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ARTICLE INFO ABSTRACT

Keywords: Infrared photodetectors (IR PDs) are vital components in optoelectronics, facilitating a wide range of applica-
IR photodetector tions, including security systems, search and rescue missions, biomedical diagnostics, meteorological observa-
Optoelectronic

tions, and astronomical studies. Despite their versatility, the performance of IR PDs is hindered by several
challenges, such as scattering effects, high surface and interface contact resistance, dark current, limited photo
responsivity, low sensitivity, and suboptimal noise equivalent power. These limitations are primarily attributed
to the inherent properties of the semiconductor materials used in their construction, including abundant defect
states, thermal instability, large bandgap widths, and the zero-bandgap nature of graphene. This review provides
a comprehensive overview of recent advancements in IR PD technology, focusing on strategies to overcome these
performance bottlenecks. Innovative approaches include the use of novel low-dimensional materials, the
development of advanced device architectures, and the application of direct-growth techniques for 2D hetero-
structures. These methods aim to mitigate the physical and material constraints that currently restrict device
efficiency. In addition to detailing these advancements, the review examines the diverse applications of IR PDs to
highlight their importance in various fields. The discussion extends to future prospects, emphasizing the po-
tential of IR PDs to achieve higher performance and broader applicability. However, it also addresses the existing
challenges that must be resolved to realize these goals. This analysis underscores the critical role of IR PDs in
modern technology and the continuous need for research to push their boundaries further.
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1. Introduction optical communication, 1550 nm is the wavelength for which optical

fibers have the lowest losses making it the most preferred wavelength

Modern optoelectronics, which involves the transformation of light
into electrical signals, is a rapidly advancing field that continues to
captivate widespread interest across the scientific community due to its
considerable applications in communication [1-3], medical and health
care [4-6], environmental detection [7,8], and even astronomy [9].
Over the last decades, while researchers have observed the creation of
excellent PDs in the ultraviolet (UV) and visible (Vis) regions, the
wavelength range from 700 nm to ~2500 nm, which is within the IR
region [10] and occupying more than 55 % of the energy in sunlight, has
experienced much bigger difficulties in achieving great detection ca-
pabilities thereby preventing the full utilization of the IR region. In
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[11]. For health care, the human skin under healthy conditions stays
within a narrow range hence detecting thermal abnormalities is indic-
ative of underlying health problems [12]. In environmental monitoring,
hazardous gases that are otherwise undetectable to the human eye can
be effectively identified through their characteristic absorption signa-
tures in the IR spectrum [12,13], and thermal imaging is also a necessity
in the rigorous thermal management of any system be it large or small.
Finally, for astronomy the longer wavelengths of IR radiation are able to
penetrate interstellar gas clouds which is why the James Webb Space
Telescope uses IR detectors. All of these applications will greatly benefit
from the improvement of IR detection technology. For example, faster
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detector response can lead to higher data transfer rates, whereas cheaper
costs will result in a much more widespread use for medical studies and
environmental observation, and any improvement in the sensitivity of IR
telescopes will help astronomers answer the big questions of life. These
are some of the motivations that have fueled the development IR PDs
over the past two decades, and have thus made it an attractive research
field with the growth of this research field as evidenced by the yearly
number of publications from 2010 to 2024 (Fig. 1).

For all types of PDs, the device performance is usually evaluated
through five key parameters which are the photo-to-dark current ratio,
selectivity, response speed, sensitivity, and stability [14]. However, in
the IR range PDs capabilities are degraded by high dark current, low
photo responsivity, high scattering effects and contact resistance at in-
terfaces which places limitations on their usage, thus necessitating
further research to improve and overcome the current limitations
[15,16]. Herein, it identifies critical gaps and highlights emerging trends
and breakthroughs, distinguishing itself through a focused analysis. It
points out several limitations in current IR PDs technologies, such as
material issues like abundant defect states, thermal instability, and un-
suitable bandgap properties, particularly in graphene and traditional
semiconductors. Trade-offs between achieving narrow bandgaps and
managing recombination and noise, challenges with high contact
resistance and scattering effects, dark current issues, and the complex-
ities of manufacturing novel 2D materials are also emphasized. More-
over, the review identifies difficulties in balancing performance
parameters like high quantum efficiency and fast response, along with
the need for better integration with silicon technologies for affordable,
mass-producible IR systems. Instability of promising 2D materials like
black phosphorus (BP) further complicates progress. To address these
gaps, the review showcases emerging strategies such as leveraging low-
dimensional materials and heterostructures, advancing fabrication
techniques, employing surface and interface engineering, and inte-
grating plasmonic materials to enhance light absorption. It discusses
methods to reduce contact resistance and suppress scattering, thereby
improving electron mobility. Specific application-driven innovations,
particularly in healthcare, imaging, and optical communication, are
explored, reflecting a shift from traditional military uses to broader
technological landscapes. Finally, the review outlines future prospects in
areas like ultrafast optical sensing and neuromorphic computing, while
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acknowledging persisting challenges. Overall, by explicitly linking cur-
rent challenges to cutting-edge solutions and new research directions,
the review provides a critical, insightful contribution that goes well
beyond a simple aggregation of existing literature. we present a
comprehensive guide addressing the critical challenges associated with
IR PDs and offer strategies to overcome them.

This review is structured to provide a clear and systematic discus-
sion, beginning with Section 1, which introduces the fundamental
context and significance of IR PDs in modern technology. Beyond the
introduction, the content is divided into three detailed sections to
streamline the exploration of current challenges, advancements, and
prospects in IR PD research.

In Section 2, we delve into the existing limitations identified in
current research on IR PDs. We emphasize innovative solutions aimed at
enhancing device performance, such as doping techniques to optimize
material properties, architecture design to refine device designs, and
direct growth techniques tailored for two-dimensional (2D) nano-
structures. These approaches represent cutting-edge strategies to
address issues like dark current, responsivity, sensitivity, and noise
equivalent power.

Section 3 focuses on the remarkable applications of IR PDs across
various fields. To provide clarity, these applications are categorized into
five key domains: healthcare, imaging technologies, optical devices,
environmental and gas sensing, and thermal/optical communication
systems. This section highlights the indispensable role of IR PDs in
diverse technological ecosystems.

Finally, in Section 4, we present a forward-looking perspective on the
future of IR PDs. This section discusses the potential directions for
innovation while addressing the technical and material challenges that
must be overcome to achieve the next generation of high-performance
IR PDs. Unlike previous reviews that focus solely on either material
choices or device level performance, this review presents a dual-
perspective classification based on both ‘material strategies’ and
‘mechanism design.” This combined approach allows us to systemati-
cally map how material innovations (e.g., doping, 2D heterostructures)
integrate with functional mechanisms (e.g., Plasmon Resonance, Dark
Current Reduction) to drive performance in IR photodetectors. Through
this framework, the review offers not only a synthesis of recent advances
but also a roadmap for future research.

Fig. 1. The Growth of IR PDs development through annual publications from 2010 to 2024. (Source: Web of Science).



P.V. Pham et al.
2. Breaking down the limits of IR photodetectors

As IR PDs continue to evolve, improving their performance beyond
conventional limits requires a comprehensive understanding of the
physical, material, and architectural factors that constrain their func-
tionality. This section presents a structured overview of the critical
challenges in current IR PDs technologies and outlines the key strategies
developed to address them. These strategies are classified into material-
level approaches (such as doping and 2D heterostructures), device-level
architectural enhancements, and system-level innovations including
computational readout.

2.1. Existing challenges on current IR photodetectors

A broad spectrum of materials has been employed in the fabrication
of photodetectors, encompassing compound semiconductors from
groups II-V [17-21], III-V [22-25], III-VI [26-29], II-VI [30-32], IV-VI
[30,33-36], V-VI [37-40], as well as perovskite [41-45], organic
[46-50] and other semiconductor systems. For IR PDs, the choice of
material is primarily governed by its bandgap, as detection requires that
the incident photon energy be equal to or greater than the bandgap to
enable excitation of electrons from the valence band to the conduction
band, generating photo-induced electron-hole pairs [51]. Importantly
the IR region corresponds to photon energies lower than approximately
1.55 eV (wavelengths longer than 800 nm), in contrast to the visible
region, where energies like 2.675 eV (~464 nm) are much higher. While
narrow band gap materials are suitable for IR detection, they often suffer
from increased recombination and noise, which can reduce photocur-
rent. However, the overall photocurrent depends on a combination of
factors including material quality, defect density, surface states, and
device architecture. There is also the issue of the dark current which is
defined as the current when there is no light falling onto the IR PDs
(Fig. 2). It can be attributed to the extrinsic leakage phenomena (surface
leakage current, Ohmic leakage current), thermal carrier generation,
lack of high charge barriers, defect concentration, difference in Fermi
level [52-54]. A higher dark current increases the power consumption
and sets the highest operating temperature of the device [51,55] leading
to a decrease in the sensitivity of PDs performance (Fig. 2).

As a result, current research teams have made certain strategies to
develop many structures encompassing different materials to improve IR
PDs [55,56]. However, an issue that cannot be avoided when fabricating
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PDs is the contact resistance at the interface of the combined materials
and between the metal electrodes and the semiconductors as well
(Fig. 2). The common sources of contact resistance can be listed
including defect concentrations, thermal treatment and work function
[57-59]. High resistance at the contacts prevents photo-generated
electrons from being efficiently collected in the electrodes and leads to
their recombination with holes to the valence band in the active mate-
rials meaning less current was generated, which is undesirable. Beyond
material and structural challenges, the performance of IR PDs is
fundamentally constrained by intrinsic noise mechanisms that define the
theoretical limits of detection. Chief among these are photon shot noise,
Johnson (thermal) noise, and the background-limited infrared photo-
detection (BLIP) condition. Photon shot noise originates from the sta-
tistical nature of photon arrival even under constant illumination,
photons arrive randomly in time, generating fluctuations in the photo-
current [60,61]. This noise scales with the square root of the photon flux
and becomes the dominant noise source under high-illumination con-
ditions. Its presence sets a floor to the signal-to-noise ratio (SNR),
particularly in low-light or fast-detection regimes. Johnson noise, also
known as thermal noise, is generated by the random motion of charge
carriers in resistive elements within the detector, even in the absence of
light. It is directly proportional to the temperature and inversely pro-
portional to the resistance, and becomes particularly significant in
narrow-bandgap semiconductors and uncooled detectors. Johnson noise
is often characterized by the expression \/4kT/R, where k is Boltz-
mann’s constant, T is the absolute temperature, and R is the resistance.
In optimized systems, BLIP (background-limited IR PDs) operation
represents the gold standard for detector sensitivity [62]. Under BLIP
conditions, the dominant noise originates not from the detector itself,
but from the background IR radiation (e.g., ambient thermal emission
from optics or the scene). Achieving BLIP requires extreme suppression
of dark current and internal noise to the point that further reductions
offer no performance benefit. Detectors in this regime operate at the
fundamental physical noise floor and are ideally suited for applications
like passive thermal imaging, where minimal photon flux must be
accurately resolved. The interplay between these noise mechanisms
determines the noise equivalent power (NEP) and specific detectivity
(D*), key metrics for IR detector performance. For instance, under shot-
noise-limited conditions, the NEP is given by NEP = \/ 2qld, where q is
the electron charge and IdI_dId is the dark current. Similarly, Johnson-
noise-limited NEP can be described as NEP = +/4kT/R. These
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relationships highlight the need for engineering efforts that not only
enhance responsivity and reduce dark current, but also approach the
theoretical limits dictated by the physics of noise. The scattering effects
that occur within the nanostructures when interacting with incident
light mainly influence the electronic mobility of materials (Fig. 2)
[63-65]. There are several sources of them including optical and
acoustic scattering, phonon scattering, electron-electron scattering,
electron-phonon scattering, interface scattering, and Coulomb scat-
tering at the lattice defects and charged impurities [66,67]. These
scattering effects result in reducing the responsivity of devices because
the light-induced charge carriers may scatter, for example by colliding
with an ion of the crystal lattice, on their way to the electrodes and
recombine to the valence band before arriving to the electrode, espe-
cially at a low bias voltage [68]. In fact, using a higher voltage can
reduce Schottky barrier height (SBH) and minimize scattering phe-
nomena, leading to an enhanced photocurrent but it also breaks down
the device structures and reduces their durability. Scattering phenom-
ena arising from phonons, defects, or interfaces are a major source of
performance degradation in IR PDs. While applying higher bias can
mitigate some of these effects, it also raises power consumption and risks
device breakdown. Strategies such as surface passivation, interface
smoothing, and low-defect synthesis have shown measurable benefits.
However, quantitative correlations between specific scattering mecha-
nisms and device performance are still underdeveloped. More system-
atic studies, including temperature-dependent transport analysis and
noise modeling, are needed to fully understand and mitigate scattering
in complex device architectures. Furthermore, the observed low
photocurrent is due to the combination of Coulomb scattering and
phonon scattering preventing the charge carrier’s transportation to the
electrode channel at high temperatures [68,69].

2.2. Strategies to overcome performance limitations

To systematically address the performance limitations of IR PDs,
recent research has pursued a multilayered strategy that can be broadly
categorized into three levels: (i) material-level modifications (e.g.,
doping, 2D materials), (ii) device-level architectural innovations (e.g.,
heterostructures, plasmonic coupling, dark current suppression), and
(iii) system-level engineering approaches (e.g., advanced fabrication
methods, metasurfaces, and integration techniques). This categorization
is not necessarily indicative of historical development or maturity, but
rather reflects a progression from foundational material tuning to
complex device enhancements and integration frameworks. This
framework reflects a progression from foundational material develop-
ment to advanced functional and scalable systems. IR PDs spans multiple
spectral regimes including near-infrared (NIR), mid-wave infrared
(MWIR), and long-wave infrared (LWIR) each requiring semiconductors
with appropriately narrow bandgaps to absorb photons efficiently in
those ranges. Traditionally, this role has been fulfilled by narrow-
bandgap materials such as mercury cadmium telluride (HgCdTe), in-
dium antimonide (InSb), and lead chalcogenides like PbSe and PbS.
These materials have established themselves as performance bench-
marks for high-sensitivity applications due to their high absorption co-
efficients, tunable bandgaps, and excellent detectivity, particularly
under cryogenic cooling conditions that suppress thermal noise and
achieve background-limited IR detection.

However, despite their exceptional performance, these traditional
materials suffer from several limitations that restrict their broader
commercial use. HgCdTe, for example, is highly sensitive to stoichio-
metric variation and requires complex, high-cost epitaxial growth pro-
cesses. InSb and PbSe offer strong mid-IR performance but often rely on
cooling systems and are not readily compatible with complementary
metal-oxide-semiconductor (CMOS) technologies [70,71]. Additionally,
toxicity, environmental concerns, and difficulty in flexible or large-area
integration remain persistent challenges. As a result, the field has seen a
growing push toward alternative material systems that support room-
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temperature operation, mechanical flexibility, and cost-effective fabri-
cation. One such class of emerging materials is solution-processed
quantum dots (QDs) notably HgTe, PbS, and PbSe QD which offer
bandgap tunability through quantum confinement effects and can be
fabricated via low-cost, scalable deposition techniques. These QDs have
demonstrated broadband IR absorption (from NIR to MWIR) and are
being explored for applications in flexible, wearable, or printed IR
sensors. Similarly, 2D materials such as MoSz, Ta2NiSes, and ReSez, as
well as quasi-one-dimensional systems like (TaSea):I, exhibit thickness-
dependent bandgaps, high responsivity, and enhanced light-matter
interaction. Their van der Waals nature allows for the stacking of het-
erostructures without lattice-matching constraints, enabling custom-
designed optoelectronic responses for IR detection [72].

In addition to individual materials, hybrid systems and photonic
architectures have emerged as powerful tools to enhance IR perfor-
mance. For instance, combining surface plasmon polaritons (SPPs) and
surface phonon polaritons (SPhPs) in atomically thin heterostructures
offers low-loss, dynamically tunable optical responses in the mid-IR to
terahertz range, surpassing the capabilities of bulk materials. Colloidal
indium tin oxide (ITO) nanocrystals have been shown to support tunable
plasmonic resonances, providing strong near-field enhancement for IR
absorption [73]. Meanwhile, nanostructured hybrid networks like Aer-
ographite decorated with ZnO nanocrystals enable broadband photo-
response from the ultraviolet to IR, representing a class of materials with
potential utility in multispectral imaging and broadband IR sensing
[74]. To fully leverage these advanced materials, precise interface en-
gineering and nanoscale characterization are essential. Emerging tech-
niques such as AFM-IR, IR nanospectroscopy, and optical-photothermal
IR-Raman microscopy now allow for chemical and structural mapping at
the nanometer scale, offering crucial insights into phase distribution,
defect density, and interfacial quality. These methods facilitate the
optimization of charge transport pathways, minimize trap states, and
ensure stable energy band alignment—all of which are vital for high-
efficiency, low-noise IR detection.

2.2.1. Doping

Doping is one of the effective and quite easy ways to enhance the
device’s performance. The important requirement of this method is the
compatibility between dopant and host material. Specifically, the con-
stituent elements should exhibit an atomic radius difference of less than
15 %, and their electronegativities must be relatively similar to avoid
significant mismatch. These are necessary conditions to substitute
dopants for atoms in the host lattice and avoid morphology deformation.
Dopants act as a role of donor or acceptor center that provides or re-
ceives excess charge carriers [75,76]. Due to the intermediate energy
level formation within the band gap of the host materials and the effect
of an enhanced electron-exchange potential, both the CB and VB en-
ergies are increased. Doping affects the band gap of materials leading to
improved optical absorption and enhanced properties of PDs such as
conductivity, defect states on structure, work function. To confirm
experimental results, the calculation and simulation reports have been
published. Jalaei et al. have designed and simulated a model of Se-doped
monolayer BP and showed the obtained properties for application to
fabricate near-Infrared (NIR) PDs [53]. Their calculations are based on
DFT and the nonequilibrium Green’s function (NEGF) to obtain the band
gap values and evaluate the device performance of both pristine BP and
monolayer BP doped with Se. The Se-doped BP photodetector, as pre-
sented through simulation in this work, exhibits a responsivity of
approximately 0.75 pA/W at 4 pm under 0.0001 W cm 2 excitation
intensity and moderate biasing conditions (Vg =1V, Vd = 0.5 V). While
this suggests improved mid-IR absorption relative to pristine BP due to
the reduction of the bandgap to ~0.4 eV, the absolute responsivity re-
mains substantially lower than that of numerous experimentally realized
van der Waals (vdW) heterostructure based PDs. For instance, BP/MoS:
heterojunctions and PdSez-based hybrid devices have demonstrated
responsivities above 500 mA/W with broadband sensitivity spanning
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0.2-4.6 pm, further emphasizing the gap between theoretical pre-
dictions and practical device performance in the case of Se-doped BP.
These disparities suggest that while Se-doping improves BP’s absorption
characteristics and IR responsivity in principle, the simulated device’s
performance must be validated experimentally and contextualized with
respect to prevailing device architectures and integration strategies.

Equally important is the evaluation of key performance trade-offs
that determine the applicability of these photodetectors in real-world
scenarios. A recurring limitation in high-responsivity photodetectors is
their inherently slow response time, a consequence of prolonged carrier
lifetimes or interfacial trapping in layered or quantum dot-based struc-
tures. For example, MoS2/graphene/WSe2 p-g-n heterostructures
exhibit increased responsivity with added graphene layers, but this also
extends the carrier transit path and introduces mobility degradation,
ultimately slowing the device’s temporal response. A similar
responsivity-speed trade-off is observed in TMD/OD hybrid systems,
where ligands on quantum dots introduce resistive interfaces that hinder
fast carrier transport.

