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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
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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

This journal is © The Royal Society of Chemistry 2025
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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
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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
7374 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

active material in a photobolometric detector.

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 of the parameters.

6.1 Detector signal and radiation power

The output of a detector signal, which is usually as a voltage or
current, is a representation of incident radiation. This signal
arises from the interaction between the radiation properties
and the detector’s internal mechanisms. The strength and
characteristics of this signal depend on several important para-
meters, such as the detector bias voltage (V},) that establishes
the detector’s operating point, which influences its sensitivity
and responsiveness to incoming radiation. Modulation fre-
quency (f) carries information by modulating a specific prop-
erty, and this modulation frequency can be extracted from the
detector output signal. Wavelengths (4) of radiation interact
with the detector material in various ways. The detector
material’s properties determine its absorption efficiency for
different wavelengths, which directly affects the signal
strength. The radiant flux (®) quantifies the amount of radiant
power that shines on the detector’s active area, and a higher
radiant flux results in a stronger signal. The active area (44s)
refers to the effective area of the detector that is exposed to
radiation, and the operating temperature (7) of the detector
material can influence its internal properties, such as carrier
mobility and bandgap energy. These factors can impact the

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nr01920f

Published on 08 2025. Downloaded on 16/03/2026 02:49:53.

Nanoscale

detector sensitivity and potentially introduce noise into the
output signal. It can be represented in the form of eqn (1)
and (2):

VS = Vb7f7 ®7AdS>T7)L (1)

Is = Vb7f7 q)vAdSu T7/1 (2)

6.2 Responsivity (R)

Responsivity measures the detector’s ability to convert the inci-
dent light power into an electrical signal. It is measured as the
ratio of change in photocurrent (AI) to the incident optical
power (P) and the active area of a detector (4), as shown in
eqn (3):

Al
T PA

R (3)

It is expressed in A W' m™2. A higher photoresponsivity
represents a more efficient photodetector, which indicates
that the device generates a larger electrical output for a
given amount of incident light power."*>'*" There are two
types of photoresponsivity, including current responsivity,
which shows the generated photocurrent per unit of the
incident light power, and it is commonly used for photocon-
ductive and avalanche photodiode (APDs). Voltage responsiv-
ity relies on a built-in electric field within the material in
order to separate light-induced electron-hole pairs, which
give us voltage output, and it is represented in the photovol-
tage per unit of incident light power and is commonly used
in photodiodes. Photovoltaic devices generate an open-
circuit voltage under light irradiation due to the built-in
electric field separating charges, and responsivity is shown
by voltage responsivity. Most photodetectors have an exter-
nal biasing for operation that is required to generate a
photocurrent, and responsivity is shown as current respon-
sivity. Photoresponsivity plays a vital role in selecting photo-
detectors for specific applications. A higher responsivity is
generally desirable, especially for detecting weak light
signals. However, other factors, such as noise level and spec-
tral response also need to be considered for optimal detec-
tor selection.

6.3 Specific detectivity (D*)

Detectivity (D*) measures the detector’s sensitivity and its
ability to detect weak signals relative to its noise level. Imagine
a photodetector that operates in a faded light environment. A
sensitive detector would be able to distinguish the faint light
signal from electrical noise within the device itself. A higher
D* indicates a more sensitive detector that can effectively sep-
arate the weak incoming light signal from background noise.
There are two main categories of noise to consider, namely,
radiation noise and intrinsic noise. Radiation noise originates
from the random fluctuations of light itself, which will hinder
a detector’s ability to accurately sense light, and it is further
classified as signal fluctuation noise that arises from the
inherent statistical nature of light detection. Even a constant
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light source exhibits variations in the number of photons that
arrive at the detector at any given moment, and background
fluctuation noise arises from external sources of light, such as
thermal radiation from the environment. Intrinsic noise orig-
inates within the photodetector itself, and it is not directly
related to the incoming light. Shot noise is a common form of
intrinsic noise in photodiodes. It arises from random fluctu-
ations in the flow of electrical current within the device.*®
Background fluctuation noise is typically more significant in
infrared detectors compared to signal fluctuation noise due to
the nature of infrared radiation. Detectivity is expressed as a
function of responsivity and expressed in Jones (J), as illus-
trated by eqn (4):

" A
=R
2elqark

(4)

A is the active area of the channel, R represents the responsiv-
ity, e denotes the charge on the electron (1.602 x 10~*° C), and
Iark is the dark current.

Cutting-edge photodetectors achieve an impressive specific
detectivity (D*) of 10'* Jones in the short-wave infrared (SWIR)
region.'”® However, this performance degrades significantly at
MWIR and LWIR wavelengths. This limitation arises from the
dominance of the background-limited operation in these bands.

6.4 Photoconductive gain (G)

The photoconductive gain is a valuable property of photo-
detectors that enhances their sensitivity to weak light. It quan-
tifies the ability of a detector to generate multiple electrical
carriers for each absorbed photon. This amplification mecha-
nism significantly improves the SNR, which allows for the
detection of faint light signals.”>'** The key factors that influ-
ence the photoconductive gain are the carrier lifetime and
transit time. The carrier lifetime refers to the average time an
electron or hole exists before recombining with an oppositely
charged carrier. On the other hand, the transit time represents
the time that it takes for a generated carrier to drift across the
active region of the detector under an applied electric field.
High gain is achieved when the carrier lifetime is significantly
larger than the transit time.

High gain = Carrier lifetime > Carrier transit time

This enables a single photogenerated carrier to repeatedly
traverse the channel, generating additional carriers through
impact ionization. These secondary carriers further contribute
to the current, resulting in a net amplification of the initial
photocurrent. By amplifying the weak photocurrent, the photo-
conductive gain enables the detection of low-light signals. This
is particularly advantageous in applications like night vision,
medical imaging, and optical communication where sensitivity
is essential. While photoconductive gain offers significant
benefits, increased gain can lead to a higher dark current, a
source of noise that can limit the overall detectivity of the
detector. Additionally, achieving high gain often requires
careful material selection and device design to optimize
carrier lifetimes and transit times.
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6.5 External quantum efficiency (EQE)

EQE is an important parameter that represents the efficiency
of a photodetector in converting incident photons into usable
electrical current. It essentially reflects the probability of an
absorbed photon generating a charge carrier that contributes
to the photocurrent. EQE is expressed as the ratio between the
collected charge carriers and incident photons, as shown in

eqn (5):

charge carriers r hc

EQE= — 2> — — > —

~ incident photons el

(%) (5)

R (A W) represents responsivity, ¢ (m s™') is the speed of
light in a vacuum (3.0 x 10° m s™%), 1 (nm) is the wavelength of
incident light, e (C) is the elementary charge of an electron
(1.602 x 107'° C), and & (J s) is Planck’s constant (6.634 x
1073 s).

When photons with energies exceeding the bandgap energy
of the photodetector material are absorbed, electrons absorb
the energy and jump to excited states that create holes behind
them. To maximize the photocurrent, it is crucial that these
generated carriers are collected by the electrodes before they
recombine with oppositely charged carriers. Multiple factors
influence the photodetector EQE, including the absorption
coefficient, which shows the material’s ability to absorb light
of a specific wavelength. Charge collection efficiency reflects
the effectiveness of collecting generated carriers before recom-
bination, and internal quantum efficiency (IQE) indicates the
ability to convert absorbed photons into free charge carriers
that contribute to the photocurrent. By carefully selecting
materials, designing device structures, and optimizing fabrica-
tion processes, we can maximize the EQE of photodetectors
for specific applications."** "

6.6 Shot and thermal noise

Shot noise is an inherent limitation of photodiodes, arising
from the statistical nature of both the dark current and the
photocurrent. When photodiodes operate in photoconductive
mode, ie., with an applied bias voltage, the shot noise
becomes the dominant source of noise. This noise originates
from random fluctuations in the arrival times and number of
individual charge carriers generated within the detector. The
magnitude of shot noise can be quantified by its root mean
square (RMS) value, which represents the standard deviation
of the current fluctuations and shown in eqn (6):

Ishot - \/Zq (IPhoto + Idark) Af (6)

where q is the charge on an electron (1.6 x 107*° C), and Af is
the frequency bandwidth of the system and the standard unit
for the shot noise current is Ampere (A).

