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TOPICAL REVIEW — Photodetector: materials, physics, and applications

Development of long-wavelength infrared detector and its
space-based application requirements”

Junku Liu(X % )", Lin Xiao(F#K), Yang Liu(XIFH), Longfei Cao(# /&), and Zhengkun Shen(H! 1F- )

Nanophotonics and Optoelectronics Research Center, Qian Xuesen Laboratory of Space Technology,
China Academy of Space Technology, Beijing 100094, China
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Infrared detection technology has greatly expanded the ability of mankind to study the earth and the universe. In recent
years, the demand for long-wavelength infrared detectors is increasing for their advantages in exploring the earth and the
universe. A variety of long-wavelength infrared detectors have been made based on thermal resistive effect, photoelectric
effect, efc., in the past few decades. Remarkable achievements have been made in infrared materials, device fabrication,
readout circuit, and device package. However, high performance long-wavelength infrared detectors, especially those for
large format long-wavelength infrared detector focus plane array, are still unsatisfactory. Low noise, high detectivity, and
large format long-wavelength infrared detector is necessary to satisfy space-based application requirements.

Keywords: long-wavelength infrared detector, thermal detector, photon detector, space-based application
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1. Introduction

According to Planck’s law of blackbody radiation, all ob-
jects with a temperature above absolute zero emit electromag-
netic radiation. The spectral radiance, L(A,T), can be ex-
pressed as

21he? 1
A2 ex £ —1
P\ kT

where £ is the Planck’s constant, c is the speed of light, A is the

L(A,T) = W/(cm?-sr-um), (1)

wavelength, k is the Boltzmann constant, and T is the temper-
ature of the object. The peak wavelength Aeqi of blackbody
radiation is calculated with Wein’s displacement law, which is

ApeakT = 2.8977721 x 107 K -m, )

where T is the temperature of object. Several typical tempera-
tures are as follows: the temperature on the surface of the Sun
is about 5778 K, the exhaust temperature of aero engine is
about 1000 K, the temperature of human body is about 310 K,
and background temperature of the universe is about 2.7 K.
Table 1 lists the radiation peak wavelength of these objects.

Table 1. Peak wavelength of blackbody radiation of object with differ-
ent temperatures.

Object Temperature/K Peak wavelength/pum
Sun surface 5778 0.502
Human body 310 9.35
Exhaust temperature of aero engine 1000 2.898
Background temperature of universe 2.7 1073

DOI: 10.1088/1674-1056/28/2/028504

Blackbody radiation power from an object can be calcu-
lated by Stefan—Boltzmann equation

P=AecT* (W-m2), 3)

where A is the surface area of the object, € is the emissiv-
ity, o is the constant of Stefan-Boltzmann and is equal to
5.670373 x 1078 W-m~2-K~*, T is the temperature of the ob-
ject. For human body, if A=1.2m?, € =1, T = 310K, and the
surrounding temperature 7 is 293 K, the net radiation power
is Pyt = A0 (T* = T}) = 126.6 W.

Infrared wavelength is defined as the spectral range that
starts from the edge of the visible red light (~ 0.78 pum) to
1000 pum.!"1 According to Planck’s law of blackbody radi-
ation, objects in the temperature range from about 3 K to
3800 K all show radiation peak wavelength in the infrared
range, covering most of the objects in the universe. There-
fore, infrared detection provides great convenience for space
exploration. Whether it is on the earth or in the space, infrared
detection technology has shown vast potential for a wide range
of applications, including infrared communication, infrared
imaging, infrared remote sensing, infrared detection, and in-
frared exploration.

Infrared wavelength is often subdivided into three bands:
near infrared (NIR) (0.78 wm-3 pm); mid-infrared (MIR)
(3 um-50 pm), and far-infrared (FIR) (50 um-1000 pm). Ac-
cording to the transmission characteristics of the atmosphere,
NIR and MIR are further subdivided into short-wavelength
infrared (SWIR), medium-wavelength infrared (MWIR), and
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long-wavelength infrared (LWIR) with the wavelength range
of I um-2.5 um, 3 pm—5 pm, and 8 wm—-14 pm, respectively.
The research about infrared detection technology is focused
on these transmission bands.

Infrared detector is the core component of infrared detec-
tion technology. The research about infrared detector was rare
before the 1940s. After World War II, increasing attention has
been paid to infrared detector due to the application demands
in war. Infrared detection technology has unique advantages;
for example, it still works at night compared with visible de-
tector and is a passive detection technology compared with
microwave detection technology.?! After more than 70 years
of development, remarkable achievements have been made in
the development of infrared detectors. Nowadays, infrared
detectors made from different materials have realized detec-
tion of wavelength range from 0.75 yum to 1000 pum. Figure 1
shows the infrared detectors working at different wavelengths.
For the detectors at NIR, SWIR, and MWIR, the detectivity
has reached background limited performance!!! and the device
scale extends from single element to million pixel focus plane
array (FPA).3] Table 2 summarizes the FPA status at different
infrared wavelengths. The potential materials for LWIR de-
tector are HgCdTe, ) InAs/GaSb type-II superlattice (SL),!>-0]
GaAs/AlGaAs quantum well (QW) and quantum dot (QD),"
arsenic-doped silicon blocked impurity band (Si:As BIB),8!

[0l A¢ present,

VO, and a-Si bolometer, Ol and superconductor.
most of LWIR detectors work in single element or small FPA
mode, still below the expectations of low noise, high detectiv-

ity, and large format LWIR detector.
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Fig. 1. Potential materials working at different infrared wavelengths.

In recent years, there has been an increasing demand for
long-wavelength infrared detector, which has potential appli-
cation in night vision, remote sensing, astrophysics research,
and space exploration.['®191 In the field of exploring and find-
ing earth-like planet, LWIR detectors have their unique advan-
tages compared with detectors in other bands. In this review,
we present the infrared detector technology and the develop-
ment of LWIR detector. After that, the space-based application

requirements for LWIR detector and the prospects of perspec-
tive LWIR detector technology are discussed.

Table 2. The FPA status at different infrared wavelengths.

Material Wavelength/pm Array size
Si CCD <11 10560 x 105601
InGaAs <25 1280 x 102411
InSb <6.0 2048 x 204813
HgCdTe <55 4096 x 4096121
Si Schottky barriers <15 1968 x1968*
Si:As <28 1024 x 1024031
GaAs/AlGaAs QW <12.5 1024 x 10241131
InAs/GaSb type 1T SL <11 1024 x 1024141
VO, <14 2048 x 1536113

4Made by Fairchild company in 1998.

2. LWIR detector technology
2.1. LWIR detector technology

Infrared detector consists of infrared sensitive material
and readout circuit.!!! Readout circuit performs the function of
collection, filter, amplifying, and processing signals from the
sensitive material. Almost all readout circuits are made based
on the silicon material for its high performance and advanced
fabrication technology, which is becoming more and more im-
portant for realizing high performance infrared detector. This
is particularly true for LWIR detector, which has posed great
challenges for noise, dark current, and well depth of readout

(17201 Therefore, designing and optimizing readout cir-

circuit.
cuit is also an important aspect in LWIR detector research.
LWIR-sensitive material absorbs radiation and converts it
into observable physical quantities. In theory, all physical phe-
nomena related to infrared can be used as the basis of explor-
ing infrared detectors.”?!) Up to now, most of the developed
LWIR detectors can be divided into two types: thermal detec-
tor and photon detector. In recent years, in order to realize high
detectivity and extremely low noise LWIR detector, supercon-
ductor detector and other detectors based on low-dimensional

materials and novel detector architecture have been explored.

