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Abstract: High speed photodetectors operating at a telecommunication band (from 1260 to 1625 nm)
have been well studied with the development of an optical fiber communication system. Recent
innovations of photonic systems have raised new requirements on the bandwidth of photodetectors
with cutoff wavelengths from extended short wavelength infrared (eSWIR) to long wavelength
infrared (LWIR). However, the frequency response performance of photodetectors in these longer
wavelength bands is less studied, and the performances of the current high-speed photodetectors
in these bands are still not comparable with those in the telecommunication band. In this paper,
technical routes to achieve high response speed performance of photodetectors in the extended short
wavelength infrared/mid wavelength infrared/long wavelength infrared (eSWIR/MWIR/LWIR)
band are discussed, and the state-of-the-art performances are reviewed.

Keywords: high-speed photodetectors; eSWIR; MWIR; LWIR

1. Introduction

Semiconductor photodetectors convert incident light into electrical current with ad-
vantages in reliability and fast response speed. Since being developed in 1960s, they have
been used in imaging, sensing, and communication applications. The rapid progressing of
information technology, especially in communication systems, has raised the demand for
photodetectors with high bandwidth. The response speed is an essential figure of merit in
optical fiber communication systems operating from 1260 to 1625 nm.

In fiber communication systems, the transmission capacity is limited by the linearity
of the fiber and available bandwidth [1]. Compared to solid core silica fiber, hollow core
photonic bandgap fiber which operates at 2 µm wavelength with lower nonlinearity and
ultra-low latency [2], together with the thulium doped fiber amplifier which provides
wide wavelength demultiplexing (WDM) bandwidth [3], can potentially enable the higher
capacity of optical communication system at around 2 µm [4–8]. These also raise the
demands for high-speed photodetector functioning in the 2-µm band.

Besides fiber communication, free space optical (FSO) communication also plays an
important role in modern communication systems, especially for local area networks and
inter-building connections [9,10]. One of the challenges of FSO in atmospheric environment
is the light scattering and decaying in a foggy or dusty environment [11]. The MWIR/LWIR
range optical signal can propagate through the atmosphere much farther than the near-
infrared band, which makes these wavelengths attractive for free space communication.
However, the FSO system is often limited by the bandwidth performance of MWIR/LWIR
light sources and photodetectors [12].

Recent development of infrared frequency combs sources have brought new oppor-
tunities to frequency comb spectroscopy, which provides wide spectral range, precise
resolution and fast acquisition time [13,14]. In the MWIR and LWIR range, frequency
combs could be very useful for the precise definition of the molecular hyperfine structure.
The high precision of this technique relies on the detection of radio frequency pulse trains
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and thus requires high-speed photodetectors in the corresponding band. High-speed
photodetectors are also key components in light detection and ranging (LIDAR) systems
for applications such as gaseous [15,16] and automotive sensing [17,18].

This paper reviews the bandwidth characteristics of high-speed photodetectors op-
erating in a wavelength beyond the L-band (from 2 to 10 µm), which have been rarely
reviewed before. The materials selections, device structures, device performances, and
device characterization techniques are discussed.

2. Design Consideration of High-Speed Photodetector
2.1. Cut-Off Wavelength

Infrared detectors are broadly classified into thermal detectors and photon detectors.
Thermal detectors measure the power of incident electromagnetic radiation via one of the
secondary effects associated with infrared radiation, such as the increase of temperature.
These detectors can operate at room temperature but are not very suitable for high-speed,
high-sensitivity applications. One the other hand, the principle of the photon detector
involves the change in electrical properties of a material associated with the absorption
of photons. Photon detectors can be further classified into photovoltaic (PV) and photo-
conductive (PC) detectors. Photovoltaic detectors are diodes which produce a voltage
across the terminals when photons are absorbed. These diodes can be operated at zero
bias, but are often reverse biased to produce a higher electrical field in the depletion region
of the p–n junction. The photo-generated carriers in the depletion region will be drifted
to the electrodes and will cause an increased reverse current. Photoconductive detectors
are made of the materials whose conductivity increases with incident radiation intensity
due to the photo-generated carriers. External bias is needed for a PC detector, since no
potential difference is created across the terminal under radiation. Generally speaking, PV
detectors have a higher signal-to-noise ratio than PC detectors.

PV detectors are usually based on interband absorption. In order to detect photons at a
particular wavelength, the energy gap in the photodetectors must be lower than the energy
of the incident photon. For long cut-off wavelength detection, narrow bandgap materials
are usually utilized at the corresponding infrared band. The composition of ternary or
quaternary compounds such as InGaAs, GaInAsSb, and HgCdTe can be adjusted to get the
target bandgap, but the strain induced by lattice-mismatch has to be carefully considered,
otherwise the defects induced could cause a significant leakage current. Thanks to the very
close lattice constant between HgTe and CdTe, it is possible to grow Hg1−xCdxTe alloy
with cut-off wavelength from 1 to 30 µm [19]. These HgCdTe photodetectors can absorb
the IR radiation across the fundamental energy gap, and have high quantum efficiency
due the large optical absorption coefficient. Moreover, the HgCdTe detectors also have a
relatively low thermal generation-recombination rate which results in a higher operation
temperature compared with other approaches. These makes HgCdTe a predominant
option for MWIR/LWIR photodetection. However, HgCdTe has serious technological
problems in mass production due to its weak Hg-Te bond [20]. Moreover, HgCdTe detectors
suffer from poor material uniformity, low yield, high cost in growth and processing, and
surface instability [21]. These material difficulties have made it necessary to examine the
performance of alternative material systems.