Thermal noise, also called Johnson noise, arises from the
random motion of charge carriers within the photodetector’s
resistive elements. This phenomenon is due to inherent
thermal energy present in any material at a non-zero tempera-
ture. As the temperature increases, the thermal energy pro-
duces charge carriers with greater kinetic energy, causing
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them to vibrate more intensely. These random vibrations lead to
fluctuations in the current flow and are expressed in eqn (7):

AkTAf

2 7)

Ithermal =

where k is Boltzmann’s constant (1.380 x 107>* J K™), T is the
temperature, and R is the resistance, and Iipermar has the unit
of Ampere (A).

6.7 Noise equivalent power (NEP)

NEP is used to characterize the sensitivity of a photodetector
by distinguishing the minimum amount of optical power inci-
dent on the detector and the inherent noise of the detector
and its associated circuitry. A lower NEP value indicates
greater sensitivity of the detector, which can efficiently detect
weaker signals from the noise. It can also be related to a detec-
tor’s responsivity (R), which represents the ratio of its output
signal (current or voltage) to the incident optical power. The
relationship can be expressed as eqn (8):

In
NEP = — 8
n ®)

R represents the responsivity, I,, shows the noise current, and
NEP is expressed in watts.

The above equation highlights the inverse relationship
between NEP and responsivity. A detector with higher respon-
sivity will have a lower NEP, indicating better sensitivity for
detecting weak signals. Due to their thin nature, 2D materials
inherently possess a limited carrier transport volume. This
restricted volume translates into a higher intrinsic resistance
within the material. Consequently, for IR photodetectors fabri-
cated using 2D materials, the inherently lower current can lead
to reduced noise levels compared to bulk semiconductor-
based devices.">*'*”

7. 2D material-based IR
photodetectors

The initial development of 2D material-based infrared detec-
tion favored the photoconductor configuration due to its
inherent gain mechanism and simple fabrication process. This
configuration typically involves a basic structure with contacts,
a layer of 2D material for light absorption, and a back-gate
electrode used for electrostatic control over the conductivity of
the 2D material channel on the insulating gate substrate.
Table 4 summarizes the key performance parameters of
various 2D material-based IR photodetectors. In this section,
we highlight recent advancements in IR photodetectors utiliz-
ing various 2D materials as light absorbers and the progress
achieved with different categories of 2D materials.

7.1 Widely tunable IR photodetector based on vdWHSs

2D materials, forming vdW heterojunctions, offer exciting pos-
sibilities for high-performance infrared (IR) photodiodes.
These structures are promising due to tailored bandgap align-
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Table 4 Essential performance metrics of broadband photodetectors utilizing 2D materials

Material Wavelength R[AWT] EQE [%] Rise, fall time Ref.
Gr-MoTe,~hBN-Gr 800-1100 nm 88 330 ps 139
Gr-Bi,Te; 532-1550 nm 35 83 140
Gr-Si waveguide 2.75 pm 0.13 121
WS, 460-647 nm 9x107° 5.3 ms 141
n-Doped Gr QD 310-1000 nm 324 VW™ 50s,10s 142
WS,-Gr 340-680 nm 950 7.858,5.615 143
Graphene 1 mm 0.07-0.15 VW™ " 144
Monolayer graphene 532 nm-10 pm 8.61-0.4 30s 145
Gr-Ta,05-Gr 532 nm-3.2 pm 1000-1.1 120
BP carbide 2.004 pm 2163 10* 0.7 ns 146
GaTe 254-710 nm 274.3 147
PbS-Gr 410-750 nm 2.8 x10° 1s,10s 148
WSe,-SnS, 400-900 nm 244 13-24 ms 149
PPh;-ReS, 520-1064 nm 10° 30-64 ms 150
GO-Gr nanoribbons 1550 nm 1 80 25,2958 151
MoS,-MoTe, 560-1550 nm 0.046 25-60 ps 152
Graphene 457-785 nm 4x107° 153
EO-EGr 350-470 nm 200 154
InSe-Gr 400-1000 nm 60-5.3 120-100 ps 155
BP 532 nm-3.39 pm 1000-82 10* 0.13 ms 156
BP 3.7-7.7 pm 0.518-0.0022 157
Gr-hBN-MoS, 400-885 nm 180 0.23-0.25 s 158
ReS, 450-800 nm 3000 159
Graphene 30-220 pm 1078 10 ps, 50 ps 160
ZnO-Gr 325-445 nm 10* 107 161
MosS, 450-633 nm 0.05-0.12 162
BP 640-940 nm 4.8x107° 1-4 ms 86
Gr-MoS,-Gr 458-633 nm 0.068 65 163
GaSe 254-700 nm 2.8 1367 20 ms 164
SnTe 405 nm-3.8 pm 3.75 0.315s,0.85s 165
BP/AsP 1-4.6 pm 17 8.6-12.4 s 166
Graphene 1550 nm 0.5x107° 16 167
BP 315-1240 nm 9x10* 10® 1 ms, 4 ms 168
Gr/y/Gr 300-1100 nm 1 169
Plasmon-graphene 450-650 nm 6.1x107° 1500 170
Gr-MoSe,-Gr 473-1064 nm 0.11 12.9 24 ps 171
GNR 10.6 pm 8x107° 172
MoTe,-PdSe, 2000 nm 1.2 x 10° 48 2 ms 11
p-BP-n-PdSe, 1064, 1310 nm 4.5 x10° 10° 173
BP-WS, 600 nm 0.5 103 12
Bi,Te;-Si 370 nm-118 pm 1 100 ms 174
MosS, 380-700 nm 0.57 70-110 ps 175
SnS, 300-800 nm 2.06 x 1074 176
BP 400-1700 nm 45x107* 177
WSe,-MoS,, 514-633 nm 0.05 12 178

ments, enhanced carrier transport, and strong light absorp-
tion. Black phosphorus (BP) has emerged as a promising
material for mid-infrared detection devices due to its tunable
bandgap for absorbing light in the mid-infrared range, high
carrier mobility, and intrinsic layer structure.'®®'*® Chen et al.
presented the influence of a vertical electric field on the light
detection range of a 5 nm thick BP detector.*® Because of the
Stark effect, the electric field dynamically extends the photo-
response from 3.7 pm to 7.7 pm. The device exhibited a peak
extrinsic photoresponsivity of 518 mA W™" at 3.4 um, decreas-
ing to 30 mMAW ™" and 2.2 mAW ™" at 5 pm and 7.7 pm, respect-
ively. Moreover, the analysis of photocarrier lifetime, which
represents the average time for the excited electron to exist
before recombination, suggests the potential for high-speed
operation at 1.3 GHz. A new mid-IR photodetector design uses
black phosphorus sandwiched between h-BN layers. This
“hBN-BP-hBN” structure creates a clean interface for efficient

