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Spectrally Tunable 2D Material-Based Infrared
Photodetectors for Intelligent Optoelectronics

Junheon Ha, Yingshan Ma, Yong Nam An, Sung-Un An, Hyeon Hak Jung,
Suvi-Tuuli Varjamo, Jiwon Yoo, Junho Min, Hanvit Kim, Faisal Ahmed, Sang Hoon Chae,
Young Min Song, Weiwei Cai, Tawfique Hasan, Zhipei Sun, Dong-Ho Kang,*
Hyeon-Jin Shin,* Yunyun Dai,* and Hoon Hahn Yoon*

The evolution of intelligent optoelectronic systems is driven by artificial
intelligence (AI). However, their practical realization hinges on the ability
to dynamically capture and process optical signals across a broad infrared (IR)
spectrum. Central to this capability are IR photodetectors (PDs) based on 2D
materials (2DMs), which offer tunable spectral responsivity and wavelength-
resolved multiparameter optical information. This review examines the
fundamental mechanisms and design strategies that enable spectral tunability
at the frontier of 2DM-based IR PDs, elucidating how they offer unique oppor-
tunities to tailor spectral responses across a broad wavelength range through
symmetry-breaking induced by geometric (geometrically tunable spectral en-
gineering) and electric-field (electrically tunable spectral engineering) effects.
These approaches collectively enable simultaneous optimization of spectral
tunability and sensitivity without compromising wavelength coverage, speed,
power efficiency, or scalability, while also providing polarization sensitivity,
multiband detection, and self-powered operation for edge-integrated AI
platforms, including computational spectroscopy, artificial vision, computing,
and communications. This review outlines the key processes and integration
requirements for scalable manufacturing, which are essential for establishing
spectrally tunable 2DM-based IR PDs as core building blocks of intelligent
optoelectronics. Ultimately, the development of spectrally tunable 2DM-based
IR PDs will transform intelligent optoelectronic platforms for or with AI
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1. Introduction

Broadband photodetectors (PDs), which
can detect invisible information, particu-
larly covering the infrared (IR) spectrum
from 0.75 to 15 μm, play a pivotal role
in various applications, including spec-
troscopy, thermography, remote sensing,
automotive driving assistance, industrial
inspection, optical communication, secu-
rity, environmental monitoring, and mil-
itary defense. With the advent of the ar-
tificial intelligence (AI) era, the develop-
ment of intelligent optoelectronics, com-
bined with IR application technologies, has
become increasingly important. As illus-
trated in Figure 1, excellent examples of in-
telligent optoelectronics include computa-
tional spectroscopy,[1, 2] artificial vision,[3–8]

computing,[9–13] and communication.[14–16]

Although AI emerges as a transforma-
tive enabler, leveraging computational tech-
niques to overcome inherent physical barri-
ers, a key feature of hardware systems is the
ability of a PD to tune its spectral respon-
sivity across different wavelength bands
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on a chip or obtain wavelength-specific multiple optical infor-
mation. For example, computational spectroscopy reconstructs a
spectrum by computing the trained tunable spectral response of
a PD, and artificial vision extracts insightful spectral information
for inspection and analysis by processing multi-dimensional
spectral data captured by a spectrally tunable PD.
However, conventional IR PDs have limited utility in intel-

ligent optoelectronics due to a fixed spectral response stem-
ming from the intrinsic material properties and integration con-
straints, which impose critical limitations such as cryogenic
cooling requirements, rigid spectral profiles, and minimal post-
fabrication tunability. These constraints could be overcome by
IR PDs based on two-dimensional materials (2DMs), which of-
fer unparalleled advantages, including spectral tunability and dy-
namic reconfigurability, making them ideal hardware platforms
for AI-integrated optoelectronics. 2DM-based IR PDs create a vir-
tuous synergetic cycle, unlocking unprecedented adaptability in
IR sensing through AI algorithms and providing the physical
foundation for next-generation AI-driven functionalities.
This review provides a guide to the advantages of 2DMs by

exploring their underlying physics and key performance met-
rics of state-of-the-art IR PDs. Here, we present a comprehen-
sive overview of various engineering strategies for implement-
ing their pixel-by-pixel tunable spectral response on a chip, along
with scalable manufacturing approaches. Finally, we discuss in-
telligent optoelectronic applications of 2DM-based IR PDs, in-
cluding those for or in conjunction with AI, such as computa-
tional spectroscopy, artificial vision, computing, and communi-
cation.

1.1. Overview of Spectrally Tunable IR PDs

A tunable spectral response indicates that an IR PD can tune
spectral responsivity over a broad wavelength range. When such
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tunability is achieved in situ in the active region of a PD, it can
be defined as in situ tunable spectral response, which can further
advance intelligent optoelectronics.[1–16]

Most typical IR PDs have been optimized to suppress dark
current and improve detection performance. For example, com-
mercial IR PDs require cryogenic cooling to mitigate thermal
noise and enhance IR sensitivity with particular device architec-
tures, such as InGaAs quantum cascade[17, 18] and InAs/InAsSb
strained superlattice.[19] However, the complex fabrication steps
and the need for refrigeration equipment significantly compli-
cate their practical integration, thereby raising overall manufac-
turing and system costs. HgCdTe photoconductors and photo-
diodes enable high-performance IR detection at temperatures
down to 200 K, but have the disadvantages of high mate-
rial cost, limited array size, and device fragility.[20, 21] Above
all, the band alignment of HgCdTe cannot be tuned after de-
vice fabrication, hindering tunable spectral engineering on a
chip. Although microbolometers and thermopiles, which rely on
thermal changes rather than direct photodetection, can elimi-
nate the need for cooling, they generally suffer from slow re-
sponse times and a limited spectral range, which constrains
their tunable spectral response.[22–24] IR PDs integrated with
plasmonic and nanophotonic devices, such as metasurface,
cavity, and antenna, have been presented with enhanced re-
sponsivity of specific IR regimes. Still, they are difficult to
tune in situ on a chip, and each wavelength requires a dedi-
cated footprint, leading to array integration and high process
costs.
In short, spectral tuning of conventional IR PDs typically re-

