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1. Background

Observation of infrared radiation has historically been one of 
the most prominent ways to better understand different phe-
nomena in our Universe. Infrared imaging however, has seen 
massive growth in number of applications during the past few 

decades. This rapid growth has fueled exciting technological 
developments that could spur new paradigm-shifting advance-
ments in infrared detection and the numerous fields related to 
it. This review intends to focus on the most important recent 
progresses in the field. However, in light of recent contro-
versies in proper measurement and formulation of photon 
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detectors (see for example [1]), this review also provides the 
key background information and formulations required for 
a proper evaluation of different technologies reported in the 
literature.

1.1. A short history of infrared detectors and imagers

The discovery and first detection experiments of infrared 
radiation date back to the early 19th century: the detection 
technology was initially entirely based on thermal detectors 
[2, 3]. The first photon detectors were developed in the early 
20th century, and the years during World War II saw the birth 
of modern IR detector technology, initially employing mat-
erials such as Tl, Cs and PbS [4, 5]. Thanks to major inter-
est from military funding agencies, the research in infrared 
photodetector saw a significant impulse throughout the rest of 
the 20th century: the most significant developments happened 
during the ’60s with the introduction of III–V and II–VI based 
detectors, in particular HgCdTe [6, 7]. Several technologies 
were developed, based mainly on these materials systems, to 
span the whole wavelength range of infrared radiation (~1–30 
µm). Most of the research effort was directed since the begin-
ning to the fabrication of arrays of photodetectors (focal plane 
arrays, FPAs) and cooling systems that could be assembled 
into imagers, with significant achievement [2]. More recently, 
cryogenic and superconducting technologies have enabled 
novel detection processes and devices. Importantly, a few 
of the superconducting detection technologies could be suc-
cessfully fabricated into imager arrays [8, 9]. While cooling 
to temperatures required for supercconducting IR detectors is 
possible, the limitations produced by the volume, power con-
sumption, lifetime, and cost of the cooling systems have held 
back wide adoption and utilization of this technology. This 
limitation might be addressed by novel infrared imagers based 
on nanoscale and low-dimensional materials, which have been 
recently proposed and demonstrated for approaching room-
temperature highly-sensitive infrared detection.

1.2. Recent attention on technological applications of the 
SWIR wavelength band

Infrared radiation has been employed in a myriad of dif-
ferent fields and applications, including military tracking 
and  ranging applications, night vision, medical diagnostics, 
astronomy, spectroscopy, and non-destructive inspection. 
While attempting to maintain generality when possible, in 
this work we will focus on the recent developments for the 
detection of short-wavelength infrared radiation (SWIR), typ-
ically corre sponding to 1–3 µm wavelength. This wavelength 
range is unique in that it avoids both the optical absorption 
and scattering related to electronic transition typical of shorter 
wavelengths, and that due to free-carrier and molecular vibra-
tion absorption, at longer wavelengths. As a result, optical 
transmission in the SWIR band is fairly high in a wide range 
of materials, spanning from biological tissues to fiber optics, 
and the Earth’s atmosphere. Such fundamental advantage has 
attracted great interest from a wide range of different fields, 

and we are recently witnessing a dramatic increase in number 
of applications and technologies based on SWIR. Furthermore, 
as shown in figure 1(a), detectors operating in this band can 
typically reach higher performances thanks to a lower back-
ground noise, compared to longer wavelengths. Furthermore, 
unlike mid- (MWIR) and long-wavelength (LWIR), this field 
was not traditionally dominated by military-funded research, 
since it also represents, for example, one of the key enabling 
technologies for optical communication. In addition, this 
wavelength is of par ticular interest in astronomy, due to both 
the existence of an atmospheric transparent window around 
1.5 µm, as shown in figure 1(b), and because it gives the best 
contrast (for thermal emission) and superior resolution, for 
imaging exoplanets [10–14]. Moreover, increasing interest 
has recently developed towards expanding the domain of opti-
cal communication to the chip level, currently dominated by 
electrical interconnections, in order to address one of the most 
crucial technological challenges towards decreasing computa-
tional power consumption [15–17]. As a result, multiple new 
devices, processes and systems centered around SWIR detec-
tion integrated on chips have been proposed, that have attracted 
great interest and funding from the whole electronics commu-
nity [18–24]. Finally, thanks to its relatively low absorption in 
some human tissues, SWIR radiation has enabled the devel-
opment of important optical coherent tomography techniques 
(OCT), for medical diagnostics [25, 26].

In this paper, we review the recent progress in SWIR detec-
tion technology, presenting the most mature technologies and 
their limitations, as well as the prospects for the most prom-
ising newly developed technologies, such as nanoscale and 
low-dimensional materials, and we attempt to present their 
requirements and future challenges in order to represent a 
viable alternative.

1.3. Current requirements, guidelines and trends in SWIR 
detectors and imagers

The current direction of research efforts and technological 
development for infrared imagers is aimed at achieving mega-
pixel, low-cost, light and efficient imagers with advanced 
on-chip functionalities. As proposed by Rogalski et  al [27] 
(figure 2), these goals characterize the development of the 
fourth generation of infrared imagers, started in recent years. 
Of particular relevance for several fields of interest is the con-
cept of size, weight and power consumption (SWaP), as this 
is crucial to the portability, system complexity and suitability 
of the imagers [2, 28, 29]. This is intimately connected to the 
system requirements imposed by the imager of choice, such as 
optics size, cooling systems and cold shields [29, 30].

Especially for the case of SWIR and MWIR imagers, these 
development guidelines translate into four major design strat-
egies which have been pursued during the last few decades 
[31]:

 •  Small pixels and optics
 •  High operating temperature
 •  Wafer-scale and novel process and integration
 •  Multi-functional pixels and read-out

Rep. Prog. Phys. 83 (2020) 044101
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1.3.1. Small pixels and optics. With the consistent improve-
ment of the fabrication capabilities of both the FPAs and the 
integrated read-out circuitry, the size of the detector pixels has 
been constantly reduced over time [27, 32]. This enabled the 
number of pixels in a imager (for a given sensor area) to scale 
exponentially over time, similar to the Moore’s law, allowing 
third-generation FPAs to reach Megapixel resolution (figure 
2) [27, 33]. In addition, small pixel size and pitch can play a 
crucial role in reducing the SWaP of the system by enabling 
smaller detector size. For a fixed F-number (F/#), the area, 
size and weigth of the optics required scale at least quadrati-
cally with the detector size [27, 30, 34]. As an example, the 
miniaturization of visible CMOS imagers, driven in particular 

by the mobile phone market, has enabled a huge improve-
ment on the cost and portability of such devices, which have 
become ubiquitous [35, 36]. Most current commercial mobile 
phone cameras have pixel sizes ranging between 1–2 µm [37].

As the nanofabrication feature size has reached and sur-
passed the diffraction-limited spot size for all infrared wave-
lengths, a discussion has developed on the potential benefits 
and limitations of further reducing the pixel size to and below 
the diffraction limit [27, 30, 38]. Contrary to the traditional 
infrared imager design criteria, it has been theoretically proven 
that both long-range and large-field of view imaging modes 
can benefit from a diffraction-limited imaging system [30, 31, 
34, 39, 40]. As a result, for optimal resolution and sensitivity 

Figure 1. (a) Comparison of detectivity (D*) of various commercially available infrared detectors operating at the indicated temperature.  
[2] Taylor & Francis Ltd. http://tandfonline.com. (b) The absorption spectrum of Earth’s atmosphere. Reproduced with permission from 
[13]. © Oxford University Press.
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in the next generation of infrared imagers, diffraction-limited 
pixel sizes of 3 and 5 µm have been proposed for the MWIR 
and LWIR wavelength range respectively. Extending these 
calculations to the SWIR band, it is evident that detectors 
sizes in the order of micron and sub-micron are necessary to 
achieve the advantages of diffraction-limited and sub-wave-
length imaging. Finally, there are additional potential benefits 
to implementing sub-wavelength sized pixel detectors, which 
we will discuss in section 2.4.

1.3.2. High operating temperature. Typically, infrared detec-
tors need to operate at cryogenic temperatures in order to sup-
press the thermally-activated noise mechanisms intrinsic to 
their narrow band gap. Since cooling system are expensive and 
bulky, increasing the operating temperature is another primary 
strategy for reducing both the SWaP and the cost of infrared 
imagers [41, 42]. In addition, higher operating temperature 
intrinsically enhances the performance of the imagers, such as 
by reducing the cooling-down dead time [27]. Finally, obviat-
ing the need for cryogenic cooling is crucial for extending the 
application of SWIR imagers to portable devices as well as 
for operation in remote areas [14, 41, 43]. The goal for high-
temperature operation is generally set to 200–220 K, since 
this temperature range can be achieved by thermoelectric 
coolers, with the ultimate goal of room-temperature opera-
tion. The typical temperature ranges of operation for the most 
common SWIR detection technologies commercially avail-
able or developed in research environments are showns below  
[22, 44, 45]. Generally, SWIR imagers based on III–V tech-
nologies, such as InGaAs PIN and heterojunction phototrans-
istors (HPT) can operate in a range of temperature that is fully 
covered by thermoelectric cooling, up to room temperature.

