CdZnTe substrate, and ex-
cellent performances of the devices have been achieved. How-
ever, motivations to replace MCT especially in SWIR band
exist because of some of the technological problems of this
material. The most important reason is the weak Hg–Te bonds
in MCT material, which results in instabilities of the surface,
interface and even the bulk material. Some other issues are
the difficulties in growing the material and processing the chip
at lower temperatures, as well as operating at lower operat-
ing temperature and weakening the radiation hardness of the
devices. In III–Vs, the antimonides that form some lattice-
matched systems also cover the SWIR band. The binary InAs
and GaSb show nearly the same lattice constant around 6.1 Å,
while different systems (such as quaternary InAsPSb or In-
GaAsSb) could grow on these substrates. The quaternary
InAsPSb on InAs substrate covers the bandgap from InAs of
0.36 eV to about 0.7 eV (considering the miscibility gap) at
300 K, and matches the SWIR band perfectly. For example,
in this system the liquid phase epitaxy (LPE) grown SWIR
PDs has previously been demonstrated.[2–4] The difficulty in
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simultaneously controlling the three group-V elements As, P,
and Sb makes the growth of device-quality wafers by using the
metal–organic–vapor phase epitaxy (MOVPE) or molecular
beam epitaxy (MBE) challenging. The other lattice-matched
antimonide quaternary system of InGaAsSb on GaSb, which
covers the bandgap from InAs rich corner of 0.283 eV to GaSb
rich corner of 0.727 eV at 300 K, also matches the SWIR band
quite well. For example, on this system LPE,[5] MOVPE,[6]

and solid source molecular beam epitaxy (SSMBE)[7,8] grown
SWIR PDs have been demonstrated. The response wavelength

of type-II quantum wells based on antimonide also touches

this band.[9,10] In an antimonide system, no limitation exists

in theory, but in practice the difficulties in treating the Sb con-

taining materials in both epitaxy and chip processing aspects

still exist. Compared with an InP substrate, the obtaining of

high-quality GaSb substrates at moderate price is still an is-

sue, whereas the non-transparent InAs substrate in this band

also limit its application, especially for two-dimensional (2D)

FPAs.
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Fig. 1. (color online) Spectral features of SWIR band, including absorption intensities of H2O and CO2 and showing main observation
wavelength zones of different objects from satellites.

In addition to MCT or antimonide materials, the III–V
ternary InxGa1−xAs is a good candidate to cover the SWIR
band (see Figs. 2 and 3). The InxGa1−xAs, namely the alloy of
two direct bandgap binaries, covers the whole bandgap range
of 0.36 eV of InAs to 1.43 eV of GaAs with direct bandgap
in full region. At indium composition x of 0.53, it is lattice-
matched to InP substrate with a bandgap about 0.75 eV at
300 K. The PD adopting this composition has a cutoff wave-
length of about 1.7 µm, namely lattice-matched device, which
has been sufficiently developed for decades and widely used
in optical fiber communication of 1.31 µm or 1.55 µm wave-
lengths, its performance has proved to be excellent. For the
ternary InxGa1−xAs of x from 0.53 to 1, the bandgap could be
varied from 0.75 eV to 0.36 eV at 300 K, corresponding to
cutoff wavelength ranging from 1.7 µm to 3.4 µm, which fits
the long side of SWIR band very well. Therefore, to shift the
response to longer wavelength, the indium content in the In-
GaAs alloy should be increased. For instance, to move the cut-
off wavelength of the device grown on an InP substrate from

1.7 µm to about 2.5 µm, the indium content in InGaAs al-
loy must be increased from 53% to about 83%, which intro-
duces quite a large lattice mismatch of about +2% between
InGaAs epitaxial layer and InP substrate, in this case an ex-
traordinary buffer layer should be inserted in between to pre-
vent the material quality from excessively degrading. Mean-
while, the full maturity of the growth and processing technol-
ogy of this material system, which have been validated from
mass production, could compensate for the residual degra-
dation caused by adequate mismatch, and thus making this
ternary very attractive from the point of view of application.
In the lattice-mismatched system of InxGa1−xAs (x > 0.53)
on InP, or namely wavelength extended devices, some options
of buffer materials with different essential points of concern
are still present. In this article, the development of lattice-
matched and wavelength-extended InGaAs PDs, as well as
FPAs, including our continuous efforts in this field, are briefly
reviewed. These devices concentrate on spectral sensing and
imaging applications, exclusive of optical fiber communica-
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tion.

