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Infrared (IR) photodetectors are essential for a wide range of applications, including optical communication,
night vision, and environmental monitoring. The advent of 2D materials, which have distinctive layered
atomic structures, has opened up new possibilities in the fields of electronics and optoelectronics. Rapid
progress regarding developing IR photodetectors that are based on 2D materials highlights their potential to
revolutionize this technology. This review comprehensively explores recent advancements in infrared (IR)
photodetectors that utilize 2D materials and their van der Waals (vdW) heterostructures to analyze the
different detection mechanisms that are employed in IR photodetectors. The review also addresses the
crucial performance parameters that define photodetector effectiveness, including responsivity, specific
detectivity, and noise characteristics. The various applications of IR photodetectors are also explained,
including shortwave infrared light detection for medical imaging, infrared multispectral imaging and high fre-
quency and ultra-fast infrared detection. Furthermore, the review discusses the challenges and future
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outlook for material and device optimization, which includes strategies for hybrid material integration, noise
characterization, and scalable production. By examining key performance metrics and comparing various 2D
materials, this review aims to offer a blueprint for advancing infrared photodetection research and develop-

rsc.li/nanoscale ment, which ultimately paves the way for low-cost, high-performance, and scalable IR sensing technologies.
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1. Introduction

The emergence of next-generation two-dimensional (2D)
materials has transformed the landscape of infrared photo-
detectors, unlocking unprecedented opportunities for
advanced sensing and detection technologies."”” These detec-
tors, particularly those sensitive to wavelengths ranging from
760 nanometers (nm) to 1 millimeter (mm), have attracted a
significant amount of research interest in recent decades due
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to their widespread use in remote sensing, security, environ-
mental monitoring, optical communication, and thermal and
medical imaging applications.>* 2D materials offer unparal-
leled electronic and optoelectronic capabilities, which enable
them to achieve remarkable performances in infrared photode-
tection, such as ultrahigh photoresponsivity, ultrafast response
times, broad spectral detection ranges, and exceptional
sensitivity.”® 2D materials are unique because they consist of
tightly bound atoms that are arranged in a single atomic sheet
with strong covalent or ionic bonds. These ultra-thin sheets
assemble into layered structures held together by weak van der
Waals (vdW) interactions.”® This weak interlayer interaction
enables the exfoliation of bulk crystals; that isolates individual
flakes or even single atomic layers for various applications.
Photodetectors are devices that convert incident electromag-
netic radiation into an electric current. 2D materials are revolu-
tionizing photodetector designs due to their unique properties
and characteristics. They offer an exceptionally broad spectral
response, which detects light from ultraviolet wavelengths to
terahertz frequencies (THz). 2D materials also exhibit excep-
tional photoresponsivity by efficiently converting light into
electrical signals.’® Their versatility extends to polarization-
sensitive detection, high-speed response times, and high-
resolution imaging capabilities, which makes them ideal for
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diverse applications. These heterostructure-based photo-
detectors demonstrate significant performance enhancements,
such as MoTe,-PdSe, ** and BP/WS, '* devices, which achieve
an exceptionally high rectification ratio, responsivity, and
photovoltaic external quantum efficiency (EQE) of 2.6 x 10%
500 mAW™', and 103%, respectively.

Electrochemical-based infrared (IR) devices represent a
promising class of sensors that utilize redox reactions and ion
migration to modulate their optical and electrical responses to
infrared radiation. These devices incorporate electrochromic
materials, solid electrolytes, and ionically active interfaces that
undergo a reversible change in their optical and electrical pro-
perties upon electrochemical stimulation.”® Unlike conven-
tional IR detectors, where photon absorption directly generates
electron-hole pairs, these devices utilize photoelectrochemical
processes where a change in local electrochemical environ-
ment influences charge transport and light absorption pro-
perties. These photogenerated carriers modulate redox reac-
tions at the electrode-electrolyte interface, resulting in current
(amperometric), voltage (potentiometric), and impedance
(impedimetric) changes that can be detected as IR signals.
Electrochemical IR devices offer several benefits, including low
power requirements, adjustable response characteristics,
mechanical flexibility, and compatibility with transparent and
stretchable substrates. These characteristics make them highly
suitable for advanced applications such as wearable elec-
tronics, adaptive optical systems, and neuromorphic sensing,
where real-time and tunable IR detection is critical."*"®

The ISO 20473 standard divides infrared radiation into
three regions based on wavelength, namely, near-infrared
(NIR) from 0.78 to 3.0 micrometers (um), mid-infrared (MIR)
from 3.0 to 50 pm, and far-infrared (FIR) from 50 pm to
1 mm.'® Around half of the sun’s energy reaches us in the
form of NIR light. This abundance highlights the importance
of developing materials that can absorb and convert this NIR
light into electricity using photovoltaic cells. NIR sensing,
detection, and monitoring have significant advantages over
traditional methods due to NIR light’s unique properties. For
instance, NIR light can penetrate deeper into biological tissues
compared to visible light, which makes it suitable for medical
applications. The evolution of NIR technology has enabled the
development of NIR detectors with remarkable sensitivity. NIR
detectors are broadly categorized into three main types based
on their detection mechanisms: thermal detectors, photocon-
ductive detectors, and avalanche photodiodes (APDs). Thermal
detectors measure temperature changes that are caused by
absorbed NIR radiation, and they convert these changes into
electrical signals. Photon detectors, which include photocon-
ductive detectors and APDs, directly detect photons and
convert them into an electric current through the photoelectric
effect. Photoconductive detectors generate electron-hole pairs
in semiconductors upon photon absorption, which alters their
electrical conductivity. APDs, under a high electric field,
amplify this initial signal via an avalanche multiplication
process and provide extremely high detectivity and sensitivity.
Recent advancements in nanoscience and nanotechnology
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have significantly reduced the size of NIR devices in the past
decade. NIR devices that utilize low-dimensional semi-
conductor nanostructures, which include one-dimensional
(1D) structures, such as nanowires (NWs), nanorods (NRs),
and nanobelts (NBs), offer several key advantages, such as
high detectivity, responsivity and ON/OFF ratio, minimum
energy usage, and flexible integration into devices, compared
to traditional NIR devices that are made from bulk materials
or thin films.