Nevertheless, some recent developments aim to decouple this trade-
off; for instance, MoS: hybridized with CulnSez quantum dots has shown
both ultrahigh responsivity (74.8 A W™!) and drastically improved
response times (0.8/1.5 s rise/decay), attributed to engineered depletion
regions that suppress persistent photoconductance. Parallel to this, the
detectivity (D*) of IR PDs is strongly impacted by noise performance,
particularly dark current, which is elevated in narrow bandgap materials
like BP [77]. Strategies such as type-II band alignment and band-offset
engineering in PdSe>-MoS: and BP/MoS./graphene pBp hetero-
structures have proven effective in reducing noise and increasing D* by
minimizing carrier recombination and suppressing unwanted leakage
currents. Moreover, the introduction of interfacial blocking layers (e.g.,
GeO:z or Al:0s) has successfully lowered dark current in Ge- or TMD-
based systems, although often at the expense of carrier injection effi-
ciency and overall responsivity [78]. The optimization of these design
parameters band alignment, interfacial quality, and contact engineering
remains pivotal in balancing responsivity, speed, and detectivity. In this
context, the current simulation-based performance of Se-doped BP PDs,
while encouraging, requires further experimental validation and archi-
tectural innovation to achieve parity with state-of-the-art 2D
heterostructure-based IR photodetectors. Thus, a comprehensive and
quantitatively driven evaluation framework is essential to advance the
rational design of high-performance IR PDs. Although Se doping in BP
can influence its electronic structure, the observed photoresponse under
4 pm illumination is only 0.75 pA/W, which is insufficient for practical
mid-IR applications. Furthermore, 4 pm lies in the mid-IR region, not
near-IR, as sometimes misclassified. As a result, the band-to-band energy
of Se-doped BP is 0.4 eV which is half that of a pristine BP sample. Under
the illumination of a range of NIR wavelengths (from 3 pm to 5 pm), BP
doped with Se exhibits a significant increase in absorption as a function
of wavelength, and the simulated responsivity reaches 0.75 pA W — 1 at
4 pm light [79]. Therefore, PDs based on Se-doped BP has emerged as a
potential candidate for NIR region. BP, a layered 2D material with
remarkable optoelectronic versatility, has emerged as a highly prom-
ising candidate for photodetection in the mid-infrared (mid-IR) region,
owing to its intrinsic anisotropy, high carrier mobility, and tunable
direct bandgap. The bandgap of BP varies with layer thickness from
approximately 2.0 eV in monolayer form to ~0.3 eV in the bulk enabling
broadband optical absorption spanning from the visible to infrared
spectrum. This tunability, coupled with its strong in-plane anisotropic
behavior, makes BP not only suitable for broadband IR detection but
also advantageous for polarization-sensitive optical systems. To eval-
uate its potential further, a comprehensive investigation combining
density functional theory (DFT), finite-difference time-domain (FDTD)
simulations, and electrical modeling was conducted to examine the in-
fluence of selenium (Se) doping on BP’s electronic and optical proper-
ties, as well as its device-level performance in FET configurations.

Se-doping was found to substantially modify the electronic structure
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of BP, narrowing the bandgap from 0.88 eV (direct) in pristine mono-
layer BP to 0.4 eV (indirect) in the doped material. This shift effectively
extends the material’s absorption edge deeper into the mid-IR regime,
enhancing its capability to detect photons in the 3-5 pm range. The
simulations revealed a marked increase in optical absorption within this
range, attributed to the reduced bandgap and increased refractive index,
which together promote stronger light-matter interaction and pro-
longed photon residence time within the active layer. These character-
istics are especially valuable for mid-wave infrared photodetection,
where strong and selective absorption is essential for achieving high
responsivity. On the electrical front, Se-doped BP retains the favorable
charge transport characteristics of pristine BP, including high carrier
mobility and pronounced gate tunability, both critical for phototran-
sistor operation. A 12 nm-thick Se-doped BP-based FET was modeled
and evaluated under varying illumination and gate bias conditions. The
electrical measurements, including output (IDS-VDS) and transfer
(IDS-VGS) characteristics, confirmed the formation of low-resistance
ohmic contacts and the generation of photocurrent under IR illumina-
tion. The device exhibited a linear increase in photocurrent with
increasing light intensity, demonstrating efficient generation and sepa-
ration of electron-hole pairs. Most notably, the Se-doped BP FET ach-
ieved a responsivity of approximately 0.75 pA/W at a 4 pm wavelength
under specified biasing conditions. This value, although moderate
compared to traditional photodetector materials, reflects a significant
enhancement over undoped BP devices operating in the same spectral
window, underscoring the impact of doping in tuning optical response.

Otherwise, researchers have to control dopant composition because
some previous publications have reported that excess doping can widen
the band gap width [45,52]. This can be explained by the Burstein-Moss
effect which the Fermi level lifts into CB due to spare carriers filling the
lowest states of CB of host materials [80]. The inhibition of dark current
in photodetectors through doping is primarily attributed to the Burstein-
Moss effect. This phenomenon occurs when doping increases the carrier
concentration, causing a shift of the Fermi level into the conduction
band. The doping in IR PDs requires greater technical precision and
clarity. Rather than an oversimplified overview, it is important to
recognize that doping impacts device performance through distinct
mechanisms, such as modulating carrier concentration, reducing contact
resistance, and controlling recombination processes. For example,
doping near metal contacts creates heavily doped regions that reduce
the Schottky barrier width, significantly lowering contact resistance and
enabling more efficient carrier injection and extraction, which directly
improves photocurrent and reduces noise. Reducing contact resistance
has emerged as a key strategy to enhance carrier injection and improve
responsivity in IR photodetectors, particularly those based on 2D ma-
terials. Techniques such as work function engineering, interface
passivation, and use of doped contact layers have led to significant im-
provements. Nevertheless, achieving ohmic or low-barrier contacts with
high reproducibility remains difficult, especially for narrow-bandgap or
ambipolar materials. In addition, trade-offs between contact resistance
and interface stability need to be carefully balanced. Future research
should prioritize scalable, low-temperature processes for contact opti-
mization and explore novel interfacial layers that minimize Fermi level
pinning. Additionally, carefully engineered doping profiles can generate
built-in electric fields that enhance carrier separation and response
speed. However, excessive doping can increase free carrier absorption
and dark current, degrading detector sensitivity. Furthermore, the
commonly mentioned Burstein-Moss effect, where heavy doping shifts
the Fermi level and widens the apparent bandgap, is of limited practical
relevance for IR PDs because it reduces infrared photon absorption and
thus responsivity. Therefore, a balanced doping strategy aimed at opti-
mizing conductivity and minimizing noise without compromising
infrared absorption is crucial. A detailed and well-supported explanation
of these effects is necessary to fully capture the challenges and strategies
involved in doping engineering for IR PDs.

Fig.3 provides important insights into how doping can be used to
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engineer the electrical properties of MoSez, a layered TMD, which is
highly relevant for its application in IR PDs. Understanding and con-
trolling the carrier type (n-type or p-type), mobility, and contact char-
acteristics in MoSez FETs emphasizing how different dopants (V, Fe, Nb)
modulate carrier type, transport properties, and metal-semiconductor
contact characteristic and directly impacts the design and performance
of IR PDs, especially those relying on photogating, photoconductive, or
photovoltaic mechanisms. In Fig.3a, the fabrication process of back-
gated MoSe: FETs is schematically presented, typically involving exfo-
liated MoSe: flakes placed on a SiO2/Si substrate, with patterned source
and drain electrodes forming the device structure. Fig.3b shows the
transfer characteristics (IDS-VBG) of an undoped MoSe: transistor,
which exhibits typical n-type behavior, where electrons are the domi-
nant charge carriers. The device displays a relatively low mobility of 2.3
x 1072 em? V! s7! significantly below literature values primarily due
to surface defects in the MoSe: flakes that introduce short-range carrier
scattering. The threshold voltage (Vth) of —32 V and limited drain
current also reflect high contact resistance at the metal-semiconductor
interface, indicative of a Schottky contact with Au electrodes. Figs.3c
to3e compare the IDS-VBG characteristics of MoSez doped with V, iron
Fe, and Nb. For V- and Nb-doped devices (Fig. 3c and e), the drain
current increases as the gate voltage becomes more negative, indicating
hole-dominated conduction and confirming a conversion to p-type
behavior. This arises because both V and Nb have fewer valence elec-
trons than molybdenum (Mo), and thus act as acceptor impurities when
substituting Mo atoms in the lattice. These dopants trap electrons and
enhance hole concentration, causing a significant shift in carrier type.
Consequently, the on/off current ratio in these p-type devices differs

drastically from that of the intrinsic n-type MoSez, since holes originally
minority carriers now dominate conduction. The near-linear IDS-VBG
curves observed are likely due to high doping efficiency, which increases
hole density and minimizes gate modulation. V-doped MoSe: achieves
the highest mobility among all samples at 6.2 cm? V! s~!, while Nb-
doped MoSe: reaches 2.3 cm? V™! s!. Notably, no clear threshold
voltage could be extracted for these p-type devices due to their inability
to fully switch off within the tested gate voltage range. In contrast, Fe-
doped MoSe: (Fig. 3d) retains n-type characteristics. The IDS increases
with more positive gate voltage, consistent with electron-dominated
conduction. This is because Fe, having more valence electrons than
Mo, donates additional electrons, shifting the Fermi level closer to the
conduction band and raising electron concentration [81]. The threshold
voltage of —42 V, more negative than the undoped case, reflects this
Fermi level shift. However, the on/off ratio remains relatively un-
changed compared to the intrinsic device, as the small increase in
electron concentration does not significantly alter the carrier profile in
an already n-type system. The mobility for Fe-doped MoSe: is moderate
at 0.62 cm? V™! s7l. Finally, Fig.3f and g schematically depict the
contact interfaces between Au and both n-type and p-type MoSe. Fig. 2f
illustrates the Schottky barrier formed at the Au/n-type MoSe: interface,
which arises due to a work function mismatch—specifically, the higher
work function of n-type MoSe: relative to Au—creating a potential
barrier that impedes efficient electron injection. This explains the
limited current and contact resistance observed in undoped and Fe-
doped devices. Conversely, Fig.3g shows an Ohmic contact between
Au and p-type MoSe-. In this case, the lower Fermi level of p-type MoSe2
(due to hole dominance) aligns better with Au, reducing the barrier and
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enabling more efficient hole injection. This contact behavior contributes
significantly to the improved electrical performance of the V- and Nb-
doped p-type devices.

The synergistic combination of doping, ferroelectric modulation, and
2D materials represents a promising strategy for developing high-
performance, low-noise photodetectors. Fig. 4. provides a clearer visu-
alization of how various dopants impact device performance, aligning
with the mechanisms discussed in the review (e.g., substitutional
doping, Burstein-Moss effect, defect-state engineering, and others).
There are several dopants classified into two main types: inorganic and
organic, as listed in Table 1 [1,45,81-100]. It can be seen that dopants
exhibit the enhanced performance of IR PDs when compared with
pristine materials and have more space to research. Beyond doping-
based material tuning, 2D materials and their heterostructures offer
additional pathways to enhance photodetector performance through
quantum confinement, interface engineering, and tailored band struc-
tures, as detailed in the following section. While the literature demon-
strates a broad array of dopants and performance enhancements for IR
photodetectors, certain trends can be distilled to guide future research.
Transition metal dopants such as V, Nb, and Fe consistently improve
carrier mobility and modulate the Fermi level to favor either p- or n-type
conduction, thereby enhancing responsivity and reducing contact
resistance. Halogen dopants (e.g., Cl, I) are effective in adjusting band
alignment and defect states, often leading to improved response speed
and reduced noise. Organic dopants such as benzyl viologen offer flex-
ibility and are especially suited for hybrid or wearable systems, though
often at the cost of stability and scalability. Across studies, responsivity
gains range from modest improvements (~0.5 pA/W) to several orders
of magnitude (>10* A/W), depending on the material system, device
architecture, and dopant incorporation method. However, common
trade-offs include increased dark current at high dopant concentrations
(due to free carrier absorption), slower response times in highly resistive
interfaces, and diminished absorption in cases where the Burstein-Moss
effect widens the bandgap. Achieving optimal performance thus requires
a careful balance selecting dopants and concentrations that enhance
conductivity and absorption while minimizing recombination and
leakage. A unified understanding of doping mechanisms such as carrier
modulation, barrier tuning, and trap-state suppression is critical for
rationally designing next-generation IR PDs with tailored spectral
sensitivity and low noise. Beyond doping-based material tuning, 2D
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materials and their heterostructures offer additional pathways.

2.2.2. 2D Materials and heterostructures

2.2.2.1. Precision nanofabrication and optimization of low-dimensional
materials. Low-dimensional materials bring researchers various op-
tions for the architecture design of a high-performance design due to
exceptional inherent features of the spatial structure used (Table 2 and
Fig. 5) [102-126]. Zero-dimensional (0D) nanostructures (e.g quantum
dots, nanoparticles, nanocages, nanospheres, etc.) are found to have the
ability to confine the electron in all three spatial dimensions and provide
attractive fundamental physical properties such as the quantum
confinement effect, and the Coulomb blockade effect [127]. Based on
the size of quantum dots, confined electrons have higher energy than the
electrons in the bulk counterpart. In the quantum dot structure, elec-
trons are completely confined in all three spatial dimensions, so the
scattering of electrons is enhanced at the boundaries of the dot [127].
One-dimensional (1D) nanomaterials, such as semiconductor nanorods,
have widely attracted interest among the research community since they
usually have special shapes, a simple synthesis process, a high surface-
to-volume ratio, abundant chemicals in nature, cost-effective (small
quantity of material), and a highlight point is that in the optoelectronic
field they can provide a direct path for the excited charge carriers to
move from the active components to the electrodes [128,129].
Starting from the first production of single-layer graphene through
the Scotch Tape method by Andre Geim and Konstantin Novoselov in
2004 and the Nobel Prize in Physics 2010 for this achievement [130]
more and more 2D nanomaterials have been discovered. 2D materials
have become a new trend in optoelectronic devices due to their large
surface area, and exceptional optical and electrical properties
[131,132]. The low-density surface states of dangling bonds of 2D ma-
terials can minimize performance degradation caused by surface states
and are easily combined with other photonic structures such as wave-
guides [133] to enhance the light absorption capability of the active
materials. In addition, a prominent feature of 2D materials is the exis-
tence of weak Van der Waals bonds instead of conventional covalent
bonds in the out-of-plane direction of the material [134,135]. Therefore,
layers of 2D materials can be easily stacked on top of each other in the
longitudinal direction to create heterostructures without lattice
mismatch at the interface which occurs in bulk materials [136]. Another
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Table 1
Species of dopant that used for IR PDs in previous publications.
Dopant Structure Performance Ref.
Au Au NPs-doped single-walled carbon % = 1500 nm: R = 476 m pA/W; D* = 1.0 x 10'2 Jones [1]
nanotube-germanium (SWCNT/Ge)
Au InSe/ Au-doped InSe A =980 nm, 1 V: R = 7870 pA/W; D* = 1.5 x 10'® Jones [971
B B-doped Si/Ge QDs A = 3.4 um: R = 0.83 pA/W; D* = 8.1 x 10'° Jones [96]
Be Be-doped AlAsSb/GaSb A=13pm:R=0.13A w! [101]
Cl ReSe,/ Cl-doped ReSe, A =980 nm: R = 4.96 x 10° PA/W; 1, = 1.4 ms and 7¢ = 3.1 ms [91]
Co Co-doped CdS/ZnO A =820 nm: R =0.22 pA/W; D* = 3.1 x 10! Jones; EQE = 24.3 %; 7, = 7 s and 1y = [94]
40's
Inorganic type
Fe Fe-doped MoSe, A = 1550 nm: I, = 0.8 nA [90]
H H-doped single-crystal VO, nanoparticles A =780 nm: R = 35,280 pA/W; D* = 1.12 x 10'3%; 7, = 0.6 ns and ¢ = 2.5 ns [92]
Mn Mn-doped CulnSe, % =780 nm: R = 30 m pA/W; D* = 4.2 x 102 Jones; 7, = 1.9 ps and t¢ = 0.76 s [89]
N N-doped multiwalled carbon nanotubes A =1550 nm: R = 0.388 ptA/W; EQE = 31.1 %; 7, = 11 sand 17t = 95, A = 1064 nm: R [87]1
(MWCNT) = 0.312 pA/W; EQE = 36.3 %; 7, = 10.4 s and tr = 14 s
Te p-type Si/ n-type Te-doped Si A =1 pm: D* = 3.2 x 10'2 Jones [85]
A =1.12pm: R =79 mA/W
A =1.55pm: R = 0.3 mA/W
Te Te-doped GaAsSb NWs A= 1.2 pm: R = 580-620 pA/W; D* = 1.2-3.8 x 10'? Jones [84]
Te Te-doped GaAsSbN NWs % =1100 nm: R = ~3800 pA/W; D* = 3.2 x 10'° Jones [83]
\Y V-doped MoS, with Mo vacancy A = 2240 nm: R = 2800 m pA/W; D* = 1.85 x 10'° Jones; 7, = 27 sand 1= 31 s [82]
A% V-doped MoSe, A = 1550 nm: I, = 73.2 nA [81]
A =10 pm: R = 1.26 m pA/W
w W-doped VO, NWs A =980 nm: R = 21.4 m pA/W; 1, = 228 ms and 1¢ = 206 ms [99]
Organic type
Benzyl Viologen (BV) p-type Al,O3-BP/ n-type BV- doped BP A=1.47 ym: R = 180 m pA/W (V = 5mV, P = 50 W cm™~2); 7, = 15 ms and 7; = 30 ms; [98]
Benzyl Viologen (BV) n-type BV-doped PMDPP3T:PCg;BM A =850 nm: R = 0.56 pA/W; D* = 5.56 x 10'2 Jones; EQE = 87 % [45]
Polyacrylic acid (PAA) PAA-doped Graphene/Ge A = 1550 nm: R = 1.27 pA/W; D* = 9.6 x 10° Jones [100]
Tris(pentafluorophenyl) p-type BCF-doped PMDPP3T:PCg;BM A =850 nm: R = 0.56 pA/W; D* = 5.11 x 102 Jones; EQE = 86.1 %; t, = 126 ysand ~ [45]

borane (BCF)

Te=18 ps

interesting feature of 2D materials is their smaller volume compared to
3D materials, leading to strong light-matter interactions per unit volume
and facilitating photoexcitation of electron-hole pairs [79,137].
Following the success of graphene, the family of 2D materials has widely
been exploited for the next generation of IR PDs. Relying on the sig-
nificant effort of researchers, more and more potential 2D nano-
structures are expected to be applied to real-world applications. 2D
materials possess outstanding properties consisting of high charge car-
rier dynamic, tunable optical band gap, large specific surface area, high
mobility, and flexibility. [138-141] For example, Li et al. proposed a PD
based on a 2D layered material Bi202Se which has weak electrostatic
forces instead of van der Waals between the Bi202 and Se layers. This
unique lattice allows the band gap of the material to reach a suitable
value of 0.8 eV according to its absorption ability in the IR region [142].
These devices exhibited exceptional performance with responsivity of
6.5 A/W, detectivity of 8.3 x 10'! Jones, and response time of 3.2 ms
under 808 nm light illumination at room temperature (300K). In a
different study, Liu et al. used the unique properties of SnTe of large
surface-to-volume ratio, high carrier mobility, and low carrier scattering
to develop a NIR PDs structure on mica substrates with high-
performance parameters under 980 nm laser exposure for flexible de-
vices (R = 698 mA/W° D* = 3.89 x 10° Jones, 7, = 1.45) [142,143]. In
addition to common 2D nanostructures (such as graphene, hexagonal
boron nitride (hBN) [144,145], BP [146,147], TMDs have become a
major research focus due to their diverse chemical compositions and
highly tunable properties [148,149] TMDs generally take the form MXa,
where M is a transition metal and X is a chalcogen (Se, S, or Te). Each
layer consists of strong covalent bonds between the metal and chalcogen
atoms, giving rise to excellent mechanical strength [150]. These layers
are stacked together via weak van der Waals forces, forming a layered
crystal structure [151]. This unique combination of bonding and
stacking offers substantial potential for enhancing the performance of IR
PDs.

Currently, researchers have used sophisticated and highly precise
manufacturing methods to synthesize low-dimensional nanomaterials
with high purity and good contact surfaces to create PDs with high
performance. Methods based on the bottom-up approach have widely
been used that allow the development of complex structures from small
molecules of the initial components. The most common methods of the
bottom-up approach are chemical vapor deposition (CVD), sol-gel, and
self-assembly techniques [152-155]. In contrast to bottom-up, top-down
nanofabrication is composed of advanced techniques such as lithog-
raphy, CVD, physical vapor deposition (PVD), and so on which scale
down from large materials to the nanoscale [156-160]. The top-down
approach is efficient for large-scale production due to its highly pre-
cise and prompt control [161-168]. In addition, the template-based
hybrid nanofabrication takes advantage of both bottom-up and top-
down methods, and it often uses templates to control the assembly of
nanomaterials to design the expected device structures [169,170].