This journal is © The Royal Society of Chemistry 2025

light capture and protects the BP from oxidation, as shown in
Fig. 7(a). The device fabrication process involves a polymer-
free dry transfer technique for the BP/h-BN assembly onto a
SiO, substrate. This substrate is equipped with a 90 nm thick
layer of silicon dioxide (SiO,) for optimized electrical perform-
ance and surface passivation. An optical image of the devices
is shown in Fig. 7(b). Later on, Huang et al. demonstrated the
integration of BP photodetectors with silicon-on-insulator
(SOI) waveguides.'*® Achieving seamless integration between
waveguides and on-chip sensing systems remains a significant
hurdle, despite ongoing research due to lattice mismatch,
which refers to the disparity in atomic spacing between
different materials. When this mismatch is substantial, it
leads to the formation of defects and strain at the interface
where the materials meet. These defects and strains ultimately
degrade the overall performance of the sensing system. The
high carrier mobility of BP, often exceeding 1000 cm” V™' s7*
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Fig. 7 Widely tunable IR photodetectors. (a and b) Schematic and optical image of a mid-infrared (mid-IR) photodetector utilizing BP in a dual-gate
transistor, which enables enhanced control of the electric field from both sides of the BP channel, offering greater tunability. hBN serves as the gate
dielectric both on top of and at the bottom of the device, providing electrical insulation between the gates and channel. BP acts as an active
channel material responsible for light absorption and photocurrent generation, adapted with permission from Nature Springer.*® (c and d) Electrical
properties of a widely tunable BP mid-infrared detector as a function of gate bias that controls the electric field across the BP channel, influencing
the conductivity and drain bias, which in turn influence the flow of current between the drain and source terminals. The device shows an optimal
photocurrent at the negative drain bias, which helps to reduce the barrier for hole transport and capture photogenerated electrons that contribute
to photoconductive gain and amplify the overall current, adapted with permission of ACS.*° (e) High photocurrent and responsivity of 1.3 x 10° A
W1 at 1550 nm with encapsulation of graphene, to protect BP from environmental degradation, which ensures the long term stability and perform-
ance of the device, adapted with permission from ACS.*** (f) Hall effect mobility measured along two in-plane directions, x and y, shows that thicker
films consistently exhibit higher mobility than thinner films because thicker films potentially offer a more complete and defect-free channel for
charge catriers to travel through, leading to higher mobility, adapted with permission of Nature Springer.*®
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at room temperature, plays an important role in enhancing
responsivity and gain."*' Upon photoabsorption, e-h pairs are
generated within the BP material. Due to the inherently high
carrier mobility of BP, these photogenerated carriers are
rapidly transported under an external electric field, resulting
in reduced transit time and high photoconductive gain. This
gain mechanism enables a single photogenerated carrier to
contribute multiple times to the photocurrent before recom-
bining, resulting in an amplified current response under a
given optical input. Even in the absence of significant gain,
high mobility ensures a greater proportion of photogenerated
carriers are efficiently collected at the contacts before non-
radiative recombination occurs, thereby maximizing the
quantum efficiency and boosting the overall responsivity of the
BP-based photodetector.”®> The device exhibits a significant
drain current at negative values of both gate voltage (V,) and
drain voltage (Vy4), as shown in Fig. 7(c). This behavior is
characteristic of the “on-state” for a p-type dominant ambipo-
lar transistor. In the electron-conducting regime, where V; is
greater than V,, the drain current exhibits a slight increase
compared to the off-current but remains lower than the on-
current observed in the hole-conducting state. This behavior of
the dark current is primarily influenced by the carrier type,
concentration and barrier height. In the p-type dominant
regime, a large number of holes readily flow, resulting in a
high on-current. Conversely, applying a positive V, favors the
accumulation of electrons, forming a higher barrier for hole
conduction and resulting in a low off-current. The intermedi-
ate electron-conducting regime exhibits a slightly higher
current than the off-state due to the presence of some elec-
trons, but it remains lower than the on-current due to the
limited number of available electrons and the potential barrier
hindering their flow and photocurrent, which depends on the
gate and drain bias, as shown in Fig. 7(d). In another study, Li
et al. reported a graphene-BP vdW heterostructure photo-
detector with high responsivity and long-term stability for IR
detection.’® The top layer of graphene acts as an encapsula-
tion layer to protect the BP from environmental degradation
while ensuring long-term stability and efficient transport of
carriers. Under light conditions, the top graphene layer helps
separate electron-hole pairs created within the BP layer
and reduces the potential barrier between the BP and metal
electrodes and achieves a high responsivity of 1.3 x 10° AW™"
at 1550 nm. This responsivity is 213000 times that of
monolayer graphene devices and 2000 times the pure BP
phototransistor,"**"** as shown in Fig. 7(e). The electrical pro-
perties of BP thin films were investigated using the angle-
resolved Hall mobility technique, which measures how easily
charge carriers move within the material in different directions
(X or Y) at various temperatures. BP films exhibit anisotropic
behavior that conducts better along the X-axis than the Y-axis.
The mobility along the X-axis was about 1.8 times higher than
that along the Y-axis, as shown in Fig. 7(f). Additionally,
thicker BP films showed higher overall mobility compared to
thinner films, suggesting the influence of the underlying sub-
strate on carrier movement.'*¢*37
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7.2 Next-generation IR photodetection from 2D/3D vdWHSs

The emergence of 2D materials offers exciting possibilities for
a new generation of infrared detectors, which play a vital role
in various defense, military, and astronomy applications.
However, limitations like restricted thickness and fabrication
techniques have hindered their full potential, resulting in a
low light detection efficiency and slow response times. 2D/3D
hybrid vdW heterostructures for infrared detection combine
the distinctive properties of 2D materials with the advantages
of established 3D materials. This hybridization offers signifi-
cant potential to address the limitations of individual
materials and pave the way for high performance, next-gene-
ration infrared detectors.