Technology Operating Temperature

Superconducting <4 K
HgCdTe 30–140 K
InGaAs PIN 210 K—room T
InGaAs HPT 200–240 K

1.3.3. Wafer-scale and novel processing and integra-
tion. Infrared imagers are considerably more expensive than 
their visible CMOS-based counterparts because they require 
high-quality materials with the appropriate narrow bandgap. 
These materials typically need to be deposited at high temper-
ature and low pressure on lattice-matched crystalline sub-
strates [46]. As a result, high-quality infrared detectors cannot 
be directly deposited on standard CMOS read-out circuitry, 
and therefore require some form of hybridization and integra-
tion, which adds up to a good portion of the total imager cost, 
beside the intrinsic material production cost. Most current 
commercial imagers are fabricated independently at the indi-
vidual die level and then integrated with the CMOS read-out 
circuitry, typically by means of flip-chip bump bonding. This 
complex process prevents wafer-level parallelization. In addi-
tion, the large number of steps, and in particular bump bond-
ing affect the yield of the process. It is for these reasons that 
the infrared community has increasingly been looking into 
developing wafer-scale processes that can drastically reduce 
the cost of production of infrared imagers, thanks to the econ-
omy-of-scale. Recently, funding agencies have started several 
programs dedicated to achieving wafer-scale production, such 
as DARPA’s WIRED program [47]. Research efforts have 
been devoted to alternatives and improvements to the bump 
bonding hybridization method. As an example, large-area and 

Figure 2. History of the development of infrared detectors and systems, with the four generations of infrared imagers, as proposed by 
Rogalski et al [27]. Highlighted in blue are the major novel detector concepts developed over the last three decades. The inset shows the 
evolution of the number of pixels in MWIR FPAs over time, which follows Moore’s law exponential trend. Reproduced from [27]. © IOP 
Publishing Ltd. All rights reserved. 
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wafer-scale direct bonding of III–V semiconductors to Si and 
CMOS substrates has been demonstrated [18, 22, 24, 48]. 
Moreover, a variety of bottom-up fabrication techniques for 
infrared detectors, such as self-assembly, colloidal dispersion 
and low-temperature growth on multiple substrates have been 
reported [19, 49–52].

1.3.4. Multi-functional pixels and read-out. Another fun-
damental feature of the third and fourth generations of 
infrared imagers is the enhanced functionality at the indi-
vidual pixel level. This includes pixel design features, such 
as multi-color imaging, as well as read-out level function-
alities, such as dynamic reconfigurability of the detector 
operation mode. Multi-color pixels, consist of two or more 
detectors, each sensitive to a different spectral band, co-
located and coinciding with the same pixel. Typically, the 
shorter wavelength detector layer is placed in front of the 
longer wavelength one, so as to act as a long-pass filter. 
Multi-color pixels have been demonstrated across all infra-
red bandwidths, including both sequential and simultaneous 
architectures [2, 29]. In the former case, all layers of the 
pixel share one contact, and the selection of sensing and 
read-out color is made by bias selection [32]. In simultane-
ous operation, each layer is contacted and read out individu-
ally. In this case, contact density will potentially represent a 
limitation to the scalability of these devices to sub-diffrac-
tion pixels, as discussed above [27].

‘Smart’ pixels with the ability to dynamically reconfigure 
their sensing mode can be enabled by novel design of the read-
out (ASIC) [53]. These advanced functionality is highly desir-
able for implementing edge computing as well as enabling 
advanced imaging techniques such as foveation, i.e. simul-
taneous passive imaging and dynamic ranging in different 
regions of the imager [54]. Such smart pixels could control the 
integration times with the ability to switch between readout 
modes such as full-frame imaging and zero-suppressed data, 
modification of the number of pixel data bits and independent 
programmability for distinct detector regions.

1.3.5. Novel technologies and trends. In parallel with the 
research and development of commercially dominating imager 
technologies, several novel materials, processes and device 
designs have been proposed in recent years, to try to address 
or circumvent the challenges described above. Some of these 
have shown the potential to even surpass the performance of 
current state-of-the-art technologies, and revolutionize the 
market and research field of SWIR imagers. Among these, for 
example, a SWIR imager based on colloidal quantum dots was 
demonstrated in 2015 [52, 55], and similar devices, including 
multi-color SWIR-MWIR versions, have since entered the 
market as affordable alternative to the current commercially 
dominant HgCdTe and III–V cameras [56–61]. Nanowires 
and thin-film detectors that can be grown or deposited on 
CMOS substrates have also shown the potential to disrupt the 
current state-of-the-art SWIR imager market. Novel methods 
for the CMOS-integration, as well as the scaling and fabrica-
tion of imagers based on conventional semiconductors such 

as III–V and Ge have also seen a rapid growth of interest and 
funding. By looking at the research output of the last 20 years 
in the field of SWIR imagers shown in figure 3, it is apparent 
that the field has experienced a dramatic expansion, driven in 
particular by low-dimensional materials and III–V and Ge-
based detectors.

2. Key detection parameters and performance 
limits

2.1. Key infrared detector parameters

A photodetector is a device that transforms a light signal 
(information) to a detectable electrical signal. One of the 
main performance metrics of photodetectors is therefore the 
responsivity, defined as the ratio of the generated electrical 
signal to the power of the incident radiation. Depending on the 
class of photodetectors, the signal can be based on either in 
terms of voltage, VS, or of current, IS, such that for each case, 
responsivity is defined as [2]:

RV =
VS´ λb

λa
Φ (λ) dλ

ï
V
W

ò
, RI =

IS´ λb

λa
Φ (λ) dλ

ï
A
W

ò
 (1)

where 
´ λb

λa
Φ (λ) dλ is the radiant flux within the wave-

length range of interest [λa,λb], in units of W. The main task 
that efficient photodetectors need to fulfil is generating a large 
enough signal to overcome noise: the level of radiation that is 
sensed by the detector generating a signal output equal to the 
noise level is called noise-equivalent power (NEP). Since the 
noise level depends on the bandwidth (BW) of the photode-

tectors, NEP is typically reported at the standard BW = 1 Hz, 

so that the NEP is measured in W
√

Hz
−1

 [2]. The detectiv-
ity of a photodetectors is then defined, as D = 1

NEP; however, 
since the noise related to a photo-induced amount of charges 
absorbed over a detector area AD, and bandwidth BW, is pro-
portional to their square root, NEP ∝

√
AD BW, a normalized 

detectivity, D∗ is usually preferred [2]:

D∗ =

√
AD BW
NEP

=

√
AD BW
Φ

SNR
î
Jones = cm

√
Hz W−1

ó

 (2)

where the definition of signal-to-noise ratio, SNR = Φ
NEP  

has been utilized, with Φ radiant flux in W.
All noise sources in a detector can be classified as either 

electronic or radiation noise. The radiation noise is fundamen-
tal: it does not depend on the detector materials or design, as it 
is related to the quantized nature of light. The radiation noise 
is either intrinsic to the detected light signal, or can come from 
the background radiation: in either case, the noise is quantifia-
ble as the square root of the incident photon flux density in the 
signal or background, respectively. The electronic noise, con-
versely, has a wide range of sources, including imperfections 
in the detector, electronic circuitry for readout and amplifica-
tion, etc. The ultimate limit in performance of an IR photode-
tector is when all sources of noise are negligible compared to 
the background noise; condition known as background-lim-
ited infrared photodetection (BLIP). In BLIP condition, the 
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SNR will then be defined by the poissonian shot noise of the 
charges generated by the background radiation, NB:

SNRBLIP =
√

NB =

 
η

2
QB

AD BW
 (3)

where QB is the background photon flux density, in 

#photons (cm2s)−1
, and η is the detector quantum efficiency. 

The background radiant flux is ΦB = QBAD
hc
λ , where hc

λ  is the 
energy of the photons. The limit BLIP detectivity can there-
fore be expressed as:

D∗ =

√
AD BW
ΦB

SNRBLIP =
λ

hc

…
η

2QB
. (4)

2.2. Key infrared imager parameters

A vast portion of the applications of infrared detectors 
encompasses imaging techniques: this requires the detec-
tors to be produced in large arrays that could be placed in 
the focal plane of an optical imaging system. Such an array 
of detector is called focal plane array (FPA) and is oper-
ated globally as an imager. In order to access the large num-
ber of pixels at once, and be able to perform imaging at 
a reasonable frame rate, hybrid integration of an array of 
photodetectors with a read-out integrated circuit (ROIC) is 
necessary. The ROIC system constitutes a platform for inter-
facing the large number of pixels (hundreds of thousand to 
hundreds of millions), with a reduced number of electrical 
connection pins (tens to hundreds of pins), to be controlled 
and processed digitally. The ROIC unavoidably introduces 
additional sources of noise to the detector system, denomi-
nated read noise, which include for instance ADC quantiz-
ing noise, reset noise, dark cur rent and thermal noise [62]. 
Moreover, when considering the imager performance as a 
system, losses related to the optics need to be taken into 
account. The most common figure  of merit of the perfor-
mance of an IR imager is the noise equivalent difference 
temperature (NEDT), representing the minimum temper-
ature difference of an imaged object that can be sensed by 
the imager with an SNR = 1, defined as [2]:

NEDT =
Vn

∂T
∂Q

∂VS
∂Q

= Vn
∆T
∆VS

 (5)

where Vn is the rms noise of the imager, and ∆Vs is the 
measured signal as a result of the temperature difference ∆T. 
Assuming the imager system has a detector area of AD, and 
a lens of focal length f  and aperture of diameter D, corre-

sponding to F# = f
D, then the radiant flux Φ in W as a func-

tion of the irradiance L of the imaged object in W stm−2 can 
be expressed as [2]:

Φ = L
π

4
AD

(F#)
2 . (6)

Using equation (1), the signal voltage can be then expressed 
by:

VS =

ˆ λb

λa

RV(λ)Φ (λ) dλ =
π

4
AD

(F#)
2

ˆ λb

λa

RV(λ)L (λ) dλ

 (7)
from which:

∂VS

∂T
=

π

4
AD

(F#)
2

ˆ λb

λa

RV (λ)
∂L (λ)

∂T
dλ (8)

and using D∗ =
√

AD BW
NEP =

√
AD BW

Vn
RV:

∂VS

∂T
=

π

4
AD

(F#)
2

Vn√
AD BW

ˆ λb

λa

D∗ (λ)
∂L (λ)

∂T
dλ (9)

NEDT = Vn
∆T
∆VS

=
4(F#)

2√BW
π
√

AD

ñˆ λb

λa

D∗ (λ)
∂L (λ)

∂T
dλ

ô−1

.