Despite their exceptional optoelectronic properties, the integration
of TMDs such as MoS: and layered metal chalcogenides like PdSe: into IR
PDs architectures presents several unresolved challenges. MoSz, for
instance, offers a tunable bandgap and high on/off ratios, yet suffers
from nonuniformity in large-area films synthesized via CVD. These films
often exhibit grain boundaries, sulfur vacancies, and surface roughness,
all of which introduce trap states that degrade charge transport and
increase noise. Contact resistance remains another major bottleneck;
forming low-barrier, stable ohmic contacts to MoS: is notoriously diffi-
cult due to Fermi level pinning and interface contamination, often
requiring metal work function tuning or insertion layers. PdSe:, a rela-
tively newer layered semiconductor, has garnered attention due to its
air-stable, narrow-bandgap characteristics suitable for LWIR photo-
detection. However, it faces other material-specific hurdles: it is not yet
widely supported by scalable synthesis protocols, with most demon-
strations relying on mechanical exfoliation or small-scale transfer
methods. This limits its potential for wafer-scale fabrication and batch
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Table 2

Representative 2D heterostructures-based IR PDs and their performances.
2D heterostructures Fabrication Method Performances of IR PDs Ref.
2D/0D
Graphene/HgTe Wet transfer A= 2.5 pm; R = 6.5 mA/W; D* = 10° Jones [104]
SnSe,/Sn0, Drop casting IR; R = 6.51 mA/W; 1r = 0.93 s. [105]
2D/1D
Graphene/InAs NWs Wet transfer A =1pm; R = 0.5A/W; Ion/Ioff =5 x 102 [106]
MoS,/WS, NRs Hydrothermal A = 1064 nm; D* = 17 x 10° Jones. [107]
2D/2D
MoS2/BP Dry transfer A = 1550 nm; R = 153.4 mA/W; D* = 2.13 x 10° Jones; tr = 15 ps and tf = 70 ps [102]
Graphene/BP Dry transfer A = 1550 nm; Iph = 45 pA; R = 1.3 x 10° [108]
InSe/PdSe, Dry transfer A =1250 nm; R = 161 A/W.A = 1400 nm; R = 120 A/W.A = 1550 nm; R = 90.5 A/W. [177]
WS,/Si Wet transfer A =980 nm; R = 224 mA/W; 1r = 16 ps and tf = 29 ps. [178]
MoTe,/Graphene Dry transfer A = 1064 nm; R = 970.82 A/W; D* = 1.55 x 10! Jones; G = 4.69 x 10%; tr = 78 ms and tf = 375 ms [179]
BP/Biy0,Se Polystyrene transfer method A =1.3 ym; Iph = 17 pA; R = 0.89 A/W; QE = 84 %; D* = 1.14 x 10'° Jones. [110]
Graphene/MoTey/ Dry transfer A = 1064 nm; R = 110 mA/W; EQE = 12.9 %; tr = 24 ps and tf = 46 ps [111]

Graphene
Graphene/PdSe,/Ge Wet transfer % =980 nm; R = 691 mA/W; D* = 1.73 x 102 Jones; tr = 6.4 ps and f = 92.5 ps [113]
v-InSe/Ge Dry transfer % = 1550 nm; R = 9.78 A/W; D* = 5.38 x 10'! Jones; tr = 46 ps and tf = 32 ps [114]
Graphene/MoTe,/ Wet transfer A = 1064 nm; R = 635 A/W; D* = 2.26 x 10° Jones; tr = 19 ps and tf = 34 ps. [115]
Graphene
SnTe/Bi,Ses Ex situ PVD A = 1064 nm; R = 635 A/W; D* = 2.26 x 10° Jones; tr = 19 ps and tf = 34 ps. [116]
Bi;0,Se/MoSe, Wet transfer A =780 nm; R = 0.413 A/W; D* = 3.7 x 10'! Jones. [117]
WSey/a-In,Ses Dry transfer A =980 nm; R = 2.21 A/W; D* = 9.52 x 10'° Jones; tr = 4.3 ms and tf = 6.4 ms. [118]
Te/MoSy Dry transfer A =1550 nm; R = 4 A/W; D* = 3.4 x 10° Jones. [119]
Bi;0,Se/InSe Dry transfer A =980 nm; R = 13.3 mA/W; D* = 2.06 x 1011 Jones. [120]
Graphene/WS,/n-Si Thermal Evaporation ) = 800 nm; R = 54.5 A/W; D* = 4.1 x 1012 Jones; tr = 45 ps and tf = 210 ps. [121]
Deposition
2D/3D
PdSe,/CdSe Wet transfer A =10.6 pm; R = 324.7 mA/W; D* = 3.3 x 10'2 Jones; Ion/Ioff = 2.8 x10°; 1, = 4.9 ps and tf = 8.3 ps [122]
WS,/AlOx/Ge Dry transfer A = 1550 nm; R = 634.5 mA/W; EQE = 50.8%; D* = 4.3 x 10" Jones; 1, = 9.8 ps and ¢ = 12.7 ps. [123]
WS,/ Si Wet etching A =980 nm; R = 20 mA/W; D* = 4.3 x 10'° Jones; 7, = 4.5 ps and tf = 21.7 ps (V = OV). [124]
_ R — . — 6. D — 13 P _ _

WS,/pyramid i Wet transfer 2\7)980 nm; R = 182 mA/W; Ion/Ioff = 2.6 x 10°; D* = 3.7 x 10"~ Jones; 7, = 5.2 ps and ©f = 22.3 ps (V = [125]
BP/HgCdTe Dry transfer A = 4.3 pm; R = 193 mA/W; Ion/Ioff = 104; D* = 7.93 x 10'° Jones. [126]
MoS,/PbSe Wet transfer A =808 nm; R = 19.7 A/W; Ion/Ioff = 102; D* = 2.65 x 10'° Jones. [103]

processing. Moreover, its surface and interface chemistry under high-
temperature or prolonged operational stress is not yet fully under-
stood, raising concerns about long-term device stability and environ-
mental tolerance. Integration with CMOS platforms presents additional
complexity for both MoS: and PdSe:. The high processing temperatures
of back-end-of-line (BEOL) CMOS fabrication are often incompatible
with these materials, which degrade or delaminate above ~400 °C.
Additionally, cross-contamination between chalcogenide species and
silicon-based dielectrics must be carefully mitigated, requiring the
introduction of diffusion barriers or passivation layers. Without
addressing these factors, the excellent lab-scale performance metrics
(such as responsivity >1 A/W or D* >10° Jones) achieved using these
materials may not translate into commercially viable IR sensor arrays.

2.3. Architecture design of 2D heterostructures

Simultaneously, the heterostructure formation in order to combine
individual properties of 2D materials and different low-dimensional
materials has attracted more attention to be studied deeper. It can
open a new approach to improve the performance of previous IR PDs
designs that are based on only one material [171]. Up until now,
designing heterostructures between 2D and other low-dimensional ma-
terials has been introduced as the most effective to enhance the per-
formance of IR PDs. By combining the unique properties of individual
materials, PD operation can overcome the natural obstacles of the in-
dividual materials via device compositions and extend the PD applica-
tion range. The difference between two combined materials can help
improve the performance of devices significantly [172,173]. The
architectural design of 2D heterostructures plays a vital role in

enhancing the performance of infrared photodetectors by enabling
efficient charge separation, tailored band alignment, and reduced
recombination losses. Vertical van der Waals heterostructures, formed
by stacking atomically thin layers such as MoSz, WSez, and graphene,
offer clean interfaces and strong interlayer interactions. Type-II band
alignment facilitates spatial separation of photo-generated carriers,
improving responsivity and carrier lifetime. Incorporating transparent
electrodes like graphene enhances light absorption and charge

Transfer
/ Process \
Bottom-up Top-down
Strategies nerared Strategies

Photodetectors
| g |

Fig. 5. Schematic of low-dimensional materials and nanofabrication procedure
for IR PDs.
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collection. Additionally, interface engineering, strain modulation, and
integration of tunneling barriers or dielectric layers further improve
signal-to-noise ratio, making 2D architectures highly promising for next-
generation IR sensing applications (Fig. 6).

The high potential barrier and the formation of a built-in electric
field at the interface play a critical role in separating photogenerated
electron-hole pairs. This separation not only prevents early recombina-
tion but also extends the carrier lifetime, resulting in an enhanced
photocurrent. Furthermore, IR PDs in 2D materials and their hetero-
structures operates through a combination of interdependent mecha-
nisms, which are highly influenced by the selection of materials and the
design of the device architecture. The process typically begins with the
absorption of IR light by a 2D material that possesses a suitable bandgap
such as BP or certain TMDs, including MoTez and WSe that can effi-
ciently absorb photons in the IR spectrum. Upon absorption, electron-
hole pairs are generated, either as free carriers or excitons, depending
on the intrinsic properties of the material. For efficient photodetection,
these carriers must be swiftly separated and transported to avoid
recombination losses. In 2D heterostructures, this separation is effec-
tively facilitated by built-in electric fields at the interface, which origi-
nate from work function differences between materials or from p-n
junction formation. These internal fields not only support carrier
dissociation but also enhance directional carrier transport, contributing
to improved detector sensitivity and performance. These internal fields
drive the spatial separation of electrons and holes across the hetero-
interface, enhancing carrier collection. Moreover, the integration of
complementary 2D materials can lead to synergistic effects that further
boost performance. For example, graphene can provide ultrafast carrier

Infrared Photodetectors

(Currently remarkable challenges)
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transport due to its high mobility, while TMDs offer strong light ab-
sorption, creating a hybrid system that leverages the strengths of each
material. Additionally, band alignment engineering plays a critical role,
where type-II heterojunctions are often favored for efficient carrier
separation. Tailoring these alignments through material selection or
external biasing enhances charge transfer and minimizes energy barriers
[56,146,174-176]. The geometry of the heterostructure whether verti-
cal or lateral also influences the detection mechanism, with vertical
stacks benefiting from strong interlayer fields and lateral designs offer-
ing better planar integration. Together, these factors define the funda-
mental photodetection process in 2D materials, and optimizing them is
key to advancing the performance of next-generation IR PDs. In addi-
tion, the disparity in the energy levels of the conduction and valence
bands of the materials can exhibit different results depending on the
characteristics of the used materials. Fig. 7 presents the overview of
responsivity versus various wavelengths of 2D materials heterojunction
PDs [15].

2.3.1. Dark current reduction

Dark current is defined as the current obtained by electrodes when
there is no incident light falling on the PD. There are several possible
sources of dark current in IR PDs listed such as the Shockley-Read-Hall
effect in the depletion region of the heterostructure, surface leakage
current at the surface of semiconductors due to defect density, therm-
ionic emission, field-assisted emission, ground state sequential
tunneling. In addition, Dark current poses a major limitation to the
sensitivity, noise performance, and overall efficiency of IR PDs. Under-
standing the various mechanisms contributing to dark current is

Reduce the bandgap

Utilization of conducting oxide as a transparent electrode
Widen depletion region

Architecturization to change incident light parth at the surface

Doping to reduce Schottky barrier

Edge contact geometry

Phase engineering selected areas below Metal electrodes
Mismatch between substrates and deposition materials

e Encapsulation of High-k dielectric materials
e Surface treatment
e Mismatch between substrates and deposited materials

Band alignment engineering
Adding interfacial barrier
Electrical field modulation

Light detection at low density
Subsrtate thickness modifucation

Fig. 6. 2D heterostructure design enhances charge separation and IR detection.
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essential for devising strategies to suppress it and improve photodetector
performance across diverse material platforms and device architectures.
One of the most prevalent sources of dark current is defect-related
conduction. In GeSn-based photodetectors, for instance, low-
temperature epitaxial growth and lattice mismatches with substrates
can introduce a high density of structural defects. These defects act as
generation-recombination centers that facilitate unwanted charge car-
rier generation, particularly under low-Sn compositions. As the Sn
content increases, the dominant dark current mechanism shifts toward
generation current from the bulk material. Similarly, perovskite-based
IR PDs suffer from substantial dark current due to uncontrolled charge
carrier injection, defect traps, and morphological instability in the
photoactive layers. These effects are closely linked to the film quality
and the specific configuration of the device stack, such as interfaces
between layers and electrode materials [180-182]. Trap-assisted dark
current is another critical contributor, especially in organic and hybrid
IR PDs. Imperfections in the active layer or at interfaces can form trap
states that enable thermally activated carrier generation. These trap-
assisted processes lead to elevated noise levels and reduced detectiv-
ity. Therefore, minimizing trap densities through material purification,
interface passivation, or optimized fabrication techniques has been
shown to systematically reduce dark current in these systems [183].
Tunneling and leakage currents also play a significant role, particularly
in narrow-bandgap or type-II superlattice photodetectors such as InAs/
GaSb systems. In these devices, carrier tunneling can occur across the
junction even in the absence of illumination, especially under high bias
or high doping conditions. The superlattice period and doping concen-
tration critically influence the extent of tunneling, making the control of
structural parameters an important design consideration for minimizing
dark current [184]. Another often overlooked but increasingly impor-
tant contributor is surface dark current, particularly in miniaturized III-
V IR PDs [185]. As device dimensions shrink, surface effects become
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more dominant compared to bulk conduction mechanisms. Surface
recombination, unsaturated dangling bonds, and unpassivated edges
create leakage pathways that contribute to dark current [186-190].
Despite advances in bulk defect engineering, surface dark current
mechanisms remain insufficiently understood and require further study
to develop effective passivation techniques and device structures that
can mitigate these effects. The dark current is one of the factors that limit
IR device performance because it determines the highest possible
operating temperature and power consumption of PDs [55] Therefore,
reducing the dark current is one of the main missions for scientists when
proposing to enhance the performance of IR PDs. In heterostructured
systems, the interfacial potential barrier plays a crucial role in signifi-
cantly suppressing dark current. This barrier height can be effectively
modulated through better alignment of the constituent materials’ Fermi
levels. Photodetectors incorporating multilayer PdSe. and Pt/Au elec-
trodes have demonstrated enhanced Schottky barrier heights, contrib-
uting to a substantial reduction in dark current [178,179,182,191].
However, this large resistance at the contact between an active
material and electrodes decreases the photogenerated carrier collection
so the device photoresponse decreases. However, the photo-to-dark
current ratio of the PdSe, PDs is still relatively small since there is no
considerable difference in device the device response with and without
10.6 pm light exposure. To this end, Long et al. approached a strategy to
build a heterostructure based on weak Van der Waals forces between 2D
nanomaterials. In detail, p-type PdSe; is combined with n-type MoS; to
form a Van der Waals heterostructure junction, and the built-in elec-
trical field at the interface will help reduce the dark current of PDs by
deflecting electrons in a certain direction. The IR PDs based on graphene
nanowalls (GNWSs) on a silicon substrate with the existence of irregular
Au nanoparticles (NPs) were proposed. The introduction of Au NPs en-
sures that the dark current is not too large and it also helps to adjust the
work function of GNWs leading to a decrease in the potential barrier
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Fig. 7. Overview on responsivity of PDs using 2D heterostructures. Reproduced with permission from ref. [15] Copyright 2022 American Chemical Society.
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height of this nanostructure. Liu et al. have compared the photoresponse
of GNWs/Si, Au/GNWs/Si, and GNWs/Au/Si structures, respectively,
and realized that PDs based on GNWs/Au/Si exhibit the lowest dark
current at zero bias voltage and the largest photocurrent under 1550 nm
illumination [192]. Up to now, many research teams have made a huge
effort to study another method that can bring benefits in both dark
current reduction and device performance improvements. Ferroelectric
materials can eliminate dangling bonds and interface traps induced by
charged impurities when they act as a passivation layer [193]. The
integration of ferroelectric materials with 2D semiconductors such as
MoSz, WSez, and MoTe: has proven to be a highly effective strategy for
improving photodetector performance [194-197]. This combination
utilizes the spontaneous polarization inherent in ferroelectric materials
to generate an internal electric field that significantly enhances charge
carrier dynamics at the heterojunction interface. The built-in field fa-
cilitates the efficient separation and transport of photogenerated elec-
tron-hole pairs, minimizing recombination losses and resulting in
increased photoresponsivity, enhanced external quantum efficiency
(EQE), and faster response times [198-200]. Notable examples include
photodetectors based on 2D ferroelectric perovskites like PMA2PbCls,
which exploit the combined effects of ferroelectricity, pyroelectricity,
and photoconductivity known as the ferron pyro phototronic effect
[201,202]. These devices exhibit high sensitivity and operate efficiently
without external power sources. Similarly, a-In-Ses/Si heterojunctions
leverage the room-temperature ferroelectric properties of a-In.Ses to
generate a strong depolarization field, enabling effective carrier sepa-
ration and ultrafast photoresponse, making them ideal for high-speed
applications [203]. Beyond enhancing charge separation, ferroelectric
materials serve as effective passivation layers. They mitigate interface
traps and eliminate dangling bonds typically caused by impurities or
surface defects in 2D materials. This passivation reduces dark current
and electronic noise, improving both the signal-to-noise ratio and
overall device stability. Moreover, ferroelectric polarization allows for
dynamic modulation of the band structure at the interface, enabling
band bending, Fermi level tuning, and reconfigurable optoelectronic
behaviors such as switchable photoresponse and spectral sensitivity
[203]. This non-volatile band engineering further contributes to device
reliability. Crucially, the internal electric field from ferroelectrics en-
ables self-powered operation, an advantage for low-power, autonomous
sensing platforms [202]. Altogether, the integration of ferroelectric
materials with 2D semiconductors offers a versatile and robust pathway
to developing high-performance photodetectors for emerging flexible,
wearable, and intelligent optoelectronic systems [204-206]. Moreover,
ferroelectric materials serve as effective passivation layers by removing
interface traps and dangling bonds caused by charged impurities.
Zhang et al. have used poly(vinylidene fluoride-trifluoroethylene) (P
(VDF-TrFE)) to cover and isolate the surface of InSb nanosheets (NSs)
devices from the air [207]. Since P(VDF-TtFE) is a ferroelectric polymer
film, it also acts as the role of the gate dielectric stack which leads to the
suppression of the dark current significantly, and decreases the response
time of the PDs. The existence of a passivation layer on the device sur-
face can help avoid the absorption of oxygen molecules and moisture
from the ambient environment [76,208-210]. This is of great benefits as
the absorbed molecules will become carrier trap centers to capture
electrons from the surface of the nanomaterials and lead to high currents
within PDs under dark conditions [211]. In addition, P(VDF-TtFE) ex-
hibits the ferroelectric local field that enables PDs based on InSb NSs to
operate under IR light (A = 940 nm) exposure in zero bias voltage which
can cut down the power consumption. Due to these aforementioned
functions, the dark current value of devices with P(VDF-TrFE) is reduced
by four orders of magnitude when compared to that without this layer.
Also, other important performance parameters such as responsivity and
detectivity are enhanced considerably. This is because the surface defect
density is decreased by the coverage of the P(VDF-TrFE) passivation
layer helping to reduce the response time from seconds to milliseconds.
For Ge PDs, the high dark current mainly depends on intrinsic defects of
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this material like threading dislocation [212]. In another example, Chen
et al. inserted a GeOy layer between Ge and MoTey in a sandwich
structure [213]. The GeOs thin film acts as a blocking layer to prevent
thermal emission at the interface by reducing the number of hot carriers
that transport through the MoTe; and Ge layers. The current density
obtained under the dark condition of devices with the existence of GeO,
is depressed by four orders of magnitude and reaches a very small value
of 0.03 nA/pm?2.