quires bulk band structure engineering or complex module in-
tegration, which increases production costs and poses integra-
tion challenges. Tunable spectral engineering of 2DM-based IR
PDs is a powerful game-changer that improves system efficiency
and reduces costs. For example, the spectral response is electri-
cally tunable through 2DMs on a chip via electrical gating or bias-
ing, even after device fabrication,[25–31] allowing a single PD to in
situ tune their response across multiple spectral bands without
relying on optical or mechanical components, such as PD/filter
arrays, waveguide/modulator-integrated components, and rota-
tional gratings. These are essential for applications requiring in
situ spectral tunability, such as in-pixel spectral imaging, adap-
tive sensing, in-sensor computing, and wavelength-divisionmul-
tiplexed optical interconnects.

1.2. IR Detection Mechanisms

IR PDs employ various IR detection mechanisms that con-
vert incident IR light into an electrical signal, typically a pho-
tocurrent, depending on their material combination and device
structure.[32] In general, the IR detection mechanisms can be
broadly categorized into photon-based and thermal-based mech-
anisms. Photon-based detection includes mechanisms such as
photoconductive effect (PCE), photovoltaic effect (PVE), and pho-
togating effect (PGE). Thermal-based detection encompasses the
photo-thermoelectric effect (PTE), the photo-bolometric effect
(PBE), and the photo-pyroelectric effect (PPE), as summarized in
Figure 2. A variety of IR detection mechanisms can be combined
to produce a synergistic effect.[33]
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Figure 1. Intelligent optoelectronic applications enabled by tunable spectral engineering of 2DM-based IR PDs. The schematic highlights the benefits of
spectrally tunable photoresponse in 2DM-based IR PDs, along with their applications in computational spectroscopy, artificial vision, computing, and
communications.

1.2.1. Photoconductive Effect

Figure 2a depicts PCE, showing that photon absorption generates
additional electron–hole pairs in the semiconductor, thereby in-
creasing the electrical conductivity. This change in electrical con-
ductivity Δ𝜎 can be expressed with the elementary charge con-
stant q, the carrier mobility of the channel μ, and the density vari-
ation in free carriers Δn.

Δ𝜎 = q𝜇Δn [S ⋅m−1] (1)

An external bias separates the photogenerated carriers, con-
tributing to the photocurrent iph.

[34] Under illumination, Δ𝜎 can
be converted to iph by the bias voltage V, where L is the channel
length and A is the cross-sectional area perpendicular to the cur-
rent flow.

iph =
VA
L

Δ𝜎 [A] (2)

1.2.2. Photovoltaic Effect

As illustrated in Figure 2b, the PVE refers to the generation of
a voltage in a material under light illumination, driven by an in-
ternal electric field. When a p-type and an n-type semiconductor
are brought into contact, majority charge carriers (electrons in
n-type and holes in p-type) diffuse across the junction. This dif-

fusion creates a region depleted of free charge carriers, called the
depletion region, which establishes an electric field and forms a
built-in potential.
The open-circuit voltage (Voc) is the voltage measured at the

terminals of a PVE-type PD when no current is flowing (i.e., an
open circuit). The short-circuit current (isc) is the current through
a PVE-type PD when its terminals are shorted (i.e., zero voltage).
These parameters are crucial for understanding and characteriz-
ing the performance of PVE-type PDs, especially for solar cell ap-
plications.

1.2.3. Photogating Effect

The PGE is a phenomenon in which photoexcited electron–hole
pairs become trapped in localized states, often associated with
impurities or vacancies within the semiconductor. These trapped
charges change the electrical properties of PGE-type PDs.[35] As
shown in Figure 2c, if the holes are trapped near the band edge
and act as an additional local gate, these carriers induce an elec-
tric field effect that shifts the Fermi level, which, in turn, in-
creases the electron density. This reduces channel resistance, al-
lowing more photocurrent to flow through the device. As a re-
sult, the photoresponse is governed by the dynamics of these
trap states. The high responsivity associated with PGE typically
comes at the expense of low response speed, as prolonged car-
rier trapping can delay carrier release and collection.[36] However,
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Figure 2. Schematic illustration of IR detection mechanisms. Detectors can be classified into photon detectors and thermal detectors according to the
detection mechanism. Photon-based types include PCE, PVE, and PGE, while thermal-based types comprise PTE, PBE, and PPE. Photon-based PDs are
usually wavelength-dependent and operate over a broad wavelength range. In contrast, thermal-based PDs are intrinsically wavelength-independent,
with no cutoff in the wavelength range.

this trade-off can be mitigated by bias-tunable operation, which
allows dynamic control of the trapping and detrapping processes.

1.2.4. Photo-Thermoelectric Effect

The PTE refers to the generation of a potential difference when
localized temperature gradients are induced by incident light
across different regions of a material, as illustrated in Figure 2d.
In this process, charge carriers respond to the thermal gradient,
producing a potential difference. This leads to the voltage VPTE
across the two regions, which is defined by the Seebeck coeffi-
cients of each region, S1 and S2, and the temperature difference
ΔT between them.

VPTE = (S1 − S2)△ T [V] (3)

The Seebeck coefficient is intrinsically linked to the material’s
electrical conductivity and quantifies the thermoelectric response
to a temperature gradient. The Mott equation represents this re-
lation, where kB is the Boltzmann constant,Te is the electron tem-

perature, e is the elementary charge, 𝜎 is the electrical conductiv-
ity, and ϵF is the Fermi energy.