 (10)
Thus the best sensitivity, corresponding to smallest NEDT, 

is achieved for maximum detectivity in the wavelength of 
interest, and minimum F# number. Moreover, sensitivity of 
the imager is inversely proportional to its bandwidth.

2.3. Ultimate limits of photon detection sensitivity:

The current responsivity of a photodetector can be written as 
[2]:

Figure 3. SWIR imager research output over the last 20 years. (a) SWIR detection citation report for the most common and most promising 
technologies: the citation boost is dominated by low-dimensional materials (b) and III–V and Ge-based detectors, particularly involving Si 
integration methods (c). Note: 2019 data only include citations from January though October.
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Ri =
λ

hc
q η β (11)

where hc
λ = hν  is the energy of the absorbed photon, q is 

the charge of the electron, η and β are the detectors quantum 
efficiency and gain. The electrical current due to noise is:

In = qβ
»

2 (Gop + Gth + R) Ae t BW (12)

where Gop, Gth and R are the excess carrier optical genera-
tion, thermal generation and recombination rates, respectively, 
and Ae , t and BW are the electrically active area, thickness 
and bandwidth of the detector. Considering G = Gop + Gth, 
and since at equilibrium G = R, equations (1) and (2) can be 
substituted in the expression for D∗, yielding:

D∗ =

√
Ao BW
NEP

=

√
Ao BW

In
Ri =

λ

hc
η

 
Ao

4G Ae t
. (13)

Assuming a planar device (Ao = Ae), and approximating 
the quantum efficiency as η ∼= 1 − e−α t, and solving for the 
optimal device thickness that maximizes D∗, it can be shown 
that topt =

1.26
α  [2]; so that equation (4) simplifies to:

D∗ ∼= 0.31
λ

hc

…
α

G
. (14)

The ultimate limit of sensitivity is obtained for an ideal 
detector at TD = 0 K , such that Gth = 0, and the detector 
behaves like a black body with a surrounding cold shield, also 
assumed at TS = 0 K , with an acceptance angle θ. Considering 
the detector as surrounded by a uniform black body at temper-
ature at T �= 0 K, such that the radiation exchange is governed 
by the Planck distribution:

Bν (ν, T) =
2 h ν3

c2
(

e
hν

kBT − 1
) . (15)

The number of modes per unit volume that can couple to 
the detector of area Ao and with acceptance angle θ can by 
calculated from the k-space volume of a spherical shell of 
thickness dk and solid angle dθ:

dVk = k2dk dθ =
8 π3ν2dν dθ

c3
 (16)

where k = 2π
λ = 2πν

c  has been used. Since in k-space every 
mode occurs for kx,y,z =

mπ
Lx,y,z

, with Lx,y,z characristic lengths 
of the system, then the k-space volume-per-mode is given by (
π
L

)3
, and dividing dVk  by this volume, by the real space vol-

ume, L3, and multiplying by 2 to include both polarizations 
and dividing by 8 to account for the one octant of the k-space 
volume corresponding to positive k, the number of modes per 
unit volume is found:

dn =
dVk(
π
L

)3
2

8L3 =
2ν2 dν dθ

c3 (17)

where the power transfer between the two black bodies, 
expressed as dP = hν dn f (ν)c dAo, with f (ν) = 1

e
h ν
kBT −1

 the 

Bose-Einstein distribution function, yields exactly Planck’s 

law (equation (15)). Considering the detector as a gray body 
with quantum efficiency η(ν, θ), however:

dP =
2hν3η(ν, θ)

c2
(

e
h ν
kBT − 1

)dν dθ dAo. (18)

Hence, the total flux of background noise photons absorbed 
in the detector, NBG =

˝ dP
hν  is the ultimate limit of G:

G Ae t � NBG =

˚
2 ν2η(ν, θ)

c2
(

e
h ν
kBT − 1

)dν dθ dAo. (19)

Substituting this value for G  in equation (3) yields a new 
expression for the theoretical limit of detectivity:

D∗ =
η(ν, θ0)

2 hν0

Ñ¨
2ν2η(ν, θ)

c2
(

e
h ν
kBT − 1

)dν dθ

é−1�2

 (20)

where Ao cancels out when carrying out the integral. An 
expression for the NEP can subsequently be derived from the 
definition of D∗ (equation (4)) as:

NEP = 2
hν0

η (ν, θ0)

Ñ
BW
¨

2 ν2η(ν, θ)

c2
(

e
h ν
kBT − 1

) dν dθ

é1�2

.

 (21)
Using equation  (10), the theoretical sensitivity limit can 

be calculated for different materials, given their absorption 
coefficient, as a function of wavelength and temperature, as 
reported in figure 4 for various AlGaSb, InGaAs and HgCdTe-
based detectors [63–66].

2.4. Sensitivity limit of sub-wavelength sized detectors:

There are several advantages related to shrinking the size of 
the detectors, including higher pixel density and increased 
sensitivity derived from lower capacitance of the device  
[17, 29, 30, 42]. In particular, as we discussed above, it has 
been theoretically proven that both long-range and large-field 
of view imaging modes can benefit from a diffraction-limited 
imaging system [30, 39, 40]. Furthermore, recent studies have 
reported record-high responsivity using nanoscale devices and 
low-dimensional materials [49, 50, 67–69]. In this analysis, 
we consider an additional benefit to the sensitivity that arises 
from reducing the number of modes supported by the detector 
when its size approaches the same order as the wavelength 
[70]. We do not consider here the limitations on the optics 
of the system imposed by diffraction-limited operation, and 
we limit to a theoretical evaluation of the sensitivity limit 
that can be achieved by decreasing the size of the detector 
body. Several design strategies can be adopted to facilitate 
and enhance detection near and beyond the diffraction limit, 
including optical antennas [71], plasmonics [72] and metamat-
erials [73], as is discussed in the following sections. When the 
size of the detector approaches the same order as the wave-
length, the density of electromagnetic modes that can be sup-
ported by the subwavelength body decreases [70]. As a result, 
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the black-body radiation formula in equation (15) needs to be 
adjusted to take into account the size of the detector [74]:

Bbb (ν, T , d) = Bν (ν, T)
Å

1 − 1
2π2

λ2
M

d2

ã

 
(22)

where the detector body is modeled as a sphere of diam-

eter d  and λM = λ
n(λ) is the wavelength in the detector mat-

erial. The factor in the brackets in equation (5) accounts for the 
decrease in density of modes as a function of wavelength and 
detector size: it intercepts zero at λ =

√
2πd, and all modes 

corresponding to larger wavelengths are physically unrealiz-
able. This size factor acts as a cutoff filter on the blackbody 
radiation, as shown in figure 5(a): here the size factors for dif-
ferent detector dimensions are represented by the dashed lines, 
and the resulting modified blackbody radiances Bbb (ν, T , d) 
by solid lines. As a result, shrinking the size of the detector 
decreases the noise contribution from the long-wavelength tail 
of the blackbody spectrum. However, the effect on the detector 
performance can be dual, since the small size can have a det-
rimental effect on the quantum efficiency η(ν0, θ) at the wave-
length of interest. Therefore, the sensitivity of the detector can 
be improved by shrinking its size, up until the size of detector 
is too small to support the wavelength of interest for detection, 

i.e. d �
λM0√

2π
= λ0√

2πn(λ0)
, and the detectivity drops to zero. 

Typically, a large refractive index of the detector materials 
allows to push this cutoff towards small detector sizes: for an 
InGaAs-based detector such as shown in figure 5, for instance, 

the cutoff detector size for supporting 1550 nm wavelength 

is d � 1.55·10−6 m√
2π 3.5

≈ 100 nm. The enhancement in detectivity 

at 1500 nm as a result of shrinking in size for InGaAs-based 
detectors is shown in figures 5(c) and (d): since the nano-scale 
size of the detector effectively acts as a cutoff wavelength, the 
improvement in performance is more significant for detectors 
based on materials systems with longer cutoff wavelength. 
By extending these calculations to material systems across 
the infrared and visible, as shown in figure  6, it is apparent 
that small sized detectors can prove beneficial across all these 
wavelengths. Specifically, sub-wavelength detector can act as 
high-pass filters for the energy of the photons incident on the 
detectors, cutting the absorption of all longer wavelengths. 
This is particularly beneficial for the case of materials that do 
not have a bandgap tailored to the ideal wavelength cutoff of 
their application. While the bandgap of some materials, such as 
HgCdTe, can be tailored by composition, many binary and ter-
nary III–V semiconductors do not have this degree of freedom. 
As a result, for example, InGaAs detectors with a wavelength 
cutoff around 1.7 µm intrinsic to their bandgap are typically 
used for detection of SWIR photons at 1.5 µm and 1.3 µm, as 
could benefit from the reduction of background noise enabled 
by sub-wavelength detectors cutoff.