The phenomenon behind the high responsivity and detec-
tivity in 1D nanostructures is due to reduced dimensionality
and a large surface-to-volume ratio, which lead to shorter
transit times. 1D nanostructures have a significantly larger
surface area relative to their volume compared to bulk
materials. This increased surface area potentially introduces
more surface trap states, which temporarily capture photo-
generated carriers, such as electrons and holes, that are
created by absorbed NIR light. These traps can potentially act
as recombination centers, but they can also extend the lifetime
of these photocarriers within the material in some cases. A
longer photocarrier lifetime allows for a greater chance for the
carriers to contribute to the electrical current before recombin-
ing, which ultimately leads to a stronger electrical response.
The 1D geometry of these nanostructures confines the move-
ment of the photogenerated carriers within a smaller area
than that in bulk materials. This effectively shortens the
transit time, the duration required for carriers to travel
through the device, and contributes to the current. A shorter
transit time translates to faster response times and reduces
opportunities for carrier recombination within the material,
which further enhances the detector’s sensitivity.'” Mid-infra-
red (MIR) and far-infrared (FIR) photodetectors hold particular
significance for photodetection due to two major advantages:
the atmospheric window and thermal information. The MIR
spectrum coincides with a natural window in the Earth’s atmo-
sphere. This window allows for a significant portion of MIR
radiation to pass through with minimal absorption by atmos-
pheric gases. This property makes MIR ideal for applications
where long-distance and unobstructed detection of light is
crucial, such as remote sensing or free-space optical com-
munication. MIR radiation interacts with the vibrational
modes of molecules; this is unlike visible or near-infrared
light, which primarily interacts with the electronic structure
of molecules. These vibrations are directly linked to the
temperature of the object. MIR detectors can therefore
provide valuable thermal information, which allows us to
detect the presence of an object and remotely estimate its
temperature. This capability finds applications in various
fields, which include night vision, thermal imaging for secur-
ity purposes, and non-invasive temperature measurement in
medical diagnostics.'®*?

1.1 Objective of the review

There has been a significant amount of progress in recent
years with regard to the development of infrared (IR) detectors
using 2D materials, which are distinguished by their unique

This journal is © The Royal Society of Chemistry 2025
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electrical and optical characteristics.>*”>* There is a need for a
comprehensive analysis that evaluates and compares the
various 2D materials and their applications with regard to IR
detection, despite numerous studies on specific materials and
device topologies. This review seeks to fill this gap by
thoroughly examining the various 2D materials that are uti-
lized in IR photodetectors by analyzing their unique features
and evaluating the tactics that are adopted in order to improve
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device performance. Our objective is to offer a clear and
detailed overview of the current state of the field, identify the
challenges that remain, and propose potential directions for
future research, which will thereby guide the continued devel-
opment of 2D material-based IR photodetectors. It provides an
in-depth analysis of the mechanisms, performance metrics,
and practical applications of these detectors while evaluating
the limitations and gaps in existing research. We begin this
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Fig. 1 This work presents a detailed overview of 2D material-based infrared photodetectors and their integration into advanced detection techno-
logies. It highlights the unique optical and electronic properties of 2D materials, which are critical in regard to achieving high sensitivity, tunable
detection, and enhanced device performance that holds significant potential for applications in medical imaging, environmental monitoring, and

communication systems, and contributes to innovative and scalable solutions for global technological needs.
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review with a comprehensive overview of the history, detection
mechanisms, and classification of IR detectors. The focus then
shifts to the unique properties of 2D materials, such as their
tunable band gaps, thickness-dependent behavior, and carrier
mobility. We discuss how these characteristics influence key
detector parameters, such as responsivity, detectivity, EQE,
and noise equivalent power (NEP). We explore the exciting pos-
sibilities of 2D material-based IR detectors by highlighting
their potential for wide tunability, ultra-sensitivity, and suit-
ability for various applications of medical imaging, spectral
imaging, and high-frequency devices. We discuss some chal-
lenges faced by traditional IR detectors in the closing para-
graph. These include the need for cryogenic cooling, limit-
ations due to background noise, and the instability of some
materials in the air. This review surveys the recent advance-
ments, challenges, future directions, and general design prin-
ciples for high-performance photodetectors, which aim to
guide the development of next-generation devices. The 2D
materials, detection mechanisms, metrics, and application of
IR sensing are shown in Fig. 1.

2. History of infrared (IR)
photodetectors

The use of heat has been understood for millennia, but the
scientific discovery of infrared radiation is a relatively recent
event. Astronomer William Herschel conducted a ground-
breaking experiment in 1800 that led to the identification of
this invisible form of light. Herschel’s experiment involved a
crude monochromator, which is a device that separates light
into its constituent colors. He used a thermometer to measure
the temperature changes caused by different colors of sunlight
passing through the monochromator. He notably observed a
significant temperature increase beyond the visible red spec-
trum. This observation, which was documented in his notes,>’
confirmed the existence of infrared radiation, which is a type
of radiation that is invisible to the human eye but is detectable
as heat. The history of infrared (IR) detectors reveals a focus
on thermal detection methods. Pioneering advancements
include the 1821 invention of the thermocouple, which con-
verts heat to electricity, by Seebeck. Nobili built on this ther-
mopile in 1829 by connecting multiple thermocouples for
increased sensitivity. Another thermal detector, Langley’s bol-
ometer, emerged in 1880. Langley’s design relied on changes
to the electrical resistance of thin metal strips exposed to IR
radiation. His bolometer eventually detected heat from a
distant cow via continuous refinement, which demonstrated
impressive progress in early IR detection technology.?®°
Thermal detectors dominated early IR technology, but the
20th century saw the rise of photon detectors. A pioneering
study by Case in 1917 led to the first IR photoconductor.®®
Lead sulfide, which was discovered by Kutzscher in 1933,
offered a response of up to 3 pm.>> Norton’s observation high-
lights the vast potential for IR detection, which encompasses
various physical phenomena from thermoelectric effects to
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photon absorption.** This diversity continues to drive inno-
vation in regard to IR detector technology.