However, the insertion of the thick interfacial layers can degrade
photocurrent while reducing the dark current so the thickness should be
controlled appropriately [214]. Kim et al. have introduced the combi-
nation of an Al;Oj3 thin film layer between Ge and graphene to reduce
the dark current by lowering the Fermi level pinning effect at the
interface [55]. The performance effect of AloO3 layer thickness is care-
fully investigated and can obtain a result that the dark current is
depressed more and more effectively according to the increase in layer
thickness. Notably, with 2 nm of thickness, the existence of AloO3 thin
film exhibits the largest performance both responsivity and detectivity
are 1.6-2.3 higher than PDs based on regular Ge/graphene hetero-
structure [15,215,216]. In general, the photoresponse of Ge/graphene
with Al,Os interfacial layer shows the value of responsivity and detec-
tivity is higher than that without this layer while the dark current also is
depressed to an acceptable value.

The proposed mechanisms of this device in three cases clearly show
an important role of AlyO3 layer thickness. In the case of PDs with a thin
charge-blocking layer, photo-excited electrons are prevented while
holes can transfer to the graphene by direct tunneling phenomenon and
then recombine with the inherent electrons in the graphene. As a result,
the dark current caused by transferred electrons is reduced and there is
less of an impact on the photocurrent. With a too-thick layer, both
electrons and holes cannot be overcome to transmit to the graphene,
which leads to a considerable decrease in the photocurrent of the devices
in addition to a dark current reduction [217]. The effective approaches
for dark current suppression are exhibited in Fig. 8. Therefore, the
thickness of the interfacial layer is a necessary factor to be considered
when fabricating PDs in order to ensure that adding this layer because
while it can decrease the dark current but also the photocurrent thus a
trade-off is needed to not cause any significant degradation in device
performance.

2.3.2. Plasmon resonance (PR) effects

To enhance the light absorption and electrical properties of IR PDs,
2D nanostructures have recently been combined with plasmonic mate-
rials (Fig. 9). Metallic nanoparticles are determined as plasmonic ma-
terials since they have a large number of free electrons which induce the
collective oscillations on the surface due to electromagnetic field im-
pacts [218].Besides, PR has emerged as a powerful strategy to boost the
performance of IR PDs by enhancing optical absorption and improving
the efficiency of light-matter interactions. However, realizing these
benefits depends on the careful optimization of several interrelated
factors, including material selection, structural design, and doping
control, while also managing trade-offs related to fabrication complexity
and quantum effects. Material choice is a foundational aspect in the
design of plasmon-enhanced IR PDs. Incorporating noble metal nano-
particles particularly Au with semiconducting materials such as MoS2
and silicon can substantially broaden the spectral response into the near-
infrared region and significantly amplify the photocurrent [219].
Depending on the interaction between metallic NPs and incident light,
these effects can be classified into three main types: plasmon resonance,
surface plasmon resonance, and localized surface plasmon resonance.
Similarly, 2D materials like graphene and BP show marked improve-
ments in responsivity when integrated with well-designed plasmonic
structures, owing to their strong coupling with localized surface plas-
mon fields [220]. Nanostructures such as bowtie antennas, nanocubes,
or periodic nanodisk arrays can be precisely engineered to resonante at
specific IR wavelengths, thereby concentrating electromagnetic fields in
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Fig. 8. Schematic representation of effective methods for dark current
suppression.

the vicinity of the active layer. Furthermore, the incorporation of plas-
monic nanocavities enhances field confinement and absorption [221].
However, as structural dimensions approach the nanoscale, quantum
mechanical phenomena such as electron tunneling and non-radiative
decay—may dominate, potentially suppressing plasmonic enhance-
ment (a phenomenon known as quenching). Thus, a deep understanding
of both classical and quantum effects is essential for optimal design
[221]. Doping engineering provides another dimension for tuning
plasmonic behavior. In materials like GaAs, controlled doping can tailor
the free carrier concentration to enhance Plasmon carrier coupling,
thereby boosting light absorption in quantum well IR PDs [222]. Despite
their performance advantages, plasmonic integration poses notable
challenges. The fabrication of uniform and reproducible nanostructures
requires high-precision nanolithography and advanced deposition
techniques, which can elevate manufacturing complexity and cost.
Moreover, ensuring material compatibility between plasmonic metals
and semiconductor substrates is essential for facilitating efficient energy
transfer, minimizing optical losses, and preserving long-term device
reliability [15,16]. While plasmonic resonance holds significant poten-
tial for improving both the sensitivity and spectral bandwidth of IR PDs,
its practical realization demands a comprehensive design framework.
This includes precise control over nanostructure geometry, careful
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consideration of quantum-scale effects, strategic doping to optimize
charge carrier dynamics, and seamless integration of heterogeneous
materials. A coordinated effort to address these interconnected factors is
crucial for translating plasmon-enhanced photodetector concepts into
scalable, high-performance technologies suitable for real-world appli-
cations. Tong et al. have proposed a unique structure a plasmonic 2D
subwavelength hole array (2DSHA) with n-InAsSb/n-GaSb hetero-
junction [223]. Due to the suitable band gap of InAsSb and GaSb, the
combination of two materials allows devices can operate in dual-band IR
regions, including A = 1.7 pm (NIR) and 3.4 pm (MIR). The gold 2DSHA
was deposited onto the n-InAsSb/n-GaSb heterostructure by electron
beam lithography (EBL) technique. The array dimensions were chosen
to resonante at the two bands, thus this array allows for the largest
optical field enhancement and increases the photocurrent at the two
bands. This structure architecture has shown improved photoresponse
parameters which are enhanced from 1.5 (1.5) times to 5.5 (3.8) times
with the increase in bias voltage (from 300 mV to 800 mV) for the MIR
and NIR bands, respectively when compared to preference bare n-
InAsSb/n-GaSb. Chen et al. have used Au NPs to trap light with wave-
length matching with plasmonic resonance and then absorbed by gra-
phene [224]. The Au NPs array was fabricated by nanosphere
lithography and used polystyrene (PS) to create a triangle-like hole
between every three spheres. The electrical field distribution is observed
near the triangle-like Au NPs. Therefore, the photoresponse of PDs based
on graphene under 1550 nm exposure is improved by a factor 10 in the
case having Au NPs. The distance between spots in an array should be
controlled since its increase can lead to a prompt decrease in the average
light intensity. Therefore, the plasmonic structure should be placed in
proximity place to enhance the maximum plasmonic effect [225].
Enhancing light-matter interactions in IR PDs is critical to advancing
their performance, especially considering the typically low absorption of
IR radiation by conventional semiconductor materials. To address this
limitation, researchers have increasingly turned to nanophotonic design
approaches, including metasurfaces, Fabry-Pérot (F—P) cavities, and
other sophisticated light-manipulating structures [76,187]. Meta-
surfaces engineered arrays of subwavelength elements dramatically
improve light coupling into the active region of photodetectors by
manipulating light propagation through diffraction and phase control.
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Fig. 9. Typical structures of IR PDs based on plasmonic effects.
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These structures not only broaden the spectral response and enhance
quantum efficiency but also allow for reconfigurable optical behavior
when integrated with adaptive materials like phase-change compounds.
Furthermore, metasurfaces can be tailored to deliver broadband,
omnidirectional absorption, making photodetectors more effective
under variable illumination conditions [226,227]. In parallel, Fab-
ry-Pérot cavities serve as resonant structures that confine light within
the active region, thereby amplifying light-matter interaction. By
incorporating materials such as gallium-doped zinc oxide, these cavities
can be spectrally tuned to target specific IR wavelengths, improving
selectivity and signal strength. Advanced configurations, like metal-
—dielectric-metal layered cavities, support dual-band resonances in both
the visible and mid-IR regimes, ideal for multifunctional photodetection
systems [16,63,76]. Integrating metasurfaces into these cavities can
further optimize optical throughput and facilitate high-fidelity color
generation for precision imaging technologies. In addition to these ap-
proaches, the incorporation of 2D materials such as graphene, BP and
various transition metal dichalcogenides into nanophotonic frameworks
enhances IR light harvesting and carrier transport in ultra-thin device
architectures. Moreover, coupling metasurfaces with quantum emitters
or nanoemitters creates strong light-matter interactions that boost
photoluminescence, enabling progress in quantum optics and sensing
platforms [228,229]. Altogether, these advanced nanophotonic strate-
gies are at the forefront of modern IR photodetector design, offering
significant improvements in sensitivity, spectral range, and overall de-
vice functionality. Plasmonic enhancement techniques, in particular,
have demonstrated strong potential by intensifying light-matter in-
teractions at subwavelength scales, thereby improving IR absorption
and responsivity. To achieve this, metallic nanostructures and doped
semiconductor nanocrystals are commonly employed to tailor surface
plasmon resonances to specific IR wavelengths especially in the mid-
and long-wavelength IR regions. Despite their advantages, integrating
plasmonic components without introducing optical losses or thermal
degradation remains a significant challenge. Additionally, limitations in
precise spectral tuning and scalable fabrication continue to hinder
widespread adoption. Advancements in CMOS-compatible, low-loss
plasmonic materials will be critical for transitioning these technologies
into practical, real-world applications.

2.3.3. Diminishing of contact resistance

High resistance at the contact between metal electrodes and active
materials is a common occurrence. It can be explained by the high work
function of metal elements such as Al (&_m = 4.28 eV), Ag (®_m = 4.32
eV), Cr (®_m = 4.5 eV), Au (®.m = 5.1 eV), Pd (®.m = 5.12 eV), Ni
(®_m = 5.15 eV), Pt (&_m = 5.65 eV), which leads to a high potential
barrier due to the band alignment at the interface of metals and semi-
conductors. Electrons in the conduction band of materials that are
excited by incident light and need larger energy to overcome this po-
tential barrier to be collected at electrodes, then the photocurrent value
is significantly affected so a high barrier height is the main reason for
high contact resistance. Work function engineering of the contact is an
effective method that has been proposed (Fig. 10). Graphene exhibiting
free-barrier Ohmic contact for MoS; transistors is reported by Liu et al.
Since the work function of a 2D material like graphene is tunable
depending on voltage and temperature adjustment, it can easily match
that of MoS,, leading to considerable contact resistance decrease
[230,231]. Relying on this platform, Chen et al. have selectively
developed a rhombohedral lattice structure of antimonene (p-anti-
monene) on bilayer MoS; and this antimonene acts as the contact metal
for devices based on MoS; [56,232]. The specific contact resistance of
Au/antimonene is 0.785 Q cm ™2 while the value of Au/Ti electrodes is
3.09 Q cm’z, respectively [114]. The resistance value of devices using
Au/antimonene electrodes is reduced by 1 order of magnitude when
compared to that with common Au/Ti electrodes.

In addition, contact resistance is also effectively diminished by
adding an insulating layer in order to separate the active materials from
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metal electrodes to generate the metal-insulator-semiconductor (MIS)
structure (Fig. 10). This layer not only provides the tunneling channel
but also removes the interface states, resulting in an improvement in
contacts and a decrease in resistance. Moreover, reducing contact
resistance is a pivotal strategy for enhancing the performance of various
types of photodetectors. In graphene-integrated systems, the adoption of
edge-contact architectures along with n-type doping has demonstrated
substantial improvements in reducing contact resistance, leading to
enhanced photoresponsivity and detectivity in graphene-perovskite
hybrid devices [233]. Additionally, localized doping near the graphe-
ne-metal junction enables modulation of the built-in electric field,
thereby affecting external quantum efficiency and the overall photo-
detection performance. Within organic electronics, the functionality of
organic field-effect transistors (OFETSs) can be significantly improved by
engineering the polymer backbone such as adjusting the alkyl chain
length in polymers like poly(3-hexylthiophene) which effectively lowers
contact resistance and boosts photoreactivity. TMDs also benefit from
meticulous interface engineering [234]. For instance, in MoSz-based
devices, semi-metallic electrodes reduce metal-induced gap states,
resulting in exceptionally low contact resistance and heightened
responsivity. Likewise, in WSez p-n junctions, plasma-assisted doping
transforms Schottky barriers into Ohmic contacts, facilitating superior
charge carrier injection and extraction [235]. In the case of metal-
-semiconductor interfaces like those in GeSe photodetectors, using
gold-indium alloy contacts diminishes the Schottky barrier height, thus
increasing photocurrent efficiency. Similarly, in amorphous
indium-gallium-zinc oxide (a-IGZO) phototransistors, customized
metal contacts are critical for enhancing charge transport properties and
broadening spectral response [236]. Altogether, these advancements
underscore the indispensable role of interface and contact engineering
in refining the operational capabilities of emerging photodetector
technologies. Besides, A heterostructure based on MoTe; and the single-
layer WS, tunneling contact has been proposed by Kim et al. with In/Au
electrodes only contact with WS, tunneling layer [232,237]. Devices
with WSy tunneling contact (WTC) exhibit a lower Schottky barrier
height (SBH) at all temperature values when compared to that in direct
contact with MoTes; (MDC). These results show that the WTC and MDC
contact resistance at 300 K is 1 MQ pm and 6.5 MQ pm, respectively. It
can be concluded that the existence of WS; as a tunneling channel helps
to decrease the contact resistance of devices by 6-fold and this result is
contributed by the reduction of barrier height between active materials
and metal electrodes. Taking advantage of the heterointerface between
two 2D materials, Khan et al. have fabricated a device structure pos-
sessing not only an efficient separation of photo-generated electron-hole
pairs due to type II heterojunction formation but also Schottky barrier
height decrease [176,238]. In this structure, bi-layer MoS, is stacked
and acts as a tunneling layer for an underlying few-layered WSes. It is
similar to the structure of WS,/MoTe; as discussed above, there is no
direct contact between the metal electrodes and the active material since
abundant surface states of semiconductors can easily create a Fermi-
level pinning effect, leading to high SBH. Therefore, MoS, has an
important role in preventing this direct interaction and reducing the
SBH. As a result, the calculated contact resistance by the Y-method of
direct interaction of WSe2/metal electrodes and through an intermedi-
ate layer MoTey is 1 MQ pm and 80 kQ pm, respectively which indicates
that the contact resistance value is decreased by 85 times.

2.3.4. Resolving scattering effects on 2D materials and heterostructures
Defects in 2D materials especially have an important role since they
act as the scattering centers and reduce electron mobility [239].
Mobility of materials strongly contributes to the photoresponse ability of
the device so it is essential to suppress scattering effects inside 2D ma-
terials as well as at the interfaces of 2D heterostructures which has a
severe impact on mobility. However, mobility can be severely limited by
scattering effects arising from defects within the 2D lattice, impurities,
and especially at the interfaces of 2D heterostructures. Therefore,



P.V. Pham et al.

Chemical Engineering Journal 522 (2025) 167554

guration of edge

Edge Contact
Geometry

2D Materials-
based Electronic

Contact
Resistance

Fig. 10. Design strategies for IR PDs to diminish contact resistance. Inset: a. Edge-contacted hBN/MoS2/h-BN sandwich structure device. Reproduced with
permission from ref. [239] Copyright 2019 American Chemical Society. b. Fe-doped monolayer MoS, device. Reproduced with permission from ref. [240] Copyright
2022 Wiley-VCH GmbH. c. A device with a 1 T'/2H phase homojunction of MoTe,. Reproduced with permission from ref. [241] Copyright 2015 American Asso-
ciation for the Advancement of Science. d. Transistor-based on a patterned MoS2 on a sapphire substrate using p-antimonene as electrodes. Reproduced with
permission from ref [242] Copyright 2018 American Chemical Society. e. Schematic illustration of graphene interlayer inserted MoS, FETs with metal contacts.

Reproduced with permission from ref. [243] Copyright 2018 Wiley-VCH GmbH.

suppressing such scattering both within the material and at its bound-
aries is crucial for maximizing device performance. One effective
method to achieve this is through the use of dielectric encapsulation
layers. The incorporation of high-x dielectric encapsulation layers into
IR PDs based 2D materials has emerged as a promising strategy to
enhance device performance by mitigating carrier scattering, improving
environmental stability, and extending operational lifetime. However,
this approach also introduces critical material compatibility concerns
that must be addressed to preserve the intrinsic electronic and opto-
electronic properties of the 2D active layers. In the case of graphene-
based photodetectors, the deposition of high-k dielectrics via methods
such as e-beam evaporation, sputtering, or ALD can significantly influ-
ence device performance. These deposition techniques may induce
structural defects, unintentional doping, or strain, which can degrade
graphene’s exceptional carrier mobility and photodetection capabilities.
Thus, careful selection of dielectric materials and precise control over
deposition parameters are essential to minimize disruption of graphe-
ne’s electronic properties [244]. Similarly, MoS: photodetectors
encapsulated with ALD-deposited hafnium oxide (HfO2) benefit from
enhanced environmental isolation, effectively reducing surface adsor-
bates and improving overall stability. Nonetheless, this encapsulation
can lead to pronounced n-type doping and reduced device resistance,
indicating strong interfacial interactions that may inadvertently alter
the device’s electrical characteristics. These effects highlight the need
for tailored encapsulation strategies that maintain a delicate balance
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between protection and electronic neutrality [245]. For other 2D ma-
terials such as BP and TMDs, encapsulation remains essential for
achieving ambient stability. However, the encapsulation method
whether polymer coating, mechanical stacking, or ALD must be selected
carefully, as it can impact interfacial integrity, introduce traps, or cause
thermal and mechanical mismatch. Such compatibility issues can
compromise long-term reliability and optoelectronic performance.
Beyond these specific cases, the encapsulation of other environmentally
sensitive 2D materials such as BP and a wide range of TMDs demands
careful strategic consideration [246]. While encapsulation is indis-
pensable for maintaining material integrity under ambient conditions,
the choice of technique whether polymer coating, mechanical stacking,
or ALD can inadvertently introduce interfacial trap states, compromise
adhesion, or induce thermal mismatch stresses. These factors collec-
tively jeopardize long-term device reliability and can significantly
degrade optoelectronic performance.

To mitigate these challenges, several targeted approaches have been
developed. One key strategy involves the optimization of deposition
parameters including temperature, pressure, and deposition rate to
minimize process-induced damage and preserve the intrinsic properties
of the 2D active material. Additionally, applying surface functionaliza-
tion treatments prior to encapsulation can enhance interface compati-
bility and suppress adverse chemical or electronic interactions. Another
critical consideration is material selection and interface engineering;
choosing dielectrics with appropriate band alignment, chemical
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stability, and minimal charge trapping characteristics helps maintain
charge carrier mobility and reduces the risk of unintentional doping
[247,248]. Furthermore, the rational design of encapsulation architec-
tures, such as multilayer or hybrid dielectric structures, can effectively
balance environmental shielding with electrical neutrality, thereby
sustaining performance without introducing undesirable side effects.
Although high-k dielectric encapsulation significantly improves the
stability and functionality of IR PDs, achieving seamless integration with
2D materials requires a multifaceted approach [246]. Success in this
domain depends on the synergistic optimization of fabrication pro-
cesses, thoughtful materials engineering, and precise interface control.
This holistic design philosophy is vital for fully realizing the potential of
2D materials in high-performance, next-generation optoelectronic
technologies. Interestingly, Lee et al. have developed a metal-
semiconductor field-effect transistor (MESFET) based on MoS;/NiOx
van der Waals Schottky junction [240]. This structure exhibits a high
intrinsic mobility of 500-1200 cm? V™! s7! resulting in ultra-high
responsivity of 5000 A W' and fast switching time of ~2 ms. It can
be explained that there are only van der Waals bonds between NiOx and
MoS,, hence gate leakage does not occur at this interface. Therefore, in
this case, NiOx acts as gate electrodes that can help to decrease the
scattering effects. Recently, the encapsulation layers with high-x values
have been used widely to passivate the surface states of the active
channel in their dielectric environments and lead to carrier mobility
improvement. Encapsulating is expected to protect surface materials
against oxygen absorption and moisture from the surrounding envi-
ronment. The selected encapsulation materials have to exhibit signifi-
cant optical transmittance, desirable chemical (high stability, strong
adhesion, etc.), and mechanical (suitable thermal expansion coefficient,
nominal residual mechanical stress, etc.) abilities. These properties are
required to adapt to temperature cycling and avoid delamination during
the operation period in severe environments with high-temperatures
[241]. The existence of a high-x dielectric film can change the dielec-
tric environment, and modify the edge and defect states of materials
[242,243]. The formation of the dielectric environment also adjusts the
exciton binding energy leading to the coulomb impurities and surface
polar phonon scattering reduction, and these effects will be decreased
with an increase in the dielectric constants [249]. More importantly, the
requirement for high-x can significantly reduce the applied voltage,
leading to a low required voltage and thus lower device power con-
sumption. Commonly used dielectric materials for encapsulation layers
can be listed including inorganic materials (HfO,, SiO,, AloO3, hBN,
Si3Ny, etc.) and polymers (PMMA, PVDF, PVA, etc.) [249]. Encapsula-
tion of monolayer MoS; in a high-k dielectric environment to reduce
Coulomb scattering and increase the temperature mobility [250,251].
Xu et al. utilized an organic crystalline film of N, N'-ditridecylperylene-
3,4,9,10-tetracarboxylicdiimide (PTCDI-Cy3) to fully encapsulate the
MoS; surface and exhibit the huge difference in mobility of this PDs
between before and after passivation (from 0.5 to 8.3 em?v! s7h
[252].