2.2. Thermal detector

When infrared radiation is absorbed by the sensitive ma-
terial and induces a change in the temperature, the physi-
cal quantities depending on the temperature, such as resis-
tance, volume, polarization, efc., are measured. This is the
mechanism of the thermal detector. Thermal detector has no
wavelength selection and theoretically responds to all infrared
wavelengths. Thermal detector can work at room temperature
and is the most important uncooled LWIR detector.

Figure 2 shows a typical thermal detector model.[!! Cy, is
the heat capacity of detector and Gy, is the thermal conduc-
tance between detector and supporting substrate. The support-
ing substrate is also the heat sink with a constant temperature
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T. When the infrared radiation is absorbed by the detector, its
temperature rises. In a steady state, the amount of tempera-
ture rise AT can be calculated by solving thermal equilibrium
equation

dAT
CthT + GuAT = enP, “4)

where € is the emissivity, 1 is the quantum efficiency, and P is
the incident radiation power.

Link, G
Absorber ' th |

\ el‘mOmeter
Signal

radiation

Supporting substrate

Fig. 2. Illustration of a typical thermal detector model.

Assume that the incident radiation power is a periodic
function, P = Pye'® . The temperature rise AT is given as

81‘]Poeiwt

AT = AT, e*(Gth/Cth)t 4
0 Gth + l(l)cth

4)
The first term is the transient part and decreases to zero with
time. Thus, the change of the temperature is

enky

AT = —5———~.
(GG + 0°Cq)

(6)
Since the temperature rise is inversely proportional to Cy, and
Gy, utilizing small Cy, and Gy, can lead to large temperature
rise AT and high sensitivity. However, considering the fact
that the detector response time 7 is determined by the ratio of
Cin /G, it is necessary to make the heat capacity Cy, as small
as possible to avoid excessively slow response time. There-
fore, a small detector mass and fine connecting wires to the
heat sink are desirable.

For thermal detector, the fundamental limit on the perfor-
mance comes from the thermal fluctuations in the thermal link
between the heat sink and the detector. The fluctuation in the

power is!!]

Phuct = (4KT%G) /2. 7

The value of Py gives the minimum detectable power for
an ideal thermal detector. Thus, the noise equivalent power
(NEP) can be expresses as

NEP = Pyyo /€1 = (4kT?Gy)'/? /€m, (8)

where k is the Boltzmann’s constant, and 7 is the temperature
of the heat sink. NEP will reach the smallest detectable power
when Gy, is at its minimum value which is equal to radiative
component of the thermal conductance. For the thermal de-
tector having a receiving area A and emissivity &, the radiative
component of the thermal conductance is

G = — (AeoT*) = 4AeoT’. 9)

dr
Thus the limited NEP)jmiteq 1S
NEPjimica = (4kT2Gy)"/? Jen = (16AeckT>)'/? Jen. (10)

For a device with pixel size of 50 um and A = 250 pum?,
and the device is at room temperature and 7 = 290 K, if all the
incident radiation is absorbed by the detector, e =1, n =1,
and then

NEPjimited = 2.5 X 10712 W,

Other noise sources in this calculation are ignored and the
NEP value in practice is larger than that of NEPjy;teq.

One of the most important thermal detectors is bolometer,
which is a temperature-sensitive electrical resistor.[°! Its oper-
ation is based on its temperature rise caused by absorption of
incident radiant energy. The change in temperature causes a
change in electrical resistance, which will be measured by an
external electrical circuit. When the radiation is removed, the
temperature of the bolometer returns to its initial value, which
is determined by the ambient surroundings in which it is im-
mersed. If the resistance increases with the temperature, as
found with metals, the bolometer is said to have a positive
temperature coefficient of resistance (TCR); if it decreases as
the temperature rises, as found in semiconductors under most
operating conditions, it is said to have a negative TCR.

Silicon Nitride and
Vanadium Oxide

Y-metal

Monolithic
Bipolar
Transistor

X-metal

Fig. 3. Microbolometer pixel structure. [*)

Modern microbolometer arrays employ a pixel struc-
ture originally developed by Honeywell, Inc. (as shown in
Fig. 3).[ Tt is termed a monolithic structure and is prepared by
silicon micromachining. The detector part, composed of sili-
con nitride (Si3Ny4) and sensitive material, is suspended onto
silicon readout circuit to decrease the thermal conductance Gy,
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between detector and substrate and the thermal capacity Cy, of
detector area. Today, the most common bolometer temper-
ature sensitive materials are semiconducting vanadium oxide
(VO,) and amorphous silicon (a-Si), both of which have high
temperature TCR and are compatible with silicon fabrication
process. Microbolometers based on VO, and a-Si are the most
important low-cost LWIR detectors.

Figure 4 shows a typical microbolometer FPA chip and
pixel structure. The core technologies for implementing the
chip include

(I) high TCR temperature-sensitive material preparation;

(IT) high reliable microbridge fabrication;

(IIT) High performance readout integrated circuit design
and fabrication;

(IV) High reliable vacuum packaging.

The first practical microbolometer device was released
by Honeywell, Inc. in the 1970s, supported by the Defense
Advanced Research Projects Agency (DARPA). The device is
based on VO, and realizes 320 x 240 array size with noise
equivalent differential temperature (NEDT) of 50 mK.[°! It
satisfies a lot of military and civilian needs at the LWIR wave-
length. Later, many countries such as France, Germany, Japan,
and others started to explore bolometer-related technology. In
the 1990s, there was a successive appearance of micro-bridge
bolometer based on a-Si presented by France ULIS, and the
p—n junction bolometer by Mitsubishi of Japan.!!]

At present, the main foreign research and production
companies of microbolometer detector are: ULIS in France,
FLIR, DRS, L3, BAE, and Raytheon in America, and NEC in
Japan. Table 3 lists their typical FPA devices.

() ) / ﬂ)

Anti-reflection and
sealing layers
Etch channels
Cavity
Microbolometer device
IRCMOS

~

(€)  Incident radiation

-~ \ L readout circuit

N

Fig. 4. (a) Microbolometer FPA chip; (b) and (c) pixel structure.

Table 3. Microbolometer FPA products from foreign companies.

Company FPA size Material Pixel size/um NEDT/mK Response time/ms

FLIR 640 x 480 VO, 25 <40 8
320 x 240 17 <30 12

1024 x 768 17 <50 <12

640 x 480 17 <50 <12

ULIS 384 x 288 a-Si 17 < 60 <10
160 x 120 - < 60 -
80 x 80 34 < 100 -

1280 x 1024 10 50 <15
DRS 1024 x 768 VO, 17 40 14
640 x 480 17 50 14
320 x 240 17 40 14
L3 640 x 480 S 17 - -
320 x 240 17 - -
BAE 640 x 480 VO, 12 50 —

2048 x 1536 17
Raytheon 1024 x 768 VO, 17 - -
640 x 480 17 — _
NEC 640 x 480 VO, 23.5 75 16
320 x 240 235 75 16
From the lists of FPA in Table 3, it can be seen that the needs.[>! American companies are the main research insti-

FPA size of microbolometer is mainly 640 x 480 or 320 x 240,
indicating that these two specifications have been able to
meet the civilian applications. Only companies with military
background, such as Raytheon and DRS, continue to pursue

large-scale and rapid response FPA to meet specific military

02

tutes in this field. This is mainly due to their advanced semi-
conductor technology and accumulation of technology in in-
frared detector research.