2. Lattice-matched InGaAs PDs and FPAs
The development of lattice-matched InGaAs PDs can be

traced to decades ago. Pearsall and Hopson reported the LPE
grown InGaAs material and PDs in the 1970’s,[11,12] targeting
at optical fiber communication. For optical fiber communica-
tion applications where response speeds of PDs are the most
important concern, normally the devices work at higher re-
verse bias to reduce the capacitance. In other words the pho-
tovoltaic detectors operate in photoconductive mode. In spec-
tral sensing and imaging applications the sensitivity merit of
PDs and FPAs become key points. Because InGaAs is a di-
rect band gap material with higher absorption and mobility,
the response speed of the devices should be high enough in-
herently for conventional spectral sensing and imaging appli-
cations. Therefore, the devices are normally work at zero bias
to reduce the dark current. In other words, the devices operate
in photovoltaic mode.

Owing to sustained progress of optical fiber communi-
cation and according to the differences in application scene,
lattice-matched InGaAs PDs and FPAs, in a manner of speak-
ing, are developed on existing technologies. As for the appro-
priative readout integrated circuit (ROIC) design and fabrica-
tion, the hybridization of the chip with the ROIC and exquisite
packaging, existing technologies from MCT and other devices
could also be customized into InGaAs FPAs. This has accel-
erated the development of lattice-matched InGaAs PDs and
FPAs for spectral sensing and imaging purpose when real de-
mands appear. For example, in 2007, Onat et al. reported
MOVPE grown 640×512 FPA of 20-µm pitch with a dark cur-
rent density of 2 nA/cm2 at −100-mV bias and temperature of
12.3 ◦C,[13] and the device is of planar type. In 2007, Li et al.
reported gas source molecular beam epitaxy (GSMBE) grown
256×1 FPA of 56 µm×56 µm element sensitive area with R0A
of 5 kΩ·cm2 at room temperature (RT),[14] the device is of
mesa type. In 2009, the FPA format has been raised to 1k×1k
reported by MacDougal, et al.[15] The MOVPE grown planar-
type devices show dark current density below 1.0 nA/cm2 at
−100-mV bias and 7 ◦C. Here, the planar-type device means
that the pn junction is formed through diffusion in processing
step, whereas mesa-type device means the the pn junction is
formed during epitaxy by in situ doping. With the excellent
characteristics of the lattice-matched InGaAs system and re-
lated mature technologies, and especially the clear prospect of
the FPAs, such devices, including III–V lab and SOFRADIR
in France,[16–18] SITP/CAS in China,[19] Fraunhofer IAF in
Germany,[20] Aerius Photonics, Raytheon and Spectrolab in
USA[21,22] SemiConductor Devices in Israel,[23] and so on,
have been developed. For imaging purposes, 640×512 VGA
format of 15-µm pitch, which is the most popular version for

mass applications, has already matured and become products.
An even lager format product of 1280×1024 SXGA format of
10-µm pitch is being developed.

For these InGaAs devices, the lattice matches that of InP
substrate, the cutoff wavelength is fixed at about 1.7 µm, but
the cut-on wavelength still could be tailored. In the back il-
luminating case, the cut-on wavelength is determined by the
bandgap of InP substrate to be about 0.93 µm, through thin-
ning or removing the InP substrate and tailoring the epitax-
ial structure, the cut-on wavelength of the FPAs moved to
shorter wavelength and entered into visible band, and even de-
creased down to 400 nm.[13,16–18,23,24] The visible extended
version of InGaAs FPAs can partially incorporate the func-
tion of Si CCD/CMOS camera into the system, which is desir-
able for certain applications. Special formats of the device
are especially useful for applications in spectral sensing or
line scan imaging. For example 2048×1 array with 400-kHz
line rate and 6000×8 array of 13-µm pitch on 4′′ wafer have
been reported by Xenics[25] and Teledyne Judson,[26] respec-
tively. The monolithic integration of multiple narrow band
Fabry–Pérot filter on the chip for hyperspectral application
in SWIR band has also been demonstrated in SITP/CAS of
China.[27] Traditionally, lattice-matched InGaAs is also used
for avalanche photodetectors (APDs) of communication band,
although their performance is still limited compared with some
other material system on the other band. For example, InGaAs
2D FPAs in Geiger mode was also explored by Itzler et al.[28]

and Baba et al.,[29] targeting at the time resolution or lidar ap-
plications.