S = −
𝜋2k2BTe

3e𝜎
𝜕𝜎

𝜕𝜖F
[V ⋅ K−1] (4)

1.2.5. Photo-Bolometric Effect

Figure 2e depicts the PBE, which refers to a phenomenon in
which the illumination of light leads to photon absorption, in-
creasing the electron temperature and consequently changing
the electrical resistance of the material. The PBE-type PDs based
on 2DMs can be used to determine the power of incident elec-
tromagnetic radiation, such as IR illumination. The PBE-type
PDs must operate under external bias and thermal resistance
Rh, where T is the temperature of the material and P is the
incident light power. Rh measures the opposition to the heat
current in a material, indicating how much temperature
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difference is required to transfer a unit of heat current through
the material.

Rh =
dT
dP

[K ⋅W−1] (5)

1.2.6. Photo-Pyroelectric Effect

As illustrated in Figure 2f, PPE is a phenomenon in which a ma-
terial with spontaneous polarization changes its polarization due
to heat when exposed to light and can be commonly observed in
ferroelectric materials. When they absorb IR radiation, their po-
larization changes over time as temperature changes.[37, 38] This
temporal change in polarization generates a pyroelectric current
ipyro even in the absence of an external bias voltage, where p is the
pyroelectric coefficient and A is the cross-sectional area of the
electrode. Here, dT/dt represents the temporal rate of change in
temperature in the material.

ipyro = pAdT
dt

[C ⋅ s−1] (6)

1.3. Figure of Merit of IR PDs

The performance and versatility of IR PDs are governed by sev-
eral critical parameters that determine their suitability across di-
verse domains of intelligent optoelectronic applications. Here,
we highlight the physical basis, formulation, and noise-related
performancemetrics, which are crucial for understanding the na-
ture of the underlying noise that determines them, especially for
IR PDs.[39, 40]

1.3.1. Noise Sources in IR PDs

Johnson–Nyquist (or thermal) noise current ith originates from
the thermally induced random motion of carriers in resistive
components, where kB is the Boltzmann constant, T is the tem-
perature, Δf is the bandwidth, RL is the load resistor. This ex-
pression can be alternatively understood via its corresponding
power spectral density Sth(f). Note that thermal noise occurswhen
current flows through the resistive channel, so it can be miti-
gated by lowering parasitic resistance elements or normalizing
the backscatter signal at low temperatures.

ith =

√
4kBTΔf

RL
[A] (7)

Sth(f ) =
4kBT
RL

[A2 ⋅Hz−1] (8)

Shot noise current ishot arises from the statistical random fluc-
tuation, such as the discrete charge carriers under bias or the dis-
crete nature of light like the random arrival of photons into PDs,
where q denotes the electric charge, id is the dark current, and
iph is the photocurrent. This expression can also be interpreted
in terms of the corresponding power spectral density Ssh(f), as-
suming a white shot noise spectrum. A balanced photodetection

method can be used to reduce or cancel random fluctuations in
iph by using two matched PDs, separated by a delay, to measure
the same optical signal split into two paths. By subtracting the
photocurrents from the two PDs, common-mode noise, includ-
ing shot noise, can be effectively canceled out.

ishot =
√
2q(id + iph)Δf [A] (9)

Ssh(f ) = 2q(id + iph) [A
2 ⋅Hz−1] (10)

Flicker noise dominates at low frequencies and scales approx-
imately as S1/f(f)∝1/f

𝛾 with 𝛾 ≈ 1. Since flicker noise arises from
both carrier-number fluctuations due to trapping/detrapping in
defects and mobility fluctuations associated with material non-
uniformity, it is intrinsic to semiconductor devices, including
PDs and readout electronics, where amplifiers typically con-
tribute their own 1/f terms.[41] In the time domain, individual
traps produce discrete two-level switching (random telegraph sig-
nal, RTS) governed by Shockley–Read–Hall capture/emission ki-
netics. In the frequency domain, a single RTS yields a Lorentzian
spectrum, and a broad distribution of time constants superposes
to yield the 1/f behavior.[42] RTS time constants depend on trap
energy/position, carrier density, temperature, and electric field.
Flicker noise can stem from surfaces, interfaces (including bor-
der traps), contacts, and bulk states, and it coexists with thermal
and shot noise. To mitigate flicker noise, the signal is often mod-
ulated above the corner frequency fc, where S(fc) equals the white
noise floor, and then synchronously detected by a lock-in ampli-
fier. Furthermore, chopper-stabilized or auto-zero amplifiers are
widely used to suppress noise originating from the amplifier.
To ensure reproducible and fair comparisons, it is essential

to understand the noise sources of a specific IR PD and extract
key performance parameters at the same operating bias, tem-
perature, and bandwidth, which must be reported along with
the noise power spectral density S(f), the integrated root-mean-
square noise over the measurement bandwidth, and the 1/f cor-
ner frequency.

S1∕f (f ) ∝
1
f 𝛾

[A2 ⋅Hz−1] (11)

1.3.2. Performance Metrics in IR PDs

Photoconductive gain G is an essential factor in R𝜆, which quan-
tifies the number of charge carriers collected per incident photon
and is given by the ratio of 𝜏 trapped to 𝜏 transit, where 𝜏 trapped and 𝜏 transit
are the lifetime of the trapped carrier and the carrier transit time,
respectively. Thus, G is 1 when the absorption of a single pho-
ton leads to the generation of an electron–hole pair. If carriers
do not contribute to iph due to the electron–hole recombination
process,G is reduced. A substantialG can be achieved when pho-
togenerated carriers become trapped and modulate the channel
conductivity through electrical gating.