2.5. Sensitivity and bandwidth limit of nano-scale  
phototransistor detectors

A growing number of novel infrared photodetectors utilizes 
transistor action to produce an internal amplification mech-
anism, including most low-dimensional detectors that obtain 

a gain from the modulation of a potential barrier to the major-
ity carrier [75–80]. When designing high-sensitivity infrared 
detectors, approaching the thermodynamic sensitivity limit, 
phototransistors represent one of the most attractive device 
architectures. Their main advantage is generating a large elec-
trical signal—even from a single photon—to be detceted with 
high fidelity using conventional electronic circuits. At low 
light levels, a simple equivalent circuit can be used to describe 
the dynamic response of the detectors, as shown in figure 7(a) 
[42]. Here, the response is dominated by the charge transfer 
across the device capacitance, and the time constant can be 

expressed as τRISE = rdCTOT, where rd =
kBT

q

Id
 is the dynamic 

resistance and CTOT is the sum of all parallel capacitances 
(base-emitter, base-collector, parasitics). Upon receiving a 
flux of photons, φ, the detector current is raised above the dark 

current, Id, by the signal Iph = ηφq
Ä

1 − e−
t

τRISE

ä
, where η is 

the quantum efficiency and t is the length of the photon pulse, 
as shown in figure 7(b). The signal-to-noise ratio of the system 
can then be written as [81]:

SNR =
Iph»

I2
nd
+ I2

nph
+ I1

nR

 (23)

where Ind = 2qIdBW and Inph = 2qIphBW represent the 
dark current and photocurrent shot noise respectively, and InR  
the read noise. For the sake of calculating the theoretical sen-
sitivity limit, read noise can be neglected considering an inter-
nal gain mechanism that allows to amplify the detector output 
beyond the read noise. Furthermore, for the circuit equivalent 
shown in figure 7(a), the bandwidth can be approximated by 

BW ≈ 1
4τRISE

 [42]. As a result, equation (23) simplifies to:

SNR =
ηφq

Ä
1 − e−

t
τRISE

ä
√

q
2 τRISE

Ä
Id + ηφq

Ä
1 − e−

t
τRISE

ää . (24)

Hence at low light levels the junction capacitance deter-
mines the device bandwidth, acting as a low-pass filter on the 
white noise contribution; as a result, small device capacitance 
lowers the noise contribution and enhances the SNR.

In the limit of large pulse or fast device, t � τRISE, repre-
sented by the blue response curve in figure 7(b), and defining 
g = t

τRISE
 and Nph = φt  the number of photons within a pulse:

SNR ≈ ηφq»
q

2τRISE
(Id + ηφq )

=
ηNph√

1
2

Ä
g2 CTOT

C0
+ gηNph

ä

 (25)

where C0 = q2

kBT  is defined as thermal fundamental capaci-

tance [42].
Conversely, for a pulse consisting of a small number of 

photons, the pulse duration will be significantly small com-
pared to the characteristic rise time of the device, t

τRISE
→ 0, 

such that 1 − e−
t

τRISE  can be Taylor-expanded, yielding:

SNR ≈
η

Nph

t q t
τRise√

q
2τRISE

Ä
Id + η

Nph

t q t
τRise

ä =
ηNph√

1
2

Ä
CTOT
C0

+ ηNph

ä .

 (26)
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Solving for the sensitivity in terms of number of absorbed 
photons detected with a certain SNR, equation (26) yields:

ηNph =
1
4

SNR2

Ç
1 +

 
1 +

8
SNR2

CTOT

C0

å
. (27)

The SNR as a function of the size of the detector for differ-
ent numbers of absorbed photons, ηNph, is shown figure 7(c), 
assuming a cylindrical detector, with a depletion width 
t = 300 nm, such that the total capacitance can be calculated 
asCTOT = ε0εR

A
t . As the device operating temperature is 

increased from 4 K to 77 K and 300 K, a smaller detector size 
is required to achieve a certain SNR at a given photon flux: 
for instance, in order to detect 10 absorbed photons with an 
SNR = 3 at room temperature, a 200 nm detector is needed, 
compared to a 2 µm detector at 4 K. Similarly, the sensitivity 
as a function of the detector size is shown in figure 7(d) for the 
same three different operating temperature.

In summary, ultra-low capacitance phototransistors pos-
sess the potential for reaching unprecedented levels of sen-
sitivity by shrinking the detector size. Moreover, nanoscale 
photodetectors that can achieve capacitance in the order of a 
few attofarad are almost insensitive to operating temperature, 
as evident from figures  7(c) and (d), shedding the cooling 
requirements even at high sensitivity levels. This approach 
suggests that room-temperature single-photon sensitivity 
approaching the quantum limit of SNR = 1 can theoretically 
be achieved by photodetectors of a few hundreds of nm in 
size.

2.6. Sensitivity and bandwidth considerations for thin-film 
detectors:

A large number of novel detectors design are based on thin-
films, including for example quantum dots, perovskites, 2D 
materials and organics. Due to their intrinsic differences 
in physics and operation of the devices, it is important that 
these devices are accurately characterized in order to be com-
pared to state-of-the-art detector technologies in a fair way. 

In particular, as indicated by Fang et al [1], thin film detec-
tors often possess high surface-to-volume ratio, which makes 
them more susceptible to the physics of trap states. As a result, 
approximations made for the sake of extrapolation, such as 
white noise (frequency-independent) and response linearity 
at low-light level are often not accurate, causing unrealistic 
estimates of the detectivity (D*) and sensitivity (NEP) [1, 82]. 
As such, it is crucial that these parameters are determined by 
direct measurement methods that do not require extrapolation 
assumptions, as proposed by Fang et al, in order to obtain use-
ful terms of comparison with the current state-of-the-art infra-
red technologies [1].

2.7. ROIC bandwidth and SNR considerations:

When a photodetector array is integrated to form an imager, 
the bandwidth of the ROIC also affects the system SNR. The 
effective noise bandwidth of the system will be limited by 
the lowest between the detector and the ROIC bandwidth. 
The bandwidth of the ROIC can be tuned by changing the 

integration time, as BWROIC ∼ 1
Tint

, and because ROICs can 
typically operate with integration times spanning from µs to 
seconds, likely both regimes are accessible for most imag-
ers [83]. When Tint < 2τRISE , the bandwidth of the system is 
detector-limited, and equation (24) for the SNR is recovered. 
Conversely, when Tint > 2τRISE , the bandwidth of the system 
in ROIC-limited, and equation (24) is modified into:

SNRROIC-limited =
ηφq

(
1 − e−t/τRISE

)
»

q
Tint

(
Id + ηφq

(
1 − e−t/τRISE

)) . (28)

3. Recent advances in infrared imagers

In this section, we offer a review of the most prominent 
technologies for infrared photon detection, with a par ticular 
emphasis on those that can support large array fabrication 
for imagers. The main state-of-the-art infrared detectors 

Figure 4. Absorption coefficient (a) and normalized detectivity (b) as a function of wavelength for detectors based on different materials. 
The normalized detectivity D* is calculated from equation (10), assuming a background temperature of 300 K and a field of view of 30°.
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technologies are based on semiconductors, superconductors, 
or thermal detectors, which differ by absorption mechanism, 
physical principle of operation, and device architecture and 
performance.

In the present manuscript, we only consider photon 
detection technologies, such as seminconducting and super-
conducting detectors. Infrared thermal detectors such as 
microbolometers have consistently improved in recent years, 
positioning them as an important technology, especially in 
the LWIR band, mainly thanks to their economic feasibility, 
enabled by lower cost materials and wafer-scale fabrication 
[28, 84]. In addition, state-of-the-art microbolometers can 
instrinsically operate at room temperature, which is extremely 
attractive for infrared imagers [28, 29]. However, their perfor-
mance at shorter wavelengths, especially in the SWIR range, 
is significantly inferior. This is mainly related to the absorption 
mechanism in such detectors, which does not discriminate on 
the energy of the incident photons, contrary to what semicon-
ductors do by virtue of their bandgap [28, 84]. Since thermal 
noise spectrum at 300 K is peaked around 10 µm wavelength, 
the detection of much shorter wavelength with microbolom-
eters is flawed by low signal-to-noise ratio resulting from high 
absorption of the thermal noise at longer wavelengths. As a 
result, the performance metrics of microbolometers typically 
lay orders of magnitude below those of photon detectors in the 
SWIR band [84, 85].

Furthermore, in this discussion we also do not consider 
superconducting detectors in details [86]. While this class of 
devices has emerged as a leading technology for the detec-
tion of long-wave and microwave photons, finding extensive 
application especially in astronomy [87–90], it is flawed by 
some intrinsic limitations that currently limit its applicability 
and prospects for the future development of infrared detec-
tion and imaging. One of the main drawbacks of these detec-
tors is that in order to take advantage of the superconducting 
zero-resistance state, they need to operate below the super-
conducting transition temperature, which is typically around a 
few degrees Kelvin [91]. As discussed in the previous section, 
however, the future of infrared imagers will be dominated by 
detectors operated in HOT conditions (above 200 K), which 
hampers the technological interest in superconducting detec-
tors, except for a few specific types of applications. Perhaps 
more importantly, superconducting detectors typically suffer 
from low quantum efficiency and poor large-area scalabil-
ity [92–95]. Some improvements in this merit have recently 
been reported, for example for the case of microwave kinetic 
inductance detectors (MKID), which have been fabricated in 
arrays of 1024, and integrated with microlenses [9, 96–98]. 
Nonetheless, due to both poor fabrication uniformity and 
yield, and to the complexity and bulkiness of the read-out cir-
cuitry, the current MKID pixel counts are still rather limited. 
As a result, we opted not to include superconducting detectors 
in this review which is mostly focused on imagers. However, 
we note that future technological advancements might enable 
large 2D arrays of superconducting detectors.

Finally, a brief overview of low-dimensional produced 
from ‘bottom-up’ methods is also presented, despite most 

of its typical implementations not yet representing a mature 
enough technology for supporting infrared imagers. In con-
clusion, the main strategies for enhancing light coupling in 
order to increase detector efficiency are also discussed in this 
section.

3.1. Semiconductor devices

The vast majority of commercially available infrared detectors 
and camera are currently based on semiconducting materials: 
unlike superconductors, semiconductor devices can operate 
above cryogenic and up to room temperature, and can take 
advantage of a far larger number of device architectures, mat-
erials and fabrication processes. These advantages have led to 
commercial production of IR imagers with over a million pix-
els in one FPA. The absorption and detection of IR photons is 
associated with the transition of carriers across an energy gap, 
which can correspond to the bandgap in interband absorp-
tion devices, inter-subband in superlattices, or to shallow trap 
energy states of engineered defects [2]. The last two archi-
tectures are generally limited to longer wavelengths, where 
high-quality materials with the required narrow bandgap are 
not readily available, while they are usually outperformed 
at shorter wavelength by interband devices, thanks to their 
higher mobility and carrier lifetime [2]. Here, we will focus 
only on the interband semiconductors technologies. Figure 8 
shows the bandgap and corresponding cutoff wavelength of 
a wide range of semiconductors employed for IR detection 
[28]. The most common device architectures for semiconduc-
tor detectors are the photodiode and the phototransistor made 
from this material system [29].