Semiconductor IR detectors have significant advantages,
but their widespread use is hindered by the need for cryogenic
cooling. This cooling is necessary because thermal energy can
excite electrons in the semiconductor and create unwanted
background noise even at room temperature. This noise can
overwhelm the weak signal that is generated by IR radiation,
which reduces the detector’s sensitivity. Cryogenic cooling
systems are bulky, expensive, and inconvenient, which limit
the portability and practicality of IR systems based on these
detectors. New techniques are being analyzed with advance-
ments in device engineering and materials science in order to
address these challenges; these include (a) narrower bandgap
materials; semiconductor materials with inherently narrower
bandgaps enable the detection of longer IR wavelengths at
higher operating temperatures. This reduces or eliminates the
need for cryogenic cooling for certain IR detection
applications.**** (b) Advanced doping techniques; the stra-
tegic doping of semiconductors with impurities enables the
creation of new energy levels within the bandgap, which influ-
ence the electrical conductivity. These levels can enhance the
absorption of specific IR wavelengths and improve sensitivity
at higher temperatures.*®?”

There are various categories of semiconductor IR detectors,
and each of them has its own operating principles and per-
formance characteristics. Intrinsic detectors rely on the pure
semiconductor material for IR absorption and have a broad
spectral response, whereas doping introduces additional
energy levels within the bandgap in extrinsic detectors, which
tailor the detector’s response to specific IR wavelengths.
Photoemissive detectors utilize the photoelectric effect, where
IR radiation ejects electrons directly from the material and
generates an electrical current. Quantum well detectors exploit
the unique quantum mechanical properties of layered semi-
conductor structures in order to achieve improved detection
capabilities and high sensitivity.

Thermal detectors focus on the heating effect of infrared
radiation, which is unlike semiconductor detectors that rely on
direct photon absorption. IR radiation gets absorbed when it
strikes the detector material, which causes the temperature to
rise. This temperature change triggers a shift in the physical
properties of the material, such as electrical conductivity,
mechanical strain, or even magnetism, depending on the
design. This variation in the chosen property is then converted
into an electrical output signal. The detector element is typi-
cally suspended on heat-resistant supports in order to mini-
mize the environmental influence and ensure it responds pri-
marily to the temperature change that is caused by the
absorbed IR radiation. Thermal detectors may have slower
response times compared to their semiconductor detectors,
but their simpler fabrication process and wide range of detect-
able wavelengths make them a valuable choice for specific IR
sensing applications that prioritize cost-effectiveness and
broad spectral responses.’® Their key advantage lies in their
wavelength independence, because it can detect a broad spec-

This journal is © The Royal Society of Chemistry 2025
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trum of IR radiation with similar sensitivity, regardless of the
specific IR wavelength. The strength of the electrical output
signal depends on the total amount of IR radiation absorbed,
and it does not depend on the individual photons themselves.
The ability to operate at ambient temperatures makes them
particularly attractive compared to high-performance photon
detectors, which often rely on intricate cooling setups. The
core principle behind thermal detectors involves converting a
temperature rise, which is caused by IR absorption, into an
electrical signal. This conversion can be achieved by measur-
ing changes in electrical resistance (bolometers) or internal
material polarization (pyroelectric detectors).

2D semiconductor materials have become a cornerstone of
modern IR detection technology by offering significant advan-
tages over traditional thermal detectors. These advantages
stem from their unique ability to directly convert absorbed IR
radiation into an electrical signal that relies on the fundamen-
tal principle of bandgap theory. According to bandgap theory,
electrons in a semiconductor material can only occupy specific
energy levels within defined bands. The bandgap in materials
refers to the energy difference that separates the occupied
valence band from the empty conduction band. Individual
photons can be absorbed by electrons if the photon’s energy
precisely matches the bandgap energy when IR radiation inter-
acts with the material. An electron is excited from the valence
band to the conduction band when light is absorbed, which
creates an electron-hole pair. The hole represents the vacant
space that is left in the valence band. The formation of elec-
tron-hole pairs influences the electrical properties of the semi-
conductor. This leads to an increase in the material’s electrical
conductivity in most cases. This change in conductivity forms
the basis for the electrical output signal that is measured by
the detector. A key advantage of semiconductor IR detectors is
their wavelength selectivity. Different semiconductor materials
possess varying band gaps. The detector can be tailored to
more efficiently absorb those specific wavelengths by choosing
a material with a bandgap that aligns with the desired IR
detection range. This targeted absorption translates into a
stronger electrical signal for the relevant IR radiation. The
absorption of photons and the creation of electron-hole pairs
happen quickly at the atomic level; this results in fast response
times for these detectors and enables them to detect pulsed
infrared signals with high temporal resolution. 2D semi-
conductor infrared detectors provide a powerful combination
of high sensitivity, low noise, fast response times, and wave-
length selectivity, which makes them valuable for various
infrared sensing applications.*’

Unlike bulk semiconductors that typically have fixed band
gaps, many 2D materials exhibit a layer-dependent band
gap.’*** Graphene, a zero-bandgap conical structure, inher-
ently offers an ultra-broadband response from the visible to
the far-infrared (THz) range due to its dispersion relationship
(Dirac cones) and strong light-matter interactions. It can
detect infrared (IR) light without the need for an additional
absorber due to the relatively high Seebeck -coefficient
(~40-60 pv K'), which is significantly greater than that of
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typical metals and its strong optical absorption in the mid-
infrared range (7-17 pm). This is particularly advantageous, as
most conventional infrared sensing materials have wide band
gaps that limit their ability to absorb IR radiation directly.****
Black phosphorus (BP) possesses a highly tunable direct
bandgap, ranging from 0.3 eV in its bulk form to 1.5 eV as a
monolayer, enabling efficient light absorption across the
short-wave infrared (SWIR) and mid-wave infrared (MWIR)
regions, depending on its thickness. This tunability makes BP
particularly suitable for mid-infrared detection.*> By leveraging
the Stark effect, BP demonstrates broadband infrared detec-
tion from 3.7 to beyond 7.7 um, with peak extrinsic photore-
sponsivities of 518, 30, and 2.2 mA W™ " at 3.4, 5, and 7.7 pm,
respectively, at 77 K. The photocarrier lifetime, with an oper-
ational speed of up to 1.3 GHz, enables BP to support high-
performance mid-infrared photodetectors with a fast response,
broad spectral tunability and high sensitivity.*®*” Narrow
bandgap transition metal dichalcogenides (TMDCs) (e.g,
MoTe,, PtSe,, PdSe,) are being explored for MWIR and LWIR
detection. For instance, molybdenum ditelluride (MoTe,) has
an intrinsically narrower bandgap in the range of 0.8-1.1 eV
for its monolayer form and even smaller for the bulk. It exhi-
bits good thermoelectric properties, enabling a photothermo-
electric detection mechanism that is inherently broadband
and can operate at room temperature. These TMDCs possess
relatively high carrier mobilities, which are crucial for a fast
photoresponse and efficient charge collection.*®*°