A comparison of the bandgaps of 2D and 3D materials,
along with their spectral responses, ability to detect light of
various wavelengths, and the light source used for measure-
ments is shown in Fig. 8(a). In the figure, hollow symbols rep-
resent the measured results obtained using a laser source.
Lasers typically emit light within a highly specific and narrow
wavelength range, allowing for precise measurement of the
material response at that specific wavelength. Solid symbols
and lines represent the results measured using a blackbody
source. Blackbody sources emit light across a broad spectrum
of wavelengths, providing information on the material’s
response to a wider range of illumination. Many 2D layered
materials exhibit a superior photoelectric conversion efficiency
(PCE) compared to traditional thin films; this shows the poten-
tially higher intrinsic ability of 2D materials to generate a
photocurrent due to their high efficiency at absorbing light
because of their unique atomic structure, direct bandgap and
reduced recombination. A comparison of 2D materials and
conventional thin films is shown in Fig. §(b). In another study,
Gao et al reported the observation of ballistic avalanche
effects in InSe/BP heterostructures for mid-infrared light detec-
tion. Carrier multiplication, which is crucial for single-photon
detectors and transistors, is explored through the sub-mean-
free-path (MFP) in vertically stacked InSe/BP heterostructures
that facilitate the development of APDs capable of detecting
MIR light at a wavelength of 4 pm, along with impact ioniza-
tion transistors featuring an exceptionally steep subthreshold
swing (below 0.25 mV dec™ '), which highlights the potential of
sub-MFP InSe/BP heterostructures for designing next-gene-
ration devices with improved performance due to their
efficient carrier multiplication capabilities.'”® Light-detection
elements with high efficiency are crucial for mid-infrared light
detection and ranging (LIDAR), quantum information proces-
sing and single-photon detection applications.'®**'®! APDs are
particularly promising because they amplify the signal using
an external electric field, resulting in high sensitivity. I-V
characteristics of APDs under dark and light conditions at low
temperatures are shown in Fig. 8(c). The current flowing
between the drain and source exhibits a high multiplication
factor of up to 3 x 10'atV=—-43V.A photocurrent generation
mechanism in the BP/InSe photoconductive detector under
different light illumination is shown in Fig. 8(d). This demon-
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Fig. 8 Next generation IR detectors from 2D/3D vdWHs. (a) Comparison of bandgap differences and spectral radiance for 2D and 3D materials. (b)
Thickness dependent normalized EQE of 2D layered materials and conventional thin films. (a and b) Adapted with permission from MDPI.182 (c) |-V
characteristics of InSe/BP APD at low temperature (10 K) represent the photocurrent and multiplication factor, an applied electric field causes an
avalanche multiplication effect represented by a blue line. Electron—hole pairs are generated with the absorption of photons, a strong electric field
accelerates these carriers and gives them enough energy to further ionize atoms within the material that in effect create additional electron—hole
pairs leading to avalanche multiplication of the initial photocurrent. Inset shows the structure of InSe/BP APD, stacked to form a photodetection
region, adapted with permission from Nature Springer.”® (d) Photocurrent response of the BP/InSe based detector, showing the increase in photo-
current compared to that in the dark due to carrier screening and competing recombination pathways. (€) EQE of pristine BP and BP/InSe over the
wavelength range of 405-1550 nm is represented by black and red curves, respectively. (d and e) Adapted with permission from Wiley.*®® (f) Noise
performance of InSe/ReSe, vdWH shows the flicker noise dominating the low-frequency region, a lower NEP value signifies a more sensitive detec-
tor that can detect weaker signals from background noise, adapted with permission from Elsevier.18*
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Table 5 Fast photoresponse of infrared photodetectors based on 2D
materials

Material Wavelength (nm) Frequency (GHz) Speed Ref.
Gr 1550 40 0.36 ps 167
PbSe/TiO,/Gr  350-1950 — 50-83 ns 185
BP carbide 2004 — 0.7 ns 146
Gr/Si 1550 41 50 Gbps 186
Graphene 1550 262 2.1 ps 187
Gr/MoSe,/Si  365-1310 — 350 ns 188
Graphene 1550 16 10 Gbps 21
BP/Si 1550-1580 3 3 Gbps 189
Gr 800 500 4 ps 190
Ge/Si 1310 340 40 Gbps 191
Graphene 1450-1590 20 12 Gbps 192

strates the increase in the current intensity of the BP/InSe
photodetector when illuminated with 655 nm light, compared
to in darkness, which implies that the high photoresponsivity
and dark current appear to be suppressed under illumination.
The BP/InSe photodetector exhibits a significantly enhanced
EQE in the broadband light spectrum. This exceptional light-
to-current conversion efficiency, exceeding 100% for both BP
and InSe devices, is attributed to an internal gain mechanism
within the BP layer, as shown in Fig. 8(e). The BP/InSe photo-
detector exhibits an EQE ranging from 344% to 1170% across
a wavelength spectrum of 405 nm to 1550 nm. The different
heterostructures of BP and InSe have shown promising results
for next-generation infrared photodetectors. In the InSe/ReSe,
van der Waals (vdW) heterostructure, the measured noise
current power spectral density exhibits typical 1/f noise behav-
ior at low frequencies and refers to a type of electrical noise
where the intensity increases with a decrease in frequency, as
shown in Fig. §(f). It represents the minimum light signal
power required for the signal-to-noise ratio to reach 1, given in
W Hz . The fast photoresponses of IR detectors based on 2D
materials with different operating wavelengths, frequencies,
and speeds are shown in Table 5.

7.3 Ultrasensitive infrared (IR) photodetectors based on 2D/
3D materials

2D semiconductors and their vdW heterostructures have
become a promising platform for infrared (IR) photodetectors.
These photodetectors can sense not only the intensity of light
but also the direction of its electric field oscillation. This capa-
bility makes them valuable for various applications in opto-
electronics and communication due to their potential for
improved information density, reduced noise, and enhanced
functionality in devices like optical modulators and high-
speed data transmission systems.'®® In a recent study, Waqas
et al. presented an ultrasensitive near-infrared photodetector
based on the violet phosphorus (VP) and InSe van der Waals
heterostructure. The type-II VP/InSe vdWH combination offers
a unique configuration for efficient optoelectronic devices.'®”
Under near-infrared light excitation at 1064 nm, the detector
exhibits an impressive responsivity of 182.8 A W' and an
impressive detectivity of 7.86 x 10'%. A schematic of the device
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structure is shown in Fig. 9(a). The violet phosphorus (VP)
single crystal is fabricated using physical vapor transport,
which creates thin films on a substrate surface.’®® Physical
vapor transport is a vacuum-based process that relies on phys-
ically removing material from a source and then depositing it
on the target substrate in a controlled manner. The device
exhibits remarkable stability in its photocurrent response,
which can detect extremely weak light signals with a power
density as low as 0.021 mW cm ™. Under 1064 nm wavelength
illumination and a power density of 0.021 mW cm™?, the detec-
tor achieves a maximum responsivity (R) of 182.8 AW and a
detectivity (D*) of 7.86 x 10> Jones, as shown in Fig. 9(b). In
another study, Xiao et al. presented the RGO-MoS,/pyramidal
Si heterojunction, which offered ultrahigh detectivity and
broadband photodetection capabilities. The photodetector’s
response to varying light wavelengths, ranging from 350 to
1050 nm, was measured, and peak sensitivity was observed
between 800 nm to 900 nm, which showed the UV-vis-NIR
absorption spectra of the materials. Due to the broad light
absorption properties of the RGO-MoS, composite film, the
device also demonstrates a significant photovoltaic response at
longer wavelengths, specifically 1310 nm and 1550 nm, as
shown in Fig. 9(c). In another study, Wu et al. showed a large-
area photodetector based on a mixed-dimensional vdW hetero-
junction between 2D palladium diselenide (PdSe,) and three-
dimensional (3D) cadmium telluride (CdTe). By leveraging the
broad light absorption of the multilayer PdSe,, with a high-
quality interface and mixed-dimensional design, the device
achieves exceptional infrared light detection capabilities at
room temperature. It can detect a remarkably wide range of
light wavelengths, extending all the way to long-wave infrared
(LWIR) at 10.6 pm. Furthermore, the photodetector demon-
strates a good ability to track short infrared pulses with a fast
response time of 70 ns. The I-V characteristics of the photo-
detector under light of various wavelengths, ranging from
ultraviolet (UV) to mid-infrared (MIR), are shown in Fig. 9(d);
these demonstrate the photodetector’s broad spectral
response, with sensitivity observed from 265 nm to
3043 nm."* In another study, Wang et al. reported a high-per-
formance IR detector made from a graphene/hyper-doped
silicon heterostructure. This design incorporated graphene as
a carrier transport layer to improve the efficiency of separating
and collecting charges within the device compared to a stan-
dard hyper-doped silicon photoconductor. The improved
efficiency resulted in remarkable EQEs of 7.37% and 97.26%
at 1550 and 1310 nm, respectively, at a low voltage of V = 0.3
V. The device without graphene shows an increase in external
quantum efficiency (EQE) with higher bias voltage, reaching a
maximum of 15.36% at 1310 nm under 3.0 V. In contrast, the
graphene-based photodetector achieves a significantly higher
EQE, exceeding 43% at 1310 nm with a much lower bias
voltage of 0.1 V. The peak EQE surpasses 100%, indicating a
strong photoresponse, as shown in Fig. 9(e). This remarkable
improvement highlights the effectiveness of the graphene
layer at enhancing carrier transport and boosting the overall
photodetection performance. Even at longer wavelengths of
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Fig. 9 Ultrasensitive IR photodetector. (a) Schematic diagram of type-Il VP/InSe vdWHs (b) at 1064 nm and under an incident power density of
0.021 mW cm™2, the device demonstrates a peak responsivity (R) of 182.8 AW~ and D* of 7.86 x 102 J. (a and b) Adapted with permission from ACS
Nano.!®” (c) Ultra-broadband detection and high responsivity measured across varying wavelengths ranging from 350 to 1100 nm, adapted with per-
mission from Wiley.*® (d) /-V characteristics of the PdSe,/CdTe heterojunction device measured under various light wavelengths ranging from 265
to 3043 nm, adapted with permission from ACS Nano.*®® (e) Si: Ag detector without graphene demonstrates an EQE of 97.26% at 1310 nm and
7.37% at 1550 nm using a low bias voltage of V = 0.3 V, adapted with permission from Elsevier.'®° (f) Transient photoresponses of the p-WSe,/n-Ge