Furthermore, the mismatch in roughness, charge impurity and de-
fects of substrates and deposited materials can cause strong scattering
states at the interfaces and thus the carrier transport can be limited
[249]. Chamlagain et al. have proposed a device structure of MoSe;
deposited on Parylene-C substrate and gained the mobility of 118 cm2
V-1 s-1 which is 2 times larger than the MoSe; devices on SiO5 [253].
SiO has widely been used as a usual substrate in devices based on TMDs
but it has the additional surface polar optical phonon scattering which is
nearly absent in parylene-C. Therefore, this phenomenon creates a dif-
ference in the mobility of these substrates and a strong dependence on
the temperature of the SiO,. Interestingly, Bhattacharjee et al. success-
fully suppressed the dominating scattering effects by combining the two
above approaches — providing dielectric environments, and choosing/
modifying an appropriate substrate [254]. They used AIN as a substrate
because it has a dielectric constant of 8.5, a high optical phonon energy
of 81.4 meV, and the lowest mobility degradation values of 0.88 for
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MoS; devices. These properties indicate less dependence of mobility on
temperature and contact resistance, and scattering in the channel,
leading to a surface optical phonon scattering reduction. Then, to
observe the higher-performance of the MoS; devices, authors treated the
substrate with sulfur to passivate the number of defect states on the
surface and reduce SBH at the MoS2/metal contact interface. Also, a
high-x dielectric environment is enhanced by adding h-BN which pro-
vides the encapsulation on the devices. After the strict modification
process at the substrate surface, the observed mobility is up to 72.8
em?V~! 571, which is 1.6 times larger than MoS; devices based on bare
AIN.

2.3.5. Role of interfaces and geometries

It is a necessary approach to research defect-free interfaces to deal
with the large density of states at the contacts and there are several
previous publications that reported good results in this regard. To
confirm this experimental effect, M. Houssa et al. have simulated models
by using DFT and the NEGF to deeply study the contact resistance of
devices based on a graphene/MoS; heterostructure [255]. The existence
of S dangling bonds make the gap states in the conduction band of MoS,
pin the Fermi level of the material leading to high barrier height at the
graphene/MoS; interface. The obtained contact resistance values are
5.6 Q pm and 2.2 Q pm, respectively which are improved by 2 orders of
magnitude when compared to other Models with non-linked S atoms.

The dangling-bond-free surface of 2D materials allows for the direct
stack-by-stack heterostructure through only the van der Waals force.
The weak Van der Waals interaction along the out-of-plane direction is a
characterization that makes 2D nanomaterials easy to exfoliate into
individual layers. However, the Van der Waals interfacial force at the
top-contacted interfaces acts as a tunnel barrier for carriers before the
Schottky barrier, and thus it reduces charge carrier transfer leading to a
high contact resistance [15]. Therefore, it is essential to take advantage
of edge contacts to overcome this Van der Waals gap. Due the existence
of conductivity anisotropy within multi-layered 2D materials, the edge
contact brings a stronger impact to structures with in-plane and out-
plane orientations than in the case of a top contact. The edge contact
exhibits lower resistivity and contributes to the higher cohesive energy
between metal atoms and the active material [256].

A proposed method to eliminate the intrinsic Van der Waals gap is
the hybridization of the metal electrode atoms and the 2D material
surface due to the ability to form covalent bonds of several specific
metals [257]. For example, Popov et al. would like to search for another
metal to use as electrodes which will substitute the common contact Au
for MoS,-based nano-electronic devices [258]. They realized that Sc and
Zr have a large lattice mismatch despite having d orbitals which can
suitably mix with the Mo,d states. Therefore, Ti becomes an appropriate
candidate due to only a 1 % mismatch with MoS,. The average Mo—Ti
bond length is 3.57 A which is shorter than that of Mo—Au bonds (4.21
A), leading to a larger wavefunction overlap. Also, Ti contacts modified
the electronic states near the Fermi level much more than Au and it can
cause the high density of delocalized states at the Fermi level of MoS,.
The optimal contact Ti has a favorable interface geometry and bonding,
exhibiting a minimized or non-existent tunneling barrier between the
two materials. Therefore, the interface geometry of the metal electrodes
and active materials have to be considered thoroughly.

2.4. Fabrication methods and their impacts on reproducibility

The scalability and manufacturability of IR PDs are critical for their
commercial success. Various fabrication methods significantly influence
the reproducibility, performance, and integration of these devices.
Techniques such as poly(methyl methacrylate) assisted transfer for
CQDs, solution deposition for BP films, electrophoretic deposition (EPD)
with ligand exchange for quantum dot films, and rapid thermal
annealing with dry etching for GeSn nanowires have all demonstrated
promising pathways toward scalable and -cost-effective IR PDs
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fabrication (Fig. 11.).

2.4.1. Colloidal quantum dot (CQD)

The fabrication of colloidal quantum dot (CQD)-based infrared de-
tectors, particularly multispectral ones, typically involves several steps
and techniques. Traditional methods such as drop casting, spin coating,
and spray coating allow for the production of multiple photodetectors
but suffer from limited spatial control over the deposited films. These
approaches enable only “single-color” detectors within a deposited re-
gion, and even attempts to create bicolor devices by drop casting
different CQD solutions on separate electrodes lack the precision needed
for true multispectral detection within a single sensing element. To
address these challenges, a study introduces a simple and highly effi-
cient poly(methyl methacrylate) (PMMA)-assisted transfer technique
that allows scalable fabrication of CQD-based photodetectors with
multiple pixels, each responsive to different infrared spectral ranges
[259]. This method enables site-selective patterning of CQDs, which is
essential for developing multipixel and multispectral detectors. The
process begins with the synthesis of solution-phase HgTe CQDs, which
are deposited as thin films on 3-Mercaptopropyltrimethoxysilane-
treated SiO2/Si substrates through layer-by-layer spin-coating. Each
layer undergoes cross-linking using an Asz2Ss solution, followed by
ethanol rinsing and drying to ensure film conductivity, with film
thickness controllable by multiple depositions. The CQD films are then
patterned into pixel arrays using photolithography and oxygen plasma
etching. A PMMA solution is applied to the patterned array and cured,
forming strong van der Waals interactions that allow the CQD pixels to
be lifted off. The PMMA layer with the attached pixels is carefully
aligned and transferred onto a target substrate with prepatterned elec-
trodes, achieving an alignment precision of around 1 pm. Due to its
flexibility, the PMMA layer can be transferred onto both flat and curved
surfaces. After transfer, the PMMA is removed by rinsing in acetone for
two hours. Using this method, three-pixel photodetector arrays were
fabricated, each pixel composed of HgTe CQDs with different cutoff
wavelengths (e.g., 4.8, 6, and 9.5 pm), and larger 12 x 12 detector ar-
rays were produced with a fabrication success rate exceeding 95 %.
Electrode patterns were created through standard photolithography and
radio-frequency sputtering of Cr and Au layers. Furthermore, the re-
searchers demonstrated an eight-element spectral photodetector, where
each element integrated three pixels made from CQDs with distinct
absorption properties, enabling the reconstruction of infrared spectra
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from 2 to 10 pm. Importantly, the study confirmed that the PMMA-
assisted transfer process caused minimal degradation to the CQD
films, with conductance and photocurrent fluctuations within only 5 %,
thanks to the robust cross-linking of the CQDs [259,260]. Overall, this
work presents a scalable, efficient strategy for fabricating CQD-based
multipixel and multispectral infrared detectors, offering precise spatial
control and the integration of CQDs with varied spectral responses into a
single device, paving the way for applications in multicolor focal plane
cameras and microspectrometers.

2.4.2. Black phosphorus (bP) films

The fabrication of BP films, as detailed in the sources, involves a
multi-step process emphasizing scalability and the production of high-
quality films suitable for IR photodetector arrays. The method consists
of electrochemical exfoliation of bulk bP, controlled vacuum filtration to
create thin films, and the application of protective capping layers, all
conducted in an oxygen-free environment using anhydrous solvents to
minimize oxidation. The process begins with electrochemical (EC)
exfoliation of bulk bP crystals, which precisely controls interlayer forces
to reduce damage and in-plane tearing. A current is applied to the bulk
bP in a two-electrode packed-bed electrochemical reactor containing a
nonaqueous electrolyte of 0.1 M tetrabutylammonium (TBA) hydro-
gensulfate in dimethyl sulfoxide (DMSO), where TBA cations intercalate
between the bP layers, increasing the interlayer gap and weakening van
der Waals interactions [261]. This results in the gentle exfoliation of
laterally large BP flakes with high crystallinity, with 78 % of flakes
having a lateral diameter greater than 2 pm and a maximum size of
approximately 10 pm—Ilarger than flakes produced by typical liquid-
phase exfoliation methods like ultrasonication. Following exfoliation,
the bP dispersion undergoes multiple centrifugation steps to obtain an
additive-free dispersion with optimized flake size and thickness distri-
bution; high-speed centrifugation removes very small flakes (<3 nm),
while low-speed centrifugation removes large aggregates (>50 nm),
ensuring over 85 % of flakes have a thickness greater than 3 nm, with a
mean thickness of 6.2 nm. This thickness is ideal for IR photodetector
fabrication as it preserves a bulk-like bandgap for IR absorption while
maintaining film uniformity and flexibility. Excess intercalant is
removed through repeated redispersion and centrifugation. The bP thin
film is then formed by controlled vacuum filtration, where the BP
dispersion is added to anhydrous isopropanol (IPA) and filtered onto
nitrocellulose (NC) filter paper with a 0.45 pm pore size. Film thickness
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is controlled by adjusting the filtered dispersion volume, and vacuum
filtration is favored for its scalability and ability to produce homoge-
neous, pinhole-minimized films. After filtration, the bP thin film is
transferred onto device substrates composed of Au interdigitated elec-
trodes on Si/SiO2. The NC filter paper with the bP film is inverted and
pressed against an IPA-wetted substrate, followed by vacuum drying and
the dissolution of the filter paper in sequential anhydrous acetone baths.
Except for centrifugation and vacuum drying during film transfer, all
steps are conducted in a nitrogen glovebox to prevent oxidation. To
protect the bP films from ambient degradation and reduce trap states,
capping layers are deposited by PVD and ALD, with ALD-deposited
layers (TiOz and Al20s) showing the best performance due to fewer
introduced defects and excellent conformal coatings. About 13 nm thick
TiOz and Al=Os layers were deposited at 90 °C using titanium isoprop-
oxide (TTIP) and dimethylaluminum isopropoxide (DMAI) precursors,
respectively, offering high transmission in the SWIR/MWIR region.
Raman spectroscopy confirmed minimal oxidation of the bP thin film
throughout the process. This tailored solution-deposition method en-
ables the scalable fabrication of bP thin films for optoelectronic devices,
demonstrated by the fabrication of a linear array of 25 BP photodetec-
tors and successful 25 x 25 pixel IR imaging with good spatial fidelity.
The fabricated BP IR photoconductors achieved specific detectivities up
to 4.0 x 108 cm Hz!/?2 W™ ! and fast rise/fall times of 30/60 1, under 2.2
pm illumination [260]. The larger lateral flake size from EC exfoliation
and controlled vacuum filtration contribute to improved film conduc-
tivity and device performance by reducing inter-flake junction resis-
tance, while the ALD capping layers enhance the stability and longevity
of the devices.

2.4.3. Electrophoretic deposition (EPD)

Based on the information provided, the fabrication of films using
Electrophoretic Deposition (EPD) involves applying an electric field to
drive charged nanoparticles through a liquid medium, assembling them
directly onto a conductive substrate. This method is presented as an
efficient and versatile alternative to traditional deposition techniques
like spin coating and drop casting, which struggle with conformal
deposition on non-planar or large-area substrates. Unlike ink-jet print-
ing, which is precise but limited to small areas, EPD can achieve
conformal and selective area deposition over large scales. The source
emphasizes EPD for depositing quantum dot (QD) films, addressing
previous limitations caused by native ligands that hinder charge trans-
port. In this work, in-solution ligand exchange is combined with EPD to
achieve dense PbSe QD films, marking the first demonstration of one-
step direct EPD assembly of QDs for electronic devices. Specifically, 4
nm PbSe QDs, initially capped with insulating oleylamine ligands, un-
dergo ligand exchange with ammonium iodide (NHI) through a phase-
transfer reaction, confirmed by FTIR analysis. The exchanged QDs are
redispersed in 2,6-difluoropyridine (DFP), a polar solvent that stabilizes
the QDs electrostatically. In the EPD setup, an electric field moves the
charged QDs toward the electrode, where they lose charge and form a
film. However, pure DFP suspensions showed no deposition response,
necessitating solvent engineering by titrating hexane into the mixture.
At a DFP:hexane ratio of 1:0.8, QDs became responsive to the field, with
the optimal film quality achieved at 1:1. Deposition rates increased with
higher hexane content (up to 1:1) and stronger electric fields (0.2-0.6 V
mm™ 1), with deposition times ranging from 2 to 10 min. In situ QCM
measurements revealed that the EPD growth rate (~1-100 nm s ri-
vals conventional semiconductor deposition methods like PVD and CVD,
but without the need for vacuum systems or high temperatures. SEM
imaging showed that the deposited PbSe-NH.I QD films were compact,
composed of grains averaging ~300 + 20 nm, although GISAXS analysis
indicated a lack of long-range order. EPD offers significant advantages,
including fast growth rates, controllable flux, scalability, conformal and
selective area deposition, and single-step fabrication without requiring
post-deposition ligand exchange. However, challenges include Brow-
nian motion, charge screening, colloidal stability management, and
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parasitic ionic currents, which are mitigated through solvent engineer-
ing [262,263]. The method’s effectiveness was demonstrated by fabri-
cating IR PDs with PbSe QD films conformally deposited on textured
silicon substrates, achieving a responsivity of ~0.01 A W™! and fast
response times (4.6 ms rise and 4.7 ms decay) under IR illumination.
Although the devices were tested in ambient air, potentially under-
estimating their performance, this study highlights EPD as a promising,
scalable approach for producing QD-based optoelectronic devices.

2.4.4. GeSn nanowires

Based on the research article provided, the fabrication of GeSn ver-
tical nanowires (NWs) involves a three-step process: molecular beam
epitaxy (MBE) growth of a GeSn film, rapid thermal annealing (RTA),
and inductively coupled plasma (ICP) dry etching. This method is
designed as a scalable and low-cost approach to produce GeSn NWs
suitable for near-infrared (NIR) or short-wavelength infrared (SWIR)
nanophotonic devices. First, a GeSn film with a nominal Sn content of
6.6 % and a thickness of 200 nm was grown on a 3-in. undoped (001)-
oriented Ge substrate using MBE. Prior to deposition, the substrate was
degassed and deoxidized at 850 °C for 10 min and then cooled to 150 °C
for GeSn growth. Ge and Sn sources were thermally evaporated from
high-purity materials loaded in Knudsen effusion cells maintained at
1220 °C and 980 °C, respectively, and the growth process lasted for 3 h.
Following MBE, the GeSn sample underwent RTA using a Solaris 150
Rapid Thermal Processing System, where it was rapidly heated to 550 °C
at 120 °C/s in a pure N2 atmosphere, held for 1 min, and cooled below
100 °C within 8 min. This treatment induced the formation of self-
assembled Sn nanodots (NDs) on the surface due to Sn’s higher sur-
face free energy compared to Ge, promoting segregation and migration.
AFM imaging confirmed increased surface roughness and ND formation
after annealing, alongside a fivefold enhancement in spontaneous
emission from the GeSn direct band. In the final step, ICP dry etching
was carried out for 4 min using Clz, Ar, and O: gases at 10 mTorr, with
ICP and RF powers set at 200 W and 100 W, respectively. During this
process, the self-assembled Sn NDs served as a hard mask, protecting
regions underneath while the exposed areas were etched away, resulting
in the formation of vertical GeSn NWs featuring a bevel at each tip. The
fabricated NWs exhibited a density of 2.8 x 10° cm ™2 and a diameter of
25 + 6 nm, and it was noted that tuning the RTA temperature could
adjust the NW dimensions and density. Furthermore, the researchers
demonstrated the potential of these NWs by fabricating a prototype
photodetector [173,264,265]. In the article’s introduction, other fabri-
cation strategies are discussed, categorized into bottom-up growth and
top-down processing. Bottom-up approaches, such as microwave-
assisted solution-liquid—solid growth or chemical vapor deposition
using Sn, Au, or AuAg catalysts, often face challenges in controlling NW
orientation, size, and distribution, and the use of noble metals may
degrade optical performance. Top-down methods typically rely on
expensive high-resolution electron beam lithography (EBL) combined
with ICP dry etching, but the high cost of EBL limits scalability. In
contrast, the method proposed in the research article offers a more cost-
effective and scalable solution for producing high-quality vertical GeSn
NWs, addressing the limitations of conventional approaches.

In addition to scalability, reproducibility plays a vital role in
ensuring consistent performance of IR PDs across multiple batches and
large-area sensor arrays. For CQD-based devices, the use of lithograph-
ically patterned quantum dot films significantly enhances fabrication
precision and uniformity. The PMMA-assisted transfer technique further
ensures consistent film thickness and dot distribution, yielding a fabri-
cation success rate exceeding 95 %, which is essential for reliable mul-
tispectral IR detection. Similarly, BP -based IR PDs benefit from
optimized deposition methods and protective encapsulation layers, such
as Al-Os or hBN, which safeguard the material against environmental
degradation and help maintain stable electrical performance over
repeated fabrication cycles. Additionally, the electrophoretic deposition
(EPD) method offers controlled and uniform film formation by
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managing parameters such as thickness and NPs density. This precise
control directly translates into consistent electrical and optoelectronic
properties, making EPD a highly reproducible approach for scalable IR
PD production.

2.4.5. Computational readout

To transcend the intrinsic material and device-level constraints of IR
PDs such as thermal (Johnson) noise, dark current accumulation, and
limited dynamic range research has increasingly turned to computa-
tional signal processing frameworks as a transformative approach. These
frameworks leverage algorithmic intelligence, often embedded at the
circuit or sensor level, to optimize signal fidelity, reduce noise artifacts,
and extract meaningful information from low-photon fluxes. Among
these, compressive sensing (CS) has emerged as a potent strategy to
efficiently encode spectral or spatial information while minimizing
redundant data acquisition. For example, a heterostructure combining
MoS2z, h-BN, and PdSe: has demonstrated real-time fusion of IR and
visible input, achieving dual-band data compression at the pixel level.
This configuration reduces the total data bandwidth by half while pre-
serving over 85 % classification accuracy in complex scenes. Similarly,
spatial-spectral multiplexing photodiode arrays have achieved ultra-low
complexity signal acquisition with significant energy savings, and
grating-based mid-IR spectrometers have enabled broadband spectral
reconstruction with high fidelity using a minimal number of detectors,
powered by sparse recovery algorithms.

In parallel, machine learning-enhanced inference techniques are
revolutionizing the signal interpretation pipeline for IR detectors. Pre-
dictive models, such as gradient-boosted trees, have shown success in
estimating dark current characteristics in HgCdTe devices based on
physical input parameters—allowing real-time thermal noise compen-
sation without requiring changes to the detector structure. Meanwhile,
graph neural networks (GNNs) trained on the behavior of 2D IR mate-
rials have enabled dynamic baseline correction and noise suppression,
substantially improving SNR under low-signal conditions. Deep learning
methods like convolutional autoencoders have further demonstrated the
ability to restore degraded multispectral signals, elevating detectivity by
an order of magnitude [266].