3. IR detector types
3.1 Classification of IR detectors

Semiconductor detectors dominate infrared (IR) detection
technology. These detectors belong to the class of photon
detectors where light interacts with electrons in the material,
which causes a change in their energy distribution. This
change results in a change to an electrical signal. A key advan-
tage of photon detectors is their wavelength-specific response
—they only respond to certain infrared wavelengths—which
offers an excellent SNR and fast response. However, achieving
this performance requires cryogenic cooling.>**' Recently, the
field of outer atmosphere research has witnessed a growing
focus on longer wavelengths due to their potential appli-
cations. Photon detectors can be further classified based on
the nature of light interacting with the material and the result-
ing operational mode, which includes intrinsic detection
where light interacts directly with the inherent electronic struc-
ture of the material. However, the presence of impurities or
dopants within the material influences how light interacts and
generates a signal in extrinsic detectors. A photoemissive
detector relies on the emission of electrons from a metal
surface upon light absorption and quantum well detectors
where engineered structures are used for quantum confine-
ment effects in order to enhance light detection in specific
wavelength ranges.>® Detectors can be further categorized
based on how the electric or magnetic field within the device
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facilitates signal generation, regardless of the material system
that is used. Light absorption increases the material’s conduc-
tivity in photoconductive mode, which leads to a change in the
current flow through the device. Under photovoltaic operation,
incident light generates an internal voltage known as a photo-
voltage, which results from the separation of electron-hole
pairs by an internal electric field. It utilizes the movement of
charges within the detector under the influence of light and
an applied magnetic field in photoelectromagnetic (PEM)
mode. The choice of material for a photon detector plays a
crucial role in determining a suitable operational mode.
Different material systems can be effectively employed in
various operational modes, depending on their properties and
the desired detection characteristics.>*>*

Thermal detectors represent a distinct class of IR detectors
that operate based on a different principle than photon detec-
tors. Thermal detectors, which are unlike photon detectors
that directly interact with light on an electronic level, focus on
the thermal effects of the absorbed infrared radiation. These
detectors function by absorbing infrared radiation and con-
verting it into heat, which produces a measurable electrical
signal. When NIR radiation is absorbed, the temperature of
the detector material rises. In a bolometer, this temperature
increase causes the material’s electrical resistance to change.
Under an applied bias, the resulting variation in current is pro-
portional to the incident NIR power, yielding an electrical
output that reflects the absorbed radiation. These detectors
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are broadly classified into six categories based on their
working principles: (a) dielectric bolometers rely on the temp-
erature-dependent dielectric constant of a material to produce
a detectable signal;>® (b) pyroelectric detectors use materials
with spontaneous polarization that varies with temperature to
produce a voltage;>® (c) thermoelectric sensors rely on the
Seebeck effect where a temperature gradient across a junction
of two different conductors produces a voltage;*” (d) resistive
bolometers measure changes in electrical resistance that occur
as the detector temperature changes;’® (e) mechanical displa-
cement devices detect deflection caused by the material’'s
thermal stress when one layer expands more than another
under heating;* (f) diode-based detectors depend on the
temperature sensitivity of a diode’s I-V characteristics to regis-
ter changes in absorbed radiation.®® A schematic of the
working principle for thermal IR detection is shown in
Fig. 2(a). In a photoconductive detector, incoming NIR
photons with sufficient energy promote electrons from the
valence band into the conduction band, creating additional
charge carriers. Under a small, applied voltage in the dark,
only a minimal population of thermally generated carriers is
present. Once illuminated, the sudden rise in carrier density
lowers the resistance of the material, allowing more current to
flow for the same bias. These photogenerated e-h pairs are
separated by the electric field where electrons drift towards the
negative electrode and holes towards the positive electrode.
However, the speed of photoconductive detectors is limited by
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Table 1 A summary of photon and thermal detectors, outlining their advantages and disadvantages

Type Advantages

Disadvantages

Intrinsic
Extrinsic

Photon Simple preparation and stability

to use

Free carrier High yield, low cost

Quantum wells
detector
Thermal

the carrier lifetime and carrier transit time. A thicker layer
absorbs more photons but also increases the transit time,
which can slow the response. The working principle of the
photoconduction detector is shown in Fig. 2(b).

APDs incorporate an internal gain mechanism, generating
e-h pairs upon the absorption of IR photons. The internal
gain in an APD arises from avalanche multiplication, which
begins when the device is biased above the impact-ionization
threshold. The electric field within the APD accelerates these
initial carriers, which causes them to collide with other atoms
and generate additional carriers. This avalanche effect ampli-
fies the weak signal that is generated by the absorbed IR radi-
ation, which leads to improved detection sensitivity even at
higher operating temperatures.®"®> This amplification can
potentially reduce or eliminate the need for cryogenic cooling
in specific scenarios. The operating principle of an avalanche
diode is shown in Fig. 2(c). The electromagnetic (EM) spec-
trum, where infrared regions are further divided into regions
based on their wavelengths, is shown in Fig. 2(d).

An overview of photon and thermal detectors, highlighting
their advantages and limitations, is provided in Table 1.

4. Working mechanism of IR
photodetectors

An infrared (IR) photodetector detects IR radiation and con-
verts it into an electrical signal. The operating principle typi-
cally involves a semiconductor material sensitive to IR wave-
lengths, where incident IR photons excite electrons from the V.
B. into the C.B., creating e-h pairs. These carriers are then
driven by an internal or external electric field and generate a
photocurrent. We discuss each effect in detail below in order
to understand its operation.