photodiode at a reverse bias of —1.5 V, showed rise and fall times of 30 and 5 ps at 1550 nm, respectively. Adapted with permission from Wiley.

196

1550 nm, the device exhibits a high EQE of 7.37% under low was compared with different n-Ge regions fabricated using ion
voltage. In another study, Lee et al. demonstrated p-WSe,/n-Ge implantation. The photodetector fabricated with a standard,
heterojunctions for their potential as an ultra-high-speed, long, and lightly doped n-Ge region exhibited a broad spectral
broadband photodetector. The performance of these devices response, detecting light from the visible range to near-infra-
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Table 6 High-speed infrared (IR) detection based on 2D materials

Material Wavelength (im) R(AW™) D* (Jones) Rise/fall time Ref.
MoS,-Gr 0.4-2 376 10 0.6s 200
BP-carbide 0.5-8 2163 10" 0.7 ns 146
WS,-Si 0.2-3 0.02 10" 4.5/21 ms 201
PdSe, 0.2-4.6 0.72 10™ 3.5/3.9 s 202
BA-P 0.5-8.2 0.2-0.1 10° 0.5 ms 203
PtTe,-Si 0.2-10.6 5-0.67 10° 2.4 s 204
BP-InSe 0.45-1.55 43.11 — 22 ms 205
CoSe 0.45-10.6 2.58 10° 73/80 ms 206
Graphene 300-30 30VW 10" 0.9/1.4 ns 207
Tellurene 0.52-3.39 19.2 m — 4.3 ns 208
BP 0.95 4.8 m e 0.25 ms 86
Fe;0, 0.3-10.6 561.2 10® 0.9/0.7 s 209
PtTe, 0.2-1.65 0.40 10" 7.5/36.7 us 210
Cr,S; 0.52-1.55 3 10° 1.7/1.65 s 211
Bi,Se; 0.33-1.55 2.7 10'° 058 212
In,Se; 405-940 9.8 x 10* 3.3x10" 30 ms 213
WSe,/Gr/MoS, 400-2400 10* 10" 53.6/30.3 s 214
PbS/MoS, 400-1500 6 x 10° 7 x 10" 0.3-0.4 s 215
BP 310-1240 9 x10* 3x10" 3.0/7.8's 168
InSe 254-850 10* 10" 5.0/8.0 ms 216
MoS,/h-BN/Gr 400-885 180 2.6 x 10" 0.23/0.25 s 217
MoS,/Si 420-1064 0.3 10" 3/40 ps 218
PbSe/Ti0,/Gr 350-1700 0.506 3 x 10" 0.68/0.70 s 185
WSe, sputtered 500-900 1.8 x 10° 3x 10" 23 ms 219

red wavelengths of 1550 nm and demonstrated a fast response
time of approximately 3 ps, as shown in Fig. 9(f), and a
responsivity of 1.3 A W™'."°° The high-speed rise/fall times of
different 2D materials are shown in Table 6.

In their most recent study, Zhang et al. developed a high-
performance unipolar barrier detector using a vdW hetero-
junction composed of black arsenic phosphorus (b-AsP),
MoS,, and BP.>*° The device demonstrates a broad spectral
response, ranging from 520 nm to 4.6 um, achieving a remark-
able blackbody detectivity of 2.7 x 10*° cm Hz ** W™* in the
mid-infrared region at room temperature that highlights the
potential of these barrier devices for mid-infrared detection
applications. A structural diagram and an optical image of the
detector based on the b-AsP/MoS,/BP vdWH are shown in
Fig. 10(a and b). EDS mapping and a cross-sectional TEM
image of the b-AsP/MoS,/BP vdWH, with distinct color-coded
regions in the EDS maps, representing the spatial distribution
of the constituent elements phosphorus (P), arsenic (As), mol-
ybdenum (Mo), sulfur (S), and oxygen (O), are shown in
Fig. 10(c). HRTEM images of the b-AsP/MoS,/BP vdWH inter-
face show a thin amorphous layer at the b-AsP/MoS, interface
potentially from the oxidation of b-AsP during device fabrica-
tion, as shown in Fig. 10(d). The bandgap tunability of TMDCs
plays a critical role in the spectral response and performance
of photodetectors. The spectral response indicates a detector’s
sensitivity across various wavelengths and is governed by the
bandgap of a material, which sets the minimum photon
energy required for absorption. TMDCs exhibit the unique
property of a layer-dependent bandgap, where the bandgap
energy varies significantly with the number of atomic
layers.”***> This tunability enables precise control over the
spectral range of detection by engineering the number of
layers. Moreover, combining different TMDCs or stacking

This journal is © The Royal Society of Chemistry 2025

layers of varying thicknesses in heterostructures enables multi-
spectral detection. Beyond structural control, external modu-
lation through strain or electric fields can dynamically adjust
the bandgap, allowing real-time tuning of the spectral
response for advanced applications like adaptive IR imaging or
selective gas sensing. This strong correlation between bandgap
engineering and spectral tunability highlights the versatility of
TMDCs in enabling high-performance, wavelength-specific
photodetectors.”*® Photons absorbed by the b-AsP layer in the
band structure create electron-hole pairs. The electric field
separates these pairs, and the electrodes collect them, leading
to a photocurrent. The band structure of the b-AsP/MoS,/BP
vdWH pBp barrier detector under reverse bias is shown in
Fig. 10(e). However, holes generated at the BP contact layer
encounter a barrier that prevents their flow and leads to
recombination with electrons, which effectively reduces the
dark current while enabling efficient photocurrent collection
under reverse bias.