Before 2005, microbolometer detectors in china were

mainly imported from foreign companies. However, due to
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the potential in military applications, the United States began
to impose a strict embargo on China in such imports. In civil-
ian applications, US manufacturers only sell the whole thermal
imager, or the core assembly with limited capabilities in the
resolution and frame frequency. In recent years, with the de-
velopment of micro-electromechanical systems (MEMS) and
application specific integrated circuit (ASIC) technology in
China universities, including Tsinghua University, Huazhong
University of Science and Technology, University of Elec-

tronic Science and Technology, and Tianjin University, have
gradually begun to study microbolometer infrared detector.
Starting from 2006, commercial companies, including Dali
Technology, North Guangwei Technology, IRay technology,
Guide infrared technology, and other large-scale thermal im-
ager manufacturers, have also begun to develop microbolome-
ter infrared detectors. Table 4 lists their released FPA devices.
The released product data show that their performance has
reached the same level of their overseas counterparts.

Table 4. Microbolometer FPA products from Chinese companies.

Company FPA size Material Pixel size NEDT Response time

640x480 17 <60 5

Dali 384x288 a-Si 17 <60 5
160x120 25 <60 5

640x480 20 50 15

North Guangwei 384 %288 VO, 20 40 15
160x 120 38 80 4

1024 x 768 14 40 8

IRay 640x512 VO, 17 30 10

384 x 288 20 60 10

Guide Infrared 8005600 VO, 17 40 15
400300 17 40 15

Thermal detectors have the advantages of being cost-
effective, with no need to be cooled, and highly compatible
with silicon fabrication process; however, its detectivity is
lower than 10° cm-Hz!/2/W and the response time is longer
than a millisecond. It is mainly suitable for detection of low
speed objects at short range, and one possible application for
thermal detector is being used as a payload on the lander to

explore asteroids in space exploration.

2.3. Photon detector

In photon detector, the infrared radiation is absorbed
within the material by interaction with electrons either bound
to lattice atoms or to impurity atoms, or with free electrons,
which produces excited electrons of high energy. The ob-
served electrical output signal results from the changed elec-
tronic energy distribution. The fundamental optical excitation
processes in semiconductors are illustrated in Fig. 5.1

hv conduction

hv>FE,
: P XA band
hv>E, Y ST 5N T
&, B
valence
band

Fig. 5. Fundamental optical excitation processes in semiconductors.

For a photon detector, the spectral current responsivity R;
is defined as!!]

Iy An

Ri:;*%qga (11
where A is the incident wavelength, 1 is the quantum effi-
ciency, h is the Planck’s constant, c is the speed of light, ¢ is
the electron charge, g the device gain, and P is the incident
infrared power. I is the photoinduced current and can be ex-
pressed as Iy = gnPg, in which @ is the photon number and
can be expressed as P = ®hA /c.

The responsivity depends on the device area and the inte-
gral time. Specific detectivity D*, normalized per square root
of the device’s area and frequency bandwidth, is introduced as
a figure of merit and is defined as!!!

p =% /any,

I 12)

where A is the area of the photosensitive region of the detector,
Af is the frequency bandwidth, and I, is noise current. The
noise sources include thermal noise, shot noise, generation-
recombination noise, background noise, etc.??! For photon
detectors working in different modes, such as photoconductor
and photovoltaic mode, and for different conditions, there are
different noise levels. Therefore, the specific detectivity D*
depends on the nature of the device and its working condition.

Compared with thermal detector, the photon detector
exhibits a selective wavelength dependence of response.
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Its cut-off wavelength at infrared end is determined by
A=1.24/E, (eV) um, where E, is the bandgap or sub-bandgap
in semiconductor. Photon detector exhibits good signal-to-
noise performance and fast response. However, in order to
achieve this, the photon detector requires cryogenic cooling, a
necessary process to prevent the thermal generation of charge
carriers, which may compete with the optical ones, increasing
the noise level of the devices. Depending on the nature of the
interaction, the class of photon detectors is further sub-divided
into different types, of which intrinsic detector, extrinsic de-
tector, photo-emissive (Schottky barriers), quantum well, and
quantum dot are the most important ones. ]

2.3.1. Intrinsic detector

When infrared radiation is absorbed by semiconductor,
it excites electrons from the valance band to the conduc-
tion band, and the material that demonstrates this property is
called intrinsic detector. At present, intrinsic infrared detector
working at LWIR band includes Hgl,xCdee,[“'B] PbSnTe,
InAsSb, and InAs/GaSb SL. PbSnTe has little application due
to its high dielectric constant and high thermal coefficient of
expansion, which results in the long response time and mis-
match with silicon technology. The other three materials are
introduced in the following part.

(i) Hg;_,Cd,Te infrared detector

Hg;_,Cd,Te alloy is a variable direct band gap semi-
conductor, which is developed by Lawson et al. in 1959.[23
Its energy gap extends from zero to 1.5 eV by varying the
component of Hg and Cd (see Fig. 6). This provides an un-
precedented degree of freedom in infrared detector design. At
present, Hg;_,Cd, Te is the most widely used LWIR photode-
tector.

In order to realize high performance photon detector
based on Hg;_,Cd,Te alloys, high quality single crystal
Hg;_,Cd,Te alloys are needed. It is difficult to prepare high
quality single crystal Hg;_,Cd,Te because a relatively high
Hg pressure is present during growth, which makes it difficult
to control the stoichiometry and composition of the material

(a) AN emana sEEEEEm (b)
 decodersforhorizontal startand stop address
fast (horizontal) shiftregister + logic

| clmueolsieod
N

4 rows and columns containing reference pixels

Additional rows of reference pixels
for diagnostic purposes.

2048 x 2048 pixel amay
(2040 x 2040 sensitive pixels)

| sl
Slow (vertical) stit register + bogic
]
5
|
|
|
|
“\

grown. Early experiments and a significant fraction of early
production were done using a quench-anneal or solid-state
recrystallization process.[*! In the 1980s, liquid phase epi-
taxy (LPE) Hg;_,Cd,Te on CdTe substrate was realized, >4
which opened the door to fabricate Hg_,Cd, Te FPA device.
The growth of Hg;_,Cd,Te on CdZnTe substrate by LPE has
become the most mature method to prepare single crystal
Hg;_,Cd,. But its size is still limited by the existing CdZnTe
substrate.

Lattice constant at 300 K/A

6.461 6.465 6.700 6.750 6.481
20 T T T 20

— — (2, T=T77 K) 18 g

> -==A(z,T= 300 K) <
L 15 cwar, — B2, T=TTK) 1 S
g --= E (x,T=300 K w &
& <
& e
2 &
@ 5
2 E
) @
% B
= &®
M ?
&

=

O

CdTe mole fraction in Hg;_,Cd,Te
Fig. 6. The band gap and the corresponding cut-off wavelength of
Hg;_,Cd,Te.[4

Since then, various vapor phase epitaxy (VPE) growth
methods, including metal-organic chemical vapor deposition
(MOCVD), molecular beam epitaxy (MBE), and their deriva-
tives, have been used to prepare single crystal Hg;_,Cd,Te.
The VPE growth of Hg_,Cd,Te is typically conducted by
nonequilibrium methods, which can dynamically modify the
growth conditions during the growth to tailor band gaps, add
or remove dopants, prepare surfaces and interfaces, add pas-
sivation, perform anneals, and even allow the growth on se-
lected areas of a substrate. The growth control is exercised
with great precision to obtain basic material properties com-
parable to those routinely obtained from equilibrium growth.

At present, it has been realized to grow epitaxy Hg;_,Cd,Te
on Si,1291 Ge,[20] and GaAs?”! substrate, which makes it pos-
sible to realize large formant FPA.