4.1 Photoconductive effect (PCE)

It is the widely used mechanism where IR photons with
sufficient energy strike the detector material and excite elec-
trons; this causes them to jump into the conduction band
from the valence band to generate carriers. These mobile car-
riers increase the material’s electrical conductivity, which
results in a measurable photocurrent. The magnitude of this
current depends on the number of e-h pairs generated, which
is directly related to the incident IR radiation intensity, as
shown in Fig. 3(a). In this effect, an external bias is applied to

This journal is © The Royal Society of Chemistry 2025
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High thermal generation and design complications

Slow response and low detectivity at high temperatures

measure changes in conductivity and convert them into a
usable electrical signal. An electric field is generated within
the material when a potential difference is applied across the
source and drain contacts and exerts a force on the free holes
and electrons generated by the absorbed IR radiation. This
force accelerates these charged particles in opposite directions,
which causes them to drift through the material. This directed
movement of charges constitutes an electrical current, which
is known as the photocurrent. The intensity of the electrical
current depends on several factors, such as the applied bias
voltage and intrinsic property of the material. There is an
optimal bias voltage that balances maximizing the drift vel-
ocity of the current with minimizing unwanted effects, such as
Joule heating within the material.®*®” Photons with energies
that exceed the material’s bandgap are absorbed and excite
electrons to the conduction band when IR radiation strikes the
detector. An applied voltage bias (Vg4s) establishes an electric
field within the detector. This electric field drives the separ-
ation of e-h pairs, which pushes the carriers toward positive
and negative electrodes. The resulting flow of the current (Al =
Iyhoto — ldark) that is attributed to these photogenerated car-
riers constitutes the photocurrent (Ihoc), Which is the measur-
able increase in current compared to the dark current (Zgayi)-

Photoconductors typically employ a simple design that con-
sists of a layer or junction of a photoconductive material. This
transistor structure utilizes an insulating layer in order to elec-
trically isolate the gate electrode from the underlying semi-
conductor channel, which enables modulation of the conduc-
tivity of the channel without directly injecting current into it,
as shown in Fig. 3(b). The back gate helps in regard to maxi-
mizing light absorption within the photosensitivity channel,
which is unlike the top gates that obstruct the incident light
with metal electrodes. The back gate offers electrostatic
control over the channel conductivity. The device can deplete
unwanted charge carriers that arise from background doping
and impurities in the material, which significantly reduce the
dark current, by varying the gate voltage. FETs that utilize
atomically thin 2D materials, such as TMDCs or graphene,
offer an additional advantage. The depletion region that is
induced by the back-gate can extend through the entire
channel thickness due to their ultra-thin nature.®® This com-
plete depletion provides superior suppression of the back-
ground carriers, which leads to even lower dark currents com-
pared to FETs that are based on bulk semiconductor
materials.
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Fig. 3 Schematic representation of an IR detection mechanism with the transfer and /-V curves for the PCE and PGE. (a) PCE in a semiconductor
channel. The upper panel shows a small current under dark conditions, whereas the lower panel under light conditions shows a significant current
flow due to the excitation of an additional charge carrier. (b) The upper left panel shows the back gate photodetector, the top right and bottom left
panels represent the change in energy levels under different gate voltages, and the bottom right panel illustrates the photocurrent response with
and without illumination. (a and b) Adapted with permission from Wiley.”* (c) The top panel shows the PGE effect under dark conditions with a
minimal mobile charge carrier and the device exhibits low conductivity. The middle and bottom panels illustrate holes and electrons that are
trapped likely due to defects or impurities in the material. (d) PGE transfer curves for an ambipolar FET that conducts currents under both negative
and positive gate voltages and a unipolar FET, which primarily conduct currents in one polarity depending on the design. (e) /-V curves illustrating
the relationship between the current (/) and the applied voltage (V) under dark conditions and illumination. (f) Photocurrent when a gate voltage is
applied for a unipolar and ambipolar FET. The ambipolar photocurrents change sign depending on the gate voltage, because a dominant carrier type
can be influenced by the gate voltage. However, it maintains the same sign in a unipolar FET, because the dominant carrier type remains the same,
and light-induced conditions primarily affect the number of mobile carriers. (c—f) Adapted with permission from Wiley.”?
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4.2 Photogating effect (PGE)

The photogating effect in phototransistors plays an important
role with regard to influencing the detector’s performance.
This phenomenon arises from the interaction between light-
generated carriers and trap states within the device. The
phototransistor absorbs photons when exposed to light with
energy that is greater than the bandgap. An applied bias
voltage source-drain (Vgs) across the device separates these
photogenerated carriers. Electrons drift towards the drain,
whereas holes move towards the source. However, some car-
riers might encounter trap states within the channel. These
trap states, which are often caused by defects or impurities,
can capture either electrons or holes. If a significant number
of holes become trapped in these states, they create localized
regions with positive charges within the channel. These posi-
tively charged regions act as a virtual floating gate, and they
influence the overall channel conductivity via electrostatic
interactions, which are shown in Fig. 3(c). The presence of
trapped holes effectively reduces the number of free holes that
are available for conduction, which thereby modulate the
channel current. This results in increased responsivity and a
lower dark current. Due to the photogating effect, the photo-
current, which is directly proportional to free carriers,
becomes highly sensitive to variations in light intensity. The
trapped holes can also act as a barrier, which hinders the flow
of the thermally generated dark current in the absence of
light, which leads to a lower baseline current and a higher
signal-to-noise ratio (SNR). Low-dimensional nanomaterials,
such as quantum dots (QDs), zero-dimensional (0D) and one-
dimensional (1D) nanowires, and 2D materials, exhibit a sig-
nificant advantage with regard to photogating compared to tra-
ditional bulk materials.®®’° The transfer and I-V curves under
light and dark conditions are shown in Fig. 3(d and e). These
nanomaterials possess an inherently large surface area to
volume ratio, and they have a large amount of surface defect
states compared to their bulk counterparts. These surface
defects often create trap states within the material. Light inter-
acts with the material during photoexcitation, which generates
electron-hole pairs. These carriers can become trapped within
the abundant surface defect states. This also helps with regard
to reducing screening effects, which refer to the ability of free
carriers to counteract the electric field that is generated by
trapped charges. The presence of a high density of carriers in
bulk materials efficiently screens the electric field from
trapped charges. This limits the overall influence of trapped
charges on the channel conductivity. Low-dimensional
materials exhibit weaker screening effects due to their reduced
dimensionality and lower carrier density. This enables the elec-
tric field that is generated by trapped holes to extend further
into the channel, which leads to a more pronounced modu-
lation of the channel conductivity. The stronger modulation of
the channel conductivity in low-dimensional materials due to
photogating helps with regard to achieving greater sensitivity
for photodetectors. Fig. 3(f) shows the photocurrent with a
change in the gate voltage (V).
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4.3 Photobolometric effect (PBE)