For InGaAs FPAs lattice matched to InP, planar-type de-
vices have been the main stream. In addition to traditional
close, semi-close or open tube diffusion with volatilize or spin-
on Zn dopants, utilizing the MOVPE chamber to perform the
diffusion process deserves to be advocated.[30] In this process,
metal–organic source like dimethyl zinc was used as dopant
and cracked PH3 or AsH3 provides sufficient surface protec-
tion, therefore controllability, reproducibility, and uniformity
of the diffusion could be improved. Because the dark current
density of such devices at RT has decreased down to 1 nA/cm2

of intrinsic level. In this case, the passivation process have
become critical, low stress diffusion mask[31] and optimiza-
tion of the passivation films[32] remain an issue. Real appli-
cations — especially in the space, radiation hardness,[33,34]

lifetime,[35] package reliability,[36] and space qualification[37]

— of these devices have also been performed in detail.
It should be noticed here that the performance of the de-

vices, such as the dark current, is hypersensitive to operat-
ing temperature and bias voltage, and in most case the reach-
able lowest bias voltage of each FPA’s pixel is determined by
ROIC’s offset voltage. The overall performances of the PDs
and FPAs are also inclusive of pre-amplifier or ROIC perfor-

128102-3



Chin. Phys. B Vol. 27, No. 12 (2018) 128102

mances, and the coupling parameters (e.g., the elemental and
parasitic capacitance) between them. For lattice-matched In-
GaAs FPAs, the dark currents of the devices have reached
a fairly low level, especially at lower operating temperature.
Consequently, the overall performance is not presently dom-
inated by the FPA chip but is dominated by the ROIC and
coupling parameters in many cases. Furthermore, for FPA,
especially of large format, the homogeneity of the pixels de-
termines the system’s performance.

3. Wavelength-extended InGaAs PDs and FPAs
Intuitively speaking, lattice-matched systems like MCT

or antimonide are more preferable in SWIR band than mis-
matched system, at least in theory. However, wavelength-
extended InGaAs of higher indium content is still a strong
competitor in this band, mainly from practical, technologi-
cal, and even economical points of view, which originate from
the accumulation of the growth and processing technologies in
this material system, as well as their favorable characteristics.
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With the higher-indium-content InGaAs serving as the
absorption layer, the wavelength-extended InGaAs PDs and
FPAs could still be constructed by using different material sys-
tems such as InGaAsP (in fact InAsP/InGaAs) or AlGaInAs
(in fact InAlAs/InGaAs).[38] The relationships between band
gap and lattice constant of the two systems are shown in Figs. 2
and 3, respectively. The wavelength-extended InGaAs PDs
have been reported by Martinelli et al.[39] and Makita et al.[40]

in 1988 by using the hydride vapor phase epitaxy (HVPE) in
homojunction or heterojunction configurations, respectively.
Forte-Poisson et al. then reported the MOVPE grown PDs of

heterojunction configuration in 1992.[41] Notice that those re-
searches are still motivated in the area of optical communica-
tion because the fluoride fiber has much lower loss than silica
fiber but at longer wavelength (about 2.5 µm). With the no-
table development of semiconductor lasers and optical fiber
amplifiers and the consideration of frangible features of fluo-
ride fiber, this target seems to be stagnant. However, 10 years
later, the sensing and imaging motivations have become inter-
ested in a natural extension of lattice-matched devices.
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Many efforts have been made to investigate the
wavelength-extended InGaAs PDs and FPAs since the 2000s.
The first GSMBE grown homojunction PD was reported in
2005 as a trial of exploration. Its cutoff wavelength was
only extended to 1.9 µm.[42] The cutoff wavelengths were
extended to 2.2 µm and 2.5 µm,[43] then heterojunction PD
using InAlAs as cap and linear graded buffer layer was
demonstrated.[44] The longest cutoff wavelength was extended
to 2.9 µm and the overall wavelength-dependent performances
of the devices were evaluated in detail.[45] Meanwhile, n-on-
p configuration of the PD has also been validated,[46] which
shows that its performance is better than conventional p-on-
n configuration but the mesa becomes higher. For lattice-
mismatched devices with thicker active layer, a buffer layer
is essential. Generally speaking, the thicker the buffer layer,
the better the epitaxy quality is. However, comparing with
HVPE or MOVPE, the epitaxial growth rate of MBE is low,
normally on the order of 1 µm/hour. Under this practically
restrictive condition, the buffer strategy, or using a thinner
buffer to reach better effects, are the most important con-
cern. Keeping this in mind, different types of buffer struc-
tures have been investigated including linear graded,[47] con-
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vex graded,[48] step graded,[49] composition overshoot,[50] and
the combinations,[51] and the inserting of digital alloy into the
buffer,[52] while total digital graded buffer structures[53] have
also been verified. Optimal growth parameters of the buffer
have been investigated in detail.[42–53] Generally speaking, lin-
ear graded buffer of accredited thickness is suitable for the de-
vices, and the overall effects are acceptable. Inserting more
interfaces into the buffer structure has a positive effect on the
buffer quality, especially at the beginning of buffer growth,
whereas the total thickness of the buffer is still a pivotal fac-
tor. In our GSMBE process, the linear grading of the com-
position, such as of ternary InAlAs buffer with two group III
elements, was particularly realized by changing the In and Al
source temperature slowly and simultaneously, without shut-
ter operation. This process is easier than the controlling of
two or more group V elements, such as in ternary InAsP. Op-
positely, open and close the shutters too frequently to reach
a thick buffer structure is inadvisable practically. For those
lattice-mismatched InGaAs devices, the inserting of electron
barriers into the absorption layer is effective to reduce the
dark current, as well as to promote overall performances,[54,55]