Fig. 7. (a) Block diagram and (b) photograph of 2048 x 2048 pixel Hg; _Cd, Te FPA.[1?!
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Now, the array size as large as 2048 x 2048 has been real-
ized by Teledyne technology and Raytheon company in MIR
(< 5 um).!'"”! Figure 7 shows the block diagram and photo-
graph of Hg;_Cd, Te FPA made by Teledyne.!'?! Considering
that it is difficult for the detector to work at long-wavelength,
most released LWIR detectors are single element. This is be-
cause of the non-uniformity of Hg;_,Cd,Te, which causes se-
vere changes in the cutoff wavelength. Thus, it is desirable to
explore new photodetector material to replace Hg_,Cd,Te in
the long-wavelength range.

(ii) InAs;_,Sb, infrared detector

InAs;_,Sb, is also a variable direct band gap semicon-
ductor by means of varying the component of As and Sb (see
Fig. 8).128] Its minimum bandgap can be as low as 0.1 eV when
x=0.65. Compared with Hg;_,Cd, Te, InAs;_,Sby has strong
covalent bond and exhibits important advantages: better stabil-
ity, higher electron and hole mobilities, and high-quality and
low-cost substrates, making it possible to realize room temper-
ature LWIR detector.
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Fig. 8. The band gap and lattice constant of InAs;_,Sb, alloy. 8]

In theory, InAs;_,Sbyhas comparable performance to
Hg;_,Cd, Te.[*! But InAs;_,Sb, film prepared by MBE!*’]
and melt epitaxy!®>!! shows short minority lifetime for the
Shockley—Read—Hall recombination under the present condi-
tions. The device performance is worse than Hg;_,Cd, Te at
low temperature and comparable to the thermal detector at
room temperature, 3233 whereas its response time is better
than the thermal detector. In this regard, more work is needed
to improve the material quality in the future.

(iii) InAs/GaSb-type-II superlattice

Figure 9 shows the band-structure of InAs/GaSb type-II
superlattice.3#! In this material, the electrons in valence mini-
band of GaSb can be excited to conduction miniband of InAs.
Furthermore, the position of valence miniband in GaSb and
conduction miniband in InAs can be modified by varying the
thickness of GaSb and InAs according to the quantum confine-

ment effect. Theoretically, the band gap can vary continuously

in the range from 0 meV to about 400 meV.>! It is suitable to
realize the photodetector at MWIR and LWIR.

Conduction
miniband

Valence
miniband

Fig. 9. Band-structure of InAs/GaSb type-II superlattice.

InAs/GaSb type-Il superlattice was proposed by Sai-
Halasz et al. in 1977,13%! and it was explored as infrared detec-
tor by Smith et al. in 1987.13%! Compared with Hg;_,Cd,Te
and InAs;_,Sb, bulk infrared detector, InAs/GaSb type-II
superlattice has comparable absorption coefficient, reduced
Auger recombination, and mature material growth technique,
which makes it promising to realize high performance LWIR
detector.l’! Experimental data have shown that the detec-
tors have response from NIR to 32 um.[%! In 2010, both
Jet Propulsion Laboratory (JPL) and Northwestern Univer-
sity realized 1024 x 1024 large-format LWIR FPAs using this

12371 InAs/GaSb type-II superlattice demonstrates

material. |
clear advantage compared with other materials in LWIR and
VLWIR band. The LWIR detector based on InAs/GaSb type-I1
superlattice has been transferred to application in America.[*8]
Figure 10 shows a 4-inch (1 inch=2.54 cm) InAs/GaSb
type-1I superlattice wafer with GaSb as substrate fabricated
by Hughes Research Laboratories (HRL) supported by U.S.

Army ManTech funding.

Fig. 10. Pictures of 4 inch InAs/GaSb type-II superlattice wafer pro-
cessed into 1280 x 720 12 um pitch detector arrays. 38!

InAs/GaSb type-Il superlattice is promising for large
format LWIR and VLWIR detector.
Chen’group from Shanghai Institute of Technical Physics and

Therefore, Jianxin

Zhichuan Niu’s group from Institute of Semiconductors in
China have started to focus on exploring infrared device based
on InAs/GaSb type-II superlattice since 2005,3°#?] whose
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work shows promising application prospects in the future. In
order to realize high performance InAs/GaSb type-II super-
lattice detector, fabrication of clear superlattice interface, re-
ducing dark current, increasing carrier lifetime, and realizing

surface passivation are needed.

2.3.2. Extrinsic detector

In addition to utilizing the intrinsic band gap of semicon-
ductor materials, detectors have employed the energy levels
associated with dopants in semiconductors, in which electrons
are excited to conduction band or holes are excited to valance
band. These extrinsic infrared detectors are mostly based on
Si and Ge with benefits from the advanced materials and de-
vices fabrication technology. Extrinsic photon detectors are
used in a wide range of the IR spectrum extending from a few
um to approximately 500 um as shown in Fig. 11.1*3] Si:As
BIB is one of the most important extrinsic LWIR detector, and

[8.201 Compared with

it has response from MWIR to 30 pum.
intrinsic LWIR detector, Si-based extrinsic LWIR detector is
compatible with complementary metal-oxide—semiconductor
(CMOS) process and is convenient to realize large format
LWIR FPA. The extrinsic IR detectors based on Si and Ge

have been successfully applied to space telescope. 20!
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Fig. 11. Spectral response of extrinsic infrared detectors based on (a) Si
and (b) Ge.[*!

2.3.3. Schottky barriers detector

Schottky barriers based on silicon can also realize LWIR
detector. Its photon response can extend to red end wavelength
of 15 um.!" It has the advantages in uniformity and compat-
ibility with CMOS process. Japanese researchers have done
a lot of work in this field and applied the LWIR detector in

o, 144

space,[** Due to its low quantum efficiency and extremely low

working temperature, Schottky barriers LWIR detector has lit-
tle application at present.

2.3.4. Quantum well and quantum dot detector

When an electron or a hole is confined in a potential well,
its energy distribution becomes discrete energy level and the
energy level depends on the potential well width. According
to this theory, energy gap in LWIR can be designed and fab-
ricated. This is the mechanism of quantum well and quantum
dot detector.

GaAs/AlGaAs is one of the most important quantum
well materials.!”) Its band-structure is shown in Fig. 12.
GaAs/AlGaAs has been explored to realize LWIR detector for
its controllable fabrication and material uniform. In the quan-
tum well detector, electron is excited from low level to high
level in conduction band or hole is excited from low level to
high level in valence band. It is an intraband transition process.
In order to satisfy the conservation of energy and momen-
tum during theintraband transition process, the incident light
at normal incidence for quantum well cannot be absorbed. For
this reason, random grating is used to create a nonzero polar-
ization component in the quantum well direction and enhance
infrared absorption in quantum well detector.!”!

conduction
band
A B,
hlll
E,
E, j intersubband
(barrier) s absorption

(well)

!

E”LI/Q
valence e H, Pq

band

Hy

Fig. 12. Band-structure of GaAs/AlGaAs quantum well.

Although the quantum efficiency of GaAs/AlGaAs quan-
tum well detector is lower than that of Hg;_,Cd,Te, its high
uniformity and stability make it more desirable in LWIR FPA.
A 1024 x 1024 large-format LWIR FPAs have been applied in
Landsat satellite.[!!

Quantum dot is artificial atom that has discrete energy
level depending on the QD size. QD has the potential to re-
alize LWIR detector, but it is difficult to realize uniform QD

fabrication, which limits its application.