The invention of type-II band alignment using antimonide based material brings
more possibility of infrared photodetection, which is also based on interband absorption.
With the type-II band alignment, the effective bandgap of type-II super lattice (T2SL)
or type-II multiple quantum wells (MQWs) can be narrower than that of the individual
constituent materials. The type-II InAs/GaSb/AlSb superlattice systems on GaSb or InAs
substrate are suitable for SWIR, MWIR, and LWIR detection by bandgap engineering,
while retaining lattice-matched or strain-balanced conditions. Compared with HgCdTe
photodetectors, T2SL has lower Auger recombination and band-to-band tunneling and
thus could potentially offer a lower dark current [22]. With the use of a barrier layer, room
temperature operation of T2SL is demonstrated at the MWIR band [23]. Recently, Ga-
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free InAs/InAsSb T2SLs emerged as an alternative with simpler growth and significantly
longer minority lifetime compared to InAs/GaSb T2SL [24,25]. Meanwhile, InP-based T2SL
using InGaAs/GaAsSb materials are usually used in e-SWIR detection [26–30]. There are a
number of advantages in using an InP substrate, e.g., mature device fabrication, material
epi-growth, availability of high-quality 6-inch InP substrates, etc. Since these super lattices
structure can be grown on InP substrate using lattice matched or strain compensated InGaAs
and GaAsSb materials, the generation of crystal defects by the lattice mismatch issue can be
eliminated. Therefore, lower dark currents can be expected compared to the InP-based In-rich
InGaAs devices, which is a common material candidate for the eSWIR region.

Besides interband absorption, absorption based on inter-subband transition can also
be utilized for eSWIR/MWIR/LWIR detection. These devices are often based on the
photoconductor effect (PCE) instead of the photovoltaic effect (PVE), where the device
resistance changes under illumination by applying an external bias across the detector and
measuring the current simultaneously. A quantum well infrared photodetector (QWIP) is
one of the most popular examples based on inter-subband transition-based devices, which
is believed to be an alternative to HgCdTe with good uniformity and thus lower cost [31].
In n-type QWIPs, the electrons in the ground state of the QWs are excited to a higher level
and contribute to photocurrents by absorption of photons. The schematic of conduction
band diagram of a QWIP is shown in Figure 1 [32]. Utilizing the intersubband transition
within the GaAs/AlGaAs quantum wells, a peak detection wavelength ranging from 8 to
12 µm can be achieved. In addition, with the strained InGaAs/AlGaAs quantum wells, the
MWIR range can also be covered [33]. QWIPs are able to achieve higher response speed
due to the intrinsic short carrier lifetime [34,35]. However, one drawback of QWIPs is the
low quantum efficiency, and the cryogenic operation condition in order to suppress the
dark current [31]. Another disadvantage of QWIPs is that normal incidence absorption
is forbidden in n-doped QWIPs, due to the quantum mechanical selection rule in the
Γ-symmetry conduction band [31]. An efficient optical coupling scheme such as using
diffraction gratings is needed for normal incidence detection. P-type QWIPs could detect
normal incident light; however, the absorption, responsivity, and response speed are much
lower due the larger effective mass and lower mobility of holes.

Figure 1. Conduction band diagram of quantum well infrared photodetectors. Reproduced from Ref. [32], with permission
of American Institute of Physics (AIP) Publishing.

Quantum dot infrared photodetectors (QDIPs) are operated in a similar manner as
QWIPs. The only difference is that the carriers in a QDIP are confined in 3D rather than 1D.
This 3D confinement of carriers in QDs provides the unique properties of QDIPs. QDIPs
are intrinsically sensitive to normal incidence due to the breaking of quantum mechanical
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selection rule. Theoretical work predicted that QDIPs could have lower dark currents than
QWIPs because of weaker thermionic emission from the QDs with 3D confinement [36].
However, QDIPs generally have a low quantum efficiency and absorption coefficient due to
the small fill factor of QDs and inhomogeneous broadening of the self-assembled QDs [37].

2.2. Response Speed

The response speed of the photodetector is an important figure of merit in various
applications as mentioned above. The limiting factors of photodetectors and methods to
improving the response speed are well studied. The response speed of the photodetector
usually depends on the carrier transport within the device, and the circuit dynamics in the
lumped element model. A 3-dB bandwidth can be used to characterize the response speed,
which is limited by [38]:

f3-dB = (ft−2 + fRC
−2)−1/2 (1)

where ft is the transit time limited bandwidth, and fRC is the RC time limited bandwidth.
The transit time corresponds to the time that photogenerated carriers take to be collected.
For an ideal p-i-n photodiode, the transit time is proportional to the thickness of depletion
region over the carrier velocity [39]. Reducing the thickness of the depletion region will
increase the transit time limited bandwidth, but leads to a lower quantum efficiency. More-
over, the decrease of depletion region thickness could lead to a larger junction capacitance,
which will reduce the RC time limited bandwidth. The RC time limited bandwidth is often
derived from the equivalent circuit model of the photodetector. The existence of junction
capacitance together with the parasitic capacitance leads to a low-pass filter effect. In this
way, a smaller active area is preferred in order to achieve a high response speed. Effen-
berger and Joshi proposed dual depletion region photodetector with optimized absorption
region thickness and drift region thickness at 1550 nm, which balance the transit time
limited and RC time limited bandwidth [40].