G =
𝜏trapped

𝜏transit
(12)

Response speed indicates how quickly a PD converts inci-
dent light to iph and is determined by carrier mobility, built-in
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potential, device architecture, and signal-processing circuits. Re-
sponse time is defined by the rise and fall times, 𝜏rise and 𝜏 fall
respectively, are measured as the time it takes for the output cur-
rent to change from 10 % to 90 % and 90 % to 10 % of the final
value based on changes in light input. Faster response speeds and
shorter response times are desirable for a PD to follow temporal
fluctuations in light intensity, making it suitable for applications
that require high temporal resolution and capture transient opti-
cal signals with greater precision. Photocarrier trapping mecha-
nisms, such as PGE, enhance R𝜆, while trapping and detrapping
processes delay the response time and contribute to RTS noise.
Therefore, even if a higher value of R𝜆 is generally desirable, R𝜆

must be evaluated together with the noise parameters to assess
the overall quality of a PD.
Note that bandwidth Δf is the frequency range over which a

PD can respond with a meaningful output signal. It is typically
defined by the –3 dB point, where the output signal falls to 1/

√
2

(≈ 0.707) of its maximum value. This parameter is closely related
to the temporal response characteristics of a PD. The broader Δf
implies a faster response to rapid variations in incident optical
signals, but it gives rise to a trade-off relation. Broad Δf leads to
an expansion of the noise power, resulting in a higher NEP and,
consequently, a reduction inD*. The cutoff frequency f−3dB refers
to the frequency that serves as the reference point for Δf, and is
determined by 𝜏 transit, RL, and load capacitance CL.

f−3dB =

√(
3.5

2𝜋𝜏transit

)2

+
(

1
2𝜋RLCL

)2

[Hz] (13)

At a specific incident light wavelength 𝜆, responsivityR𝜆 essen-
tially represents how well a PD converts light into an electrical
signal, defined as iph generated per incident optical power P𝜆.

[43]

R𝜆 can be expressed by external quantum efficiency 𝜂e, the ratio
of the number of charge carriers collected by a PD to the num-
ber of incident photons, indicating how efficiently a PD converts
photons into electron–hole pairs and then collects those carriers.
Note that the frequency dependence of responsivityRf can also be
considered due to the correlation between the Δf and the tempo-
ral response of a PD. For a linear-response PD, the Rf is governed
by the frequency of the light source f, the steady-state responsivity
R0, and 𝜏 transit.

R𝜆 =
iph
P𝜆

= 𝜂e
e𝜆
hc

[A ⋅W−1] (14)

Rf =
R0√

1 + (2𝜋f 𝜏transit)2
[A ⋅W−1] (15)

Signal-to-noise ratio SNR is described as the signal power (∝
i2ph) per the total noise power (∝ i2noise = i2shot + i2th + i2others), where
iothers denotes low-frequency noise.

[44] Thus, SNR is an indicator
of the signal relative to the total noise, and a higher value of SNR
in PD implies a PD with low noise and high sensitivity. If we
assume that the dominant noise source is the shot noise of id
(inoise ≈

√
2qidΔf ), we can simplify SNR by considering that the

shot noise prevails (ishot >>ith) and the optical power is low (id >>
iph = inoise

√
SNR).

SNR =
i2ph
i2noise

=
i2ph

2q(id + iph)Δf +
4kBTΔf

RL
+ i2others

≈
i2ph

2qidΔf
(16)

Noise equivalent power NEP is defined as the minimum inci-
dent optical power required to produce an SNR of 1, where iph =
inoise in a bandwidth of 1 Hz. In other words, a lower NEP indi-
cates a more sensitive PD, capable of detecting weaker signals,
which is critical in low-level signal applications such as thermal
imaging, astronomy, and biosensing.[44] Similarly, if we assume
that the shot noise of id contributes mainly to the overall noise in
a PD, a higher id leads to a higher NEP, degrading the sensitivity
of a PD.

NEP =
P𝜆

SNR
√
Δf

=
inoise

R𝜆

√
SNR

√
Δf

≈
√
2qid

R𝜆

√
SNR

[W ⋅Hz−0.5] (17)

Specific detectivityD* is the reciprocal ofNEP, normalized per
square root of the active area A of a PD and a bandwidth Δf, pro-
viding a way to assess the ability of a PD to distinguish weak sig-
nals from background noise as a crucial comparative basis for
PDs.[44] D* is commonly used as a benchmarkmetric for compar-
ing the performance of different PDs. In essence, understanding
the various noise sources and their impact on D* is crucial for
designing and optimizing highly sensitive IR PDs, particularly
for long-range IR communication or low-light imaging.

D∗ =
√
A

NEP
=

R𝜆

√
A
√
SNR

√
Δf

inoise
≈ R𝜆

√
A
√
SNR√

2qid

[cm ⋅Hz0.5 ⋅W−1orJones] (18)

The shot-noise-limited assumption is valid only if a PD has in-
ternal gain, such as a photomultiplier or avalanche photodiode,
so the shot noise exceeds the thermal (or other) noise at the de-
tection threshold by a significant margin.[39, 40, 45] In practice, es-
pecially in 2DM-based back-gated phototransistors, inoise is often
dominated by flicker noise due to inevitable traps on the surface
of the amorphous dielectric substrate or at the interface in con-
tact with electrodes, which fluctuates the 2DMchannel even if the
surface 2DM is almost defect-free and dangling-bond-free.[46–48]

Therefore, for a fair evaluation of D*, each component of inoise
should be evaluated and NEP derived accordingly. Neglecting
noise contributions other than shot noise can sometimes lead to
a significant overestimation of the performance of a PD, includ-
ingNEP andD*, whichmay result in incorrect comparisons with
the literature.
Dynamic range DR is an indicator of the range in which a PD

can accurately measure light intensity and is defined as the ra-
tio of the maximum light power Pmax before photocurrent sat-
uration to the minimum light power Pmin that a PD can detect,
which is closely related toNEP. A highDR allows a PD to function
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stably across a broad range of light intensities, ranging from dim
to bright environments.