3.1.1. HgCdTe. Hg1−xCdxTe is a direct bandgap, ternary semi-
conductor alloy with a zinc-blende crystal structure [6]. The 
key feature of this material is that its bandgap can be tuned by 
varying its x-composition between the negative energy gap of 
HgTe and the relatively high energy gap (1.5 eV) of CdTe, as 
represented in figure 9 [28]. As a result, its absorption proper-
ties can be engineered to effectively cover the whole IR 1–30 
µm wavelength range [31]. Furthermore, the electronic and 
optical properties of this alloy make it ideal for IR detection 
application: it exhibits high optical absorption, low dielectric 
constant, high mobility, low recombination at room temper-
ature [32]. In addition, carrier concentration and type can be 
effectively controlled by doping processes, allowing for a 
wide range of device architectures. Finally, the extremely nar-
row bandgaps and impact ioniz ation properties make HgCdTe 
an ideal candidate for realizing detectors with avalanche-
based gain mechanisms [99]. For all these reasons, HgCdTe is 
currently the most widely employed material for IR detection 
applications.

Due to the nature of its main funding sources, the research 
and development of HgCdTe technology has always been 
aimed at the demonstration of FPAs, with several successful 
milestones over the last 50 years, from the demonstration of 
the first linear array, in the ’70, to the recent achievement of 
megapixel FPA [33].
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Figure 5. Effect of detector size on the radiance and detectivity. (a) Modified blackbody spectra Bbb (ν, T , d) for different detector sizes 
(solid lines). The corresponding correction factors are represented by the dashed lines and refer to the right y -axis. The spectra correspond 
to radiance emitted by a blackbody at 5000 K. (b) and (c) Normalized detectivity D* as a function of wavelength for different detector sizes, 
for Hg0.5Gd0.5Te-based (b) and In0.53Ga0.47As-based (c) detectors. D* was calculated from equations (10)and (12), assuming a background 
temperature of 300 K and a field of view of 30°. (d) Normalized detectivity D* of an In0.53Ga0.47As-based detector at 1500 nm as a function 
of background temperature for different detector sizes, calculated from equations (10) and (12), assuming a field of view of 30°.

Figure 6. Detectivity enhancement enabled by sub-wavelength sized detectors for common detector materials across the infrared and 
visible range. (a) Solid lines represent the detectivity D*, calculated from equations (10) and (12), assuming a background temperature of 
300 K and a field of view of 30°, for a bulk detector (size much greater than wavelength). Dashed lines represent the enhanced detectivities 
enabled by the modified blackbody spectra Bbb (ν, T , d) for subwavelength detector sizes. (b) Relative detectivity enhancement (ratio of 
modified sub-wavelength detectivity to bulk).
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In recent years, major efforts in the advancement of 
the technology have been devoted to the demonstration of 
simultaneous multi-color detection, which can be achieved 
in a HgCdTe material system with graded composition, 
thanks to its extremely small change in lattice constant with 
composition [31, 32]. Multi-color FPAs based on a higher 
bandgap HgCdTe photodiode placed optically in front of a 

smaller bandgap photodiode have been demonstrated in all 
infrared spectral ranges [31]. These devices are typically 
run sequentially, selecting the read out of either of the pho-
todiodes by means of the polarity of the applied voltage. 
Simultaneous multi-color detection has also been demon-
strated using HgCdTe, in a number of different device archi-
tectures [31].

Figure 7. (a) Circuit equivalent of e phototransistor detector, as proposed in Rezaei et al [42]. Reproduced with permission from [42]. © IEEE; 
(b) schematic of a photocurrent pulse in a detector, showing the two different regimes; (c) detector SNR as a function of detector size for three 
different absorbed photons fluxes; (c) detector sensitivity in number of absorbed photons detected with a certain SNR as a function of detector 
size. In both (c) and (d), the solid line represents the solutions for T = 300 K, the dashed lines for T = 77 K and the dotted lines for T = 4 K.

Figure 8. Direct and indirect bandgap and corresponding cutoff wavelength of some of the most common semiconductors in IR detection 
application. Reprinted from [28], Copyright (2011), with permission from Elsevier. 
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Another crucial step in the development of HgCdTe tech-
nology was the implementation of avalanche processes for sig-
nal amplification, enabling unprecedented sensitivities to very 
small number of photons, thanks to this gain mechanism. A 
typical avalanche-photodetector (APD) architecture is shown 
in figure  10(a): the photogenerated carriers are multiplied 
via impact ionization in a high-field, narrow-bandgap region 
[100, 101]. For avalanche to take place, the kinetic energy of 
the accelerated carrier before ionization must be E0 > α EG , 
where α > 1.5 (3.2 for electron in Si) [102]. Therefore, the 
avalanche multiplication gain will be strongly dependent on 
the bandgap and applied field, as shown in figures 10(b) and 
(c) [28, 45]. The bandgap of HgCdTe can be engineered for 
simultaneously achieving the optimal avalanche gain and cut-
off wavelength in the multiplication and absorption region 
respectively. FPAs of APD have been successfully fabricated 
and extensively characterized, and represent the state of the art 
for SWIR detector FPA [45, 101, 103, 104].

The main drawbacks of the HgCdTe material system are 
related to its technological complications, such as weak Hg-Te 
bond causing surface and interface defects and instabilities 
[32]. In addition, the high vapor pressure of Hg and the solid-
liquid separation and related segregation represent major 
challenges in the growth of high-quality HgCdTe. Typically, 
uniformity and yield, are inferior to those of the more well-
established III–V semiconductor fabrication processes, espe-
cially in the compositions utilized for longer wavelength 
spectral range [28, 32]. In addition, HgCdTe materials are 
usually grown on lattice-matched CdZnTe wafers, and cannot 
be grown on Si or GaAs substrates, due to the large lattice 
mismatch (19% [28]). This constitutes a major factor in deter-
mining the high cost of the material, due to both the high cost 
and small scale of these substrates, and also precludes direct 

integration with CMOS read-out, which is instead achieved 
by bumb bonding hybridization, further affecting the devices 
cost and yield. Moreover, the high field required for avalanche 
processes (figure 10(b)) intrinsically limits its application in 
fields where power consumption and auxiliary circuitry are 
of relevance: recently, novel avalanche device architectures 
based on localized field enhancement have been proposed in 
order to mitigate this limitation [20, 105].

For these reasons, while HgCdTe remains the leading 
detector material for LWIR and MWIR, it is seriously chal-
lenged at shorter wavelengths by other existing semiconduct-
ing materials, mostly of the III–V group.

3.1.2. III–V semiconductors. As can be inferred from  
figure 8, the majority of the semiconductors employed for IR 
detection applications belongs to the III–V group. The small-
est energy gaps are achieved in the InSb and InAs alloys, 
which can achieve cutoff wavelengths in the MWIR spectral 
band, although the performance deteriorates above 30 K. The 
InGaAs ternary alloy, with direct bandgap between 0.35 eV 
for InAs to 1.43 eV for GaAs has established itself as one 
of the prominent materials for detection in the SWIR spec-
tral range. In particular, In0.53Ga0.47As alloy (EG  =  0.73 eV) 
lattice matched to InP has found applications in lightwave 
communication systems, low light-level night vision, etc. 
Germanium and the Si-Ge alloy is recently establishing as 
a direct competitor of InGaAs, despite its higher dark cur-
rent and lower absorption, mainly thanks to its compatibility 
with the Si-based CMOS substrates and processing. Finally, 
recent advancements in the Sb growth have granted access to 
the InAsSb ternary alloy, which is more stable and uniform 
than HgCdTe and could compete with it for applications in the 
MWIR and LWIR.

Figure 9. Band gap and corresponding cutoff wavelength EG = hc
λ  of Hg1−xCdxTe near the Γ-point for varying x-composition of the alloy. 

Reprinted from [28], Copyright (2011), with permission from Elsevier.  
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3.1.3. III–V superlattices. One major advantage of III–V 
semiconductor technology are its mature and well-established 
growth and fabrication techniques, which ensure a material 
quality and uniformity over large areas superior to that of 
HgCdTe [28]. In addition, the versatility of the processing 
tools developed, as well as the doping capabilities enable com-
plex device architectures, such as phototransistors and three-
dimensional structures [44, 106]. An additional advantage of 
the plurality and compatibility of III–V materials is that they 
can be combined forming complex periodical structures such 
as superlattices and quantum wells, which allow to change 
the material’s effective bandgap with ease, covering a range 
of detection from 1 to 30 µm [46, 107, 108]. While quantum 
well infrared photodetectors (QWIP) are widely employed in 
LWIR, their quantum efficiency is typically poor, due to the 
forbidden optical transition for normal incident light and the 
consequent need for grating coupling [28]. Superlattices, on 
the contrary, present quantum efficiencies comparable to those 
of HgCdTe and other bulk III–V. In addition, the combination 
and robustness of the available material systems enables band 
engineering for the suppression mechanisms that are detri-
mental to the detection, such as Auger and dark current [107]. 
Finally, superlattices have also attracted increasing attention 
for their application to implementing multi-color detectors, 
such as the one reported in figure 11, with both 2- and 3-color 
infrared detectors having been demonstrated [107, 109, 110].