In order to achieve a higher transit time limited bandwidth, besides applying a strong
electric field to accelerate the carriers, some novel design structures such as uni-traveling
carrier (UTC) photodiodes are proposed and demonstrated to eliminate the slow transport
of hole carriers. In traditional p-i-n photodiodes, the light absorption occurs in the intrinsic
region, and electron-hole pairs are generated, where slow hole transport often limits the
bandwidth of photodiodes. In UTC photodiodes, the photogenerated electron-hole pairs
are created in the undepleted p-type absorption region, and the excess hole carriers will
relax within a sub-picosecond time duration, due to the quick dielectric relaxation process.
The transport of electrons is generally much faster than hole transport, leading to higher
bandwidth when compared with the p-i-n photodiodes [41]. UTC photodiodes with
bandwidth above 300 GHz have been demonstrated at 1550 nm [41]. The band diagrams of
the traditional p-i-n PD and the UTC-PD with InGaAs as absorber are schematically shown
in Figure 2a,b.

Figure 2. Band diagrams of (a) conventional p-i-n photodiode and (b) uni-traveling-carrier photodiode.
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For high speed light detection at wavelength in MWIR and LWIR, QWIPs are very
promising candidates. The picosecond-level inter-subband electron scattering time and
high electron mobility could help QWIPs achieve >100 GHz bandwidth. There are different
types of inter-subband transitions for QWIPs, such as bound-to-bound, bound-to-resonant,
and bound-to-continuum. The bound-to-bound transition devices often have a large
absorption coefficient per well due to the small final state broadening. However, the
carrier extraction efficiency could be an issue due to the energy level difference between
the first excited state and the barrier’s conduction band edge, which could degrade the
responsivity and bandwidth performance. The bound to continuum transition QWIPs
have a broader and asymmetrical absorption spectrum with a low absorption peak [42].
Optimum QWIPs for high speed and a high responsivity operation are usually based
on the bound-to-resonant transition, with the upper state (the first excited state) nearly
in resonance with the barrier height [43]. The active region consists of identical QWs
separated by significantly thicker barriers to avoid coupling between different QWs. The
QW thickness and conduction band offset is carefully chosen so that the first excited state
in the QW is close to resonance with the conduction band edge of a barrier to ensure a
good carrier extraction efficiency for high speed and a high responsivity operation.

Quantum cascade detectors (QCDs) are originally proposed with the advantage of
zero bias operation and improved signal to noise ratio as compared with the QWIPs
structure [44], which is essential for MWIR and LWIR operation since noise level often
limits the sensitivity of the devices. The band diagram of QCD is shown in Figure 3.
QCDs have multiple-stage architecture, and each stage is composed of two regions: the
absorption region and the carrier extraction region. The photogenerated carriers only need
to transport one single stage before relaxing to the ground state of the next stage. Therefore,
this multiple-stage architecture of QCD could help improve the device bandwidth. In
QCDs, after absorbing the IR light, the electrons in the ground state (E1 in Figure 3) will be
excited to the first excited state (E2 in Figure 3) and then transport into E3 through resonant
tunneling and the other subsequent extractor states (such as E4, E5, E’1) by phonon assisted
scattering to complete one stage transport. To achieve a fast and efficient electron extraction
through phonon-electron scattering, the energy difference between the individual extractor
states should be close to the longitudinal optical phonon energy, which is critical for high
speed operation.

Figure 3. Conduction band of quantum cascade photodetectors. Reproduced from Ref. [32], with permission of
AIP Publishing.

Interband cascade infrared photodetectors (ICIPs) operate with a similar principle
as QCDs by incorporating multiple stage architecture, with the main difference being
that the ICIP device is based on interband transitions. One commonly studied material
system for ICIP is the InAs/AlSb/GaSb 6.1 Å family. ICIPs consist of an absorption region,
electron injector region, and hole injector region. The electron injector region also works as
the hole barrier designed with InAs/AlSb QWs by gradually varying the InAs thickness,
while the hole injector region also serves as the electron barrier composed of GaSb/AlSb
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QWs. The schematic band diagram for one and half stages of an ICIP is shown in Figure 4.
Like QCDs, the photogenerated carriers travel only over one cascade stage before they
recombine in the next stage. The thickness of the absorber in every individual cascade
stage can be significantly shorter than the diffusion length of InAs/GaSb, while the total
thickness of all the absorbers can still be longer than the diffusion length. Hence, this could
circumvent the tradeoff between absorption efficiency and carrier extraction efficiency
in traditional p-i-n like structures, given the limited diffusion length of InAs/GaSb T2SL
especially at high temperatures. Meanwhile, carrier transit time can be designed to be
short with multiple stages, while maintaining a high absorption efficiency and thus a high
sensitivity [45]. Compared to QCDs with picosecond level phonon-scattering lifetime,
ICIPs usually have a lifetime in nanosecond level lifetime due to the Shockley-Read-Hall
(SRH) and Auger recombination. This helps ICIPs to achieve higher peak responsivity and
lower dark current density than QCDs with a similar transition wavelength [46]. However,
for high speed operation, short carrier lifetimes could be beneficial in QCDs. As will be
shown in the next section, the 3-dB bandwidth of the state-of the-art ICIPs is still below
10 GHz, while QCDs can achieve a much higher bandwidth as close to that of QWIPs due
to the short excited state carrier lifetime.