meanwhile the position of inserted electron barriers should
be regulated,[56] as should the doping level.[57] During study-
ing this topic, the material parameters such as optical[58] and
transportation[59] characteristics of the high-indium-content
InGaAs were accumulated, the methods of evaluating mate-
rial related device performances[60] were validated. From the
data analysis of different categories including our work,[61] a
rule of thumb denoted as IGA-rule 17[62] to describe the wave-
length and operating temperature-dependent performance of
lattice-mismatched InGaAs PDs and FPAs in 2 µm–3 µm band
was developed, similar to the well-known rule 07 for MCT
devices.[63]

Based on our GSMBE grown lattice-mismatched wafers
of various FPA structures, wavelength-extended InGaAs FPAs
of different formats have been developed at SITP/CAS of
China, targeting space spectral applications. The 256×1 lin-
ear array was reported in 2007,[64] after that 2D arrays of
64×64[65] and 512×256[66] were reported in 2013 and 2017,
respectively. During this period, characteristics and process-
ing of the devices were investigated in detail.[67–74] These
devices are of all mesa-type and have a cut-off wavelength
around 2.5 µm in p-on-n configuration. Meanwhile, FPAs
of mesa-type n-on-p configuration, as well as planar-type dif-
fusion formed pn junction using n-on-n epitaxial wafer were
also evaluated.[75] For the wavelength-extended versions of
InGaAs FPA, higher mesa of n-on-p configuration was harm-
ful to the passivation especially for FPAs of small pitch. On
this lattice-mismatched structures, defects especially punch-
ing through dislocations are difficult to avoid totally, which
may cause leakage tunnel by the enhanced diffusion for planar

processing and this can degrade the performance. In space ap-
plications, the radiation hardness of the devices is of concern.
The proton irradiation effects have been appraised on GSMBE
grown devices,[76] although space evaluation of radiation dam-
age of MOVPE grown devices has previously been reported by
Kleipool, et al.[77] With the growing of scale in both size and
pixel number, the homogeneity of the FPA becomes increas-
ingly important, and even dominates the system performance.
Therefore, the uniformity of SWIR InGaAs FPA has been an-
alyzed pertinently and validated experimentally on both mate-
rial and processing issues and their overall effects.[78,79]

Because of the explicit demands, studies of wavelength-
extended InGaAs FPAs were recently accelerated. For ex-
ample, Arslan et al. reported SSMBE grown 640×512 FPA
of 20 µm pitch in 2014,[80] with a cut-off wavelength about
2.65 µm at RT. Mushini et al. reported the MOVPE grown
320×256 FPA of 12.5 µm pitch in 2016.[81] The format has
reached 1280×1024 with 12-µm pitch reported by Ettenberg
et al.,[82] which is also an MOVPE grown InAsP/InGaAs sys-
tem. In the case of MOVPE grown structure with multi-
composition steps and large thickness of the buffer layer, the
misfit dislocation in the upper active layers could be restrained
sufficiently, and under this condition the planar-type device
with using diffusion to form pn junction resulted in moderate
performance, as reported by Huang et al.[83] Compared with
InP substrates, GaAs substrates are large in size and cheap in
price, which is attractive for mass production. However, the
lattice mismatch increases about 4% more for the InGaAs with
the same indium content, which can further depredate the per-
formance of the device. The work on InxGa1−xAs PDs and
FPAs of x > 0.53 on GaAs substrate are still done recently
by using MBE and MOVPE, including our work[84–87] and
those of other groups.[88,89] The main purpose is to gain the
knowledge of higher lattice mismatch. Comparing with the
InP-based devices, the performance of GaAs-based device is
still poor especially at lower operation temperatures, which
makes it only suitable for some low-end applications at RT.

4. Conclusion
The high-spectral-contrast 1 µm–3-µm SWIR band pos-

sesses conspicuous spectral sensing and imaging applications,
which accelerates the development of PDs and FPAs in this
band adopting different material systems, among which the
ternary InGaAs on InP substrate has become the most power-
ful competitor due to its advantageous characteristics and ma-
tured technology that is inherited from optical fiber communi-
cation. From the background and the brief review of the de-
velopment of both lattice-matched and wavelength-extended
InGaAs PDs and FPAs, it can be concluded that the lattice-
matched devices have become matured towards products, im-
mediately followed by wavelength-extended devices.
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[18] Rouvié A , Coussement J, Huet O, Truffer J P, Pozzi M, Oubensaid E H,
Hamard S, Chaffraix V and Costard E 2015 Proc. SPIE 9451 945105