DR = 20 log
(
Pmax

Pmin

)
(19)

The wavelength range denotes the effective wavelength range
that spans from 𝜆min to 𝜆max to which a PD can generate ameasur-
able photoresponse, typically determined by the band structure
and absorption spectrum of the materials in the active region.
In general, materials with narrower bandgaps can detect pho-

tons with longer wavelengths (lower energy), thereby extending
their detection range into the MIR or FIR. However, narrow-
bandgaps also lead to higher intrinsic carrier concentrations,
which significantly increase id and, in turn, raiseNEP, ultimately
reducing D*. The trade-off between extending the wavelength
range and enhancing sensitivity presents a fundamental chal-
lenge in IR PD design.

1.4. Conventional IR-Sensitive Materials and Their PDs

Although some emerging materials exhibit strong IR absorption
at specific wavelengths, their spectral response remains fixed due
to their inherent band structures, which determine their electri-
cal and optical properties.[49–59] Moreover, they exhibit reliability
and stability concerns, which make them unsuitable for long-
term applications in tunable IR PDs.

1.4.1. Semiconducting Organic Compounds

IR PDs based on semiconducting organic compounds rely on
molecular electronic transitions. However, their spectral re-
sponse is predetermined by the molecular composition and
remains fixed after fabrication. They suffer from rapid envi-
ronmental degradation, particularly when exposed to humidity
and oxygen, resulting in a shorter operational lifetime. Their
low charge-carrier mobility further reduces efficiency, leading to
slower response times and higher noise levels. Recent advances
have explored several strategies, such as molecular doping and
interface engineering, to enhance stability and performance, yet
achieving long-term operational reliability remains a significant
challenge.[60]

1.4.2. Colloidal Quantum Dots

Colloidal quantum dots, such as HgTe and PbS, are promising
for IR detection due to their size-dependent bandgap energy tun-
ability resulting fromquantum confinement.[61, 62] This quantum
confinement allows the spectral response to be engineered dur-
ing synthesis. However, post-fabrication spectral tunability re-
mains challenging, as the bandgap is fixed once the quantum
dots are synthesized. Moreover, PDs based on quantum dots
suffer from surface trap states, oxidation, and charge-carrier re-
combination, leading to device instability and reduced efficiency.
They require chemical modifications to alter their absorption
spectra, posing significant challenges to spectral tunability while

maintaining device stability. The difficulties further hinder their
integration into large-scale, long-term, and stable IR detection
systems, which require maintaining uniform dispersion and re-
liable charge transport.

1.4.3. Perovskite Composites

IR PDs based on perovskite composites that utilize sub-bandgap
absorption and intraband transitions have attracted attention
for their strong IR absorption and bandgap-tuning capabilities
via compositional engineering.[63–65] Due to the relatively wide
bandgap of hybrid organohalide perovskites, the photodetec-
tion bandwidth of organohalide-based PDs has been limited to
the near-IR (NIR) regime.[63] On the contrary, hybrid organic-
inorganic perovskite composites, such as MAPbI3 and CsPbBr3,
have been reported to offer high quantum efficiency, making
them attractive candidates for IR PDs.[64] Besides, mixed Sn-Pb
perovskite composites-based PDs have achieved external quan-
tum efficiency over 70% around the NIR regime (from 0.75 to 1.4
μm) and extend response up to the mid-IR (MIR) regime (from
3 to 8 μm) by mixing narrow-bandgap semiconductors. Recently,
the atomic-precision lift-off of ultrathin membranes without arti-
ficial release layers has enabled the high-throughput production
of diverse, less than 10 nm-thick ultrathin perovskitemembranes
for cooling-free PDs that can cover a spectral range beyond 15
μm.[66] Despite these advantages, IR PDs based on perovskite
composites still face challenges related to environmental stabil-
ity, ionic migration, and performance degradation. In particular,
their solution process is associated with significant stability is-
sues due to their sensitivity to moisture, heat, and ion migra-
tion, leading to rapid degradation and hysteresis effects.[65] Over-
coming these challenges requires advancements in passivation
or encapsulation techniques, compositional modifications, and
improved interfacial engineering to enhance longevity and oper-
ational reliability in photodetection applications, rendering them
unsuitable for tunable spectral engineering.

2. 2DM-Based IR PDs

This section highlights 2DMs as a promising building block
for high-performance, versatile, reliable, and tunable PDs, es-
pecially in the IR range, compared with commercial IR PDs
(InGaAs quantum cascades, InAs/InAsSb strained superlattices,
HgCdTe photoconductors and photodiodes, bolometers, ther-
mopiles, etc.) and conventional IR-sensitive materials (semicon-
ducting organic compounds, colloidal quantum dots, perovskite
composites, etc.). Commercial IR PDs achieve excellent sensitiv-
ity but are still expensive to manufacture and typically require
cooling systems for operation.[67, 68] Organic semiconductors suf-
fer from rapid degradation and lowmobility. Quantum dots have
fixed bandgaps and are prone to trapping and oxidation.[69] Per-
ovskites exhibit environmental and operational instabilities, par-
ticularly under moisture exposure, elevated temperatures, and
ion migration.[70] In contrast, 2DMs exhibit high mobility, ambi-
ent stability, and tunable band structures through gating, stack-
ing, or strain. Therefore, 2DM-based IR PDs can address the
trade-off between sensitivity and speed in light detection,[71–86]
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while offering giant gate tunability,[25–31] broadband photore-
sponse coverage,[49–59] bi-directional response,[13, 87–96] and inte-
gration compatibility with nanophotonics.[97–101] These advan-
tages and versatility allow for tuning of the spectral response of
2DM-based IR PDs on a chip, opening up a wide range of poten-
tial applications.