Figure 4. Schematics of the band profiles of interband cascade detector with a small reverse bias. Reproduced from Ref. [47],
with permission of AIP Publishing.

3. States-of-the-Art for High Speed Infrared Photodetectors
3.1. For eSWIR Operation

Silicon material has been widely used in semiconductor photodetectors, benefiting
from its low cost and high crystal quality. Although the cut-off wavelength of a silicon-
based photodetector is only around 1.1 µm, it can be extended to 1.6 µm by epitaxially
growing germanium on silicon substrate, to support the telecommunication band at 1.3
and 1.55 µm [48–50]. Similar methods can be proceeded beyond 1.7 µm by introducing
tin to form germanium-tin (GeSn), of which the cut-off wavelength can be extended to
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larger than 2 µm. With Sn-composition of 0.09, a cut-off wavelength of 2.4 µm can be
achieved in strained GeSn/relaxed Ge MQWs absorber grown on silicon [51]. The p-i-n
photodiode with Ge0.92Sn0.08 absorber and strained Ge buffer layer on Si substrate is also
reported to cut-off at 2.3 µm [52]. With GeSn/Ge MQWs absorber, a 3-dB bandwidth of
over 10 GHz was achieved at 2 µm operation [53,54]. Furthermore, with GeSn absorption
layer, a 1.78 GHz bandwidth of for p-i-n photodiode was reported at 2 µm [55], which was
limited by mesa diameter. GeSn based photodetector is attractive for its compatibility to Si
based CMOS technology, which is beneficial to multi-functional opto-electronic integration
and cost reduction [52]. However, given the notable lattice mismatch between GeSn and
Si substrate, the performance of GeSn device is still limited by the high dark current and
low responsivity. For typical GeSn devices reported in the literature [53,54], the room
temperature dark current density at −1 V is around 42 mA/cm2, and the optical response
at 2 µm is around 0.015 A/W. Although using photon-trapping microstructure could
help improve the quantum efficiency of GeSn/Ge MQWs with a slight increase of dark
current [56], the performance is still inferior to III-V devices working in similar wavelength
range [57,58].

Another Si-based method is to utilize the defect-mediated absorption mechanism in
silicon, which was demonstrated for 1.55 µm photodetection [59–61]. Optical absorption at
wavelength of 2.3 µm is demonstrated with low-dose inert ion implantation and 200–350 ◦C
annealing [62]. The process is also CMOS-compatible and so the device can be easily
integrated with other silicon devices. The drawback is that the responsivity is low, and so
an avalanche operation is necessary for high performance. Ackert et al. demonstrated a
silicon-based photodiode operating in 2 µm band on a silicon-on-insulator waveguide [63].
The external responsivity at 2 µm is around 0.3 A/W at a bias of 30 V, with a dark current
less than 1 µA for a 1-mm-long photodiode. With a 200 µm-level length absorption region,
the device shows a 3-dB bandwidth of 15 GHz measured by a 1550 nm laser source, and a
28 Gbit/s data rate can be achieved at 27 V bias voltage with a 1960 nm laser source.

Lattice matched In0.53Ga0.47As on InP substrate has long been used in the optical com-
munication for its fast carrier transport and high absorption at 1.55 µm wavelength [64,65].
The lattice matched InGaAs have an optical response cut off at 1.7 µm. By increasing
indium composition, the detection wavelength of InGaAs can be increased. For example,
with indium composition larger than 0.7, the cut-off wavelength of InxGa1−xAs on InP can
be extended to 2 µm [66] or even longer [67,68]. However, the defects associated with the
lattice mismatch between InGaAs and InP substrate could propagate into the active region
and lead to high dark current [69]. Joshi et al. has demonstrated In0.72Ga0.28As p-i-n high
speed photodetector with 6 GHz bandwidth at 2 µm p-i-n by applying lower load resistor
(effectively 25 Ω) [70]. The device shows a responsivity of 1.34 A/W and a dark current of
400 nA for 45 µm diameter device. Bandwidth up to 16 GHz can be achieved in a similar
structure [71,72]. Yang et al. reported an edge-coupled strained InGaAs quantum wells
high speed photodetector with 3-dB bandwidth more than 10 GHz, with a responsivity
of 0.3 A/W and dark current of 120 nA. [73]. Similar bandwidth performance has also
been reported by the same research group on normal incident strain relaxed In0.7Ga0.3As
photodetectors [58,74,75].

InGaAs/GaAsSb MQWs is another candidate for eSWIR detection on InP substrate.
The type-II band alignment of InGaAs and GaAsSb forms a narrow effective bandgap and
can extend the cut-off wavelength to more than 3 µm [26,29,57]. The dark current of these
device is low at room temperature benefiting from the lattice-match properties [30]. The
carrier transport in InGaAs/GaAsSb MQWs can be fast by properly designing the structure
of MQWs [76,77]. Tossoun et al. demonstrated waveguide integrated InGaAs/GaAsSb
MQWs waveguide photodetectors with 3-dB bandwidth of 3.5 GHz and 10 GHz [78,79].
Since hole carrier escape time limits the transit time [77,79], eliminating the hole transport
can potentially improve the 3-dB bandwidth [76]. Our group in ShanghaiTech University
utilized uni-traveling carrier structure by incorporating InGaAs/GaAsSb MQWs as ab-
sorption layer and InP layer as drift layer, demonstrated a 3-dB bandwidth of 25 GHz at
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2 µm with dark current of 5 nA at room temperature under -5 V [80]. The eye diagram up
to 30 Gb/s can be observed for the 10 µm diameter devices. The schematics of the band
diagram of the type-II MQWs based UTC photodiodes is shown in Figure 5.