3.1.4. Charge compression devices. An emerging strategy 
for highly sensitive photon detection is the so-called pho-
togenerated charge compression and transfer. This concept 
leverages a 3D design of the detector band structure, aimed 
at decoupling the optical and the electronic functionalities of 
a photodetector. The responsivity of electronic sensors is ulti-
mately related to their junction capacitance, which has driven 
the continuous shrinking in size of sensor electronics over 
the last several decades [15, 42]. Conversely, efficient light 
coupling and absorption typically require a large volume for 
maximizing the light-matter interaction. This intrinsic trad-
eoff has traditionally represented the ultimate limit to the pho-
todetector performance, which are currently flawed by either 
poor quantum efficiency or low sensitivity [42]. By near-
lossless transfer of the photogenerated charges from a large 
area absorbing region to a small-volume collection and mul-
tiplication region, charge compression has shown the poten-
tial to overcome this intrinsic limitation, enabling a disruptive 
advancement of the state of the art of photodetectors. Further-
more, this hybrid integrated architecture allows for enhanced 
area fill factor, high pixel density, increased full-well capacity 
and high conversion gain [111].

An example of this design concept has recently been dem-
onstrated in a CMOS-based megapixel pump-gate jot device 
for quanta image sensor in the visible range [112]. A sche-
matic of the pump-gate jot architecture is shown in figure 12: 

Figure 10. (a) Band diagram schematic of APD detectors [101], (b) voltage dependency of the avalanche gain in SAPHIRA APD FPA, 
reproduced with permission from [101]. © 2014 SPIE; (c) electron and hole avalanche multiplication gain as a function of HgCdTe 
bandgap, reprinted from [28], Copyright (2011), with permission from Elsevier, (d) RAPID [103] 320  ×  255 IR APD array integrated in 
cryostat. Reproduced from [103]. CC BY 3.0.
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Figure 11. Schematic diagram of the triple-band superlattice SWIR-MWIR-LWIR photodetector reported by Hoang et al [110]. The band 
alignment of the three different superlattices employed are reported on the right (colored squares represent the forbidden bandgaps and the 
dashed lines the effective bandgaps). Reproduced from [110]. CC BY 4.0

Figure 12. (a) Schematic of the geometric design of the EI detector, combining a large-area absorption region with a small-volume hole-
trapping multiplication region (nanoinjector) [115]; cross-sectional 3D (b) and axial (c) band structure showing lateral band bending for 
charge compression and confinement [116, 119]. Reproduced from [112]. CC BY 3.0.
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a two-step pump action is employed, similar to two-phase 
CCD and global-shutter CMOS imagers [112, 113]. The pho-
togenerated carriers from a large-area absorber are first col-
lected in a shallow storage well under a transfer gate (TG) 
during an integration time; subsequently, the potential of the 
TG is reverted, causing the charges to drift laterally onto the 
floating diffusion (FD). The compression of photogenerated 
charges in a small-volume FD allows to drastically reduce the 
overall sensor capacitance, and hence improved its sensitiv-
ity, achieving single-photon sensitivity in the visible spectral 
range [112].

Another example of implementation of the charge com-
pression design strategy is that of the electron injector (EI) 
detectors [114]. This design encompasses an epitaxial pho-
totransistor (PT) architecture, whose geometrical dimensions 
are engineered to maximize the device conversion gain [106]. 
A typical EI geometry and band structure is shown in fig-
ure  13: a large area absorption region corresponding to the 
PT collector is coupled to a small electronic volume consist-
ing of the emitter and floating base, acting as charge injector 
for amplification [115]. The photogenerated charge is trans-
ported laterally to the multiplication region thanks to diffusion 
and built-in field, as shown in figure 13(b), and subsequently 
‘compressed’ in a small-area trapping layer in the injector 
[116–118]. As a result, the floating base potential barrier is 
modulated, as shown in figure 13(c), similarly to the VB in the 
pump-gate jot device, enabling the gain of the device [119]. 
This approach has been successfully implemented for InGaAs-
based SWIR detectors, exhibiting large gain and responsivity 
[120, 121]; moreover, the great uniformity and yield of the 
III–V material processing have enabled the demonstration of 
FPAs with performance surpassing that of currently available 
commercial cameras [114, 122].

3.2. Low-dimensional materials

In recent, a new wave of interesting developments has come 
from detectors based on nano-scale and low-dimensional 
(LD) materials, such as quantum dots (QD), nanowires and 
two-dimensional (2D) materials, shown in figure 14 [49, 123, 
124]. These devices have attracted ever-increasing attention 
thanks to their unmatched responsivity [79] and bandwidth 
[50], potentially allowing them to reach single-photon sensi-
tivity [125]. Typically, they rely on the same fundamental con-
cept that has driven the development of charge compression 
devices: shrinking the size of the detectors in order to increase 
their sensitivity or confinement.

The exceptional charge confinement of LD materials offers 
unique optical and electronic properties. As an example, QD 
and 2D materials have been extensively used as efficient pho-
ton emitters [126, 127]. The amplification mechanisms, as 
shown in figure 14(b), is mostly similar to that of a PT, where 
the photogenerated carriers modulate a potential barrier at the 
interface or surface of the LD material, which can generate 
high amplification, thanks to the exceptional electronic prop-
erties of LD materials. The main limitation resides in the poor 
absorption in the intrinsically small volume of LD mat erials, 
which drastically affects the quantum efficiency of these 
devices. A successful implementation of LD materials for IR 
detection has been achieved through the integration of LD 
materials in conventional detector architectures: for example, 
colloidal QD can be employed as photo-sensitive CMOS gate 
layer of a field-effect transistor, where the absorption in the 
QD layer modulates the transistor turn-on potential, enabling 
the detection and amplification [44, 49]. While this approach 
has enabled the electronic integration of LD materials in IR 
detectors, it does not address the issue of poor light coupling 

Figure 13. (a) Top-view schematic and 3D potential profile in a 
pump-gate jot. Reproduced with permission from [115]. © 2007 
SPIE. (b) Cross sectional potential profiles along lines aa’ and 
bb’, and band diagram schematic of the two steps of pump action, 
corresponding to transfer gate (TG) on and off along the charge 
transfer path. Reproduced with permission from [116]. © IEEE: 
SW indicates the storage well, PB and PW a p-type barrier and 
well respectively, VB the virtual phase barrier, and FD the floating 
diffusion. Reprinted from [119], with the permission of AIP 
Publishing..
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limiting the quantum efficiency. Therefore, a successful dem-
onstration of IR detectors based on LD materials will require 
the implementation of strategies for enhancing optical cou-
pling, in particular involving light enhancement and confine-
ment in very small volumes. Such strategies include cavities, 
microlenses, metamaterials, plasmonic enhancement and opti-
cal antennas [44, 71]. Furthermore, the uniformity and yield 
of LD materials processing has not yet matched that of semi-
conductors and represents a major technological challenge to 
the implementation of large-scale and large-area LD-based IR 
detectors and imaging arrays.

4. Strategies for enhancing optical coupling

4.1. Anti-reflection and light trapping

Since most materials utilized for IR detection have a relatively 
large refractive index (3–4), a significant enhancement of the 
device quantum efficiency can be offered by minimizing the 
reflection at the surface [44]. Conventionally, anti-reflection 
(AR) coating can be implemented exploiting interference 
effects in a stack of thin film dielectric layers with vary-
ing refractive index to cancel out the reflection [128]. This 
approach however is fundamentally limited to low-angle and 
narrow spectral response, since its principle of operation is 
only effective for a small range of wave vectors, all perpend-
icular to the surface [129]. Recently, a novel approach to AR 
strategies has been introduced, which takes advantage of 
engineered surface texture which effectively act as graded-
index structures [130]. This approach is capable of producing 
a broadband impedance matching layer, as well as efficient 
mode coupling to many modes of different polarization inside 
the detector volume, especially useful for detector materials 
with specific polarization, such as QWIP [131]. Moreover, 
this strategy can be implemented in a rather simple and cost-
efficient techniques, based on self-ordering processes, such as 
reactive ion treatments [132]: an example of self-assembled 
Si nanostructured cones obtained with reactive ion etching is 
shown in figure 15 [133].

An even more significant performance enhancement, 
especially for detectors based on LD materials, can be gen-
erated by increasing the path of light through the detector, 
through effects known as light trapping. The most common 
such strategy is that of placing the detector active absorbing 

region between two highly reflective surfaces, as shown in 
figure 15(b), forming a cavity where light interacts with the 
active volume for longer time before leaving the detector 
[134, 135]. Because of reciprocity, however, this approach 
in incompatible with AR strategies, and the cavity usually 
comprises a perfect mirror and a distributed Bragg reflector 
(DBR). Furthermore, the resonant nature of light trapping will 
increase the spectral selectivity of the detectors, and limit its 
speed, which becomes limited by carrier transit time [136].

4.2. Enhanced light-matter interaction

This class of strategies encompasses the engineering of 
optoelectronics materials and systems to enhance the light 
absorption probability. It includes lensing and microlensing, 
plasmonic enhancement, photonics crystals, optical antennas, 
and metamaterials.

Lensing allows focusing the far field into a small area, 
increasing the fill factor of the detector and hence its quantum 
efficiency. As discussed in previous sections, small pixel size 
and pitch has increasingly been pursued in order to reduce 
the SWaP of the system by enabling smaller imagers size. 
For a fixed F-number (F/#), the area, size and weigth of the 
optics required scale at least quadratically with the detector 
size [27, 30, 34]. In addition, it has been theoretically proven 
that diffraction-limited optics can benefit imaging systems for 
both long-range and large-field of view imaging modes [30, 
31, 34, 39, 40]. As a result, reducing the size of the pixels, 
and hence of the imager and optics, has increasingly become 
a primary strategy for achieving efficient and light infrared 
imaging systems.