2.1. Exotic Physics in IR-Sensitive 2DMs

The burgeoning field of 2DMs has revolutionized IR detection by
providing an unprecedented platform for tailoring light-matter
interactions at the atomic scale. Conventional materials are 3D
bulkmaterials with out-of-plane dangling bonds at their surfaces,
leading to surface states that degrade the diffusion length and
the optoelectronic performance of IR PDs based on them. In
contrast, 2DMs exhibit strong in-plane bonding but weak out-
of-plane van der Waals (vdW) forces. They are atomically thin,
have an atomically abrupt heterogeneous interface, exhibit quan-
tum confinement effects, and are free of dangling bonds. Con-
fined 2D surface states benefit from high carrier mobility, long
lifetime, and long mean free path.[102–105] Thus, 2DMs and their
vdW heterostructures are highly sensitive to external stimuli like
gate voltage,[25–31] offering precise modulation of carrier density,
band alignment, and interlayer coupling.[106–109] In addition, an
exciton, a bound electron–hole pair, can move in 2DMs or across
their heterostructures before its recombination with an opposite
charge carrier or dissipation. These features are generally absent
for 3D bulkmaterials, which has propelled 2DMs to the forefront
of next-generation IR detection.

2.1.1. Exciton, Plasmon, and Phonon Polaritons

Exciton polariton, plasmon polariton, and phonon polariton rep-
resent three classes of hybrid light-matter quasiparticles that gov-
ern nanoscale optical phenomena in 2DMs.[110] Each quasiparti-
cle arises from unique interactions between photons and mate-
rial degrees of freedom, enabling tailored IR optoelectronics.[110]

A polariton is a bosonic quasiparticle formed through strong
coupling between a photon and a collective excitation. Such col-
lective excitation modes can arise from various physical phe-
nomena, including lattice vibrations, metal-plasma oscillations,
and excitons. When the dispersion relation of the electromag-
netic wave strongly interacts with the dispersion characteristics
of the material’s internal resonance mode, an anti-crossing ap-
pears in the energy levels, leading to the formation of new hy-
bridized normal modes. This hybrid state is the polariton, which
possesses physical properties distinct from those of a pure pho-
ton or a pure material mode. In the strong coupling regime, pho-
tons do not propagate freely; instead, they hybridize with intrin-
sic material resonances to form polaritons. As a result, they ex-
hibit intrinsic quantum effects in aspects such as energy disper-
sion characteristics and field confinement. These unique proper-
ties enable diverse applications and give rise to various types of
polaritons, such as exciton-polaritons, plasmon-polaritons, and
phonon-polaritons, depending on the coupled mode.
An exciton is a bound electron–hole pair that dominates light-

matter interactions in semiconducting 2D systems like TMDs,

which is formed when an electron is excited through an inter-
band transition, leaving a hole in the valence band that binds
with the excited electron via Coulomb attraction.[111] When the
electron and hole are bound within the same layer, they form an
intralayer exciton. In contrast, when they are bound across dif-
ferent layers, they form an interlayer or Moiré exciton. Intralayer
excitons exhibit strong light-matter interactions and high PL ef-
ficiency, while interlayer and Moiré excitons, with spatially sepa-
rated electrons and holes, offer advantages in terms of longer life-
time and electrical controllability. As shown in Figure 3a, beyond
intralayer excitons, interlayer and Moiré excitons in vdW het-
erostructures (e.g., MoSe2/WSe2) bring long lifetimes (> ≈100
ns) and electrical tunability.[112, 113] Excitons can be stabilized by
strong quantum confinement and reduced dielectric screening
to exhibit exceptional binding energies (> ≈0.3 eV in monolayer
MoS2) at room temperature.[114] In the vicinity of the excitonic
resonance, strong light absorption arises due to enhanced opti-
cal transitions, resulting in pronounced peaks in absorption and
photoluminescence (PL) spectra.[115–118] When strong coupling
between excitons and photons is established, exciton–polaritons
form, producing Rabi splitting that separates the dispersion rela-
tion into upper and lower polariton branches with a distinct anti-
crossing gap.[119] Exciton-polaritons bring about the light mass
andmobility of photons whilemaintaining the strong interaction
of excitons, leading to nonlinear phenomena such as blue shifts
and refractive index changes. At high densities, their bosonic na-
ture allows Bose-Einstein condensation, enabling coherent po-
lariton lasers with ultralow thresholds.[120] Valley-selective optical
selection rules enable the generation and manipulation of valley-
polarized excitons with circularly polarized light, opening av-
enues toward valleytronic information processing.[121, 122] Their
applications span from visible (VIS) to IR ranges, including ul-
trathin light emitters,[123] exciton-driven optical switches,[124, 125]

and quantum emitters.[126]

A plasmon is a quantized collective oscillation of free charge
carriers in a material. In 2D conductors, such as graphene, plas-
monic oscillations strongly couple with incident photons, giving
rise to plasmon polaritons that confine electromagnetic energy
well below the diffraction limit, as illustrated in Figure 3b.[129]