[19] Li X, Tang H J, Huang S L, Shao X M, Li T, Huang Z C and Gong H
M 2014 Proc. SPIE 9220 92200B

[20] Rutz F, Kleinow P, Aidam R, Heussen H, Bronner W, Sieck A and
Walther M 2015 Proc. SPIE 9481 948107

[21] MacDougal M, Hood A, Geske J, Wang J, Patel F, Follman D, Manzo
J and Getty J 2011 Proc. SPIE 8012 801221

[22] Yuan P, Chang J, Boisvert J C and Karam N 2014 Proc. SPIE 9070
907007

[23] Fraenkel R, Berkowicz E, Bykov L, Dobromislin R, Elishkov R, Giladi
A, Grimberg I, Hirsh I, Ilan E, Jacobson C, Kogan I, Kondrashov P,
Nevo I, Pivnik I and Vasserman S 2016 Proc. SPIE 9819 981903

[24] Shao X M, Yang B, Huang S L, Wei Y, Li X, Zhu X L, Li T, Chen Y
and Gong H M 2017 Proc. SPIE 10404 104040D

[25] Anchlia A, Vinella R M, Gielen D, Wouters K, Vervenne V, Hooylaerts
P, Deroo P, Ruythooren W, De Gaspari D, Das J and Merken P 2016
Proc. SPIE 9819 981907

[26] Song K, Lei J F, Petersen A, Yuan H, Kim J, Kimchi J, Douence V, Starr
B, Sundareswaran V and Beletic J W 2018 Proc. SPIE 10656 106560K

[27] Tang H J, Li X, Wang Y J, Duan W B, Shao X M and Gong H M 2014
Proc. SPIE 8982 898229

[28] Itzler M A, Entwistle M, Owens M, Patel K, Jiang X D, Slomkowski
K, Rangwala S, Zalud P F, Senko T, Tower J and Ferraro J 2011 Proc.
SPIE 8033 80330G

[29] Baba T, Suzuki Y, Makino K, Fujita T, Hashi T, Adachi S, Nakamura S
and Yamamoto K 2018 Proc. SPIE 10540 105400L

[30] Islam M, Feng J Y, Berkovich A, Abshire P, Barrows G and Choa F S
2016 Proc. SPIE 9819 98190G

[31] Kim Y H, Lee B W, Ko S Y, Ha C S and Jung H 2018 Proc. SPIE 10624
106241T

[32] Deng H H, Shao H B, Yang B, Huang J, Wang Z L, Li X, Shao X M
and Gong H M 2017 Proc. SPIE 10462 1046232

[33] Huang X, Li Tao, Shao X M, Li X and Gong H M 2013 Proc. SPIE
8907 890751

[34] Shao X M, Zhu Y M, Li X, Tang H J, Li T and Gong H M 2014 Proc.
SPIE 9220 92200A

[35] Zhu X L, Zhang H Y, Li X, Huang Z C and Mei H 2017 Proc. SPIE
10404 104040E

[36] Mo D F, Liu D F, Yang L Y, Xu Q F and Li X 2013 Proc. SPIE 8907
89073T

[37] Joshi A M and Datta S 2018 Proc. SPIE 10641 106410K
[38] Zhang Y G and Gu Y 2011 Advances in Photodiodes, Chapter 17 (Ri-

jeka, Croatia: InTech) pp. 349–376
[39] Martinelli R U, Zamerowski T J and Longeway P A 1988 Appl. Phys.

Lett. 53 989
[40] Makita K, Torikai T, Ishihara H and Taguthi K 1988 Electron. Lett. 24

379
[41] Forte-Poisson M A, Brylinski C, Persio J, Hugon X, Vilotitch B and

Noble Le C 1992 J. Cryst. Growth 124 782
[42] Zhang Y G, Hao G Q, Gu Y, Zhu C, Li A Z and Liu T D 2005 Chin.

Phys. Lett. 22 250
[43] Zhang Y G, Gu Y, Zhu C, Hao G Q, Li A Z and Liu T D 2006 Infrared

Phys. & Technol. 47 257
[44] Zhang Y G, Gu Y, Tian Z B, Li A Z, Zhu X R and Zheng Y L 2008

Infrared Phys. & Technol. 51 316
[45] Li C, Zhang Y G, Wang K, Gu Y, Li Hsby and Li Y Y 2010 Infrared

Phys. & Technol. 53 173
[46] Zhang Y G, Gu Y, Tian Z B, Li A Z, Zhu X R and Wang K 2009 In-

frared Phys. & Technol. 52 52
[47] Zhang Y G, Gu Y, Wang K, Li A Z and Li C 2008 Semicon. Sci. Tech-

nol. 23 125029
[48] Gu Y, Zhang Y G, Wang K, Li A Z and Li Y Y 2013 J. Cryst. Growth