In imaging, two strategies for implementing microlens-
ing arrays for FPA fabrication have been proposed, as shown 
in figures 16(a) and (b). In the first approach, microlenses of 
dimensions comparable to the pixel pitch are independently 
designed and fabricated, and subsequently integrated in the 
FPA using backside alignment through the detector substrate 
[137]. The alternative proposed solution is to monolithically 
fabricate the lensing array into the detector substrate, by 
etching a parabolic-shape structure, exploiting total internal 
reflection for light focusing, effectively acting like a parabolic 
mirror [45]. In recent years, a novel approach to light concen-
tration has emerged, based on subwavelength dielectric and 
metallic structures, known as electromagnetic metamaterial 

Figure 14. Low-dimensional photodetector architectures based on QD (a) Reprinted by permission from Macmillan Publishers Ltd: Nature 
[49], Copyright (2017), nanowires (b) Reprinted with permission from [123]. Copyright (2016) American Chemical Society, and 2D 
material (c) Reprinted with permission from [124]. Copyright (2016) American Chemical Society. 
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[73, 138]. Engineering the geometrical and materials prop-
erties of these nanoscale periodic structures allows access 
to domains of the electromagnetic properties that were pre-
viously forbidden, enabling new technological applications 
such as subwavelength cavities [139], detection directivity 
[140] and planar lensing [73]. As a result, lensing effect from 
quasi-flat metamaterials, such as shown in figure 16(c), have 
recently attracted increasing interest, for their wide range 
of applicability, and can also represent a viable solution for 
enhancing light coupling in FPAs [138, 141].

The second class of light enhancing strategies encom-
passes the use of effect that can create localized electro-
magnetic fields within subwavelength areas. Such effects 
include plasmonic and photonics crystals, and optical nano-
antennas, which inherently exhibit broad spectral band. 
Plasmonic effects, collective charge oscillation at optical fre-
quencies near metallic-dielectric boundaries and interfaces, 
allow to locally enhance the field coming from propagating 
light, into regions much smaller than its wavelength. Such 
effects can be used in periodic nanostructures, called plas-
monic and photonic crystals (PC), to tailor the properties 
of light propagation and trapping to favor absorption. For 

example, PC allow to confine the incident light in a very nar-
row (subwavelength) mode inside the detector [142], espe-
cially useful for LD-based detectors with very thin absorbing 
layer (e.g. graphene [143]), as shown in figures 17(a) and (b). 
Moreover, PC can be employed to guide light in subwave-
length volumes, and to produce cavity effects, as shown in 
figure 17(c) [144]. Optical antennas are structures that cou-
ples the propagating light into evanescent near field, favoring 
absorption and detection. These structures are particularly 
useful when utilizing detector materials with polarization-
dependent absorption, such as quantum well superlattices 
(QWIP), since they allow compact conversion of polarization 
for a maximum coupling [71, 145]. Among common opti-
cal antennas are nanospheres [146], bowtie [147], and nano-
hole arrays [131]. Further engineering of these antennas have 
been performed by combining several of these approaches. 
For example, a novel metallo-dielectric hybrid antenna has 
been proposed, based on coupling a metallic cavity antenna 
coupled with a photonic jet produced by a dielectric micro-
sphere, as shown in figure  17(d). This structure offers sig-
nificant improvements in quantum efficiency and directivity, 
compared to bowtie optical antenna [148].

Figure 15. (a) Nano-structured Si cones for MWIR AR application. Reproduced with permission from [133]. © 2005 SPIE, (b) schematic 
of a cavity-based IR detector architecture for enhanced quantum efficiency, adapted from [134]. CC BY 3.0.
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5. Challenges, strategies and potential future  
directions for SWIR imagers

The future success and impact of SWIR imaging technology 
will require three major technological advancements: reduced 
manufacturing costs, improved performance and advanced 
functionality. We here summarize some of the most promising 
strategies to address the fundamental hurdles in these three 
areas. We present an overview of the prospects for large area 
scalability and low-cost manufacturing, from a commercial 
and technological standpoint, with an attention to the most 
promising novel and future designs and concepts. We describe 
a promising strategy for enhancing the performance of the 
imagers, both in terms of low-light sensitivity and bandwidth, 
based on nanoscale and low-dimensional photodetectors with 
ultra-low capacitance. We review some of the proposed novel 

ROIC architectures that could enable advanced functionalities 
of SWIR imagers. Finally, we present some of the most prom-
ising and impactful potential applications of SWIR imagers, 
such as neuromorphic, stereoscopic and foveated vision, that 
can be enabled by leveraging the above mentioned advanced 
functionalities.

5.1. Manufacturing considerations: large-area scalability and 
yield

Scalability of the manufacturing processes to both large-
area and highly parallelized processing are of fundamental 
importance for the future development of infrared imagers. 
As an example, the large-scale fabrication of CMOS imagers 
has enabled a huge cost reduction, which have significantly 
contributed to the success of these devices, that have today 
become ubiquitous [35, 36]. Similarly, high fabrication and 
integration yield is essential both for high-resolution imaging 
applications, and because of the high relative materials cost.

As discussed in a previous chapter, large part of the limi-
tations on cost and large-area scalability of SWIR imagers 
is related to the need for an integration with a CMOS-based 
ROIC. This process introduces additional steps and risks to 
the fabrication, and currently prevents wafer-level processing. 
As such, most research efforts in both academia and industry 
are currently devoted to exploring alternative means of CMOS 
integration of the SWIR sensors. Recently, Ge-based SWIR 
detectors have attracted increasing atttention thanks to their 
compatibility with the Si material system, which allows epi-
taxial growth on CMOS. However, Ge detectors typically pre-
sent higher dark current and lower absorption than its III–V 
competitors, such as InGaAs [20]. Wafer-level III–V to CMOS 
hybridization is very attractive since it can drastically reduce 
the cost of production of infrared imagers thanks to economy-
of-scale [47]. Alternatively, large-area direct wafer-bonding 
of III–V semiconductors to Si and CMOS substrates has been 
demonstrated [18, 22, 24, 48]. This method is particularly 
attractive if combined with CMOS-compatible device pro-
cessing, since all the fabrication can be performed on large 
CMOS wafer, with drastic reduction of the cost [18, 22].  
Finally, bottom-up fabrication techniques for infrared detec-
tors, such as self-assembly, colloidal dispersion and low-
temper ature growth on multiple substrates have recently 
attracted great intested due to their potential drastic reduction 
of the manufacturing costs and ease of CMOS integration [19, 
49–52]. Typically, most bottom-up techniques do not guaran-
tee large-area uniformity and scalability, however, some have 
been optimized over years of research and development and 
have come to compete in uniformity and cost with current 
state-of-the-art semiconductor fabrication. As an example, a 
new class of SWIR imager based on colloidal quantum dots 
has recently entered the market as affordable alternative to 
the current commercially dominant HgCdTe and III–V cam-
eras [56–61]. These imagers can easily be implemented into 
multi-color pixel architectures by simply varying the size of 
the quantum dots [52]. Nanowires and thin-film SWIR detec-
tors that have shown record responsivity can also be easily 
grown or deposited on CMOS substrates. Although large-area 

Figure 16. (a) Microscope image of the fabrication steps for 
microlens arrays. Reproduced with permission from [137]. © 2015 
SPIE, (b) scanned electron image and schematic of light concentrators 
array for HgCdTe FPA [45]; (c) image of a quasi-flat achromatic lens 
based on space-varying dielectric gradient metastructure, with ~2 µm 
measured spot size from 1200 nm to 1600 nm wavelengths. Adapted 
from [141]. CC BY 4.0.
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uniformity has not yet been demonstrated for these materials, 
recent progress has shown promising results towards high uni-
formity large-area nanowire growth [105].

In conclusion, while the most reliable direction for near 
term commercial development is that of expanding the large-
area capabilities of the fabrication and integration of conven-
tional semiconductor-based technologies, it is undoubted that 
novel bottom-up fabrication techniques are already starting to 
play a significant role in the SWIR imagers market.

5.2. Ultra-low capacitance phototransistor arrays

Phototransistor detectors, including low-dimensional (LD) 
detectors, represent the most promising candidate for next-
generation infrared imagers. They can amplify the signal to 
allow shot-noise limited performance, have superior perfor-
mance at elevated teperatures, and have the potential for fabri-
cation in large arrays. As shown in Ch.2, the sensitivity of these 
devices is directly related to their capacitance and can there-
fore be improved by shrinking the size of the detectors, with 
the potential for reaching photon-counting sensitivity even at 
room temperature [42]. The technological challenges posed 
by this approach are multiple. Currently, LD detectors cannot 
be fabricated into large arrays with good yield and uniformity, 
and conventional top-down fabrication methods based on epi-
taxial substrates incur limitations at very small dimensions. 
These issues are mainly related to the mechanical stability, 
alignment, and surface effects. As the size of the devices 
decreases, their surface-to-volume ratio increases, resulting in 

dominant contribution from surface effects processes such as 
trap-assisted recombination [80, 149]. Nevertheless, these do 
not represent fundamental limitations but rather technologi-
cal, and recent advancements in this fronts have demonstrated 
the feasibility of the approach [105, 150, 151].

The key technological issues that need to be addressed for 
the successful fabrication of ultra-low capacitance infrared 
phototransistor arrays are:

 •  development of reliable, high-yield nanoscale fabrication 
methods

 •  alignment and electronic integration of nanoscale detec-
tors

 •  development and characterization of appropriate passiva-
tion techniques

On the other hand, this sensitivity improvement will likely 
come at the price of a reduced quantum efficiency, due to poor 
coupling of light into such a small volume. Charge compres-
sion and transfer, allowing the integration of a large-volume 
photon absorber with a small amplification region, offers a 
viable solution to mitigate this drawback [85]. However, its 
effects are limited by parasitic capacitance and surface effects. 
A more compelling approach is that of enhancing the light 
coupling into the small sub-wavelength detector volume 
through strategies such as those presented in Ch.3, includ-
ing optical antennas, photonic jets, integrated plasmonic. 
As an example, enhanced light detection and emission from 
quant um dots have been demonstrated by means of photonic 
jets [152] and surface plasmonic effect [153], suggesting that 

Figure 17. (a) Schematic of a nanoholes-array photonic crystal slab and modes of field distribution. Adapted from [142]. CC BY 4.0. (b) 
schematic of plasmonics-enhanced graphene photodetector architecture. Reprinted with permission from [143]. Copyright (2012) American 
Chemical Society, (c) schematic of PC-based resonator implementation in an FPA. Reproduced with permission from [144]. © 2010 
SPIE, (d) schematic and FDTD field enhancement simulation for the hybrid metallo-dielectric photonic jet nanoantenna. Reproduced with 
permission from [148]. © 2013 SPIE. 