Unlike surface plasmon resonance in bulk metals, 2D plasmons
exhibit tunable resonances by electrostatic gating and chemi-
cal doping, spanning the MIR to FIR, with extreme field con-
finement. For example, graphene plasmons compress light to
1/100th of its wavelength.[130] A plasmon-polariton is formed
when plasmons strongly couple with photons, creating hybrid
modes with photonic and electronic oscillation properties. How-
ever, due to momentum mismatch at the metal/dielectric in-
terface, plasmons typically cannot directly couple with free-
space photons. Momentum-matching techniques, such as prism
or grating coupling, are employed to overcome this limita-
tion. At plasmon-polariton resonance, a strong coupling occurs
due to the anti-crossing of the dispersion curve. The spatial
confinement of the electromagnetic field in hybrid mode en-
hances light-matter interactions, holding promise for highly sen-
sitive biochemical sensing. In particular, stacking twisted bi-
layer graphene encapsulated with h-BN can improve the qual-
ity factor (Qp > ≈970) compared to that of pristine graphene
plasmon[131] and produce Moiré-modulated, topologically pro-
tected plasmon bands.[132, 133] Furthermore, 2D semiconductors
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Figure 3. Diverse phenomena associated with photoresponse in 2DMs. a) Left: intralayer and interlayer excitons of a vdW heterostructure consisting of
2DMs. Center: strong coupling of the exciton-polariton in a microcavity. Right: Rabi-splitting induced by the exciton-polariton. b) Left: surface and bulk
plasmons. Right: plasmon-polaritons at the metal/dielectric interface. c) Left: acoustic and optical phonons. Right: negative refraction of the phonon-
polariton in a hyperbolic dielectric. d) Left: Polar plots of the polarized photocurrent generated in the two twisted b-P (b-BP: bottom b-P and t-BP: top
b-P) as a function of the linear polarization angle. Right: Photocurrents generated in b-BP and t-BP under light illumination of different polarization
angles. (c) Reproduced from ref. [127]. (Right) Copyright 2023, AAAS. (d) Reproduced from ref. [128]. Copyright 2022, AAAS under the CC BY-NC 4.0.

integrated with metallic plasmonic nanostructures have reduced
optical loss and enhanced field confinement compared to con-
ventional metallic gratings, leading to a higher photoelectric con-
version efficiency.[134–138] Such properties in 2DMs enable a vari-
ety of IR applications, including subwavelength metamaterials
for molecular fingerprinting,[139] enhanced PDs via plasmonic
resonances,[140] and compact THz waveguides for on-chip signal
processing.[141]

A phonon, a quantized collective vibration of atoms within a
crystal lattice, fundamentally mediates thermal and vibrational
properties. Phonons can be divided into acoustic phonons, where
atoms move in the same direction, and optical phonons, where
atoms move in opposite directions. Acoustic phonons are low-
frequency sound modes and, being non-IR-active, do not hy-
bridize with photons to form polaritons. In contrast, optical
phonons strongly interact with light because their dispersion in-
tersects with that of photons, especially within the reststrahlen
band, where the permittivity becomes negative, enabling the for-
mation of polaritons. Hyperconfined electromagnetic waves cou-
pled to phonons in hyperbolic dielectrics, such as h-BN[142–146]

and 𝛼-MoO3,
[127, 147] carry intense electric dipole moments in op-

tical phonon, resonantly coupling with MIR light and enabling
long-lived low-loss phonon polaritons to overcome the diffrac-
tion limit.[148, 149] Recently, electrostatic gating in 𝛼-MoO3 demon-
strated dynamic tuning of phonon polaritons for actively recon-
figurable MIR nanophotonics.[127] As illustrated in Figure 3c,
anisotropic permittivity in hyperbolic dielectrics results in the
spectral regimes where different tensor components have oppo-
site signs, giving rise to negative refraction of MIR light. There-

fore, MIR phonon-polaritons unlock a wide range of optical and
thermal applications, including super-resolution IR imaging, sig-
nal processing, thermal transport control, heat management at
the nanoscale, highly sensitive molecular sensing, and nanopho-
tonic integrated circuits.[127, 148, 149]

2.1.2. Anisotropy and Polarization Sensitivity

The anisotropic nature of 2DMs, arising from their low-
symmetry crystal lattices and lattice-directional-dependent elec-
tronic or optical properties, has unlocked unprecedented oppor-
tunities in polarization-resolved photodetection.[150–153] Unlike
conventional isotropic semiconductors, anisotropic 2DMs, such
as b-P,[154–158] ReS2

[159], GeAs2,
[160] and GeSe[161] exhibit distinct

directional disparities in their ultrathin atomic arrangements,
leading to orientation-dependent band structures, effective car-
rier masses, and absorption coefficients. These anisotropies
manifest as dichroic light-matter interactions, in which linearly
polarized light with specific electric-field orientations selectively
excites electronic transitions along crystallographic axes.[162] For
instance, b-P demonstrates an eightfold difference in absorption
between its armchair and zigzag directions due to anisotropic lat-
tice geometry.[163] This intrinsic polarization selectivity enables
miniaturized PDs that can directly decode the polarization state
of light without requiring external optical components, such as
polarizers or waveplates.[164–167] Recently, twisted b-P heterostruc-
ture has been demonstrated for polarization detection, as shown
in Figure 3d.[128] 2D plots of photocurrents generated from the
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Figure 4. 2DM library spanning a broad IR wavelength range. a) Photoresponse coverage corresponding to wavelength and photon energy of represen-
tative IR-sensitive 2DMs, such as isotropic semiconductors (InSe,[168] MoS2,

[169] WSe2,
[170] 2H-MoTe2

[171]), anisotropic semiconductors (b-P,[172, 173]

b-AsP,[174, 175] VSe2,
[176]), Dirac semimetals (graphene,[177, 178] PtTe2,

[179, 180]), Weyl semimetals (1T-MoTe2,
[181] TalrTe4

[182]), topological insulators
(Bi2Te3,

[183] Sb2Te3
[184]), superconductors (NbSe2,

[185, 186] NbS2
[187]) and Mott insulators (NbS3,

[72, 76] TaS2
[188]). b) Broadband spectrum of photore-

sponse in high-current-driven graphene at various frequencies. (b) Reproduced from ref. [189]. Copyright 2025, Springer Nature under the CC BY-NC-ND
4.0.

twisted b-P indicate the simultaneous detection of polarization
angle and light power, paving the way for integrated polarimetric
imaging and optical communication.