The I-V characteristics of the detector under different light
wavelengths, from 520 to 1650 nm, are presented in Fig. 10(f),
showing both dark and illuminated states with an effective
power of 4 pW. The power-dependent responsivity (R) of the
device is illustrated in Fig. 10(g). The data reveal a gradual
increase in responsivity from 0.34 to 0.89 A W' as the wave-
length extends from the visible to the short-wave infrared
range. Fig. 10(h and i) shows the relationship between respon-
sivity and photocurrent of the device, where a sub-ideal expo-
nent suggests the presence of interface defects. Fig. 10(j)
demonstrates the time response of the detector to pulsed
optical excitation at different reverse bias voltages. It shows
that while the current increases with bias, the dark current
also rises, highlighting the need to optimize the bias voltage
for balance between sensitivity and noise. Thorough examin-
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Fig. 10 Broad spectral unipolar barrier detector. (a and b) Schematic and optical image of the b-AsP/MoS,/BP vdWH photodetector. (c) EDS ana-
lysis indicating the distribution of P, As, Mo, S, and O. (d) TEM analysis of the b-AsP/MoS,/BP vdWHs with a scale bar of 10 nm. (e) Energy band struc-
ture of the b-AsP/MoS,/BP van der Waals heterojunction device. (f) I-V curves under light pulses of various wavelengths. (g) Variation in responsivity
as a function of wavelength at a fixed power of 4 pyW. (h and i) Power dependent photocurrent and responsivity at a wavelength of 4.6 pm. (j) Time-

dependent photoresponse under various biasing voltages at a wavelength of 4.6 pm, adapted with permission from Wiley.

ation of the b-AsP/MoS,/BP van der Waals heterojunction
device performance highlights how well this heterojunction
works to improve infrared detection. Despite challenges such
as defect-related effects and increasing dark current with bias,
the findings provide valuable insights for optimizing and
advancing IR photodetector technologies.

17904 | Nanoscale, 2025,17,17881-17918
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8. Applications

Infrared photodetectors are widely utilized for their capability
to detect light beyond the visible spectrum. Some prominent
applications include night vision, security and surveillance,
fire detection, medical imaging, environmental monitoring,
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spectroscopy and communication. In this section, we discuss
some prominent applications of IR photodetectors.

8.1 Shortwave infrared light detection for medical imaging

There is significant demand for technologies that can capture
images in the shortwave infrared (SWIR) region over a large
area. Upconversion imagers are particularly attractive for this
purpose because they offer a combined solution. These images
can both sense light in the SWIR spectrum and convert it into
a visible image, all within a single compact device.*"*** This
eliminates the need for pixelation, which is a complex and
expensive process traditionally used in SWIR cameras. A recent
study by Li et al. demonstrated a novel organic upconversion
imager for shortwave infrared (SWIR) light detection. This
imager achieves efficient conversion of SWIR light of up to
1400 nm into a visible image, enhancing capabilities for both
human and machine vision. The design incorporates special
layers to minimize energy loss and improve light conversion
efficiency. The imager demonstrates a performance compar-
able to that of cutting-edge organic infrared photodiodes, with
an EQE of up to 35% under a low voltage and a promising
bandwidth response. Additionally, the large active area of
approximately 2 cm” makes it suitable for multiple appli-
cations, such as imaging through obstacles like smog, object
inspection, and even simultaneously capturing blood vessel
location and blood flow information. An up-conversion imager
schematic is shown in Fig. 11(a), featuring a design with
optical and dual electronic readouts. The device can both
convert incoming light into electrical signals and directly emit
visible light for visual observation. SWIR light was directed
onto a hand, and the imager upconverted the reflected light.
The upconverted image revealed details of the fingertip,
including the white edge and cuticle of the fingernail. This
capability is due to the high absorption of SWIR light by water.
The human body is composed of a significant amount of
water, including the tissues beneath the skin’s surface. The
imager was further employed to visualize blood vessels within
the hand. These blood vessels appeared darker in the image
compared to the surrounding tissue because hemoglobin
within red blood cells strongly absorbed SWIR light. This
characteristic absorption property of hemoglobin makes SWIR
imaging a potentially valuable tool for biometric authentica-
tion techniques based on vasculature patterns, as shown in
Fig. 11(b).>** Another study by Yokota et al. introduced a novel
conformable imager for biometric authentication and vital
sign monitoring. This innovative device combines thin-film
transistor circuits made from polycrystalline silicon with
highly sensitive near-infrared organic photodiodes. This com-
bination creates a flexible imager with an impressive resolu-
tion of 508 pixels per inch, a fast frame rate of 41 frames per
second, and an incredibly thin profile of 15 pm. The imager
boasts exceptional low-noise performance, capable of reading
out tiny photocurrents, ie., less than 10 pA. When gently
pressed against the skin, it can capture static biometric data,
such as fingerprints and vein imagery, and it can also dynami-
cally map pulse waves by electronically selecting the optimal
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measurement location based on real-time analysis of the
signal distribution across the skin surface. A visual representa-
tion of the imager is shown in Fig. 11(c). For better imaging
resolution, the imager is used with a resolution chart contain-
ing 15 lines and line width spacing of 50 pm, which confirms
a high resolution of 508 pixels per inch (ppi) with no visible
defects and excellent uniformity that are necessary for accu-
rately extracting features like fingerprints and vein patterns for
biometric authentication. The images of finger vein patterns
in transmission mode using an optical system are shown in
Fig. 11(d). The images reveal vein characteristics, including
branching points, branching angles, and the number of veins,
all of which are important factors for reliable vein-based
authentication for medical imaging.

8.2 Infrared multi-spectral imaging for low-cost and scalable
devices

Infrared multispectral imaging offers a powerful approach for
capturing detailed information across multiple infrared
wavelengths.>?”?*® This technique is gaining significant inter-
est due to its potential applications in various fields. However,
a key hurdle hindering its widespread adoption is the high
cost associated with conventional detectors based on epitaxial
semiconductors. Epitaxial growth processes involve depositing
thin, crystalline layers of a material onto a substrate, which
can be expensive and complex to implement. A promising
approach for overcoming the limitations of traditional infrared
detectors was presented by Tang et al In their work, they
developed a two-terminal photodetector based on stacked col-
loidal quantum dots (CQDs). This novel design offers a bias-
switchable spectral response in which the detector can be
tuned to sense light in two distinct infrared bands by adjusting
the applied voltage. The key to this functionality lies in a verti-
cally stacked structure containing two rectifying junctions
arranged in a back-to-back arrangement. This configuration is
achieved through a meticulously engineered doping process
that ensures strong and stable spatial separation of charge car-
riers within the device. By precisely adjusting the magnitude
and voltage polarity, the detector can swiftly alternate between
sensing MWIR and SWIR light. The design of the dual-band
detector incorporates two separate photodiodes, one sensitive
to SWIR and the other to MWIR, as shown in Fig. 12(a). These
photodiodes are arranged in an opposing n-p-n structure,
using Ag,Te and Bi,Se; materials for the p and n layers,
respectively. The SWIR photodiode is layered above the MWIR
photodiode with light entering from the top surface. This con-
figuration maximizes light absorption within both layers,
enabling efficient detection across the two infrared bands. A
single-pixel scanning imaging system with a BaF, lens was
built to visually demonstrate the detector’s dual-band capa-
bility by scanning a projected image across its surface. By care-
fully switching the applied bias voltage, the system can achieve
either active SWIR imaging or passive MWIR imaging. An
external light source, such as a tungsten lamp, is required to
activate the SWIR. A comparison of SWIR imaging and visible
images of various solvents contained within glass and glass
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Fig. 11 IR light detection for medical imaging. (a and b) Illustration of the up-conversion imager with optical and electronic dual readouts, up-con-
version imager detected reflected infrared light from a human hand, revealing fingertip and blood vessels. Imager with photocurrent modulation to
a person'’s heartbeat demonstrates non-contact photoplethysmography (PPG) imaging, and letters under a silicon wafer opaque to visible light but
transparent to SWIR, adapted with permission from Wiley.??> (c) Integration of polycrystalline silicon thin-film transistor (TFT) circuits with sensitive
NIR organic photodiodes. (d) Finger vein imaging: images on the right and left obtained using conformable and CMOS imagers, respectively. A 2D
array of 0.3 mm square white dots is overlaid on the images to safeguard personal data from biometric identification, with a horizontal pitch of
0.9 mm and a vertical pitch of 1.5 mm. (c and d) Adapted with permission of Nature Springer.?2¢