2.4. New concept IR detector

Remarkable achievements have been made in thermal and
photon detectors at LWIR, which can satisfy most applica-

tion requirements. Because detectors with present noise level
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and detectivity are still unable to sense remote dim objects in
space, new concept infrared detectors with low noise and high
detectivity have always been the research focus in LWIR. Su-
perconductor detector and plasmonic-assistant semiconductor
photodetector are current research hotspots in this field.

2.4.1. Superconductor detector

Superconductivity is discovered by Kamerlingh Onnes
in 1911.1] Tts resistance goes essentially to zero when it
is cooled to below a certain “critical” transition tempera-
ture T.. Figure 13 shows the superconductivity properties of
Hg.[*] Based on this steep temperature sensitivity, researchers
have explored a variety of superconductivity-based detec-
tors, including superconducting nanowire single-photon detec-
tors (SNSPD),#0] transition-edge sensors (TES),!*”! supercon-
ducting tunnel junctions (STJs),[*8) and microwave kinetic-
inductance detectors (MKID).[*% Superconducting detec-
tors need to operate significantly below room temperature.
And various noise sources are strongly suppressed at such low
temperature. Therefore, superconducting detector can realize
extremely high detectivity compared with semiconductor pho-
todetector.

i) SNSPD

A typical SNSPD consists of a ~ 5-nm thick and ~ 100-
nm wide superconducting wire (Fig. 14(a)). It locally switches
from the superconducting to normal resistive state in response
to the absorption of single photons (Figs. 14(b)—14(e)).[46->1]
The wire is cryogenically cooled below 7, and shows super-
conducting properties. When a photon is absorbed by the su-

(@)

<«-3pm —>»
HSQ

to »
electrode

<4+ to
electrode

\ 4
A 90 nm

< proximity-effect
correction
structures

perconducting film, a small and localized region known as a
hot spot is created. Within such a hot spot, the temperature of
the electrons is sufficiently elevated to disrupt the supercon-
ductivity and return the material to its normal resistive state.
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Fig. 13. Resistance vs. temperature of Hg.[*3]

At present, SNSPDs have demonstrated detection effi-
ciencies above 90% in communication band.3>*3 SNSPD
working at LWIR has not been reported. According to its
photo-response mechanism, LWIR detector based on super-
conducting nanowire is potentially available in the future and
its noise level can be reduced greatly and its efficiency can be
further enhanced. The main difficulties are from the cooling

and signal readout for array size device.

(b) % ©
(d ©

Fig. 14. (a) The scanning electron microscope (SEM) image of a typical SNSPD made from NbN and (b)—(e) the photo-response mechanism of SNSPD. [46-311

ii) TES

TES was first demonstrated by Andrews in 1942,147]
which consists of a thin superconducting film working ex-
actly at the temperature of its superconducting-to-normal re-
sistive transition. It operates as a bolometer detecting the
change in temperature after it absorbs electromagnetic radi-
ation. This process can detect radiation from sub-mm wave-
lengths to gamma-rays. A very sharp transition is required

in order to obtain a large electrical response to a small tem-
perature change, making it possible to achieve extreme high
sensitivity. At present, the most successful optical TES sen-
sors can operate below 1 K, and most of the devices work at
sub-kelvin.[>*l For TES application, high quality material is
needed to realize a very sharp transition edge. Signal readout

and stable cooling also pose challenges in TES application.
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iii) STJs

STJ is a sandwiched structure consisting of two super-
conducting films and a thin insulator barrier,*3! as shown in
Fig. 15(a). The top film is an absorbing layer and the bottom
film is a base layer for signal collection. The incident photon
excites quasiparticle in the top film, and these quasiparticles

tunnel from the top absorbing layer to the bottom base layer
and create net current (as shown in Fig. 15(b)). STJ is the
pioneering technology in superconductor-based single-photon
detection and exhibits superior detection performance for pho-
tons. Breakthroughs in materials science and junction fabrica-
tion technology are needed to realize high performance STJs.

(€)) (b)
Superconducting film eeoeo °
Insulator
Superconducting film
‘oo

Fig. 15. A schematic diagram of (a) STJs structure and (b) operation principle.

iv) MKID

MKID also detects the absorption of a photon by sens-
ing the quasiparticles generated in a superconductor.!**) How-
ever, in this kind of detector, the number of quasiparticles
is measured by the small change in the superconductor’s ki-
netic inductance. This is accomplished by integrating every
strip of superconductor into a microwave resonant circuit (see
Fig. 16(b)), and monitoring the phase of a signal transmitted
through the resonator (Fig. 16(a)). Its advantage is that its
built-in frequency domain multiplexes at GHz frequencies, al-
lowing thousands of detectors to be read out through a single
transmission line (Fig. 16(b)).5% Figure 16(c) shows a photo-
graph of MKID array device.

Many studies have been conducted in exploring the

(b)

Power/dB =
N’
o

LN
o

Fig. 16. MKID array device and it operating principle.t

2.4.2. Plasmonic-assistant semiconductor photodetec-
tor

Plasmonic structure has the ability to concentrate light

into deep-subwavelength volumes and enhance the light—

(%01 One of its advantages is its ability

matter interactions.
to shrink the size of conventional photodetectors using plas-
monic structure. Reducing detector size would lead to in-

creased speed, decreased noise level, and enhanced detectivity.

MKID in high energy particle detector,> visible to NIR
detector,[°® and far-infrared to millimeter-wave detector,>”!
The device noise equivalent powers can reach 4.4 x
1020 W/Hz!/2,158] and this NEP value is far below what can
be realized in semiconductor detector. MKID is a promising
high detectivity detector, and a number of cameras for ground
based telescopes have been developed including the Caltech
submillimeter telescope (CSO), the Atacama pathfinder exper-
iment (APEX), and the Institute for Radio Astronomy in the
Millimeter Range (IRAM).5°! MKID can naturally be used
to detect LWIR radiation with high detectivity. However, it

suffers from a large pixel size compared with infrared wave-

lengths, a severe handicap in imaging technology.

49,50]

Therefore, plasmonic-assistant semiconductor photodetectors
are particularly promising.

The ability of plasmonic structures to efficiently concen-
trate light into a deep subwavelength detector region has been
demonstrated in Sil®!! and Ge!®?! detector as shown in Fig. 17.
The detector photo-response is enhanced more than a factor
of 20 and the device active volume is shrunk to a volume of
107423,
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Fig. 17. Plasmonic-assistant (a) Si and (b) Ge photodetector.

Plasmonic based on metal has resonant peaks in the ul-
traviolet or visible band. It is necessary to develop suitable
materials and methods to apply plasmonics to infrared detec-
tor. Two approaches have been developed to enhance the per-
formance of infrared detector. The first approach is based on
the use of transparent conductive oxide (TCO), such as indium
tin oxide, or zinc oxide doped with aluminum or gallium. (63!
An ab initio simulation of mercury cadmium telluride infrared
detector with TCO plasmonic particles shows that the spe-
cific detectivity of the device is simultaneously enhanced by
optical field localization and noise suppression.!®*! The sec-
ond approach is based on the use of metallic extraordinary
optical transmission (EOT) arrays deposited on photodetector
surface. 6]

More work needs to be done to realize high performance
infrared detector assisted with plasmonic. Exploring materials
with low loss and compatible with infrared devices are desired.
Plasmonic also offers the possibility to control light field, mak-
ing it possible to realize pixel functionality, including polariza-
tion, wavelength selectivity, and phase adjustment. It will be a
research hotspot in infrared detector field in the future.

3. Space-based application of LWIR detector

As mentioned above, a lot of objects in universe have
emission peaks in long-wavelength. Therefore, long wave-
length infrared detection is essential to understand many key
topics and processes on the earth and in the universe.