Rep. Prog. Phys. 83 (2020) 044101

https://creativecommons.org/licenses/by/4.0/


Report on Progress

21

a viable integration of nanoscale and low-dimensional detec-
tors in large scale and camera format can be achieved thanks 
to sub-wavelength light enhancement techniques.

Finally, another proposed solution is that of decreasing 
the typical pixel pitch size of the FPA to match that of the 
small-volume detectors, allowing to increase the fill factor 
[154]: this can be achieved for instance by implementing a 
full three-dimensional CMOS ROIC, which is part of the fol-
lowing section.

5.3. Advanced ROIC

Generally, the ROIC electronics introduce additional noise in 
the imager system, which is called read noise. This noise is 
typically far exceeds the signal generated by a few photons, 
and hence prevented photon-counting sensitivities in many 
integrated imaging system [62]. However, photodetectors 
with internal gain mechanisms, such as the aforementioned 
phototransistors, overcome this limitation thanks to the ampli-
fication of the small photon signal to a larger electrical signal, 
which makes the read noise of modern ROIC negligible com-
pared to the internal noise of the detectors.

Nevertheless, ROICs introduce other major limitations to 
the imaging system, which have not yet been addressed in full. 
Here we review some of the key challenges, and present the 
most promising ROIC designs, proposed to address each of 
these challenges.

5.3.1. Dynamic range limitations. In conventional ROIC 
designs, the photocurrent generated at each detector pixel is 
accumulated locally in a capacitor acting like a potential well 
(CW). Since the maximum dynamic range of the camera is 
determined by the amount of charge that can be stored at the 
pixel, expressed as Q = CWV , increasing the dynamic range 
requires either a larger capacitor or higher operating voltages. 
Both parameters are strictly limited in a conventional ROIC, 
because of pixel pitch size, leakage, and electrical discharges. 
Furthermore, the capacitance of the well and the SNR readout 
requirements also limit the speed at which the data output can 
be read, and hence require a large number of output taps for 
fast and efficient readout.

A solution that has been proposed and implemented is in-
pixel signal digitization by means of analog-to-digital conver-
sion (ADC) combined with a counter [155]. Beside increasing 
the effective well size (i.e. the dynamic range) by orders of 
magnitude and allowing for fast data rates, this approach ena-
bles enhanced functionality at the pixel level. These include 
real-time filtering and feature extraction, background sup-
pression, and non-uniformity compensation [155]. An alter-
native proposed solution is based on differential pixel read for 
increasing the dynamic range, which also allows compensa-
tion of common mode noise [156].

5.3.2. 3D edgeless and deadzone-less tileable ROICs for 
large-area FPAs. Another limitation of current ROIC tech-
nology stems from the architecture design of the ROIC, which 
typically separates the in-pixel analog and digital circuitry 

from the peripheral auxiliary circuitry, input-output and insu-
lation layers. This ROIC design limits the scalability and 
integration of large-area detector arrays, as tiling multiple 
ROIC chips will result in deadzones within the detection area, 
which are highly undesirable, especially for high-sensitivity 
applications [157]. Edgeless, 3D-integrated advanced ROICs 
with negligible amount of edge inactive area, that can be tiled 
without causing detection deadzone can enable fully modular 
scalability of the detector size, with the potential for reaching 
beyond Megapixel array resolution [157].

A proposed approach encompasses multi-layered CMOS 
design that integrates the peripheral circuitry within a small 
area of each pixel, guaranteeing the full functionality at 
no cost in term of floor area occupation. The ROIC chip is 
hybridized with the detector via bump bonding, and with the 
electronic board by taking advantage of low-capacitance, low-
noise through silicon vias (TSVs), achieving truly edgeless 
ROIC integration [53, 157]. More advanced 3D architectures, 

Figure 18. (a) Schematic of artificial stereo vision employing 
two cameras (left, L and right, R), with representation of a typical 
correspondence problem (the four red dots representing the 
solution). Reproduced from [163]. CC BY 3.0. (b) Example of 
foveated image with point of fixation on the Stephen F Austin statue 
in the background, adapted from en.wikipedia.org/wiki/Foveated_
imaging#/media/File: Texas_state_cemetery_foveated1.png.
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including TSVs and bonding of a digital and analog chips 
together before integration into the camera and board assem-
bly are also being pursued [157].

5.3.3. Redundancy in transmitted data. In many cases of 
interest, especially in high-sensitivity applications, the set of 
pixels containing useful information is very sparse. In such 
cases, the conventional ROIC logic implies a very inefficient 
readout scheme, that wastes power and bandwidth by reading 
out the ‘empty’ pixels signal.

As a solution, ROIC systems employing novel logic archi-
tecture have been proposed, to enable dynamic zero-sup-
pression readout mode, enabling techniques such as image 
foveation [157]. In particular, reconfigurable systems that 
can evaluate and select the most appropriate imaging mode in 
real-time, to ensure efficient usage of the data bandwidth, are 
highly desirable in order to achieve a highly versatile infrared 
imaging system.

5.3.4. Timing accuracy. Recently, advanced pixel circuitry 
and functionality have been demonstrated, enabling photon 
counting and time-stamping at a pixel level. However, for 
efficient continuous operation, the readout process should be 
faster than the integration frame window for avoiding signal 
corruption or the need to introduce deadtime through a buffer. 
Conventional daisy-chaining of the pixel output in conjunction 

with prioritization algorithms are intrinsically limited in 
speed, hindering the accurate detection of fast events for time-
resolved observations.

A proposed solution encompasses smart binary tree log-
ics for prioritizing the readout and transmission, where the 
pixels are synchronized and entirely controlled by the output 
data transmitter through a series of switching pulses [158]. 
Furthermore, advanced re-synchronization techniques that 
allow for synchronous operation and resetting without corrup-
tion of the data that is being read out can represent an addi-
tional tool for tackling this issue [157].

5.4. Neuromorphic, stereoscopic and foveated SWIR vision 
systems, and bio-inspired curved imagers

State-of-the-art imaging systems are still significantly out-
performed by biological systems when it come to live pro-
cessing of large amount of information. Artificial vision, as 
an example, still struggles to recognize patterns and motion 
at the speed and efficiency of biological systems, despite its 
net superiority in terms of floating-point operation [159]. 
This is inherent to the image acquisition and processing 
architectures common to all digitally-integrated imagers and 
sensors. Specifically, the continuous analog data acquired 
at the sensors are typically digitized at the pixel level and 
subsequently transferred and processed in a sequential fash-
ion. For this reason, even when imagers are combined with 
dedicated machine vision or pattern recognition algorithms, 
they cannot match the image virtuosity and efficiency of 
biological systems due to data transfer and memory access 
latencies, digitization artifacts and the lack of real-time feed-
back. Conversely, biological vision massively employs par-
allel, non-clocked, real-time processing, developing what 
is commonly referred to as early vision, to infer distance, 
surface and movements in the observed objects [159]. This 
is enabled by real-time data computation, such as filtering, 
edge-detection and object tracking, taking place at the level 
of single individual sensing element, thereby enabling real-
time adjustment of adaptive photoreceptors. Neuromorphic 
vision is the attempt to apply the same image processing 
architecture to the state-of-the-art imaging technologies 
[160]. This is achieved relying on advanced ROIC systems, 
such as the ones discussed in the previous section, that are 
capable of performing complex tasks and computation at the 
pixel level, as well as to operate the detectors in different 
imaging modes, for example by changing the detector bias 
voltage, optical gain, pixel bin size or amplification mech-
anisms [161]. In addition, such advanced read-out circuitry 
can enable event-based detection, where a pixel is read out 
only when triggered by a stimulus above a certain threshold, 
particularly useful both for lowering data transfer density and 
for efficient sparse imaging, quite common, for example, in 
astronomy and particle physics. An example of this concept 
was applied in the implementation of so called retinomor-
phic vision sensor, where analog circuits can trigger based 
on the spatial or temporal gradients in the image, generat-
ing ‘spiking’ signals resembling those of neurons [162]. Bio-
inpsired three-dimensional stereo vision, such as shown in 

Figure 19. (a) Schematic of the eye’s aberration-free curved 
imaging sensor, compared to the aberration from a single thick 
lens related with a planar imager. (b) 8 megapixel CMOS curved 
imager bonded to a precisely curved mold surface. Reproduced with 
permission from [164]. © The Optical Society.
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figure  18(a), can also take advantage of event-based imag-
ing enabled by spiking networks, by adding time-resolved 
sensing to aid the efficient and accurate recognition of the 
matching points of the two or more stereo images (correspon-
dence problem) [163]. Finally, another imaging processing 
technique inspired by the retina is foveation: varying resolu-
tion across the image, mimicking the resolution of the retina, 
based on one or more fixation points, as shown in figure 18(b) 
[53]. This is typically employed in post-processing for image 
compression, but if implemented at the pixel read-out level, 
it could help decrease the image memory requirements and 
data transfer density, allowing for considerable speedups in 
the image acquisition and processing.

Beside early vision and image processing that is inspired by 
nature, inspiration from the biological imaging sensors can also 
benefit the architecture and optics of the imagers. One feature 
of major technological interest that is currently being pursued 
is that of curved imaging sensors. These imagers instrinsically 
allow to avoid aberration from the lenses and optics, as shown 
in figure 19(a), and are therefore ubiquitous in biological vision 
systems [164]. This seemingly simple feature, however, posed 
a formidable challenge to the conventional FPA fabrication, 
which is traditionally based on planar substrates and processes. 
Several methods to overcome these limitations have been pro-
posed with relative success, including bonding the detectors to 
flexible or curved molds, as shown in figure 19(b), as well as 
flexible detectors and mosaic tiling [165].
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