378 65
[49] Xi S P, Gu Y, Zhang Y G, Chen X Y, Zhou L, Li A Z and Li Hsby 2015

J. Cryst. Growth 425 337
[50] Fang X, Gu Y, Zhang Y G, Zhou Li, Wang K, Li Hsby, Liu K H and

Cao Y Y 2013 J. Infrared Millim. Waves 32 481
[51] Du B, Gu Y, Zhang Y G, Chen X Y, Xi S P, Ma Y J, Ji W Y, Shi Y H,

Li X and Gong H M 2016 J. Cryst. Growth 440 1
[52] Gu Y, Zhang Y G, Wang K, Fang X and Liu K H 2012 Jpn. J. Appl.

Phys. 51 080205
[53] Ma Y J, Zhang Y G, Chen X Y, Gu Y, Shi Y H, Ji W Y and Du B 2018

J. Phys. D: Appl. Phys. 51 145106
[54] Gu Y, Zhou L, Zhang Y G, Chen X Y, Ma Y J, Xi S P and Li Hsby

2015 Appl. Phys. Express 8 022202
[55] Du B, Gu Y, Chen X Y, Ma Y J, Shi Y H, Zhang J and Zhang Y G 2018

Jpn. J. Appl. Phys. 57 060302
[56] Shi Y H, Zhang Y G, Ma Y J, Gu Y, Chen X Y, Gong Q, Du B and

Zhang J, Zhu Y 2018 Infrared Phys. & Technol. 89 72
[57] Chen X Y, Gu Y, Zhang Y G, Ma Y J, Du B, Shi Y H, Zhang J and Zhu

Y 2018 Infrared Phys. & Technol. 89 381
[58] Zhou L, Zhang Y G, Gu Y, Chen X Y, Cao Y Y and Li Hsby 2013 J.

Alloys Compd. 576 336
[59] Ma Y J, Gu Y, Zhang Y G, Chen X Y, Xi S P, Boldizsar Z, Huang L

and Zhou L 2015 J. Mater. Chem. C 3 2872
[60] Zhang Y G, Liu K H, Gu Y, Zhou L, Li HSby, Chen X Y, Cao Y Y and

Xi S P 2014 Semicond. Sci. Technol. 29 035018
[61] Zhang Y G, Gu Y, Chen X Y, Ma Y J, Li X, Shao X M, Gong H M and

Fang J X 2017 Infrared Phys. & Technol. 83 45
[62] Zhang Y G, Gu Y, Chen X Y, Ma Y J, Li X, Shao X M, Gong H M and

Fang J X 2018 Appl. Opt. 57 D141
[63] Tennant W E, Lee D, Zandian M, Piquette E and Carmody M 2008 J.

Electron. Mater. 37 1406
[64] Zhang K F, Tang H J, Wu X L, Li X, Zhang Y G and Gong H M 2007

Proc. SPIE 6835 683506
[65] Shi M, Li T, Shao X M, Li X, Gong H M 2013 Proc. SPIE 8907 890755
[66] Li X, Li T, Yu C L, Tang H J, Deng S Y, Shao X M, Zhang Y G and

Gong H M 2017 Proc. SPIE 10404 104040C
[67] Li T, Zhang K F, Li Y F, Tang H J, Li X and Gong H M 2009 Proc.

SPIE 7383 73833Z
[68] Zhu Y M, Deng H H, Wei P, Li X and Gong H M 2011 Proc. SPIE

8193 81933D
[69] Li X, Tang H J, Li T, Wei P, Gong H M and Fang J X 2013 Proc. SPIE

8907 890703
[70] Yan H Z, Tang H J, Deng S Y, Chen G, Shao X M, Li T, Li X and Gong

H M 2015 Proc. SPIE 9522 95221X
[71] Deng S Y, Li P, Li T, Li X, Shao X M, Tang H J and Gong H M 2015