Photons with sufficient energy can be absorbed when light
strikes the photodetector material. This absorption process
excites electrons within the material to higher energy states.
These excited electrons lose energy through various mecha-
nisms, which include collisions with other atoms within the
material, as they return to their ground state. These collisions
result in increased thermal energy, which effectively heats the
material. The electrical resistance of a material is intrinsically
linked to its temperature. The resistance increases in most
materials, because the temperature rises due to the increased
scattering of electrons by thermal vibrations within the
material, which hinder their ability to flow freely. The light-
induced heating results in changing the resistance of the
active material in a photobolometric detector.”>”* This change
in resistance can be electronically measured, and it serves as
the signal that corresponds to the incident light intensity,
which is shown in Fig. 4(a and b). Resistance in a material
arises from opposition to the flow of the electric current. This
current opposition is primarily due to collisions between
charge carriers, such as electrons or holes, and different types
of impurities, defects, and thermal vibrations of atoms. The
temperature of a material increases when it is exposed to
thermal radiation. This temperature rise intensifies the
thermal vibrations of the atoms within the material. Thermal
irradiation can lead to an increase or decrease in resistance,
depending on the material properties, as shown in Fig. 4(c).
The increased thermal vibrations usually enhance the scatter-
ing of electrons in semiconductors. This increased scattering
makes it more difficult for the electrons to move freely through
the material and leads to a rise in resistance. Thermal
irradiation can have the opposite effect in some metals.
Thermal vibrations do increase scattering, but some bound
electrons in the metal atoms gain enough thermal energy to
break free and become conduction electrons at higher temp-
eratures. This increase in the overall number of carriers can
outweigh the increased scattering, which leads to a decrease in
resistance. Any absorbed IR radiation is converted into heat, so
bolometers exhibit a broad spectral response that can encom-
pass a wide range of IR wavelengths, which include those from
mid-wave infrared (MWIR) to terahertz (THz). This broadband
detection capability makes bolometers particularly suitable for
applications such as space, because it detects faint heat signa-
tures from distant objects over a vast spectral range. Fourier-
transform infrared (FTIR) spectroscopy relies on broadband
detection with regard to analyzing the chemical composition
of materials based on their IR absorption spectra.

4.4 Photothermal effect (PTE)

The photothermal effect (PTE) is a phenomenon where light
absorption generates a voltage in a material. This effect arises
due to the interplay between light-induced heating and the
material’s thermoelectric properties, as shown in Fig. 4(d). The
Seebeck effect plays a crucial role in the PTE when a tempera-
ture difference (AT) is established across a material. This
occurs when one side of a semiconductor absorbs light and
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Fig. 4 Schematic of the IR detection mechanism with transfer and /-V curves for the PBE and the PTE. (a and b) PBE schematic mechanism
showing the influence of light on the electrical resistance of the material. The device is at a base temperature (T) that corresponds to resistance (R)
under dark conditions. The material absorbs energy, which increases the thermal energy by AT, corresponding to AR when exposed to light. The
atomic vibrations within the material intensify, which makes it more difficult for the electrons to flow freely; as the temperature increases, the
atomic vibrations within the material intensify and make it more difficult for electrons to flow freely. (c) /-V characteristics of PBE. The two curves
represent the device's behavior under dark and light conditions. PBE dominated detectors cannot operate at zero bias, unlike some photodetectors,
due to low responsivity and power dissipation. (b and c) Adapted with permission from Wiley.”? (d) A PTE schematic mechanism when the light
shines on one side of the material, a localized heating temperature difference (AT) is established, which causes a voltage difference across the
channel that is proportional to AT and the Seebeck coefficient of the material. (e) The relationship between S of a material and its chemical potential
with the energy band diagram of different types of junctions and the position of the Fermi level, adapted with permission from Wiley.”®

converts it into heat, and it leads to a localized temperature a higher concentration of these mobile carriers compared to
increase. The temperature gradient creates a concentration colder regions in order to reach equilibrium. This diffusion
difference for mobile charge carriers, which are either holes or creates an electric field within the material, which ultimately
electrons within the material. The region exposed to light has results in a measurable voltage (AV) across the channel.”>”®
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Predicting the photocurrent direction in PTE detectors is This non-monotonic behavior makes it challenging to predict
more complex due to the non-monotonic relationship between the direction of the Seebeck effect-driven current. Fig. 4(e)
the Seebeck coefficient (S) and the chemical potential of the shows the direction of the current with p-n and p-p junctions
material, which does not follow a simple linear relationship. with weakly (p—) and heavily (p+) doped configurations.”””®
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Fig. 5 (a) Schematic representation of the PVE mechanism that is commonly used in two types of junction and a Schottky junction, which is
formed between a metal and a semiconductor, and the work function difference between them in order to create a depletion region and a built-in
electric field, in the P—N junction, which is formed between two different doped regions of the same semiconductor material and doping introduces
impurities that alter the conductivity, adapted with permission from Wiley.” (b) /-V curves showing the relationship between the current (/) flowing
through a device and the applied voltage (V), adapted with permission from Wiley.”? (c) Detectivity* of various commercially available IR detectors
that operate at different temperatures with respect to wavelength, adapted with permission from Elsevier.>?
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Table 2 Comparison of photodetectors with different mechanisms and noise types