3.1. Remote sensing

LWIR remote sensing for the earth surface can pro-
vide essential data contribution for weather, climate, and
environmental monitoring. They support public and pri-
vate decision-making and generate important socio-economic
benefits. Therefore, meteorological satellites, such as
FENGYUN-4 from China and Landsat-8'3] from America,
have LWIR payload to monitor atmospheric environment, in-
The LWIR

payload on FENGYUN-4 covers the wavelength range from

cluding cloud, water vapor, and temperature.

8 um to 13.8 pm with spatial resolution of 4 km. Advanced
land observation satellite-2 (ALOS-2) from Japan has de-
veloped uncooled LWIR payload to monitor forest fires and

volcanoes. [60]

Table 5. Space telescopes with LWIR infrared payload and their science themes.

Name Science themes IR payload Launch
IRAS survey the entire sky in infrared wavelengths FPA@8.5-15 um, 19-30 pm, 0-80 pum, 83-120 um 1983
1SO explore regions of the universe obscured in 2.5-17 wm, 2.5-240 wm, 2.4-45 pm, 45-196.8 pm 1995
visible light
Spitzer survey the galaxies, stars, and planetary disks 256 x 256@3.6 um, 4.6 um, 5.8 um, 8 pm 128 x 128@5.3— 2003
14 pm, 10-19.5 pm, 1440 um, 19-37 pm 128 x 128@24 pum,
32x32@70 um, 2 x 20@160 um
ASTRO-F perform an all-sky survey with better spa- 512 x412@1.7-5.5 um 2006
tial resolution and wider wavelength coverage 256 x 256@5.8-14.1 um, 12.4-26.5 pm
than IRAS 20 x 2@50-80 pm 20 x 3@60-110 um
15 x3@110-180um 15 x 2@140-180um
WISE find more minor planets and star clusters 1024 x 1024@1-3.4 pm, 2-4.6 pm 2009
1024 x 1024@3-12 um, 4-22 pm
WFIRST settle essential questions in the areas of dark a mosaic of 18 4096 x 4096@0.76-2.0 um 1.35-1.95 um ~ 2020
energy, exoplanets, and infrared astrophysics
JWST examine every phase of cosmic history: from 2048 x 2048 @0.6-5 pum, 1024 x 1024@5-28.5 um ~ 2021
the first luminous glows after the Big Bang to
the formation of galaxies, stars, and planets to
the evolution of our own solar system
SPICA research the birth and evolution of galaxies, 12-230 um, 110 wm, 220 pwm, 350 um ~ 2032

stars, and planetary systems and the evolution
of matter
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LWIR remote sensing can also be used to explore nature
resource, but it needs more sensitive and higher resolution pay-
load for the long-distance and weak radiation intensity. Be-
sides, it requires low noise level, high detectivity, and large
format LWIR FPA detector.
and distant objects by LWIR remote sensing is necessary for

Locating and identifying dim

space situational awareness in order to realize security early-
warning. It also requires low noise level, high detectivity, and
large format LWIR FPA.

3.2. Space science research and space exploration

LWIR region of the electromagnetic spectrum contains a
wealth of astronomical information. That range covers the ra-
diation from planetary atmospheres, the interstellar medium,
star formation, stellar evolution, galaxies, and the distant uni-
verse. The development of LWIR technology has greatly ex-
panded the study of fundamental astrophysical problems. 6]
Table 5 lists the major space telescopes with LWIR infrared
payload and their science themes so far.

The James Webb space telescope (JWST) is one of the
most famous space telescopes with LWIR detector as a core
payload. Its science themes is to examine every phase of
cosmic history: from the first luminous glows after the Big
Bang to the formation of galaxies, stars, and planets then to
the evolution of our own solar system.[%”) The LWIR detec-
tors in JWST are 1024 x 1024 Si:As extrinsic photodetectors

(Fig. 18). Table 6 shows its parameter requirement.>"’

Fig. 18. 1024 x 1024 Si:As extrinsic photodetector FPA.[20]

Table 6. The parameter requirement for JWST. 20!

Parameter Requirement
Format 1024 x 1024 Si:As IBC
Detector material Si:As IBC
Noise (Fowler-8 sampling) <19¢~@7.1K
Dark current <0.le" /sec@7.1 K

5-6 um 40%
RQE 6-12 um 60%
12-26 um 70%
26-28.2 pm 5%

4. Summary

After more than 70 years of development, infrared detec-
tor technology has made great progress. Remarkable achieve-
ments have been made in infrared material, device fabrica-
tion, readout circuit, and device package. LWIR detectors

have been made based on the thermal resistive effect, pho-
toelectric effect, etc. The available high performance LWIR
detectors are limited, especially for large format LWIR FPA
detectors. Low level noise, high detectivity, and large for-
mat LWIR detectors are prerequisites for space-based appli-
cations. InAs/GaSb type-II superlattice and silicon-based ex-
trinsic detector are most promising materials to realize high
performance LWIR detector. Digital readout circuits have the
advantage of enhancing the performance of LWIR detector and
are becoming more and more important. At the same time, ex-
ploring system-on-a-chip for LWIR infrared FPA offers great
benefits in lowering the noise level of LWIR detector. There-
fore, more work needs to be done to realize high performance
LWIR detectors and explore new concept of LWIR detectors
in order to improve the development of space-based LWIR de-
tection technology.

References

[1] Rogalski A 2011 Infrared detectors, 2nd edn. (Boca Raton: Taylor &
Francis)

[2] Rogalski A 2012 Opto-Electron. Rev. 20 279

[3] Hoffman A W, Love P J and Rosbeck J P 2004 Focal Plane Arrays for
Space Telescopes (San Diego: SPIE Press) p. 194

[4] Rogalski A 2005 Rep. Prog. Phys. 68 2267

[5] Rogalski A, Martyniuk P and Kopytko M 2017 Appl. Phys. Rev. 4
031304

[6] Gunapala S D, Rhiger D R and Jagadish C 2011 Advances in Infrared
Photodetectors (Amsterdam: Academic Press)

[71 Schneider H and Liu H C 2007 Quantum Well Infrared Photodetectors:
Physics and Applications (Berlin: Springer)

[8] Stapelbroek M G, Seib D H, Huffman J E and Florence R A 1995 In-
frared Detectors and Instrumentation for Astronomy (Orlando: SPIE
Press) p. 41

[9]1 Kruse P W 2001 Uncooled Thermal Imaging Arrays, Systems and Ap-
plications (Bellingham: SPIE Press)

[10] Migdall A, Polyakov S, Fan J and Bienfang J 2013 Single-Photon Gen-
eration and Detection: Experimental Methods in the Physical Sciences
(Amsterdam: Elsevier)

[11] NazemiJ, Battaglia J, Brubaker R, Delamere M and Martin C 2012 In-
frared Technology and Applications XXXVIII (Baltimore: SPIE Press)
p. 83530B

[12] Loose M, Beletic J, Garnett J and Xu M 2007 Focal Plane Arrays for
Space Telescopes III (San Diego: SPIE Press, CA) p. 66900C

[13] Gunapala S D, Bandara S V, Liu J K, Hill C J, Rafol S B, Mumolo J M,
Trinh J T, Tidrow M Z and LeVan P D 2005 Semicond. Sci. Technol. 20
473

[14] Manurkar P, Ramezani-Darvish S, Nguyen B M, Razeghi M and Hubbs
J 2010 Appl. Phys. Lett. 97 193505

[15] LiC, Han C J, Skidmore G D and Hess C 2010 D Infrared Technology
and Applications XXXVI (San Diego: SPIE Press) p. 76600V