Complementary to these data-driven approaches, adaptive signal
reconstruction methods allow photodetectors to self-tune in response to
environmental or signal-level fluctuations. CMOS-based charge
compression architectures, for instance, have enabled wide dynamic
range imaging with noise levels below a single electron, supporting low-
light imaging without sacrificing signal integrity. In 2D-material-based
photogating systems, gate-voltage modulation of the Fermi level has
enabled responsivity tuning across tens of A/W, extending linear
detection range by up to 20 dB. Optimization techniques such as
Bayesian parameter tuning applied to drift-diffusion simulations have
further accelerated transient response in narrow-bandgap detectors,
with demonstrated bandwidths above 100 GHz in long-wavelength re-
gimes [267]. Beyond conventional denoising and reconstruction, a new
frontier is emerging through the integration of neuromorphic computing
principles with IR detection hardware. Traditional IR systems suffer
from latency and energy bottlenecks due to off-chip processing de-
mands. In contrast, neuromorphic photodetectors integrate sensing,
memory, and decision-making directly on-chip, often inspired by the
parallel architecture of biological vision systems. Devices employing
MoS: or BP as active synaptic elements have shown capability for in-
sensor learning and spike-based encoding, supporting real-time, low-
power pattern recognition. These neuromorphic elements emulate
essential neural behaviors such as synaptic plasticity, enabling contin-
uous adaptation to shifting thermal environments a key asset for
autonomous or wearable IR systems. Another emerging paradigm is
event-based IR imaging, wherein sensors respond to temporal changes in
thermal contrast rather than recording periodic frames. This leads to
dramatically reduced data rates and energy consumption while
enhancing temporal resolution. Such sensors are capable of detecting
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transient thermal anomalies, such as flickering hotspots, which are
typically missed by frame-based approaches. When coupled with on-
chip Al accelerators, event-driven sensors can classify scenes in near
real-time, even under fluctuating backgrounds. Adding to this, physics-
informed neural networks (PINNSs) represent a hybrid methodology
where neural models are constrained by physical laws such as the gov-
erning equations for photoconductivity, carrier diffusion, and heat
transport. These models combine empirical learning with physics-based
structure, improving generalization and reliability in sensor design
optimization. In parallel, efforts to co-fabricate photodetectors with
analog computing elements, such as resistive memory arrays and pho-
tonic crossbars, are paving the way for embedded IR signal classifica-
tion, spectral decomposition, and edge-level decision-makingexecuted
entirely within the photonic substrate. Together, these computational
strategies redefine the fundamental limits of infrared detection. They
allow IR sensors to transcend conventional trade-offs between sensi-
tivity, speed, and power by embedding intelligence within the readout
process itself. This evolution toward edge-Al-enabled IR PDs marks a
significant departure from traditional designs, signaling a future domi-
nated by compact, energy-efficient, and context-aware sensing plat-
forms capable of real-time environmental understanding across
biomedical, industrial, and aerospace domains. Despite the remarkable
advancements outlined in material, device, and system-level strategies
for improving IR PDs, many of these approaches face critical limitations
that hinder their practical adoption at scale. For instance, while 2D
materials offer tunable bandgaps and strong light-matter interactions,
their synthesis is often plagued by variability in layer thickness, grain
boundaries, and interfacial contamination all of which degrade repro-
ducibility across batches. Plasmonic structures, though excellent for
enhancing local field intensity and responsivity, are typically fabricated
using e-beam lithography or nanoimprint techniques that are cost-
intensive and poorly suited for wafer-scale production. Complex heter-
ostructures assembled from van der Waals materials also encounter
challenges in achieving defect-free stacking, thermal stability, and
consistent contact resistance. These issues become more pronounced
under high-throughput conditions or when attempting CMOS integra-
tion. Moreover, some performance enhancements such as increased
responsivity through photogating or quantum confinement often come
at the cost of slower response times or elevated dark current, compro-
mising temporal resolution or thermal noise floor [268,269]. Similarly,
metasurfaces that promise wavelength selectivity or angular response
control often require nanofabrication precision beyond what current
scalable methods can deliver, and their operational stability under
varying environmental conditions remains underexplored.

From a systems perspective, neuromorphic and computational
sensing paradigms are still in early research phases. They rely on co-
integration of analog computing and photonic sensing a field that
lacks standardized architectures and suffers from limited device
longevity and retention in memory elements. These trade-offs highlight
the importance of not just optimizing performance metrics like detec-
tivity or responsivity, but also addressing scalability, yield, power con-
sumption, and long-term reliability. A successful IR PDs technology
must balance innovation with manufacturability and robustness to meet
the demands of real-world applications ranging from biomedical sensing
to aerospace surveillance. While many advanced IR photodetection
strategies show exceptional performance in laboratory conditions, their
practical translation to commercial technologies faces substantial ob-
stacles (Fig. 12). For example, 2D materials offer unique advantages
such as tunable bandgaps, strong optical absorption, and high carrier
mobility, yet their large-scale fabrication remains inconsistent. Layer
number control, defect density, and interfacial cleanliness all impact
reproducibility, posing challenges for device uniformity and yield.
Similarly, plasmonic structures are praised for their ability to enhance
local electromagnetic fields and improve responsivity, but their fabri-
cation often relies on high-cost, low-throughput techniques like
electron-beam lithography or focused ion beam patterning, which limits
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industrial scalability. Heterostructures assembled from layered mate-
rials promise tailored band alignments and ultrathin junctions, but
suffer from interlayer contamination, thermal instability, and variable
contact resistance issues that complicate both integration and scaling.
Meanwhile, metasurfaces, though effective in engineering spectral or
angular responses, demand nanoscale precision in patterning and ma-
terial uniformity, which current mass-manufacturing platforms struggle
to provide. Even computational readout techniques, such as Al-
enhanced signal processing or neuromorphic in-sensor computing,
while conceptually powerful, require co-fabrication of analog circuitry
and optical interfaces areas where process compatibility and long-term
stability are not yet mature.

In short, the most promising strategies in terms of performance often
involve complex trade-offs in terms of fabrication difficulty, environ-
mental sensitivity, integration overhead, or poor yield. Future research
must carefully weigh these factors to determine which combinations of
approaches offer not only high detectivity and bandwidth, but also
scalability, energy efficiency, and robustness under real-world
conditions.

2.5. Thermal-based infrared photodetectors

Thermal-based IR PDs form a vital and complementary branch of IR
sensing technologies, particularly in applications that require broad
spectral response, room-temperature operation, and cost-effective,
scalable fabrication. Unlike photon-based detectors, which rely on the
generation of electron-hole pairs via direct photon absorption, thermal
detectors function by converting absorbed IR radiation into heat, which
subsequently induces a measurable electrical response through a
material-specific mechanism. Due to their bandgap-independent oper-
ation, thermal detectors can be designed to work across a broad spectral
range, from the near-infrared to far-infrared and even terahertz
domains.

2.5.1. Detection mechanisms and material platforms
Thermal IR PDs operate based on indirect sensing of IR radiation,
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wherein incident photons raise the temperature of an absorbing mate-
rial. This temperature change is subsequently converted into an elec-
trical signal through one of several distinct transduction mechanisms.
These mechanisms differ in how they translate thermal energy into a
measurable electrical output, and each offers specific advantages
depending on the targeted performance metrics such as sensitivity,
speed, and spectral range. The most widely adopted thermal detection
mechanisms include: Thermal infrared detectors operate through a
range of transduction mechanisms that convert temperature variations
into measurable electrical signals. One of the most widely used mech-
anisms is bolometric detection, where incident infrared radiation causes
a temperature rise in a thermally sensitive material, leading to a
measurable change in its electrical resistance. This resistance variation
is typically monitored using a Wheatstone bridge or similar circuit
configuration. Bolometers are often constructed from materials with a
high temperature coefficient of resistance (TCR), such as vanadium
oxide (VOx), amorphous silicon (a-Si:H), or emerging low-dimensional
nanomaterials [270]. Their broadband spectral response and compati-
bility with large-format microbolometer arrays make them ideal for
uncooled thermal imaging systems. In contrast, pyroelectric detection
relies on the temperature-dependent spontaneous polarization in
ferroelectric materials like lithium tantalate (LiTaOs), lead zirconate
titanate (PZT), and polyvinylidene fluoride (PVDF). As the material
undergoes a temperature change due to IR absorption, it produces a
transient electrical signal as a result of a shift in polarization [271].
These detectors are inherently AC-coupled and are best suited for ap-
plications involving modulated or dynamic thermal signals, such as
flame detection or motion sensing. Lastly, thermoelectric detection,
most commonly realized using thermopiles, generates a voltage based
on the Seebeck effect [272]. In this case, a series of thermocouples made
from dissimilar metals or semiconductors produces a cumulative voltage
proportional to the temperature gradient across an absorber and a heat
sink. Thermopiles offer passive operation, low intrinsic noise, and
relatively fast response times, making them suitable for non-contact
thermometry, gas analysis, and compact consumer electronics
[270,271]. Recent progress in materials science has dramatically
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improved the functionality and application range of thermal IR de-
tectors. In particular, 2D materials such as graphene, MoS:, BP, and
tellurium nanowires have emerged as compelling candidates for next-
generation thermal detection. These materials offer extremely low
thermal mass and high surface-area-to-volume ratios, which enable ul-
trafast thermal response and high sensitivity. Additionally, their me-
chanical flexibility allows integration with flexible substrates and
wearable platforms.

A prime example is the use of PdSe: in photothermoelectric (PTE)
detectors, which exhibit high responsivity (>13 V/W), rapid signal
modulation, and intrinsic polarization sensitivity. These detectors
capitalize on the anisotropic thermal and electrical transport properties
of 2D crystals to enhance PTE conversion efficiency. Similarly, tellurium
nanowires and BP heterostructures have shown excellent responsivity
and broadband detection capabilities, with the added benefit of direc-
tionally dependent photoresponse. Another rapidly advancing material
class is CQDs, such as HgSe, HgTe, and PbSe, which provide size-tunable
bandgaps and strong IR absorption in the mid-to-long wavelength
regime. Their solution processability enables low-temperature, large-
area fabrication via spin-coating or inkjet printing, making them ideal
for cost-sensitive and scalable uncooled IR detector applications. CQDs
also show promise for integration with flexible or curved substrates,
enabling novel form factors for IR sensing [270,271].

To further boost optical-to-thermal conversion, nanostructured ab-
sorbers and engineered photonic architectures have been developed. For
instance, nano-fenced MoS: structures enhance IR absorption by
creating localized thermal confinement and enhancing heat dissipation
contrast. These structures not only improve responsivity but also
maintain performance stability at elevated temperatures an essential
feature for real-world deployment in harsh environments [273]. More-
over, the integration of MEMS technologies has transformed thermal IR
detector performance. MEMS-based designs such as suspended micro-
bridges, thermally isolated pixels, and cantilevered absorbers minimize
thermal conductance to the substrate, enabling a higher temperature
rise per incident photon and thus boosting detector sensitivity. These
platforms form the backbone of most commercial microbolometer ar-
rays and are increasingly being adapted to support advanced nano-
material integration [272]. Collectively, these developments in
detection mechanisms and materials platforms have significantly
expanded the functional capabilities of thermal IR PDs. Through careful
optimization of material properties, geometry, and thermal isolation
strategies, modern thermal detectors now offer performance that ap-
proaches or even competes with that of photon-based detectors in many
application domains—while maintaining the distinct advantages of
broadband detection, room-temperature operation, and simplified sys-
tem design.

2.5.2. Performance benchmarks and comparative highlights

Recent advancements in material engineering and device architec-
ture have significantly improved the performance of thermal-based IR
PDs, enabling room-temperature operation with impressive responsivity
and detectivity. A variety of platforms reported in the literature show-
case the growing potential of these detectors across different application
domains. For instance, PdSez-based photothermoelectric (PTE) detectors
demonstrate responsivity exceeding 13 V/W and are notable for their
intrinsic polarization sensitivity and fast switching characteristics.
Graphene-based bolometers integrated with LiNbOs substrates have
exhibited an exceptionally high temperature coefficient of resistance
(TCR) reaching up to 90 %/K, with pK-level thermal sensitivity, posi-
tioning them as strong candidates for ultra-sensitive thermal imaging.
Nano-fenced MoS: devices achieve responsivity as high as 1358 mA/W
and detectivity on the order of 2.8 x 10'° Jones, while also maintaining
stable performance at temperatures up to 100 °C, making them suitable
for self-powered, thermally robust applications. Heterostructures
combining BP and WSez have demonstrated broadband response and
polarization sensitivity, with responsivity around 0.5 A/W and
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detectivity near 10'° Jones [271]. Tellurium nanowires, another
promising 1D material system, exhibit extremely high responsivity
(~6650 A/W) and broadband blackbody compatibility. Meanwhile,
HgSe quantum dot films, despite lacking precise responsivity values,
offer detectivity comparable to cryogenically cooled detectors (e.g., LN2-
cooled systems) while maintaining room-temperature operation [274].
Their solution-processability and tunability make them attractive for
large-area, low-cost thermal sensor arrays. These benchmarks collec-
tively illustrate how advanced materials and nanoengineered architec-
tures are driving thermal IR detectors toward high-performance,
scalable, and versatile solutions.

2.5.3. Integration with emerging technologies and comparative advantages

The functionality of thermal infrared detectors is rapidly expanding
as they are increasingly integrated into emerging electronic and
computational platforms, including neuromorphic systems and energy-
autonomous sensors. In these contexts, thermoelectric and pyroelectric
materials can be directly coupled with analog or in-memory computing
elements to facilitate on-sensor processing, enabling operations such as
feature extraction, classification, and environmental adaptation without
the need for centralized computation. This co-integration not only re-
duces energy consumption but also supports real-time decision-making
in compact, wearable, or distributed sensing systems. Furthermore, the
ability of thermoelectric materials to convert thermal gradients into
electrical energy enables the development of self-powered IR detectors,
which are particularly valuable for long-duration or remote applications
in space exploration, defense, and environmental monitoring. The
convergence of thermal sensing and energy harvesting in a single,
multifunctional platform represents a critical step toward the realization
of autonomous, maintenance-free infrared detection systems.Compared
to photon-based detectors, thermal detectors present several distinct
advantages. These include broadband spectral sensitivity that is inde-
pendent of the material’s electronic bandgap, operation at ambient
temperatures without the need for cryogenic cooling, and simplified,
low-cost fabrication, especially suited for large-area and flexible sub-
strates [274].

These attributes make thermal detectors particularly attractive for
use in consumer electronics, smart textiles, and cost-sensitive imaging
applications. However, these benefits are counterbalanced by inherent
trade-offs, such as slower response times typically in the millisecond
range lower specific D* due to higher thermal noise, and reduced spatial
and temporal resolution, particularly in fast, dynamic imaging sce-
narios. Nevertheless, recent developments in low-dimensional mate-
rials, nanostructured absorbers, and thermal isolation architectures as
well as the introduction of on-chip compensation and Al-based signal
enhancement techniques are steadily closing the performance gap be-
tween thermal and photon-based detectors. These advancements sug-
gest a growing role for thermal IR detectors in next-generation
intelligent sensing systems, where performance, cost, and integration
flexibility must be balanced.

3. Representative applications of infrared photodetectors

The principal application of IR PDs used in various industries
including automotive, medical, semiconductor, food processing, and
astronomy have recently adopted the use of IR PDs based cameras due to
their ability to accurately measure temperature without physical contact
and to monitor without causing damage. These IR cameras can monitor
food quality, semiconductor chips and devices, and road conditions. IR
technology’s ability to monitor without physical touch or causing
damage has resulted in its development for several medical purposes,
such as blood vein monitors, brain injury detectors, diabetic neuropathy,
thermography, and cancer cell detectors. At present, several medical
instruments are being assessed to be used in medical applications and a
multitude of other ones will be introduced to the market in the future
decade. The IR PDs camera has numerous captivating applications, with
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astronomy being particularly exciting. Moreover, cryogenic cooling has
been the standard for the most sensitive IR PDs cameras up until now,
but this has increased the cameras’ size and maintenance costs. There
are four demands for most applications. Firstly, the ability to fabricate
large imaging focal plane arrays (FPA) is crucial; secondly, the need for
imaging systems to be capable of cooling down to room temperature or
thermal equilibrium, a feature currently unavailable for most IR PDs
cameras; thirdly, the ability to integrate with silicon microcircuit tech-
nologies to create smaller and more affordable systems; and fourthly, the
potential for mass production that could lead to more affordable IR PDs
devices or cameras [275].

3.1. Health sector

Heat sensors were already in development before the full under-
standing of IR technology. The development and widespread use of
various IR detector technologies, however, did not occur until the
middle of the 20th century. There are several uses for IR detectors in
thermal imaging. The fields of medicine, weather, search and rescue,
surveillance, and climatology are among those that make use of thermal
imaging for biomedical applications. For instance, by comparing the
amounts of light absorbed at two wavelengths, one can determine a
number of characteristics pertaining to blood flow, including pulse rate,
blood pressure, and oxygen saturation. In this context, Xu et al. [276]
developed a flexible near-IR photo-induced degradation (NIR-PPG)
sensor by combining an organic PDs with excellent sensitivity and an
inorganic light-emitting diode with excellent efficiency (Fig. 13a). The
organic PDs that has been chosen as an active layer is made up of a DPP-
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DTT:PCBM bulk heterostructure that can absorb near-IR light. In addi-
tion, a double-layer gate dielectric layer allows for the realization of
phototransistor-type FPDs with low operating voltage (Fig. 13b). The
noise equivalent power of this device is 1.2 x 107*®> WHz /2, and its
NIR responsivity is up to 3.5 x 107> A W™ (Fig. 13c). This makes it
better than commercial silicon-based PDs. By putting this technology
directly on the skin, researchers showed that the flexible PPG sensor
could record heart rate variability continuously and accurately track
changes in pulse pressure in different body positions using electrocar-
diogram monitoring.

There is also the use of IR PDs in the optical coherence tomography
measurements of skin [275]. Here the use of wavelengths of 1300 nm is
the best choice because water in the skin absorbs all other IR wave-
lengths whereas using visible light results in a lot of scattering from the
skin’s structure which severely degrades the imaging depth and quality.
Note that optical coherence tomography measurements of skin are
currently undergoing clinical trials for their ability to detect skin cancer
and other diseases without needing to perform an excision [277],
whereas all other currently clinically approved skin cancer detection
methods involve an excision.

Despite the critical role that PDs play in improving the medical
health status of humans, the limited spectral detection range, low stress
stability, and non-degradation of standard PDs impede the development
of wearable medical devices in the health sector. In this context, Zhang
et al. [278] devised an intelligent healthcare monitoring system utiliz-
ing IR PDs technology. The system integrates a paper substrate and pure
PbS via mechanical friction (Fig. 13d). The six-arm stellate dendritic
shape and 1.01 eV band gap of PdS were responsible for this system’s
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remarkable performance (Fig. 13e), which spans a broad detection
spectrum from 365 to 1550 nm. Furthermore, this PD device, operating
at a wavelength of 980 nm with an intensity of 50.4 pWem ™2, exhibits a
responsivity of 6.45 mAW™}, a detectivity of 6.4 x 10" Jones, a
response recovery time of 0.36 s/0.41 s, and demonstrates excellent
mechanical stability. Remarkably, this PD system exhibited a broader
range of detection, superior ability in detecting weak signals, and a
quicker response time when compared with paper-based PD system
(Fig. 13(f-g)).

On the other hand, the manufacturing of second-near-IR (NIR-II) PDs
is crucial for the creation of flexible photodetection devices that can
easily integrate with 3D geometries to reliably identify and gather
different types of data in real-time. But there has yet to be a technology
that combines great photosensitivity, rapid photo reaction, and
outstanding versatility. Considering these aspects, Zhu et al. [279]
created IR PDs and arrays that look like skin by mixing photo-sensitive
PbS quantum dots (PbS QDs) with conducting MXene (Ti3CyTyx). This
allowed for efficient transport between spatially separated layers and
greatly enhanced photocarrier separation at the bilayer interface. The
enhancement in mechanical and optoelectronic properties is attribut-
able to the excellent interface that was formed by the two-layer structure
and strong bonding of MXene and PbS QDs. After 500 cycles of bending,
the produced (NIR-II) PDs showed an impressive responsivity of 1000
mAW 1, a photo-response time of 30 s, and a retention of performance
of over 95 %. This work demonstrates the promising potential of inex-
pensive and high-performing MXene/PbS quantum dots-based material
to be utilized to develop the next generation of IR PDs based systems,
including optical communication, NIR-II imaging, and proximity sensing
in a range of settings.