Figure 5. The schematics of the band diagram of the 2 µm UTC photodiodes with type-II MQW as
the absorber.

Quaternary compound InGaAsSb on GaSb substrate has a tunable bandgap rang-
ing from 0.25 to 0.75 eV, and InGaAsSb photodetectors operating at around 2 µm wave-
length have been studied since the 1980s [81]. However, the growth and fabrication of
GaSb based quanternary material is still challenging [82]. Early work shows that 160 ps
FWHM and 2 Gbit/s data rate is achievable on p-i-n photodetector with 3 µm thick
In0.18Ga0.82As0.17Sb0.83 absorption layer [83]. Andreev et al. reported a InGaAsSb p-i-
n photodetector with separated sensitive and contact mesa, achieving a bandwidth of
2–5 GHz [84]. Wun et al. reported partially depleted In0.2Ga0.8As0.16Sb0.84 absorber p-i-n
photodetector with 2.5 µm cut-off wavelength and 6 GHz operating frequency measured
with 1.55 µm light source [85]. The performances of eSWIR detector technologies mentioned
in this subsection are summarized in Table 1 below.

Table 1. High speed photodetectors for eSWIR operation.

Material and Structure Cut-off Wavelength (µm) Responsivity (A/W) Dark Current (or Density) Response Speed References

GeSn MQWs on Si 2.2 0.023 0.031 A/cm2 @ −1 V 1.2 GHz [53]
GeSn MQWs on Si 2.05 0.015 0.044 A/cm2 @ −1 V 10 GHz [54]

GeSn on Si 2.5 0.19 @ 1.55 µm 1.78 GHz [55]
Defect-mediated Si >2 0.3 1 µA @ −30 V 15 GHz [63]

In-rich InGaAs on InP >2 1.34 400 nA @ −5 V 6 GHz [70]
In-rich InGaAs on InP 2.2 1.2 25 µA @ −5 V 16 GHz [71]
In-rich InGaAs on InP >2 0.3 120 nA @ −3 V 10 GHz [73]
In-rich InGaAs on InP >2 0.94 2 µA @ −5 V 6 GHz [74]
In-rich InGaAs on InP >2 0.93 0.52 µA @ −5 V 10 GHz [58]
In-rich InGaAs on InP >2 0.73 0.9 µA @ −2 V 6 GHz [75]

InGaAs/GaAsSb on InP 2.4 0.35 12 mA/cm2 @ −5 V 3.7 GHz [77]
InGaAs/GaAsSb on InP

waveguide PD >2.2 0.27 100 nA @ −2 V 3.5 GHz [78]

InGaAs/GaAsSb on InP
waveguide PD >2 0.84 1 nA @ −1 V 10 GHz [79]

InGaAs/GaAsSb on InP 2.25 0.07 5 nA @ −5 V 25 GHz [80]
GaInAsSb on GaSb 2.4 1.15 1.5 µA @ −3 V 2–5 GHz [84]
GaInAsSb on GaSb 2.5 0.4 @ 1.55 µm 0.7µA @ −2 V 6 GHz [85]

3.2. MWIR Operation

Ternary compound HgCdTe (mercury cadmium telluride, MCT) is the most developed
alloy material for MWIR and LWIR detection. The very small lattice mismatch between
HgTe and CdTe make it possible to gradually tune the material bandgap, resulting in the
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cut-off wavelength ranging from 1 to 30 µm, and availability of high quality heterostruc-
tures [86]. Like other direct bandgap bulk material, HgCdTe can provide high quantum
efficiency for infrared detection. At MWIR band, an HgCdTe avalanche photodetector
has been developed with good performance [87]. With Cd composition lower than 0.5,
the electron ionization coefficient of HgCdTe is significantly larger than hole ionization
coefficient, which benefits the low noise avalanche photodiode at mid/long wavelength
band and 1 GHz bandwidth can be predicted [88]. Rothman et al. characterized the p-i-n
HgCdTe avalanche photodiode with 145 MHz bandwidth and 5.0 µm cut-off wavelength
at 77 K [89]. Perrais et al. reported a 600 MHz RC-limited bandwidth HgCdTe avalanche
diode with 5.2 µm cut-off wavelength at 80 K, and the transit time limited bandwidth is
expected to be 15 GHz, leading to a gain bandwidth product of 3 THz [90].

InSb is also another common material choice for MWIR detection. Ibrhim et al. re-
ported an InSb p-i-n photodetector grown on semi-isolated GaAs substrate with a 3-dB
bandwidth of 8.5 GHz at room temperature with 2500 nm wavelength pulse light source.
The devices exhibited a dark current level of 1–10 mA at −0.5 V at 77 K for devices diameter
ranging from 60 to 150 µm [91].