Features PTE detector PV detector PE detector Bolometer Ref.
Mechanism Seebeck effect e-h pair Pyroelectric effect Resistance changes with AT 79
Spectral range Broadband Narrowband Broadband Broadband

Response Slow Fast Slow Slow

Power source Not required Not required Not required Required

Noise type Johnson Johnson Dielectric loss, Johnson Johnson

Temp. stabilizer Not required Not required

4.5 Photovoltaic effect (PVE)

Light absorption within a material generates electron-hole
pairs through the photovoltaic effect. These pairs consist of an
excited electron that has gained energy and a hole. An internal
electric field, which typically arises from the Schottky junction
or a p—n junction, separates these electron-hole pairs, which is
crucial for generating an electrical current. It creates a built-in
electric field across the junction when two different types of
semiconductor materials are joined. An electric field forces the
generation of electron-hole pairs by pushing electrons in one
direction and holes in the opposite direction, as shown in
Fig. 5(a). Photodetectors that use the photovoltaic effect for
light detection are known as photodiodes. This effect can be
effectively achieved in many 2D materials via engineered tech-
niques, such as horizontal or vertical stacking heterojunctions.
These junctions are formed by stacking n- and p-type 2D semi-
conductors or by combining them with metals. A defining
characteristic of photodiodes is their rectifying current-voltage
(I-V) behavior. This behavior represents a small and nearly
bias-independent forward and reverse current that exhibits an
exponential rise with an increasing bias voltage, as shown in
Fig. 5(b). The built-in electric field that is responsible for this
behavior in 2D materials can be established via various
approaches, such as heterojunction formation, which is where
we combine n- and p-type 2D materials to create the built-in
electric field at the interface. By introducing chemical doping,
the dopant atom helps to change the conductivity of the
material and influence the electric field. With the help of split-
gate tuning, when we apply the split-gate electrode placed near
the 2D materials, the carrier concentration changes, which in
turn modulates the electric field. The contact metals with
different work functions, which represent the energy required
to remove an electron from a material, play a role in establish-
ing the built-in electric field when different metals are used as
contacts. The photocurrent flow direction in a photodiode is
solely determined by the built-in electric field direction. The
absorbed photons excite the e-h pairs when a device is
exposed to light of sufficient energy. The built-in electric field
then separates these pairs, which drives the electrons toward
one electrode and the holes toward the other. This separation
helps with regard to understanding the two key current types
in a photodiode, such as the short-circuit current. This is
where the separated electron-hole pairs generate a current
that flows through the device, which is called a short-circuit
current. Electron-hole pairs accumulate at opposite terminals,
creating a potential difference known as the open-circuit
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Required

Not required

voltage. A comparison of the detectivity of different photo-
detectors that are available commercially with operational
temperatures of different ranges is shown in Fig. 5(c).

Table 2 shows a comparison of different types of photo-
detectors with the mechanisms, responses, and noise types
that are present.

5. Fundamentals of 2D materials

Research on 2D materials has exploded in recent years; this is
driven by their potential to revolutionize electronics and opto-
electronics, along with their strong sensing ability.®*®* These
ultrathin materials offer exciting possibilities for flexible dis-
plays, high-performance energy storage devices, and advanced
photodetectors. The last decade has seen a significant amount
of interest in 2D materials due to exciting possibilities for
future electronics and optoelectronics devices. These atomic-
ally thin materials hold potential for applications such as flex-
ible displays, efficient energy storage, and next-generation
photodetectors.®® Their unique property of having a band gap
that changes with thickness opens doors for innovative device
designs. Graphene is a frontrunner, but other exciting
materials, such as black phosphorus (BP), indium selenide
(InSe) and TMDCs, are emerging as promising 2D materials
that can be easily exfoliated into atomically thin layers due to
weak interlayer forces, which make exfoliation techniques
such as chemical and mechanical methods highly effective. 2D
materials promise to revolutionize various aspects of elec-
tronics with their diverse characteristics.

5.1 Black phosphorus (BP)

Black phosphorus (BP) exhibits a fascinating property known
as a thickness-dependent bandgap. BP possesses a direct
bandgap that is approximately 1.5 electron volts (eV) in its
monolayer form. This value signifies the minimum energy that
is required to excite an electron from the valence to the con-
duction band in a monolayer of BP. The bandgap reduces to
0.3 eV as the number of layers increases.*»*> This unique
characteristic enables precise control over the electrical con-
ductivity of BP based on its thickness.®®®” This unique prop-
erty makes it useful for the near-infrared and mid-infrared
range of the electromagnetic spectrum. This spectral range is
crucial for various applications, such as night vision and
thermal imaging. BP also boasts high carrier mobility and elec-
trons can easily move through the material. This characteristic
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is essential for efficient optoelectronic devices. Furthermore,
BP demonstrates compatibility with a wide variety of sub-
strates, which simplifies device fabrication processes. BP’s
high carrier mobility, moderate bandgap, and broad substrate
compatibility make it, in essence, a strong contender for next-
generation broadband optoelectronic devices.*®®° The main
characteristic of black phosphorus lies in its layered structure.
Strong covalent bonds connect the phosphorus atoms within
each layer, which form a highly stable network. However,

Fig. 6 (a) Crystal structure of BP, which is obtained via theoretical cal-
culations using density functional theory (DFT), exhibits a puckered hon-
eycomb lattice and weak interlayer forces. (b) Side view. (a and b)
Adapted with permission from IOP.X%* (c) Crystal structures of two
indium selenide (InSe) variations, which include the monolayer and
bilayer, and the purple and red spheres represent individual atoms
within the structure for indium (In) and selenide (Se), adapted with per-
mission from Nature Springer.1° (d) Crystal structures of two a-In,Ses
polymorphs, namely, a(3R)-In,Ses and «(2H)-In,Ses. They consist of
layers made from Se—In—Se—In-Se units. The indium (In) and selenium
(Se) atoms are covalently bonded within a layer for strong intralayer
bonding, adapted with permission from Wiley.'°® (e) 3D schematic rep-
resentation of the layered crystal structure of MX,, adapted with per-
mission from Nature Springer.*®”
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weaker van der Waals interactions hold them together between
these individual layers. This disparity in bonding strength
allows for the potential exfoliation of black phosphorus into
atomically thin sheets. Furthermore, the arrangement of
atoms in bulk black phosphorus follows an orthorhombic
crystal system, and it specifically belongs to the space group
C-centered monoclinic, centered on the a-axis, and centered
on the c-axis (Cmca), as shown in Fig. 6(a and b). This crystal
structure creates the unique physical and electronic properties
of black phosphorus, which include its anisotropic behavior
(varying depending on direction) and its potential applications
in next-generation IR detectors.”>""