Proc. SPIE 9674 967420

128102-6

https://doi.org/10.1117/12.417762
https://doi.org/10.1016/j.infrared.2009.08.005
https://doi.org/10.1117/12.425452
https://doi.org/10.1117/12.425452
https://doi.org/10.1007/s11664-006-0206-x
https://doi.org/10.1016/0022-0248(95)80163-4
https://doi.org/10.1109/TED.2009.2036303
https://doi.org/10.1109/TED.2009.2036303
https://doi.org/10.1016/j.infrared.2017.03.008
https://doi.org/10.1016/j.infrared.2017.01.005
https://doi.org/10.1063/1.323399
https://doi.org/10.1007/BF02656025
https://doi.org/10.1117/12.720522
https://doi.org/10.1117/12.755599
https://doi.org/10.1117/12.755599
https://doi.org/10.1117/12.820377
https://doi.org/10.1117/12.820377
https://doi.org/10.1117/12.921134
https://doi.org/10.1117/12.921134
https://doi.org/10.1117/12.2015355
https://doi.org/10.1117/12.2015355
https://doi.org/10.1117/12.2179986
https://doi.org/10.1117/12.2060304
https://doi.org/10.1117/12.2177802
https://doi.org/10.1117/12.887447
https://doi.org/10.1117/12.2053999
https://doi.org/10.1117/12.2053999
https://doi.org/10.1117/12.2222762
https://doi.org/10.1117/12.2273551
https://doi.org/10.1117/12.2223696
https://doi.org/10.1117/12.2223696
https://doi.org/10.1117/12.2305374
https://doi.org/10.1117/12.2042837
https://doi.org/10.1117/12.2042837
https://doi.org/10.1117/12.884693
https://doi.org/10.1117/12.884693
https://doi.org/10.1117/12.2289270
https://doi.org/10.1117/12.2224297
https://doi.org/10.1117/12.2309319
https://doi.org/10.1117/12.2309319
https://doi.org/10.1117/12.2285012
https://doi.org/10.1117/12.2034898
https://doi.org/10.1117/12.2034898
https://doi.org/10.1117/12.2059173
https://doi.org/10.1117/12.2059173
https://doi.org/10.1117/12.2273591
https://doi.org/10.1117/12.2273591
https://doi.org/10.1117/12.2034203
https://doi.org/10.1117/12.2034203
https://doi.org/10.1117/12.2304973
https://doi.org/10.5772/588
https://doi.org/10.5772/588
https://doi.org/10.1063/1.100050
https://doi.org/10.1063/1.100050
https://doi.org/10.1049/el:19880256
https://doi.org/10.1049/el:19880256
https://doi.org/10.1016/0022-0248(92)90552-T
https://doi.org/10.1088/0256-307X/22/1/072
https://doi.org/10.1088/0256-307X/22/1/072
https://doi.org/10.1016/j.infrared.2005.02.031
https://doi.org/10.1016/j.infrared.2005.02.031
https://doi.org/10.1016/j.infrared.2007.09.003
https://doi.org/10.1016/j.infrared.2007.09.003
https://doi.org/10.1016/j.infrared.2009.11.002
https://doi.org/10.1016/j.infrared.2009.11.002
https://doi.org/10.1016/j.infrared.2008.12.001
https://doi.org/10.1016/j.infrared.2008.12.001
https://doi.org/10.1088/0268-1242/23/12/125029
https://doi.org/10.1088/0268-1242/23/12/125029
https://doi.org/10.1016/j.jcrysgro.2012.12.049
https://doi.org/10.1016/j.jcrysgro.2012.12.049
https://doi.org/10.1016/j.jcrysgro.2015.03.040
https://doi.org/10.1016/j.jcrysgro.2015.03.040
https://doi.org/10.3724/SP.J.1010.2013.00481
https://doi.org/10.1016/j.jcrysgro.2016.01.016
https://doi.org/10.7567/JJAP.51.080205
https://doi.org/10.7567/JJAP.51.080205
https://doi.org/10.1088/1361-6463/aab310
https://doi.org/10.1088/1361-6463/aab310
https://doi.org/10.7567/APEX.8.022202
https://doi.org/10.7567/JJAP.57.060302
https://doi.org/10.7567/JJAP.57.060302
https://doi.org/10.1016/j.infrared.2017.12.014
https://doi.org/10.1016/j.infrared.2018.01.029
https://doi.org/10.1016/j.jallcom.2013.05.224
https://doi.org/10.1016/j.jallcom.2013.05.224
https://doi.org/10.1039/C4TC02709D
https://doi.org/10.1088/0268-1242/29/3/035018
https://doi.org/10.1016/j.infrared.2017.04.007
https://doi.org/10.1364/AO.57.00D141
https://doi.org/10.1007/s11664-008-0426-3
https://doi.org/10.1007/s11664-008-0426-3
https://doi.org/10.1117/12.755774
https://doi.org/10.1117/12.755774
https://doi.org/10.1117/12.2034923
https://doi.org/10.1117/12.2273550
https://doi.org/10.1117/12.835983
https://doi.org/10.1117/12.835983
https://doi.org/10.1117/12.900760
https://doi.org/10.1117/12.900760
https://doi.org/10.1117/12.2034986
https://doi.org/10.1117/12.2034986
https://doi.org/10.1117/12.2180244
https://doi.org/10.1117/12.2199826
https://doi.org/10.1117/12.2199826


Chin. Phys. B Vol. 27, No. 12 (2018) 128102

[72] Shi M, Shao X M, Tang H J, Li T, Wang Y J, Li X and Gong H M 2014
Infrared Phys. & Technol. 67 197