Photovoltaic operation of QCD has made it possible to perform MWIR detection at
room temperature, and also opened up possibility to achieve high response speed. The
operation principle of QCD is based on inter-subband transitions in quantum wells embed-
ded in an asymmetric, saw-tooth-like conduction band structure, which allows transport
of the excited electrons in one direction only. The device can be operated with no bias,
and thus no dark current. The sensitivity of the device can be improved by incorporating
more stage of the cascade structure [92]. Hofstetter et al. reported a room temperature
InP-based InGaAs/InAlAs QCD with 3-dB bandwidth of 4 GHz and maximum modulation
frequency of 23 GHz at 5.35 µm wavelength [93]. Zhou et al. reported a room temperature
QCD with 9 GHz bandwidth at 4.3 µm [94]. Dougakiuchi et al. reported a 5 GHz band-
width QCD with radio frequency (RF) response detectable at 26 GHz [95]. Nevertheless,
one disadvantage of these QCDs as well as QWIPs based on inter-subband transition, is
that these devices require gratings for normal incidence detection. One way to overcome
this drawback is to use quantum dots (QDs) instead of QWs for light absorption. QDs
based QCD have been demonstrated with normal incidence response in MWIR and LWIR
region [96–98]. However, the bandwidth of these QD-QCDs has not been reported so far.

The ICIP can be advantageous, in term of responsivity and sensitivity, over a QCD,
because InAs/GaSb absorber could offer high absorption efficiency and lower dark current
due to the longer non-radiative carrier lifetime of the interband process. For high-speed
operation, as discussed in the previous section, ICIP could also have particular advantages
over single-stage detector similar to QCD due to the multiple-stage architecture. Lotfi et al.
characterized the frequency response of interband cascade laser and detector system, where
the extracted bandwidth of ICIP is 1.3 GHz [99]. Later on, our group used a two-stage
interband cascade photodetectors with total absorber thickness of 2400 nm to achieve a 3-dB
bandwidth of 2.4 GHz [100]. The 3-dB bandwidth of ICIP was further boosted to 7.04 GHz
with a five-stage configuration which has a total absorber thickness of 1200 nm [101]. For
the two stage ICIP, the device showed a cutoff wavelength of 5.3 µm at 300 K. A peak
responsivity of around 1.1 A/W can be observed at 184 K at 4.1 µm with dark current
density of 10 mA/cm2 at −0.1 V. The 3-dB bandwidth of the device was characterized
by the 1550 nm light source at varied bias conditions and temperatures. It was found
that the 3-dB bandwidth of device first increased with temperature (<200 K) and then
exhibited a slight decrease as temperature further increased with a peak 3-dB bandwidth
value of 2.6 GHz at 200K under reverse bias of −5 V. The previous explanations in [100]
may not be precise as we attempt to explain here again. As the temperature decreases
from 300 K to 200 K, we attribute the bandwidth decrease to the reduction of the carrier
diffusion coefficient and mobility with temperature. As temperature further decreases
below 200 K, the carrier lifetime will increase, thus the recombination process of the optical
generated electrons and holes at the interfaces of adjacent stages (i.e., the interfaces of
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electron injector layer and hole injector) will slow down, which makes the 3-dB bandwidth
of the device decrease with temperature. As a comparison, for QCD structure, since only
transport of electrons will contribute to photocurrent, and there is no such recombination
process at the interfaces between adjacent stages, QCD could be favorable over ICIP in
terms of ultra-high-speed operation. Moreover, the five-stage ICIP structure demonstrated
in ref. [101] has a 3-dB bandwidth of 7.04 GHz with a thinner absorption region. It is also
found that the device with a 20 µm diameter would saturate as the photo current exceeds
80 µA due to long carrier lifetime and current mismatch between stages, which indicates
that these devices may not be able to be used in an optical heterodyne technique with a
high power local oscillator as a mixer [102].

Uni-traveling carrier photodiodes based on InAs/GaSb T2SL have also been demon-
strated by our group recently for the first time [103]. The UTC photodiode structure was
originally used in 1550 nm band, and then for 2 µm band application, both on InP sub-
strate [80]. For MWIR operation, the UTC photodiode is based on GaSb substrate. In
Ref. [103], graded p-doped InAs/GaSb T2SLs were used as absorption regions with a total
thickness of 225 nm, and 430nm undoped InAs/AlSb SLs were used as a collector layer.
The device shows a 3-dB bandwidth of 6.58 GHz at 300 K. It is noted that UTC photodiodes
can be used for high power application in the near infrared band, which indicates these
MWIR UTC photodiodes may be potentially used in an optical heterodyne technique
with a powerful local oscillator as well. However, the bandwidth of this first MWIR UTC
device is lower than expected with such a thin absorber layer; the potential reason may be
due to low mobility of InAs/GaSb and InAs/AlSb SLs especially in the carrier transport
direction [104,105].

The device performances of MWIR high-speed detector technologies mentioned in
this subsection are summarized in Table 2 below.

Table 2. High speed photodetectors for MWIR operation.