5.2 Indium selenide (InSe)

InSe has emerged as a promising material for nanoelectronics
and optoelectronic applications. InSe has a high carrier mobi-
lity, which enables electrons to travel efficiently with minimal
resistance and helps with regard to faster signal processing
and better device performance.’®®* It has a small effective
electron mass. Electrons have a constant mass, so how they
move within a material can be influenced by the material’s
structure. A small effective mass in InSe signifies that electrons
behave almost like they are free and unhindered; this leads to
faster movement and improved device performance. InSe exhi-
bits broadband optical absorption that can effectively capture
light across a wide range of wavelengths. This property is
crucial for optoelectronic devices in the infrared range where
light interacts with matter to generate a desired outcome, such
as light detection or light emission.”*%*

It falls under the category of layered metal chalcogenide
semiconductors that have a unique structural arrangement.
InSe consists of individual layers stacked upon each other. The
honeycomb lattice structure of each layer is shown in Fig. 6(c
and d). These planes consist of selenium (Se) atoms covalently
bonded to indium (In) atoms, which are followed by another
indium atom and then another selenium atom, to complete
the honeycomb unit. Strong covalent bonds hold atoms
together in specific planes within each layer of InSe. This
unique atomic arrangement plays a significant role in the
material’s properties. InSe-based photodetectors and their het-
erojunctions have gained significant importance due to their
impressive performance. These devices exhibit a broad range
of light sensitivity, from wavelengths of 400 to 1000 nm.”*°’
InSe photodetectors also boast high photoresponsivity, which
essentially signifies their efficiency in converting light into
electrical current. This rapid response allows them to very
quickly detect and react to changes in light intensity.*®%°

5.3 Layered TMDC semiconductor materials

TMDCs stand out from other layered materials, such as gra-
phene and boron nitride (BN), due to their unique opto-
electronic properties. TMDCs offer a much wider range of pos-
sibilities, unlike graphene, because graphene is considered
semi-metallic and has good conduction due to its Fermi level
approximation to the conduction band with an almost zero
bandgap and boron nitride, which acts as an insulator and
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Table 3 2D material bandgaps: promising candidates for IR detection [E5 < 1 eV]
Te S Se
Bandgap (eV) Monolayer Bulk Monolayer Bulk Monolayer Bulk Ref.
Pt 0.79 0.8 1.6 0.25 1.2 0.1 108-119
w 1.03 — 1.8-2.1 1.0-1.3 1.5-1.7 1.2-1.5
Ti — — 0.02 — — —
Zr — — 1.1-1.2 1.6 0.45 0.8
Pd 0.3 0.2 1.1 — 1.3 0-0.1
Ni — — 0.6 0.3 0.12 —
Re — — 1.4 1.3 1.3 1.1
In — — — 2 2.5 1.26-1.3
Sn — 0.1-0.2 — 2.4 - 1.6
Ge — — 3.4 1.5-1.6 2.2 1.08
Mo 1.1-1.3 1.0-1.2 1.8-2.1 1.0-1.3 1.5-1.6 1.1
Ga — 1.7 2.6-3.1 1.61 2.1-2.2 2.0-2.11
Nb — — — — — —
Hf — — 1.27 1.6 0.61 0.6
v — — 1.1 — — —

does not conduct due to a large bandgap.'% The key advantage

of TMDCs lies in their tunable electronic properties, depend-
ing on the specific composition of the TMDCs, which involve
transition metal and chalcogen atoms, so the material can
exhibit a variety of bandgaps. The bandgap shows the differ-
ence in energy between the valence and conduction bands.
This tunability of the bandgap in TMDCs allows them to range
from semiconducting behavior, with a large bandgap and re-
sistance to the easy flow of electrons, to metallic behavior,
where the bandgap is very small. This versatility makes TMDCs
highly attractive for various applications in electronics and
optoelectronics, which is where precise control over electrical
conductivity is crucial.

TMDCs are a class of layered materials with a unique crystal
structure. They can be represented by the general formula
MX,, where M represents a transition metal atom and X rep-
resents a chalcogen atom, as shown in Fig. 6(e). It features a
sandwich-like configuration, with a single layer of transition
metal atoms positioned between two layers of chalcogen
atoms.'®"'°*> Table 3 shows the bandgaps of 2D materials that
are promising candidates for IR detection. One of the most
captivating properties of TMDCs is their tunable electronic be-
havior. The bandgap, which signifies the difference in energy
between an electron in its resting state and that at an excited
state, can be manipulated by varying the specific combination
of transition metal and chalcogen atoms within the MX,
formula. This ability to control the bandgap is crucial with
regard to optoelectronic applications. A direct bandgap is pre-
ferred for efficient light emission and absorption, whereas an
indirect bandgap presents less favorable properties in this
regard.'?

The layered nature of TMDs unlocks exciting possibilities
for tailoring their light-matter interactions. Precisely control-
ling the number of layers and the specific combination of
elements paves the way for advanced optoelectronic devices
with optimized performance. Their unique properties hold
potential beyond optoelectronics for applications in quantum
technologies and catalysis; this highlights their potential to
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revolutionize the field, and continuous efforts are aimed at
harnessing the properties of TMDCs and enabling the develop-
ment of groundbreaking devices with unparalleled functional-
ities and performance.

6. Key performance metrics for
photodetectors

Photodetectors vary in shape and size, and they operate under
different conditions. Evaluating their performance for specific
applications involves considering a set of key parameters.
These parameters provide a standardized way to compare how
well different detectors convert photons into an electric
current. Here are some o