[73] Li P, Li T, Deng S Y, Li X, Shao X M, Tang H J and Gong H M 2015
Infrared Phys. & Technol. 71 140

[74] Yang J, Shi M, Shao X M, Li T, Li X, Tang N Y, Gong H M, Liu R,
Tang H J and Qiu Z J 2015 Infrared Phys. & Technol. 71 272

[75] Gong H M, Li X, Li T, Tang H J, Shi M, Shao X M and Zhang Y G
2014 Proc. SPIE 9070 90700C

[76] Huang X, Li X, Shi M, Tang H J, Li T, Shao X M and Gong H M 2015
Infrared Phys. & Technol. 71 514

[77] Kleipool Q L, Jongma R T, Gloudemans A M S, Schrijver H, Licht-
enberg G F, Hees R M, Maurellis A N and Hoogeveen R W M 2007
Infrared Phys. & Technol. 50 30

[78] Gu Y, Zhang Y G, Li C, Wang K, Li Hsby, Li X and Fang J X 2011
Infrared Phys. & Technol. 54 497

[79] Li C, Zhang Y G, Gu Y, Wang K, Li Hsby, Li X and Fang J X 2013
Infrared Phys. & Technol. 58 69

[80] Arslan Y, Oguz F and Besikci C 2014 IEEE J. Quantum Electron. 50
957

[81] Mushini P, Huang W, Morales M, Brubaker R, Nguyen T U , Dobies
M, Zhang W, Gustus W, Mathews G, Endicter S and Paik N 2016 Proc.
SPIE 9819 98190D

[82] Ettenberg M H, Nguyen H, Martin C R and Lange M 2018 Proc. SPIE
10624 1062404

[83] Huang C C, Ho C L and Wu M C 2015 IEEE Electron Dev. Lett. 36
820

[84] Chen X Y, Zhang Y G, Gu Y, Zhou L, Cao Y Y, Fang X and Li Hsby
2014 J. Cryst. Growth 393 75

[85] Zhou L, Zhang Y G, Chen X Y, Gu Y, Li Hsby, Cao Y Y and Xi S P
2014 J. Phys. D: Appl. Phys. 47 085107

[86] Chen X Y, Gu Y, Zhang Y G, Xi S P, Guo Z X, Zhou L, Li A Z and Li
Hsby 2015 J. Cryst. Growth 425 346

[87] Chen X Y, Gu Y, Zhang Y G, Ma Y J, Du B, Zhang J, Ji W Y, Shi Y H
and Zhu Y 2018 J. Cryst. Growth 488 51

[88] Habchi M M, Tounsi N, Bedoui Zaied M I, Rebey A and Jani B E 2014
Physica E 56 74

[89] Jurczak P, Sablon K A, Gutiérrez M, Liu H Y and Wu J 2017 Infrared
Phys. & Technol. 81 320

128102-7

https://doi.org/10.1016/j.infrared.2014.06.003
https://doi.org/10.1016/j.infrared.2014.06.003
https://doi.org/10.1016/j.infrared.2015.03.005
https://doi.org/10.1016/j.infrared.2015.03.005
https://doi.org/10.1016/j.infrared.2015.04.003
https://doi.org/10.1117/12.2048583
https://doi.org/10.1016/j.infrared.2015.06.016
https://doi.org/10.1016/j.infrared.2015.06.016
https://doi.org/10.1016/j.infrared.2006.08.001
https://doi.org/10.1016/j.infrared.2006.08.001
https://doi.org/10.1016/j.infrared.2011.07.005
https://doi.org/10.1016/j.infrared.2011.07.005
https://doi.org/10.1016/j.infrared.2013.01.010
https://doi.org/10.1016/j.infrared.2013.01.010
https://doi.org/10.1109/JQE.2014.2363938
https://doi.org/10.1109/JQE.2014.2363938
https://doi.org/10.1117/12.2225109
https://doi.org/10.1117/12.2225109
https://doi.org/10.1109/LED.2015.2445471
https://doi.org/10.1109/LED.2015.2445471
https://doi.org/10.1016/j.jcrysgro.2013.11.083
https://doi.org/10.1088/0022-3727/47/8/085107
https://doi.org/10.1016/j.jcrysgro.2015.02.102
https://doi.org/10.1016/j.jcrysgro.2018.02.016
https://doi.org/10.1016/j.physe.2013.08.017
https://doi.org/10.1016/j.physe.2013.08.017
https://doi.org/10.1016/j.infrared.2017.02.001
https://doi.org/10.1016/j.infrared.2017.02.001

	1. Introduction
	2. Lattice-matched InGaAs PDs and FPAs
	3. Wavelength-extended InGaAs PDs and FPAs
	4. Conclusion
	References