Material and Structure Cut-off Wavelength (µm) Responsivity (A/W) Dark Current (or Density) Response Speed References

HgCdTe APD 5 145 MHz [89]
HgCdTe APD 5.2 600 MHz [90]
InSb on GaAs 5.33 1.8 @ 77K 8.5 GHz @ −2.5 V [91]

InGaAs/InAlAs QCD
on InP 5.35 0.0032 @ 100K 4 GHz [93]

InGaAs/InAlAs QCD
on InP ~4.3 0.0078 @ 300K 9 GHz [94]

QCD ~4.5 5 GHz [95]
ICIP on GaSb 4.2 0.24 @ 300K 1.3 GHz [99]
ICIP on InAs 5.3 0.1 @ 300K 3.97 A/cm2 @ −0.1 V 2.4 GHz [100]
ICIP on InAs 5 0.067 @ 300K 0.094 A/cm2 @ −0.1 V 7.04 GHz [101]

InAs/GaSb UTC on GaSb 5.6 0.1 @ 300K 0.6 A/cm2 @ −0.5 V 6.58 GHz [103]

3.3. LWIR Operation

For LWIR band, high performance HgCdTe photodiodes with more than 30% QE
and 1 GHz bandwidth have been achieved in cryogenic temperature (77 K) [106,107]. For
high temperature (>200 K) operation and room temperature (300 K) operation, Auger
recombination is a main factor that limits the detectivity of the infrared photodetector.
By optimizing composition and doping level, the Auger process can be partially sup-
pressed [108]. Zero/low bias is also proposed for noise reduction. Researchers have
predicted LWIR HgCdTe photodiodes with tens of picosecond response times at 230 K
temperature at low bias [109] and zero bias [110] with p-type HgCdTe, which could enjoy
the high electron diffusion coefficient.

GaAs-based QWIP is expected to have a fast frequency response due to the short
intrinsic carrier lifetime [35]. The typical lifetime of excited carriers is of the order of a few
picoseconds [35], which enables QWIP not only for high-speed operation but also very high
saturation intensity [111]. These properties make QWIP advantageous for a heterodyne
detection scheme where a high-power local oscillator can used to drive a high photocurrent
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that can coherently mix with a signal shifted in frequency with respect to the local oscillator,
which is typically unobtainable in interband-based photodetectors such as ICIP [101] due to
much longer carrier lifetime. QWIP was characterized with 10.2 µm CO2 laser for coherent
detection, showing a 3-dB bandwidth of 1.5 GHz for 150 µm device and 8 GHz for a 75 µm
device at 77 K, and the intrinsic bandwidth was estimated to be 64 GHz [112]. Liu et al.
then demonstrated QWIP heterodyne detection of 26.5 GHz with 3-dB bandwidth of
approximately 19 GHz at 77 K [113], and 82 GHz heterodyne frequency can also be detected
by down conversion using QWIP as a microwave mixer [114]. Grant et al. demonstrated
a QWIP and measured the heterodyne output signal up to 75 GHz at 100 K [115]. The
frequency response can be even detected up to 110 GHz at 300 K temperature, and the
mechanisms affecting the frequency response were studied [116]. Room temperature
QWIPs with heterodyne detection of 4 GHz and 26 GHz at 9 µm and 4.6 µm respectively, are
achieved by incorporating metamaterial made of sub-wavelength microcavity to enhance
the responsivity and suppress the dark current [117,118]. A similar patch-antenna was
used for QCD structure with room temperature responsivity of 50 mA/W at 0 V bias, and
a 1.4 GHz electrical bandwidth [119].

The device performances of the LWIR high-speed detector technologies mentioned in
this subsection are summarized in Table 3 below.

Table 3. High speed photodetectors for LWIR operation.

Material
and Structure

Operation
Wavelength (µm)

Responsivity or
Quantum Efficiency

Dark Current
(or Density) Response Speed References

HgCdTe p-i-n 10 Around 30 % 1 GHz @ 77 K [106]
QWIP on GaAs 10 11 % 8 GHz @ 77 K [112]
QWIP on GaAs 9.3 0.45 A/W 19 GHz @ 82 K [113]
QWIP on GaAs 9 75 GHz @ 100 K [115]
QWIP on GaAs 9 0.2 A/W 3.5 mA @ 0.5 V 4 GHz @ 300 K [117]
QCD on GaAs 9 50 mA/W @ 0 V 1.4 GHz @ 295 K [119]

4. Challenges and Perspectives

For high speed operation in wavelength range beyond 1.7 µm, there are a number of
challenges given the current development situation. In this section, both the challenges
and perspectives of the high speed eSWIR/MWIR/LWIR photodetectors will be discussed.

4.1. Bandwidth Characterization

First, the bandwidth characterization of the photodetector in the eSWIR/MWIR/LWIR
wavelength band is not straightforward. For a photodetector operating at telecom band, a
high-speed modulator is commercially available, which can generate high speed optical
signal and make the bandwidth characterization in a relatively simple way. However, in
the MWIR and LWIR band, high speed modulators are not available in the MWIR and
LWIR band, and some other methods have to be used to get around this issue.

One way to test the MWIR and LWIR device is still using 1550 nm high speed light
source setup along with vector network analyzer (VNA) or Lightwave Component Ana-
lyzer (LCA) as shown in Figure 6. This setup can only be used to estimate the bandwidth
of MWIR/LWIR devices based on interband transition, but not for device based on inter-
subband transition such as QCDs and QWIPs, since inter-subband transition devices only
have relatively narrow optical responses at the targeted wavelength and usually have no
response at 1550 nm wavelength. Moreover, using 1550 nm wavelength could cause strong
absorption at the surface of device given the large absorption coefficient at 1550 nm. That
could under-estimate the 3-dB bandwidth of the devices.
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Figure 6. Bandwidth characterization of high-speed photodetector with Lightwave Component
Analyzer (LCA).