3.2. Imaging sensors

Among the many significant uses of IR PDs are imaging sensors. PDs,
an essential component of imaging sensors, transform light into elec-
trical signals that can be further processed and transformed into digital
images. In most imaging sensors, these PDs are arranged in a grid or
array, with each one responsible for collecting light from a specific area
of the picture. A proportionate current is generated by PDs in reaction to
light, with the intensity of the light determining the exact ratio. Each
pixel’s brightness and color are represented by a digital signal that is
amplified from these produced currents. The digital signal is then pro-
cessed by image processing algorithms to create a digital picture, which
can then be saved or shown. Traditional silicon-based commercial image
sensors are not very scalable or stretchy. Meeting the expectations of
modern wearable technologies, including integration, miniaturization,
and multi-functionality, is made tough by these limits. Organic and
perovskite materials used in innovative IR PDs have the added benefit of
being color-selective in addition to being flexible. Such improvements
are significant since this quality is necessary for full-color selectivity in
image sensing.

In order to achieve almost perfect sensing in all directions in curved
and flexible organic PDs, it has been proposed to use carbon nanotubes
instead of indium-tin oxide, as carbon nanotubes possess outstanding
mechanical, optical, and electrical characteristics. In order to achieve
optimal performance with organic PDs, it is crucial to strike a balance
between their packing density and transmittance. This is because the
creation of appropriate top layers depends on the presence of dense
nanotube arrays. In this context, carbon nanotubes served as an elec-
trode on a substrate that possesses both flexibility and rigidity [280].
The carbon nanotube electrode exhibits a detectivity of 2.07 x 10'*
Jones, surpassing indium-tin oxide-based devices by a factor of 100.
Additionally, it maintains an average optical transmittance of 90 %. It
reduces dark current to a level that is lower than 1.0 x 10712 A. The high
electron injection barrier was created by the deep work function of the
carbon nanotube electrode, which was determined by photoelectron
yield spectroscopy (Fig. 14(a-c)). This investigation also considered the
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energy level bending caused by the electrode-semiconductor interface.
The stability of organic PDs built with carbon nanotube electrodes was
proven through a cyclic flex test involving 500 bending cycles.

On the other hand, solution-processed lead-halide perovskites are a
highly promising material for flexible optoelectronics. The inability of
perovskite materials to be used in production processes that involve
polar liquids restricts the integration of ultrathin perovskite PDs.
Recently, Wu et al. [281] developed a perovskite-based PDs array (10 x
10 pixels), having 2.4 pm thickness, is highly flexible, lightweight (3.12
g/m?2), and conformable. The active layer of all-inorganic CsPbBrs
perovskite films may be patterned accurately in terms of pixel position,
tunable morphology, and uniform size using a vacuum-assisted drop-
casting patterning process (Fig. 14(d-f)). Employing a waterproof
perylene-C film as both the substrate and the encapsulating layer
effectively shields the perovskite films from polar liquid infiltration
during the peel-off process. The device’s encapsulation and ultra-
thinness give it the ability to remain stable in the environment for a
long time, endure bending and 50 % compressive strain, and maintain
exceptional mechanical stability (Fig. 14(g-m)). The visualization of
light scattering is enabled by the ultrathin flexible PDs arrays that
adhere to a hemispherical support. This presents intriguing opportu-
nities for vision-sensing devices that replicate the functionality of the
retina.

On the other hand, the photoactive halide perovskites possess
exceptional optoelectronic properties, customizable bandgaps, and can
be easily produced on a wide scale, which makes them promising can-
didates for color-imaging sensors that do not require filters. Preparing
patterned perovskite films using solution procedures is challenging, and
evaporation methods often result in perovskite PDs with restricted
performance. As a result, existing manufacturing techniques struggle to
create superior-patterned perovskite films suitable for these specific
applications. For instance, Chen et al. [282], show a way to make
patterned perovskite films better by covering the substrates with a single
layer of brominated (3-aminopropyl) triethoxysilane and using a better
evaporation method to do it (Fig. 15(a-b)). The inclusion of polymer
substrates improves the device’s flexibility (Fig. 15(c-e)). Finally, sen-
sors capable of differentiating between red, green, and blue colors are
produced by combining perovskites with three separate halide compo-
nents, each with a unique band gap, into a device array using the
established evaporation procedure. The flexible photosensor arrays
demonstrate their ability to consistently generate vibrant visuals that
closely match familiar patterns (Fig. 15(f-h)). This research demon-
strates that it is feasible to achieve filter-free color imaging by utilizing
multicomponent perovskite PDs and high-performance patterned pe-
rovskites. This exhibits the potential of these detectors for advanced
optoelectronic applications, including hyperspectral imaging.

Moreover, imaging of light dispersion is accomplished by means of
the ultrathin PD array that conforms to the hemispherical scaffold. An
improved technique for producing arrays of PDs by vacuum-evaporating
perovskite photoactive layers was created by Chen et al. [282] 2D ma-
terials have emerged as promising candidates for photodetector appli-
cations owing to their atomic-scale thickness, outstanding
optoelectronic properties, mechanical flexibility, and the capability to
form van der Waals heterostructures without the need for lattice
matching. The electromagnetic spectrum is categorized into ultraviolet
(UV, 10-400 nm), visible (400-750 nm), IR (IR, 0.75-30 pm), and ter-
ahertz (30 pm-3 mm) regions, with the IR range further subdivided into
near-, short-mid-, long-, and very long-wave bands. Fig. 15h. from the
referenced source outlines a strategy to eliminate the van der Waals gap
in mixed-dimensional heterostructures to enhance photodetector per-
formance. In particular, Fig. 15h. presents current-time curves for a
PbS/MoS: photodetector under illumination at wavelengths of 808,
1340, and 1550 nm. This mixed-dimensional heterostructures and in-
troduces an innovative approach aimed at improving device perfor-
mance by addressing the intrinsic van der Waals gap. This gap, which
exists at the interface of van der Waals heterostructures (vdWHSs), serves
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as a tunneling barrier and can hinder the efficient injection of photo-
generated carriers in phototransistor devices.

3.3. Optical devices

One additional significant use of IR PDs is in optical communication
technologies. As they transform light into electrical impulses, PDs play a
crucial role in optical communication systems. Light signals encoded
with information can be received by these devices over fiber-optic cables
or even free space. PDs can detect very weak signals because they are
very sensitive to light. When they receive a signal, they produce a cur-
rent that is directly proportionate to the strength of the light signal
[15,284]. Following amplification, the current undergoes digital signal
conversion, allowing for processing and transmission via the commu-
nication channel. PDs, in a nutshell, are the backbones behind optical
communication systems, which can send data quickly and efficiently
across great distances with almost no signal degradation. Moreover, the
data processing, and human-machine interaction might be made easier
with the use of flexible optical communication technology that could
connect a variety of wearable devices. The use of PDs that can selectively
detect wavelengths is necessary, though.

Furthermore, optical communication systems operate within a
defined spectral range, typically between 300 nm and 1600 nm, with
peak utilization at 850 nm, 1310 nm, and 1550 nm due to the minimal
signal attenuation exhibited by optical fibers at these wavelengths
[285,286]. Still, IR light is still the most used optical signal for many
applications, including the Internet of Things, radar systems, data
communications, and remote control, even though ultraviolet and
visible light communication has come a long way in the last decade.
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Applications and distance requirements dictate which optical commu-
nication bands are best suited. Therefore, it is essential to minimize
signal attenuation during transmission and avoid interference from
ambient light while developing flexible electronic equipment. The prior
research has also demonstrated the possibility of visible-light commu-
nication with wearable devices. For instance, Liu et al. [287] present an
advanced optical photodetector (OPD) that employs a tandem structure
to effectively reduce both the carrier transit time and the RC time con-
stant of the device. This innovative design achieves an outstanding
response speed of 146.8 ns, setting a new record in the field. The tandem
structure lets voltages to be split and multi-level barriers to be added
(Fig. 16(a-d)). This makes for a very low noise current of 7.82 x 10°A
Hz V2 and a wide detection range from 300 to 1000 nm. The effective
use of the tandem OPDs as signal receivers in the optical communication
system further exemplifies the precise transmission of digital signals
from visible to near-IR light. Tandem OPDs are highly promising in the
field of wireless transmission systems.

For instance, utilizing specifically tailored ink formulations, Strobel
et al. manufactured bulk-heterojunction PDs that selectively absorb
certain wavelengths [288]. They showed the results of using the pro-
duced PDs in a filter-less visible-light communication system, which
allowed them to demultiplex mixed optical data and exhibit color
selectivity (Fig. 16(e-h)). Further, based on a perovskite material made
of formamide ((BA);FAPb,I;), Wang et al. developed flexible PDs [289]
for optical communication. They suggested that the incorporation of
gold nanostructures onto the substrate enhanced the light-matter
interaction, likely due to the enhanced localized surface plasmon reso-
nances (LSPRs), showing 2.3 AW~ ! maximum responsivity, a maximum
response speed of about 9 microseconds, 3.2 x 102 Jones detectivity,



P.V. Pham et al.

A
<) PoBry-

® c

Chemical Engineering Journal 522 (2025) 167554

HBr-APTES modified PEN

°o 250 500 750 1000
Bending cycles

e. . h >
10-71 i ’6 ~‘ —0" —30° —60° —80° 10 ettt R ™
= . T T It T
- 1 - 10°
€ < o + 808 nm 81.0 mW/cm2
g1041 { 1340 nm 34.8 mW/cm?2
E 10 _ 2
= 3 - » 1550 nm 70.8 mWicm
(&) 10"
] 10°(% 8 A ne s s owd
0 100 200 300 400 107926 40 60 80 100
Time (s) Time (s)

Fig. 15. (a) Crystallographic representation of the attachment of CsPbBrs perovskite with HBr-APTES-templet. (a) A SEM image of the CsPbBr; layer (c) A photo
showing a built-in PDs array. (d) The built-in PDs device’s photocurrent reaction. (e) PDs for time-dependent photo signals. (f) Detecting the created device’s red,
green, and blue lights apart. (g) A photo of the color imaging array. Taken from [282]. Copyrights© 2021 Wiley-VCH GmbH (h) Current-time curves based on PbS/
MoS2 photodetector with the illumination of 808, 1340, and 1550 nm. Taken from [283] Copyrights© 2021 Wiley.

and stability over the thousand hours in a natural environment. In
addition, the manufactured PDs was effectively used as an optical signal
receiver to send ASCII-encoded data as part of a visible-light commu-
nication system. Fibrous PDs are a lightweight and flexible tool for
efficient optical information transmission with high integration char-
acteristics. They offer unique advantages in optical communication
technology and have garnered significant interest in the field of wear-
able devices and consumer electronics. Interestingly, the integration of
fibrous PDs into wearable technologies presents several complex chal-
lenges related to materials, structural design, fabrication, and long-term
performance. A primary difficulty lies in reconciling the need for high
optoelectronic efficiency with the mechanical flexibility required for
wearable use. This necessitates the selection of materials and substrates
that can sustain high performance while being sufficiently pliable to
conform to the contours and movements of the human body [290].
Moreover, device architectures must be engineered to endure repetitive
mechanical deformation such as bending and stretching—without
compromising their operational integrity. On the manufacturing front,
combining dissimilar materials with varied mechanical, thermal, and
electrical properties poses additional obstacles [291]. It is critical to
preserve functionality during processing while ensuring that the final
device remains comfortable, lightweight, and mechanically stable. The
seamless integration of fibrous PDs into fabrics or flexible platforms
further demands innovative approaches to establish durable electrical
connections and ensure long-term reliability under dynamic wear con-
ditions. Environmental stability is also a major concern, as wearable PDs
are routinely subjected to sweat, moisture, and mechanical stress [290].
Therefore, these devices must maintain sensitivity, a broad detection
range, and robust operation throughout extended use. Addressing these
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multifaceted issues calls for continued advances in materials science and
device engineering, including novel substrate modifications, functional
material innovations, and optimized device configurations. Progress in
these areas will be key to realizing the full potential of fibrous PDs in
wearable systems, paving the way for next-generation applications in
biomedical monitoring, smart textiles, and on-body optical communi-
cation. A compelling example of wearable IR photodetector integration
is demonstrated by Kim et al., Zhang et al., and Zhou et al., who have
developed fiber-shaped infrared photodetectors using PbS quantum dots
and carbon nanotube (CNT) hybrid structures. These devices exhibit
excellent flexibility, enabling them to be woven into fabrics or worn
directly on the body. They offer broadband photodetection across the
NIR to SWIR range with high responsivity and mechanical durability,
making them suitable for applications in smart textiles and health
monitoring. These examples illustrate how IR photodetectors can be
effectively adapted into wearable form factors without compromising
performance [292-294].

When compared to photodiodes and photoconductors, the three-
terminal device structure of phototransistors used in fibrous PDs for
optical communication makes integration more difficult. Compared to
stacked or planar two-terminal PDs, fibrous PDs require more intricate
preparation methods and integration techniques. The quality of the film,
the contact between the vertical gates, the insulation between the layers,
and the intercalation of dielectrics are all critical. The flexibility char-
acteristic is still preferred, especially for larger areas in wearable sys-
tems, even if extremely miniature, non-flexible devices can fulfill
wearable criteria. Using stiff island devices is an encouraging strategy
for overcoming the lack of flexibility in non-flexible components while
still taking advantage of the benefits of such structures [259,260,296].
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This leads us to believe that improving the functionality of cell devices
will not be the end goal of future fibrous PD improvements, and research
instead will focus more and more on improving the miniaturization,
integration, and intelligence of fibrous PDs in flexible electronic sys-
tems. Improvements to fibrous PDs’ operating stability and environ-
mental compatibility are in the works, which should increase their
usefulness and effectiveness. Recently, Rein et al. [297] successfully
realized the scalable thermal drawing of electrically connected diode
fibers. Initially, they construct a sizable preform, including hollow
spaces that facilitate the passage of copper or tungsten wires, as well as
individual diodes integrated within the framework (Fig. 17(a-d)). By
subjecting the preform to heat and pulling it into a fiber, numerous di-
odes are connected in parallel within a single fiber as the conducting
wires approach and establish electrical connections with the diodes.
Two types of IR devices are fabricated: PDs and light-emitting diodes.
The light is concentrated and aligned using a lens that is integrated into
the outer layer of the fiber (Fig. 17(e-g)). This approach is suitable for
use in clothing applications since diode fibers maintain their perfor-
mance even after ten machine-wash cycles. A bidirectional optical
communication link with a frequency of three megahertz is established
between two fabrics that contain receiver-emitter fibers to demonstrate
the practicality of this approach (Fig. 17(h-k)). Furthermore, the di-
odes’ capacity to gauge heart rate implies their potential utility in
physiological status monitoring systems that encompass many types of
fabrics. By increasing the density and usefulness of thermally drawn
textile-ready fibers, this approach holds promise for a fiber equivalent of
‘Moore’s law’, enabling the development of increasingly sophisticated
functionalities in fibers. It is also noteworthy that Figs. 17(l-p) collec-
tively illustrate the impressive mechanical adaptability and environ-
mental stability of PeQW-based fiber light-emitting diodes (Fi-LEDs),
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emphasizing their strong potential for wearable electronic applications.
The stretchability of these devices, as depicted in Figs. 17(1) and (m), is
achieved through a wavy (undulant) structural design, allowing elon-
gation up to 100 % while maintaining light emission. This geometry
effectively mitigates mechanical strain on the active layers by absorbing
deformation. Figs. 17(n) and (o) present quantitative assessments of
mechanical durability, demonstrating that the devices retain over 85 %
of their original electroluminescence after 500 bending cycles, with
thinner fibers exhibiting even greater resilience. Under tensile stress
(Fig. 17p.), the devices maintain 85 % EL at 100 % strain, though a
decline to 50 % is observed after 150 cycles at 60 % strain, indicating
that stretching imposes greater mechanical degradation than bending.
Thinner fibers again show improved endurance. Additionally, Fig. 17p.
underscores the robust waterproofing performance of the PDMS-
encapsulated Fi-LEDs, as evidenced by the sustained EL output after
more than 1000 h of continuous water immersion [283]. This high level
of moisture resistance is critical for the practical deployment of wear-
able devices. These findings highlight the strong potential of PeQW-
based Fi-LEDs for use in flexible and wearable technologies, owing to
their outstanding mechanical flexibility, durability, and resistance to
environmental stress.

3.4. Environmental and gas sensing

IR PDs play a pivotal role in environmental and gas sensing by
enabling the detection of trace gases such as carbon dioxide (CO2),
methane (CHa), nitrous oxide (N20), and volatile organic compounds
(VOCs), which have distinct infrared absorption features. These gases
absorb strongly in the mid-wave infrared (MWIR, ~3-5 pm) and long-
wave infrared (LWIR, ~8-14 pm) regions, making IR PDs
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Fig. 18. Environmental and Gas Sensing Using IR PDs.

exceptionally effective for selective, sensitive, and real-time monitoring.
Among the most established techniques is non-dispersive infrared
(NDIR) sensing, where broadband IR light is passed through a gas
sample and specific molecular absorption bands—such as 4.26 pm for
CO:z or 3.3 pm for CHs—are measured using selective detectors like
pyroelectric sensors, thermopiles, or photoconductors (PbSe/PbS).
Modern NDIR systems, often miniaturized and integrated with optical
filters and gas cells, are widely used in industrial emission monitoring,
HVAC systems, and portable air-quality sensors due to their robustness
and low power consumption [298]. Beyond NDIR, photoacoustic spec-
troscopy (PAS) offers even higher sensitivity by converting absorbed
modulated IR radiation into acoustic signals through non-radiative
relaxation. MEMS-based PAS devices can achieve sub-parts-per-billion
(ppb) detection levels for gases like CHa and N20O using compact dual-
tube resonator designs [299]. These devices are highly suitable for
portable, low-power operation in environmental monitoring and safety
applications. Additionally, mid-IR photonic integration is emerging as a
cutting-edge approach for on-chip gas sensing. Photonic integrated cir-
cuits (PICs) fabricated using materials like chalcogenide glass, silicon,
and graphene allow for mid-IR waveguide-based absorption spectros-
copy. These systems offer high sensitivity, multiplexed detection, and
compactness—ideal for drone-based atmospheric sensing, smart
manufacturing, and distributed environmental monitoring [300]. Sig-
nificant material innovations are advancing the capabilities of IR PDs
based gas sensors. CQDs, particularly HgTe and heavily doped PbS, offer
solution-processable, low-cost alternatives to traditional epitaxial
semiconductors. Their tunable bandgaps enable room-temperature
detection of gas-specific IR absorption, and their compatibility with
flexible substrates supports development of distributed, wearable sensor
networks [301]. Plasmonic nanostructures, such as gold or aluminum
nanoantennas, can be incorporated into IR PDs to enhance local field
strength and responsivity by matching plasmonic resonances to gas

absorption features. This enables ultra-sensitive detection with reduced
device footprint [301]. Rare-earth doped chalcogenide waveguides,
such as those incorporating Dy>' or Er®" ions, produce broadband mid-
IR emission for absorption-based sensing. These materials are effective
in the 3-5 pm region, enabling detection of greenhouse gases like CO-
with high specificity. Furthermore, graphene and other 2D material-
based IR PDs especially when coupled with plasmonic or nanoantenna
architecture exhibit broadband responsivity, ultrafast carrier mobility,
and high sensitivity. These properties have enabled real-time detection
of VOCs and trace gases such as acetone, offering promising routes to-
ward lightweight, flexible, and wearable environmental sensors [302].
The applications of IR PDs-based gas sensors span numerous fields
(Fig. 18). In environmental monitoring, they are crucial for tracking
greenhouse gas emissions and assessing air quality. In industrial set-
tings, they provide early warnings of toxic or explosive gas leaks. In
agriculture, they are used to monitor livestock environments and soil
emissions. In indoor environments, smart air-quality sensors detect
VOCs, COz, and other harmful substances. Additionally, IR PDs are being
explored in medical diagnostics, such as non-invasive breath analysis for
metabolic biomarkers like acetone (diabetes) or ammonia (liver func-
tion). As the demand for compact, energy-efficient, and accurate gas
sensors grows, future development will likely focus on enhancing
selectivity through integrated spectral filters or machine-learning-based
signal analysis, improving material stability for long-term deployment,
and scaling up low-cost manufacturing processes for large-area and
flexible sensor deployment.