filled with water in SWIR and MWIR imaging is shown in the solvents at specific SWIR wavelengths caused by the
Fig. 12(b). Notably, the solvents, which appear transparent in  vibration of molecules. Another study by Yu et al. explored a
the visible image, exhibit distinct features in the SWIR image. promising approach for infrared imaging utilizing high-gain
This difference arises from the unique absorption patterns of infrared-to-visible up-conversion light-emitting phototransis-
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tors. The device integrates an infrared quantum dot detector
and an organic light-emitting diode (OLED) into a single
device, as shown in Fig. 12(c). The design offers an intriguing
potential pathway toward achieving low-cost, pixel-free infrared
imaging systems, since the infrared quantum dot photo-
detector within the device is sensitive to incoming infrared
light. Upon absorbing these infrared photons, the photo-
detector generates an electrical current that is efficiently con-
verted into visible light by the OLED component, essentially
achieving upconversion from the infrared to the visible spec-
trum, which eliminates the need for traditional pixelated
detectors, potentially leading to simpler and more cost-
effective infrared imaging solutions. An analysis of the device’s
electrical behavior reveals a key mechanism for its functional-
ity, as shown in Fig. 12(d). When no infrared light is present, a
minimal current of 107> mA cm™ flows through the device
until the gate voltage reaches 8 V. However, under infrared illu-
mination, the gate voltage required to achieve the same
current level is significantly reduced. This shift in the curves
represents the substantial enhancement of the photocurrent
generated by infrared light compared to the dark current. A
high photon-to-electron conversion efficiency characterizes
this efficient conversion of infrared light into electrical
current. Another study by Tang et al. proposes a promising
approach for infrared electronic eye cameras. These cameras
offer wider fields of view and simpler designs compared to tra-
ditional systems. The device includes flexible CQD detectors
made from mercury telluride (HgTe) because of its fast
response, flexibility, high sensitivity and wide spectral range. A
Fabry-Perot resonant cavity is used to improve light absorp-
tion. Fig. 12(e) shows the setup for infrared imaging using a
flexible detector while Fig. 12(f) shows images captured with
different bending radii. This achievement of integrating high-
performance SWIR detectors onto flexible substrates opens
exciting possibilities for new-generation infrared electronic eye
cameras. The combination of high-resolution imaging and
adaptability to diverse surfaces makes these advanced cameras
ideal for night vision and surveillance, medical imaging, and
industrial inspection.

8.3 High frequency and ultra-fast infrared photodetectors

Infrared light detection plays an important role in numerous
modern technologies, and advancements in photoelectric
materials have continuously driven its development. 2D
materials emerge as a promising platform for next-generation
infrared photodetectors due to their distinctive electronic
structures, extreme confinement of electrons within their
atomic layers, and strong interactions with light. However,
achieving an ideal infrared detector that simultaneously offers
a fast response, high sensitivity, and air stability remains a
challenge.?'**> A recent study by Yin et al. explored high-per-
formance and ultrafast infrared detectors based on two-dimen-
sional Bi,0,Se crystals.>*®> The Bi,0,Se-based photodetector
exhibits a high sensitivity of 65 A W' at a wavelength of
1200 nm and an ultrafast photoresponse of 1 picosecond (ps)
at room temperature, which signifies the capability to detect
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and respond to rapidly changing infrared signals. Bi,O,Se is a
promising 2D material consisting of alternating Bi,O, layers
and Se layers—each layer has an approximate thickness of
0.61 nm—exhibiting high carrier mobility and air stability.>**
The device exhibits a remarkable responsivity of 65 A W™,
which shows its capability to effectively distinguish weak infra-
red signals from background noise at wavelengths of 1200 nm
and 1550 nm, as shown in Fig. 13(a). The photoresponse time
of the detector determines the inherent bandwidth limitation
due to the material’s properties, device design, and stray
capacitance. The photocurrent is measured as a function of
the time delay between two ultrashort laser pulses under zero
bias voltage. When the time delay is minimal, the photo-
current is at its lowest because the first excitation pulse does
not have enough time to generate a current before it overlaps
with the second excitation pulse. This overlap leads to a non-
linear response in the photocurrent in the form of an observed
dip. The performance of Bi,O,Se compared with graphene is
shown in Fig. 13(b). As the time delay increases, excitation
from the two pulses becomes independent. This enables the
detector to respond to each pulse effectively, leading to a rise
in the photocurrent towards a maximum value as the normali-
zation point.’®*?** In another study, Li et al. explored a prom-
ising approach for ultra-fast infrared photodetectors. The
device structure consists of p-g-n junctions using a layered
two-dimensional (2D) material heterostructure of molybdenum
ditelluride (MoTe,), graphene, and tin disulfide (SnS,). The
key advantage of utilizing 2D TMDCs lies in their ability to be
stacked layer-by-layer, which eliminates the challenges associ-
ated with traditional heteroepitaxy methods.>*® These pro-
cesses involve stacking different materials on top of one
another, which can be constrained by lattice mismatch.
Fabrication of the device involved a dry transfer method and
combined h-BN as the outmost layers, graphene (Gr) as an
interlayer, and molybdenum ditelluride (MoTe,), a p-type
material with a bandgap of approximately 1.0 eV, and tin di-
sulfide (SnS2) as an n-type semiconductor with a bandgap of
approximately 2.2 eV. The stacked structure and an optical
image of device are shown in Fig. 13(c). The photocurrent
response of the device characterized by rise and fall times
shows a maximum photocurrent between 10% and 90% upon
light switching ON and OFF, respectively. The rise and fall
times exhibited asymmetry under light with varying excitation
wavelengths. Under 405 nm light, the rise time was 17.6 ms,
while the fall time was significantly slower at 72.3 ms. In NIR
light at 1064 nm, the rise and fall times were more symmetri-
cal, at 24.1 ms and 28.6 ms, respectively. The photocurrent
response of the device under different light illumination, with
rise and fall times, is shown in Fig. 13(d). The fast and sym-
metrical response observed under NIR illumination is due to
the built-in electric field within the p—n junction, which effec-
tively reduces the trapping of photogenerated carriers, and the
zero-bandgap graphene layer acts as an efficient interfacial
contact between MoTe, and SnS,, which minimizes interface
traps and facilitates the rapid transport of carriers separated
by the built-in field.>*”
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Fig. 13 High frequency and ultrafast IR detectors. (a) Bi,O,Se photodetector showing a high responsivity of 65 AW ™ at V4 = 0.6 V and wavelengths
of 1200 nm and 1500 nm. (b) Time-resolved photocurrent analysis shows, at very short delay times, the first excitation pulse does not fully convert
into current before encountering the second pulse, leading to a sublinear current and dip at zero delay. Longer delay times enable independent exci-
tation by each pulse, resulting in the maximum voltage used as the normalization value. Black crosses and red circles represent the graphene and
Bi,O,Se photodetectors, respectively, with solid lines indicating exponential fits. (a and b) Adapted with permission from Nature Springer.2** (c)
Schematic diagram and optical image of h-BN/MoTe,/Gr/SnS,/h-BN vdWHs. (d) Photocurrent response measured at 0.5 V bias across wavelengths
of 405-1064 nm with optical powers in the range of 42—62 nW. The inset shows the temporal photocurrent response at a wavelength of 1550 nm.
The fast and symmetrical response observed under NIR illumination is because of the built-in electric field present within the p—n junction, which
effectively minimizes carrier trapping, and the zero-bandgap graphene layer acts as an efficient interfacial contact between MoTe, and SnS,. (c and
d) Adapted with permission from Wiley.2*8