Another way to measure the frequency response of photodetector is based on the
frequency-swept modulated optical signal with a tunable heterodyne setup, as shown in
Figure 7. The heterodyne setup uses two single mode distributed feedback (DFB) lasers
with slightly different wavelengths to generate an optical signal with a different frequency.
By sweeping the frequency of the signal, which is achieved by changing the temperature
and thus the wavelength of one DFB laser, the bandwidth of the photodetectors can be
characterized. At a wavelength around 2 µm, fiber couple output DFB lasers can be
implemented along with an optical coupler, which could simplify the optical alignment.
However, in the MWIR and LWIR band, free space optical alignment of two QCL DFB
lasers would be much more challenging.

Figure 7. The tunable heterodyne setup schematics for bandwidth characterization of high-
speed photodetectors.

The third approach of characterizing the device speed is using an optical short-pulse
signal in the MWIR and LWIR region, based on an optical parametric oscillator. The
temporal response of the devices can be recorded with a high-speed oscilloscope with
the devices exposed by optical pulses. Then the bandwidth of the devices can be further
calculated through Fourier transform of the electrical pulse signal.

For QWIPs and QCDs structure, microwave rectification techniques utilizing an
RF launcher have also been used to evaluate the excited-electron lifetime and device
bandwidth [43]. Due to the inherent nonlinear I-V characteristics of QWIPs and QCDs, a
microwave rectification technique is a way to study the roll-off behavior of the device by
applying an RF signal to the device and measuring the variation of its DC biasing current.
Since it takes the same time period of about excited-electron lifetime for the system to
re-establish its equilibrium under perturbation by either external applied bias or infrared
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excitation, the excited-electron lifetime can be inferred from microwave rectification [43].
The setup of microwave rectification techniques is shown in Figure 8. This method reflects
the frequency response of devices in an indirect way.

Figure 8. The schematics of the microwave rectification setup.

4.2. Design Challenges

Besides the RF characterization difficulties for longer wavelength devices, another
major challenge for high speed detectors is to achieve devices with high bandwidth, low
dark current, and high quantum efficiency simultaneously. For high-speed operation,
usually an external bias is needed to accelerate the carrier transport and increase the device
bandwidth. However, this will inevitably cause higher dark current due to the strong
dependences of tunneling current and surface leakage current on bias. Furthermore, for the
recent photodetector work based on InAs/GaSb, InAs/InAsSb T2SLs, a p-doped absorber
is often desirable for high speed operation, since electrons, as the minority carriers in p-
doped absorber, have higher mobility and smaller effective mass than holes. However, the
Fermi-level pining at the surface in p-doped T2SLs creates an additional electron leakage
path in the surface, which could cause significant surface leakage. Surface passivation and
a mesa etch process need to be carefully optimized for these devices. Barrier devices such
as ICIP could potentially solve this issue, due to the multiple electron barriers and hole
barriers in the structure, which can block the surface leakage path. Moreover, InAs/GaSb,
InAs/InAsSb T2SLs are typically grown on InAs or GaSb substrate. Nevertheless, high
quality semi-insulated InAs or GaSb substrate is not available, and the current n-type
substrate is lossy for RF signal extraction which could be another limiting factor for high-
speed operation. GaAs or InP-based devices such as QWIPs and QCDs would not suffer
from this issue, given the mature development of semi-insulated GaAs and InP substrate.
Growth of InAs/GaSb T2SL or other MWIR/LWIR materials on semi-insulated GaAs
substrate with buffer layer may be one of the solutions to achieve high RF performance,
but the defects caused by lattice mismatch between active layers and substrate could cause
high dark current [120–122].

4.3. Perspectives

Given the potential challenges of achieving high speed photodetectors in the eSWIR,
MWIR, and LWIR region, it is still at an early stage of development. Better devices
performance could be expected with continuous development of III-V material growth,
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process techniques, and device structure innovations. Moreover, new emerging materials
such as colloidal QDs, graphene and transition-metal dichalcogenides (TMDCs) have
recently appeared which show promise for low-cost optoelectronics applications [123–128].
These materials could be integrated with other materials without constraint of crystal
lattice matching. Recently, high-speed and high responsivity vertical MoTe2-grahene
van der Waals heterostructure photodetectors have been demonstrated at telecom O-
band wavelength range with 3-dB bandwidth of 50 GHz [128]. These devices enjoy
the high carrier mobility of graphene to ensure fast carrier extraction and low contact
resistance. Although most of the 2D material based high-speed detectors were reported
at a telecom band, it is quite promising to extend the wavelength beyond 1.7 µm for high
speed operation by choosing different 2D materials [129].

5. Conclusions

In this paper, the RF characteristics of infrared photodetectors in the eSWIR, MWIR,
and LWIR wavelength band along with other figures of merit are reviewed. For longer
wavelength photodetection, the challenges presented in device characterization, as well
as the demands for high speed, low dark current, and high responsivity, are discussed.
The emerging quantum structures such as T2SL, QCD, and ICIP, show prospect for room
temperature operation of MWIR/LWIR detection, and may potentially be used in future
free space optical communication, frequency comb spectroscopy, and some other emerging
areas requiring high speed receivers.
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