3.5. Thermal imaging and optical communication

Thermal imaging and optical communication are two cornerstone
applications of IR PDs, both of which have seen transformative advances
through the development of novel material systems and nanoscale
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device architectures. These technologies are essential across a broad
range of domains, including surveillance, security, industrial moni-
toring, telecommunications, and emerging Internet of Things (IoT)
systems. A recent exemplar of progress in this field is the PdSe2/GeNC-
based IR PDs developed by Luo et al., which demonstrates not only
enhanced thermal imaging performance but also lays the groundwork
for future multifunctional optoelectronic platforms. In the context of
thermal imaging, IR PDs function by capturing the infrared radiation
naturally emitted from objects, enabling the visualization of tempera-
ture gradients and thermal patterns that are invisible to the naked eye.
The performance of such systems depends heavily on material sensi-
tivity, photocarrier mobility, structural design, and optical absorption.
In the study by Luo et al., these parameters are addressed through the
development of a hybrid heterostructure composed of a multilayer PdSe.
film grown on a free-standing germanium nanocone (GeNC) array, as
depicted in Fig. 19a. This schematic shows a vertically aligned array of
Ge nanocones uniformly coated with PdSez, a two-dimensional group-10
TMD known for its exceptional ambient stability and tunable bandgap.
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The unique geometry and material choice collectively serve to enhance
light-matter interaction, photocarrier generation, and signal output
under infrared illumination [303]. This conceptual structure is further
validated by Fig. 19 b, which provides a cross-sectional SEM image of
the fabricated GeNCs. The nanocones are shown to have a diameter of
approximately 500 nm and a height of 4 pm, arranged in a periodic array
fabricated using polystyrene (PS) sphere lithography followed by noble
metal-assisted HF etching. This design enables strong light-trapping ef-
fects, significantly increasing the optical path length and absorption
efficiency in the infrared region a critical advantage for detecting low-
intensity thermal signals. Material uniformity and surface characteris-
tics are examined in Fig. 19 ¢, which presents an AFM image of the PdSe>
layer, revealing a smooth and consistent morphology with a thickness of
approximately 33 nm. This nanometer-scale control ensures consistent
performance across the device and supports low-noise, high-resolution
imaging. Additionally, Fig. 19d includes spectroscopic characterizations
of the PdSe: film. The Raman spectra display four prominent peaks
(~144, 206, 222, and 256 cm™Y), corresponding to distinct phonon
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modes associated with Pd—Se and Se—Se interactions. These signatures
confirm the high crystallinity of the film. The inset X-ray diffraction
(XRD) pattern corroborates the presence of a pentagonal crystal struc-
ture with lattice parameters (a = 5.735 10\, b = 5.858 10\, c=17.672 10\),
aligning with theoretical expectations and confirming the structural
integrity and phase purity of the synthesized PdSe:. To translate these
structural and material advantages into functional performance, the
study also demonstrates the device’s imaging capabilities under 1550
nm infrared illumination. Fig. 19e presents the experimental schematic
for image sensing, where a software-controlled displacement platform
scans the IR PDs across a predefined area illuminated by infrared light.
The current output of each pixel is measured in real time and used to
reconstruct a two-dimensional image. Fig. 19f shows the corresponding
2D photocurrent map, where a distinct “F” pattern is resolved. The
illuminated regions exhibit a photocurrent of approximately 3 pA,
whereas the un illuminated background remains at baseline dark current
levels. Despite minor non-uniformity in response, the image clearly
demonstrates the IR PDs spatial resolution, sensitivity, and stability
under realistic conditions key attributes for integration into thermal
imaging systems [303].

In the context of optical communication, IR PDs are increasingly
being leveraged in innovative systems that utilize the unique properties
of the infrared spectrum to enable robust and multifunctional commu-
nication platforms. A notable example is Thermal Camera Communi-
cation (TCC), a technique that employs thermographic cameras as
receivers and Peltier cells as transmitters to facilitate data transmission
via modulated thermal emissions. This approach is particularly effective
in environments where traditional radio frequency or conventional op-
tical communication methods are impractical, such as underwater, in
smoke-filled areas, or cluttered indoor settings. TCC enables dual func-
tionality, allowing the same IR PDs hardware to support both thermal
sensing and optical data transmission, thereby simplifying system ar-
chitecture and reducing energy consumption [304]. While the PdSez/
GeNC-based IR PDs developed in this study was not explicitly designed
for communication purposes, its demonstrated performance character-
istics such as sensitivity to multiple infrared wavelengths (1350, 1550,
1650, and even 2200 nm), fast response times (rise time ~ 21.2 1, decay
time ~ 40.2 ps), and a 3 dB bandwidth of approximately 21 kHz suggest
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strong potential for modulated infrared signaling applications [303].
Furthermore, the device operates in a self-driven mode, owing to a built-
in electric field at the PdSe>/Ge interface, which adds energy efficiency
and functional simplicity qualities that are especially valuable in mobile,
wearable, or embedded communication platforms. Additionally, the
ability of the IR PDs to spatially resolve infrared patterns, as demon-
strated through 2D photocurrent imaging of the letter “F”, supports the
feasibility of thermal modulation-based communication systems, where
devices not only detect IR signals but also extract meaningful spatial
data. Collectively, these features indicate that the PdSe=/GeNC IR PDs is
well-positioned for future integration into compact, multifunctional
platforms that unify thermal imaging and optical communication ca-
pabilities [304]. Self-driven infrared electrochromic devices (IR-ECDs)
and pixelated micro-optics represent two of the most advanced in-
novations expanding the multifunctionality of IR PDs systems, particu-
larly at the intersection of thermal management, imaging, and optical
communication. IR-ECDs are capable of dynamically and reversibly
modulating their infrared reflectance without the need for continuous
external power, enabling rapid switching between IR-transparent and
IR-reflective states. This makes them highly suitable for applications
such as adaptive camouflage, energy-efficient smart windows, and
tunable optical elements for infrared communication, where modulated
IR signals can be transmitted or blocked in response to environmental or
user-controlled stimuli [305].

Complementing this capability, pixelated micro-optics provide a
novel mechanism for directional thermal emission. By engineering non-
imaging micro-optic elements at the microscale, these systems can
precisely control the angular distribution of emitted infrared radiation,
allowing the creation of infrared displays or signal patterns that are
visible only from certain viewpoints [306]. This property is particularly
advantageous for privacy-preserving communication systems and secure
data display, as it enables spatial confinement of information and re-
duces the risk of interception. Moreover, the ability to shape and direct
IR emission paves the way for highly integrated systems in which both
imaging and communication functions are co-localized and intelligently
managed. Together, these innovations illustrate the growing trend to-
ward convergence in IR PDs platforms where material innovations like
PdSez, smart IR-modulating components like IR-ECDs, and advanced
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optical architectures like pixelated emitters are brought together to
enable compact, energy-efficient, and multifunctional devices. This
integration is facilitating the development of next-generation systems
that seamlessly blend thermal imaging, dynamic thermal control, and
directional infrared communication within a unified framework [305].
As fabrication techniques and system integration strategies continue to
mature, these multifunctional IR PDs are poised to transform applica-
tions across domains such as secure communication networks, smart
surveillance, wearable health monitors, autonomous navigation, and
IoT.

4. Conclusion, challenges, and future prospects

In summary, the IR PDs was addressed, how they function, and how
to optimize a high-performance device. Our major goal in writing this
review article was to cover the main topics, such as a basic explanation
of PDs, methods for breaking the limit of PDs’ for IR detection, and some
examples of their use. Moreover, we focused on novel 2D materials and
heterostructures, nanofabrication, optimization of low 2D materials,
and approaches for the architecture design of 2D heterostructures that
improve PDs performance. Due to their outstanding features, 2D mate-
rials and heterostructures hold considerable practical potential in op-
toelectronic communication systems and PDs. Despite the PDs current
performance and the corresponding mechanisms, described in detail,
photodetection technology based on 2D materials still requires signifi-
cant work in numerous areas. These include creating new device
structures, improving the transfer process, incorporating modulation,
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preparing high-crystal materials, and ensuring long-term stability. The
development of optoelectronic devices and high-performance elec-
tronics may be facilitated by the fabrication of 2D materials with super-
crystal quality and their stacked heterostructure exhibiting suitable
band alignment. These devices have a wide range of potential applica-
tions, including light communication systems, thermal imaging, family
safety, and temperature monitoring, to name a few. Research from a
variety of fields has shown that 2D materials are already an essential
part of semiconductor materials systems and might provide a solid basis
for practical uses in the next few years.

Innovative fabrication and processing of micro-nanomaterials have
accelerated the rate of improvement in IR PDs. From environmental
sensing to military target detection and beyond, we foresee IR PDs
finding more and more applications, and they might one day reach the
far-IR terahertz region that is currently being explored for 6G and
beyond communications. The development of better imaging technolo-
gies is a top priority for IR PDs. Because of their large-scale production
ease, high responsivity at cryogenic temperatures, and versatility in the
absorption wavelengths covering virtually all IR bands, bulk detectors
like AlGaAs, HgCdTe, and SiGe have been extensively commercialized.
However high-performance, low-dark-current and temperature-tolerant
IR PDs are required for a plethora of novel applications. Thanks to ad-
vancements in nanofabrication, quantum well and quantum-dot IR PDs
can now achieve higher operating temperatures and longer wavelength
bands of performance than their bulk counterparts. The future of IR PDs
research might be influenced by a range of sources. To improve IR PDs
performance at lower prices and greater operating temperatures,
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graphene and other 2D materials have been the focus of many studies in
recent years. These innovative 2D materials require a large amount of
space to be manufactured, are extremely sensitive to environmental
variables, and have a low absorption coefficient. Nevertheless, they still
hold theoretical potential to outperform many bulk-materials that
currently in use thus their development for IR PDs will continue.
Despite significant advancements, 2D material-based photodetectors
still face several critical challenges that limit their widespread adoption
and practical deployment (Fig. 20). One of the most fundamental issues
is limited light absorption. Due to their atomic-scale thickness, many 2D
materials intrinsically exhibit low infrared light absorption, which
directly restricts their quantum efficiency and limits overall photo-
response. Enhancing absorption through plasmonics, optical cavities, or
heterostructure design remains an area of ongoing research. Another
major hurdle is balancing responsivity and response speed. Photode-
tectors with high responsivity often rely on photoconductive gain
mechanisms, which, while increasing the photocurrent, can simulta-
neously slow down the response time due to carrier trapping and
delayed recombination. Achieving both high gain and rapid response
continues to be a difficult trade-off in device engineering. Environ-
mental instability is also a critical concern, especially for narrow-
bandgap 2D materials like BP and AsP, which are suitable for mid-
and long-wavelength IR detection but degrade rapidly under ambient
conditions due to their sensitivity to oxygen and moisture. Developing
reliable encapsulation or passivation methods is necessary for long-term
stability. High contact resistance between metal electrodes and 2D
semiconductors remains a limiting factor in efficient charge carrier in-
jection and collection. Despite progress in contact engineering, forming
low-resistance, reproducible, and scalable contacts continues to be a
challenge, especially at scale. Additionally, defect density and scattering
effects both intrinsic and substrate-induced degrade charge carrier
mobility and photoresponse. Interface traps, grain boundaries, and non-
uniformity in large-area growth processes contribute to charge scat-
tering and performance inconsistency. From a manufacturing stand-
point, the lack of scalable and cost-effective fabrication techniques is a
major bottleneck. Many high-performance devices are fabricated
through lab-scale techniques like mechanical exfoliation or complex
epitaxial growth, which are not easily adaptable for industrial-scale
production. Developing wafer-scale, solution-processed, or roll-to-roll
methods for high-quality 2D material integration remains a pressing
need. Lastly, integration with existing CMOS technologies poses
compatibility issues due to mismatched lattice structures, thermal
budgets, and processing protocols. Bridging this gap is essential for
commercializing 2D photodetectors in mainstream optoelectronic sys-
tems. Overcoming these challenges requires a comprehensive approach
that integrates materials innovation, advanced device architecture
design, and the development of scalable fabrication techniques. These
strategies are essential for unlocking the full potential of 2D material-
based photodetectors. Despite significant research progress and
numerous promising results, current 2D photodetector technologies still
fall short of matching the performance and reliability of commercial
photodetectors. Continued efforts are needed to fine-tune device con-
figurations and accelerate the transition from lab-scale demonstrations
to practical, real-world applications. Nonetheless, the field presents a
wide array of promising directions for future research and development
in low-dimensional photodetector systems. Absolute absorption is lower
in graphene and other 2D materials with atomic-scale thickness than in
commercial optical materials. The high exciton binding energy is caused
by a mild electrostatic shielding effect and intense coulomb interaction
enhances Auger scattering even further. Thus, quantum efficiency has its
limits. The quantum efficiency of PDs composed of low-dimensional
materials has been the subject of multiple studies. New 2D materials
with desirable features, including 2D perovskites, with low exciton
binding energy and extended diffusion lengths for photogenerated car-
riers should be investigated soon. A strong optical absorption coefficient
and strong charge carrier mobility in typical, nonlayered 2D materials
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necessitate further investigation. Semiconductors of groups III-V and II-
VI are included in this. Particularly challenging is the lack of effective
solution-based technologies for the economically viable production of
2D III-V materials. Bandgaps are often rather significant in 2D materials.
Materials with a narrow bandgap, such as BP and AsP, are unfortunately
prone to instability. Exploring new stable 2D materials with a small
bandgap for detection in the mid-IR and far-IR areas is highly desirable.
One common method to enhance photodetection performance is to
create photodiodes and hybrid phototransistors. However, in most cases,
it is not feasible to have both high quantum efficiencies and a fast
response time. Additional research is required to construct a novel
heterostructure with high quantum efficiencies and rapid response
times. Making cost-effective, uniform single-crystalline films on a wafer
scale using solution-based technologies is still an attractive prospect.
The mechanical flexibility and robustness of low-dimensional materials
make them promising candidates for large-area wearable flexible opto-
electronic systems. Common optoelectronic materials and complemen-
tary metal-oxide semiconductor integrated circuits have very different
lattice and temperature structures, which makes their integration
extremely challenging. Furthermore, 2D materials display little binding
to neighboring materials via Van der Waals interactions and are very
compatible with complementary metal-oxide semiconductors (CMOS)
integrated circuits. Therefore, affordable imaging arrays using IR PDs is
a long-term objective. While significant strides have been made in
overcoming the traditional limits of IR PDs, widespread adoption de-
pends on solving practical challenges related to scale, reproducibility,
cost, and integration. A holistic approach that balances performance
with manufacturability and robustness will be key to transitioning lab-
oratory breakthroughs into commercial platforms.

In conclusion, numerous challenges remain in overcoming the
detection limits of IR PDs. These challenges include material limitations,
device engineering complexities, and optimization of performance
metrics such as sensitivity, responsivity, and noise reduction. However,
advancements in the design and manufacturing processes, particularly
those leveraging 2D heterostructure-based nanomaterials, hold great
promise for addressing these issues. The unique properties of these
materials, such as their exceptional tunability, scalability, and compat-
ibility with novel architectures, are poised to revolutionize the field of IR
detection. Looking forward, the prospects for high-performance IR PDs
are incredibly promising across a wide range of cutting-edge applica-
tions. For instance, their integration into optical spectrometer systems
could enable more precise and efficient spectral analysis for scientific
and industrial purposes. In ultrafast optical sensing systems, IR PDs may
achieve unprecedented speed and accuracy, enhancing technologies
such as LiDAR, remote sensing, and real-time monitoring. Furthermore,
advancements in optical synaptic systems inspired by neuromorphic
computing could benefit from the unique characteristics of IR PDs,
paving the way for next-generation artificial intelligence and memory
devices. Where, neuromorphic IR PDs are designed to mimic brain-like
computation by processing and adapting to optical signals directly at
the sensor level, thereby reducing latency and energy consumption in
data-intensive applications. This paradigm shift is enabled by recent
breakthroughs in ferroelectric 2D semiconductors such as a-In2Ses and
CulnP2Se, which offer reconfigurable polarization states and exhibit both
volatile and non-volatile memory characteristics. These materials sup-
port synaptic behaviors and logic switching, making them ideal candi-
dates for in-sensor and in-memory computing [203,307,308]. Devices
based on a-InzSes, for example, have demonstrated high photoresponse
sensitivity (up to 98 mA/W at 1800 nm), fast response times, and high
carrier mobility, while maintaining compatibility with broadband op-
tical detection from the visible to short-wavelength infrared (SWIR)
regimes. Moreover, hybrid heterostructures that combine ferroelectric
2D semiconductors with IR-active layers such as black phosphorus or
transition metal dichalcogenides (e.g., WSz, MoTez) further enhance
spectral range and responsivity. These hybrid systems enable program-
mable, adaptive photodetection behaviors by leveraging built-in electric
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fields and strong interfacial coupling. As a result, such material combi-
nations not only improve photodetector performance but also lay the
groundwork for intelligent IR sensing platforms capable of complex
tasks such as real-time learning, recognition, and decision-making at the
edge. Additionally, IR PDs integrated into plasmonic systems have the
potential to unlock new possibilities in manipulating light at the nano-
scale, enabling breakthroughs in areas like subwavelength imaging,
energy harvesting, and advanced optical communications. These ad-
vancements collectively underscore the transformative potential of IR
PDs, suggesting that ongoing research and innovation will continue to
push the boundaries of their capabilities in diverse and impactful ways
(Fig. 21). IR PDs is undergoing a pivotal transformation, fueled by
simultaneous progress in material development, device architecture,
and computational processing. This review has outlined an array of
emerging strategies aimed at overcoming the intrinsic limitations of
conventional IR PDs. These strategies span a wide range from bandgap
engineered 2D materials and vertically stacked heterostructures to
plasmonically enhanced interfaces and intelligent, algorithm-driven
readout systems. Despite this breadth of innovation, developing scal-
able, robust, and high-performance IR detector platforms remains a
formidable challenge. On the materials front, ultrathin semiconductors
like MoS2, PdSe-, and Bi-O-Se have attracted attention for their tunable
optical characteristics and suitability for multi-wavelength sensing.
However, their real-world adoption is constrained by difficulties in
achieving uniform, large-area growth, ensuring stability in operational
environments, and integrating them with standard CMOS fabrication
processes. Addressing these concerns calls for advanced, low-
temperature synthesis techniques, improved control of interface qual-
ity, and long-term passivation solutions.

In terms of device design, innovations such as photogating elements,
metasurface-based absorbers, and hybrid-layer structures have yielded
notable improvements in key parameters like detectivity and spectral
responsiveness. Yet, the reliance on precise nanofabrication remains a
barrier to mass production. The future of scalable device engineering
will depend on streamlined architectures and cost-effective
manufacturing approaches, such as solution-based processes and
imprint lithography. System level integration presents its own set of
challenges. Future IR PDs must be compatible with flexible substrates,
maintain performance across a range of environmental conditions, and
support high-throughput assembly with minimal variability. Reliable
packaging, effective thermal management, and mechanical robustness
are essential to transition from proof-of-concept devices to deployable
technologies in areas like aerospace, biomedical monitoring, and
autonomous systems. One of the most promising directions lies in
computational photodetection. By embedding signal processing capa-
bilities directly into the sensing architecture, methods such as neuro-
morphic computing, compressed sensing, and machine learning-based
filtering are redefining how IR detectors handle data. These approaches
reduce dependence on material performance alone, yet still face hurdles
such as analog hardware integration and power efficiency. In conclu-
sion, the future of IR PDs depends on the successful convergence of in-
novations in materials, device structures, signal processing, and system
engineering. A collaborative, cross-disciplinary approach focused on co-
design and scalability will be key to transforming current laboratory
advances into widely adopted, high-performance sensing platforms.
These systems will play a critical role in shaping next-generation tech-
nologies across a variety of sectors, from healthcare and environmental
analysis to space exploration and intelligent electronics.
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