0. Challenges and future outlook frequencies.”****° However, due to the thin structure, it pre-

sents the challenge of weak light absorption because the
This review explored recent progress in infrared (IR) photo- limited thickness leads to insufficient light capture, which
detectors built using two-dimensional (2D) materials. These results in a low EQE and detectivity. These materials are more
materials, due to their atomically thin structure, can absorb a vulnerable to defects due to their sharp nature and act as
wide range of light, from ultraviolet (UV) to terahertz (THz) recombination centers, reducing the photogenerated carrier
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lifetime and limiting the device performance. The refractive
index of the underlying substrate is crucial for light absorp-
tion. A substrate with a lower refractive index enhances the
absorption efficiency of the thin 2D layer by facilitating stron-
ger light coupling. However, achieving a large area and
uniform growth poses a challenge. Current methods, such as
chemical vapor deposition (CVD) or transfer techniques, pri-
marily result in small-scale samples.**"***> Some high mobility
2D materials like BP suffer from instability under ambient con-
ditions, which limits their long-term functionality. While
some TMDCs have strong light-matter interactions, their
inherently low carrier mobility hinders the overall performance
of the device. These limitations highlight the need for further
research to address these trade-offs and unlock the full poten-
tial of 2D materials for high-performance IR photodetectors.
Creating high-performance infrared (IR) photodetectors with
two-dimensional (2D) materials requires a comprehensive and
multi-dimensional approach. Here, we discuss some
approaches that can be used to increase the overall perform-
ance of next-generation IR detector devices.

9.1 Material optimization

(1) Material design and optimization: Exploring the size,
shape, and thickness of 2D materials is essential to influence
bandgaps for efficient light absorption within the desired IR
range. Strategies such as using specific nanoribbons and
quantum dot geometries or incorporating van der Waals
heterostructures can further enhance absorption.”**?*** (2)
Hybrid material integration: Combining 2D materials with
other light-harvesting materials like quantum dots or carbon
nanotubes presents a promising approach for enhanced light
absorption.”*>?*® (3) Light trapping techniques: Integrating
plasmonic technologies that manipulate light at the nanoscale
can be employed to improve light-matter interactions within
the thin 2D layer.>*” (4) Theoretical modeling: Developing
robust theoretical models is crucial for predicting the impact
of various tuning strategies on the physical and optical pro-
perties of 2D materials. Techniques like chemical doping,
mechanical strain, and optical and electrical gating can be
simulated to optimize device function and performance.>*®>*°

9.2 Device structure optimization

Beyond material optimization, investigating innovative device
architectures can lead to further enhancements in perform-
ance. This discussion explores several strategies for advancing
the next generation of IR detectors to boost overall perform-
ance. (1) Cascade photodetectors: Adding a light-absorbing
layer with a strategically aligned bandgap within a p-n junc-
tion can enhance overall light absorption and could achieve a
better balance between high quantum efficiency and a low
dark current.**>*" (2) Minimizing transfer-induced defects:
The common dry transfer process for fabricating 2D material
devices can introduce contaminants and defects at material
interfaces. These defects act as recombination centers, redu-
cing carrier lifetimes and hindering device performance.
Research efforts are needed to develop new techniques for
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minimizing these transfer-induced issues.>*>*** (3) Quantum
well and superlattice integration: Quantum well structures and
superlattices exploit quantum confinement effects to tailor the
band structure and enhance light-matter interactions within
the 2D material and could be promising avenues for achieving
high detectivity.>>* (4) Scalable production: Current methods
for producing high-quality 2D materials and heterostructures
often struggle with scalability. Achieving large-scale, uniform
growth remains a significant challenge for realizing industrial
applications.>>>>%¢

9.3 Accurate noise characterization for 2D material
photodetectors

In high ON/OFF ratio devices, the significant difference
between light and dark currents often leads to the operating
current being ignored when calculating shot noise, which can
result in a substantial overestimation of detectivity. This
underestimation of light performance creates practical limit-
ations for devices. As a result, some reported 2D material
photodetectors, despite theoretically outperforming commer-
cial detectors, struggle under natural light sources and black
body radiation. Their intrinsic noise levels are much higher
than those theoretically calculated, which limits their real-
world applications.”””**® Increasing the number of layers in a
2D material can directly improve light absorption. However,
this also leads to a larger dark current, which degrades the
SNR and detectivity. Therefore, finding the optimal thickness
for each specific material is crucial for achieving the best
overall performance. Despite current challenges, the increas-
ing demand for high-sensitivity and reliable infrared (IR)
detection technologies paves the way for a promising future for
2D material-based IR detectors. This next generation of
technology holds immense potential to revolutionize the fields
of night vision, optical communication, surveillance, remote
sensing, environmental monitoring, and medical imaging.

10. Conclusion

This review has comprehensively explored the advancements
in infrared (IR) photodetectors, with a particular focus on the
potential of 2D materials and their vdW heterostructures. The
discussion covers the evolution of IR photodetectors, from tra-
ditional materials with narrower bandgaps to the emergence
of 2D materials, representing a significant leap forward in
photodetection technology. This review examined various
detection mechanisms, including photoconductive, photogat-
ing, photobolometric, photothermal, and photovoltaic effects,
highlighting their relevance to the operation of 2D material-
based IR detectors. This paper also discussed the potential of
2D materials, such as BP, InSe, and layered TMDCs, for use in
IR photodetectors. These materials offer significant advan-
tages, including high responsivity, specific detectivity, and
photoconductive gain. They also address challenges like shot
and thermal noise, making them promising candidates for
advanced IR detection technologies.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nr01920f

Published on 08 2025. Downloaded on 16/03/2026 02:49:53.

Nanoscale

The review also explores the diverse applications of 2D
material-based IR photodetectors, including their use in
medical imaging, multispectral imaging for low-cost devices,
and high-frequency, ultra-fast detection systems. These appli-
cations demonstrate the versatility and potential impact of 2D
materials on advancing IR photodetection technology.
However, the field still faces several challenges, particularly in
material and device structure optimization. Efforts are needed
in material design, hybrid material integration, light trapping
techniques, and accurate noise characterization to fully unlock
the potential of these devices. Theoretical modeling and scal-
able production techniques will also play important roles in
overcoming these challenges.

While significant progress has been made, further research
and innovation are essential to address the remaining chal-
lenges and fully maximize the advantages of 2D materials for
IR photodetection. This review aims to serve as a foundation
for future studies and developments in this promising field,
paving the way for the next generation of high-performance,
scalable, and versatile IR photodetectors.
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EQE External quantum efficiency
FET Field effect transistor
FTIR Fourier-transform infrared
GHz Gigahertz
h-BN hexagonal boron nitride
InSe Indium selenide
IQE Internal quantum efficiency
IR Infrared
LIDAR Light detection and ranging

LWIR  Long-wave infrared

MWIR  Mid-wave infrared

NEP Noise equivalent power

OLED  Organic light emitting diode

PBE Photobolometric effect

PCE Photoelectric conversion efficiency

PEM Photoelectromagnetic
PGE Photogating effect

PTE Photothermal effect

PVE Photovoltaic effect

QD Quantum dot

RMS Root mean square

SNR Signal-to-noise ratio

SWIR Short-wave infrared

THz Terahertz

TMDCs Transition metal dichalcogenides
uv Ultraviolet
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