[16] Richards P L and McCreight C R 2005 Phys. Today 58 41

[17] Rieke G H 2007 Ann. Rev. Astron. Astr. 45 77

[18] D’Souza A I, Dawson L C, Anderson E J, Markum A D, Tennant W
E, Bubulac L O, Zandian M, Pasko J G, McLevige W V, Edwall D E,
Derr J W and Jandik J E 1997 Sensors, Systems, and Next-Generation
Satellites (London: SPIE Press) p. 372

[19] Ninomiya Y and Fu B 2018 Ore Geol. Rev. in press

[20] Love P J, Hoffman A W, Lum N A, Ando K J, Rosbeck J, Ritchie W D,
Therrien N J, Holcombe R S and Corrales E 2005 Focal Plane Arrays
for Space Telescopes II (San Diego: SPIE Press) p. 590209

[21] Norton P R 1999 Infrared Technology and Applications XXV (Orlando:
SPIE Press) p. 652

[22] Chenette E R 1967 Adv. Electron. Electron. Phys. 23 303

[23] Lawson W D, Nielsen S, Putley E H and Young A S 1959 J. Phys.
Chem. Solids 9 325

[24] Schmit J L and Wood R A 1982 J. Crystal Growth 56 485

028504-12


https://www.taylorfrancis.com/books/9781420076721
https://www.taylorfrancis.com/books/9781420076721
https://doi.org/10.2478/s11772-012-0037-7
https://doi.org/10.1117/12.516509
https://doi.org/10.1117/12.516509
https://doi.org/10.1088/0034-4885/68/10/R01
https://doi.org/10.1063/1.4999077
https://doi.org/10.1063/1.4999077
https://www.elsevier.com/books/advances-in-infrared-hotodetectors/gunapala/978-0-12-381337-4
https://www.elsevier.com/books/advances-in-infrared-hotodetectors/gunapala/978-0-12-381337-4
https://doi.org/10.1007/978-3-540-36324-8
https://doi.org/10.1007/978-3-540-36324-8
https://doi.org/10.1117/12.211291
https://doi.org/10.1117/12.211291
https://doi.org/10.1117/12.211291
https://doi.org/10.1117/3.415351
https://doi.org/10.1117/3.415351
https://www.sciencedirect.com/bookseries/experimental-methods-in-the-physical-sciences/vol/45/suppl/C
https://www.sciencedirect.com/bookseries/experimental-methods-in-the-physical-sciences/vol/45/suppl/C
https://www.sciencedirect.com/bookseries/experimental-methods-in-the-physical-sciences/vol/45/suppl/C
https://doi.org/10.1117/12.919508
https://doi.org/10.1117/12.919508
https://doi.org/10.1117/12.919508
https://doi.org/10.1117/12.735625
https://doi.org/10.1117/12.735625
https://doi.org/10.1088/0268-1242/20/5/026
https://doi.org/10.1088/0268-1242/20/5/026
https://doi.org/10.1063/1.3514244
https://doi.org/10.1117/12.735625
https://doi.org/10.1117/12.735625
https://doi.org/10.1063/1.1897522
https://doi.org/10.1146/annurev.astro.44.051905.092436
https://doi.org/10.1117/12.298105
https://doi.org/10.1117/12.298105
https://doi.org/10.1016/j.oregeorev.2018.03.012
https://doi.org/10.1117/12.623473
https://doi.org/10.1117/12.623473
https://doi.org/10.1117/12.354568
https://doi.org/10.1117/12.354568
https://doi.org/10.1016/S0065-2539(08)60062-1
https://doi.org/10.1016/0022-3697(59)90110-6
https://doi.org/10.1016/0022-3697(59)90110-6
https://doi.org/10.1016/0022-0248(82)90468-7

Chin. Phys. B  Vol. 28, No. 2 (2019) 028504

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]
[33]
[34]
[35]
[36]

[37]

[38]

[39]

[40]
[41]
[42]
[43]
[44]

[45]
[46]

Carmody M, Pasko J G, Edwall D, Piquette E, Kangas M, Freeman S,
Arias J, Jacobs R, Mason W, Stoltz A, Chen Y and Dhar N K 2008 J.
Electron. Mater. 37 1184

Vilela M F, Lofgreen D D, Smith E P G, Newton M D, Venzor G M,
Peterson J M, Franklin J J, Reddy M, Thai Y, Patten E A, Johnson S M
and Tidrow M Z 2008 J. Electron. Mater. 37 1465

HeL,ChenL, WuY,FuXL,Wang Y Z, WulJ, Yu MF, Yang J R, Ding
R J,Hu X N, Li Y J and Zhang Q Y 2007 J. Crystal Growth 301-302
268

Rogalski A 1989 Prog. Quantum Electron. 13 191

Rogalski A 2017 Electro-Optical and Infrared Systems: Technology
and Applications XIV (Warsaw: SPIE Press) p. 104330U

Lin Y, Donetsky D, Wang D, Westerfeld D, Kipshidze G, Shterengas
L, Sarney W L, Svensson S P and Belenky G 2015 J. Electron. Mater.
44 3360

Gao Y Z, Gong X Y, Kan H, Aoyama M and Yamaguchi T 1999 Jpn.
J. Appl. Phys. 38 1939

Kim J D, Kim S, Wu D, Wojkowski J, Xu J, Piotrowski J, Bigan E and
Razeghi M 1995 Appl. Phys. Lett. 67 2645

Gao Y, Gong X, Wu G, Feng Y, Makino T, Kan H, Koyama T and
Hayakawa Y 2013 Int. J. Miner. Metall. Mater. 20 393

Sai-Halasz G A, Tsu R and Esaki L 1977 Appl. Phys. Lett. 30 651
Smith D L and Mailhiot C 1987 J. Appl. Phys. 62 2545

Wei Y, Gin A, Razeghi M and Brown G J 2002 Appl. Phys. Lett. 81
3675

Gunapala S D, Ting D Z, Hill C J, Nguyen J, Soibel A, Rafol S B, Keo
S A, Mumolo J] M, Lee M C, Liu J K and Liao A 2010 23rd Annual
Meeting of the IEEE Photonics Society, 7-11 November, 2010, Denver,
USA, p. 637

Delaunay P Y, Nosho B Z, Gurga A R, Terterian S and Rajavel R
D 2017 Infrared Technology and Applications XLIII (Anaheim: SPIE
Press) p. 101770T

Jiang D, Guo F, Xiang W, Hao Y, Wang G, Xu Y, Yu Q, Niu Z and
Zhao L 2014 International Symposium on Optoelectronic Technology
and Application 2014: Infrared Technology and Applications (Beijing:
SPIE Press) p. 93001L

SunL, Wang L, LuJ L, Liu J, Fang J, Xie L L, Hao Z B, Jia H Q, Wang
W X and Chen H 2018 Chin. Phys. B 27 047209

Jiang D W, Xiang W, Guo F Y, Hao H Y, Han X, Li X C, Wang G W,
XuY Q, YuQJand NiuZ C 2016 Chin. Phys. Lett. 33 48502

Zhou Y, Chen J, Xu Z and He L 2016 Semicond. Sci. Technol. 31
085005

LLeotin J 1986 Far-Infrared Science and Technology, Vol. 0666 (Que-
bec: SPIE Press) p. 81

Kimata M IRFPA Development in Japan

Onnes H 1911 Commun. Phys. Lab. Univ. Leiden 12 120

Gol'tsman G N, Okunev O, Chulkova G, Lipatov A, Semenov A,
Smirnov K, Voronov B, Dzardanov A, Williams C and Sobolewski R
2001 Appl. Phys. Lett. 79 705

[47]

(48]
[49]

[50]
(51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]
[64]
[65]
[66]

[67]

028504-13

Andrews D H, Jr W F B, Ziegler W T and Blanchard E R 2004 Rev.
Sci. Instrum. 13 281

Josephson B D 1962 Phys. Lett. 1251

Day P K, LeDuc H G, Mazin B A, Vayonakis A and Zmuidzinas J 2003
Nature 425 817

Mazin B A 2009 AIP Conf. Proc. 1185 135

Dauler E A, Kerman A J, Rosenberg D, Pan S, Grein M E, Molnar R
J, Correa R E, Bawendi M G, Berggren K K, Moores J D and Boroson
D M 2011 IEEE Photonic Society 24th Annual Meeting, 9—13 October,
2011, Arlington, USA, p. 350

Marsili F, Verma V B, Stern J A, Harrington S, Lita A E, Gerrits T,
Vayshenker I, Baek B, Shaw M D, Mirin R P and Nam S W 2013 Nat.
Photon. 7210

Zhang W, You L, Li H, Huang J, Lv C, Zhang L, Liu X, Wu J, Wang Z
and Xie X 2017 Sci. China. Phys. Mech. Astron. 60 120314

Irwin K D and Hilton G C 2005 Cryogenic Particle Detection (Berlin:
Springer-Verlag) pp. 63—150

Cecil T, Miceli A, Gades L, Datesman A, Quaranta O, Yefremenko V,
Novosad V and Mazin B 2012 Phys. Procedia 37 697

Coiffard G, Mazin B A, Daal M, Zobrist N and Szypryt P 2018 High
Energy, Optical, and Infrared Detectors for Astronomy VIII (Austin:
SPIE Press) p. 107091M

Austermann J, Beall J, Becker D, Hilton G C, Hubmayr J, Irwin K D, Li
D, Mauskopf P, Pappas D P, Vale L, Lanen J V, Vissers M R and Wang
Y 2015 26th International Symposium on Space Terahertz Technology,
16-18 March, 2015, Cambridge, USA

Fyhrie A, Glenn J, Wheeler J, Day P, Eom B H, Leduc H and Skrutskie
M 2016 J. Low Temp. Phys. 184 712

Young E T 2013 Planets, Stars and Stellar Systems (Dordrecht:
Springer Netherlands) p. 565

Schuller J A, Barnard E S, Cai W, Jun Y C, White J S and Brongersma
M L 2010 Nat. Mater. 9 193

Ishi T, Fujikata J, Makita K, Baba T and Ohashi K 2005 Jpn. J. Appl.
Phys. 44 1.364

Tang L, Kocabas S E, Latif S, Okyay A K, Ly-Gagnon D S, Saraswat
K C and Miller D A B 2008 Nat. Photon. 2 226

Boltasseva A and Atwater H A 2011 Science 331 290

Obradov M, Jaksi¢ Z and Vasiljevi¢-Radovi¢ D 2014 J. Opt. 16 125011
Wu W, Bonakdar A and Mohseni H 2010 Appl. Phys. Lett. 96 161107

Katayama H, Sakai M, Kato E, Nakajima Y, Nakau K and Kimura
T 2015 Infrared Technology and Applications XLI (Baltimore: SPIE
Press) p. 94511D

Greenhouse M A 2013 UV/Optical/IR Space Telescopes and Instru-

ments: Innovative Technologies and Concepts VI (San Diego: SPIE
Press) p. 886004


https://doi.org/10.1007/s11664-008-0434-3
https://doi.org/10.1007/s11664-008-0434-3
https://doi.org/10.1007/s11664-008-0443-2
https://doi.org/10.1016/j.jcrysgro.2006.11.188
https://doi.org/10.1016/j.jcrysgro.2006.11.188
https://doi.org/10.1016/0079-6727(89)90003-7
https://doi.org/10.1117/12.2279572
https://doi.org/10.1117/12.2279572
https://doi.org/10.1007/s11664-015-3892-4
https://doi.org/10.1007/s11664-015-3892-4
https://doi.org/10.1143/JJAP.38.1939
https://doi.org/10.1143/JJAP.38.1939
https://doi.org/10.1063/1.114323
https://doi.org/10.1007/s12613-013-0741-4
https://doi.org/10.1063/1.89273
https://doi.org/10.1063/1.339468
https://doi.org/10.1063/1.1520699
https://doi.org/10.1063/1.1520699
https://doi.org/10.1109/PHOTONICS.2010.5699049
https://doi.org/10.1109/PHOTONICS.2010.5699049
https://doi.org/10.1109/PHOTONICS.2010.5699049
https://doi.org/10.1117/12.2266278
https://doi.org/10.1117/12.2266278
https://doi.org/10.1117/12.2072187
https://doi.org/10.1117/12.2072187
https://doi.org/10.1117/12.2072187
https://doi.org/10.1088/1674-1056/27/4/047209
https://doi.org/10.1088/0256-307X/33/4/048502
https://doi.org/10.1088/0268-1242/31/8/085005
https://doi.org/10.1088/0268-1242/31/8/085005
https://doi.org/10.1117/12.938823
https://doi.org/10.1117/12.938823
http://miomd-11.northwestern.edu/technical/speakers.php?index=27&verbose=on
https://doi.org/10.1063/1.1388868
https://doi.org/10.1063/1.1770037
https://doi.org/10.1063/1.1770037
https://doi.org/10.1016/0031-9163(62)91369-0
https://doi.org/10.1038/nature02037
https://doi.org/10.1038/nature02037
https://doi.org/10.1063/1.3292300
https://doi.org/10.1109/PHO.2011.6110571
https://doi.org/10.1109/PHO.2011.6110571
https://doi.org/10.1038/nphoton.2013.13
https://doi.org/10.1038/nphoton.2013.13
https://doi.org/10.1007/s11433-017-9113-4
https://doi.org/10.1007/10933596_3
https://doi.org/10.1007/10933596_3
https://doi.org/10.1016/j.phpro.2012.03.719
https://doi.org/10.1117/12.2313002
https://doi.org/10.1117/12.2313002
https://doi.org/10.1117/12.2313002
http://www.space-thz.org/
http://www.space-thz.org/
https://doi.org/10.1007/s10909-016-1539-3
https://doi.org/10.1007/978-94-007-5621-2
https://doi.org/10.1007/978-94-007-5621-2
https://doi.org/10.1038/nmat2630
https://doi.org/10.1143/JJAP.44.L364
https://doi.org/10.1143/JJAP.44.L364
https://doi.org/10.1038/nphoton.2008.30
https://doi.org/10.1126/science.1198258
https://doi.org/10.1088/2040-8978/16/12/125011
https://doi.org/10.1063/1.3419885
https://doi.org/10.1117/12.2179764
https://doi.org/10.1117/12.2179764
https://doi.org/10.1117/12.2023366
https://doi.org/10.1117/12.2023366
https://doi.org/10.1117/12.2023366

	1. Introduction
	2. LWIR detector technology
	2.1. LWIR detector technology
	2.2. Thermal detector
	2.3. Photon detector
	2.3.1. Intrinsic detector
	2.3.2. Extrinsic detector
	2.3.3. Schottky barriers detector
	2.3.4. Quantum well and quantum dot detector

	2.4. New concept IR detector
	2.4.1. Superconductor detector
	2.4.2. Plasmonic-assistant semiconductor photodetector


	3. Space-based application of LWIR detector
	3.1. Remote sensing
	3.2. Space science research and space exploration

	4. Summary
	References