2.1.3. Broadband Photoresponse Spectrum

2DMs have been demonstrated ultrabroadband response,[49–59]

as visualized in Figure 4a. Beyond their tunable light-matter
interaction[25–31] and fast relaxation,[71–86] the unique properties
of Dirac Fermions hosted by topological semimetals offer unique
photoresponse across a broad energy spectrum.
For example, graphene exhibits intrinsic broadband absorp-

tion and ultrafast photocarrier dynamics due to its gapless linear
dispersion and the massless Dirac Fermions, which can be mod-
ulated by electrostatic gating.[177, 190–193] Tuning the Fermi level
effectively suppresses interband transitions for photon energies
below ℏ𝜔 < 2Ef due to Pauli blocking.[194, 195] As described by

a Drude-like frequency dependence, activating intraband tran-
sitions enhances absorption in the IR regime.[196, 197] This pro-
cess increases the energy of conduction-band electrons, leading
to an increase in photo-induced conductivity, which is evident in
the IR range.[49] Since the Fermi level in graphene is known to
be electrically tunable up to ≈0.9 eV, controlling the cut-off of
interband transitions through gating has potential for applica-
tions in tunable modulators and broadband PDs. Figure 4b il-
lustrates that quasi-steady-states emerge in high-current-driven
non-equilibrium conditions in graphene, manifesting across a
broad energy spectrum. This phenomenon holds significant
promise for IR detection, as it induces highly sensitive photocur-
rent driven by hot carriers, reveals pronounced nonlinear optical
phenomena, and provides stable broadband performance by sta-
bilizing hot carriers.
In the DC regime, nonlinear transport behaviors arise

from mechanisms such as the Schwinger effect and phonon
drag. The Schwinger effect is a non-perturbative prediction of

Adv. Funct. Mater. 2025, e19542 e19542 (10 of 59) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202519542 by G
w

angju Institute O
f Science, W

iley O
nline L

ibrary on [07/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

quantum electrodynamics, where charged particle-antiparticle
pairs are created in a vacuum under a strong electric field.[198]

However, observing this effect in vacuum has been difficult be-
cause it requires an electric field on the order of 1016 V· cm−1. On
the contrary, undoped graphene, where the Fermi level lies close
to the Dirac point, allows the Schwinger effect to emerge at much
lower electric fields than the vacuum.[199] Meanwhile, the phonon
drag in graphene is closely related to the thermoelectric effect,
where a thermal gradient induces a non-equilibrium phonon
flow, which in turn moves electrons together through electron-
phonon coupling, causes an additional contribution to the cur-
rent, and increases the Seebeck coefficient.[200, 201] Cherenkov
phonon emission is a non-equilibrium phenomenon that oc-
curs when the drift velocity of electrons exceeds the speed of
sound in the medium, which increases the phonon population
since the stimulated emission of phonons dominates absorption.
Thus, Cherenkov phonon emission induces asymmetric plas-
mon damping and additional photocurrents in graphene,[189, 202]

typically observed in the GHz to THz frequency range.[203] In
particular, the low effective mass and carrier density of Dirac
Fermions in graphene result in a plasmon resonance frequency
that lies near the IR region. Consequently, the Fizeau drag ef-
fect, in which electron flow is dragged by quasi-particles such as
plasmons and surface plasmon polaritons, dominates in the IR
regime.[204, 205]

Furthermore, plasmons in graphene can interact with elec-
trons to emit radiation spanning the IR to X-ray range. Elec-
trically excited hot carriers in high-energy states can emit plas-
mons via the quantum Cherenkov effect.[206] Since photon emis-
sion can occur through transverse electron oscillations aris-
ing from the interaction between free electrons injected into
graphene and plasmons in graphene, local electron injection in-
duces hot carrier emission,[207] enabling bright and stable light
emitters in suspended graphene from the VIS to the IR range.[208]

These highlight the unique light–matter interaction in graphene
across a broad range of energies and underscore the potential
for leveraging hot carrier dynamics in advanced optoelectronic
applications.[209]

2.2. Extensive Library of IR-Sensitive 2DMs

Figure 5 categorizes an extensive library of 2DMs, encompass-
ing semiconducting,metallic, insulating, ferroelectric, ferromag-
netic, superconducting, and topological states, which is very at-
tractive for flexible heterostructure design to overcome the in-
trinsic limitations of conventional bulk semiconductors in IR
spectral detection.[210–213] This unique versatility has spurred the
discovery of diverse IR-sensitive 2DM families that exploit dis-
tinct mechanisms. Narrow-bandgap semiconductors achieve IR
detection through direct bandgap transitions that match the en-
ergies of IR photons, while TSMs and insulators leverage pro-
tected surface states for a broadband response. Superconduc-
tors offer noise-suppressed detection, and Mott insulators uti-
lize strong electron correlations to abrupt metal-insulator tran-
sitions for IR detection. The expanding material toolkit enables
IR PDs with programmable spectral selectivity, from NIR to
THz range.[49–59]

2.2.1. 2D Narrow-Bandgap Semiconductors

2D narrow-bandgap semiconducting transition metal dichalco-
genides (TMDs) are promising for IR PDs, leveraging their en-
gineered bandgaps that bridge critical IR photon energies from
0.1 to 1 eV, like MoTe2,

[171] VSe2,
[176] ReSe2,

[223] PdSe2,
[224–227] and

TiSe2.
[228] The most commonly utilized non-TMD 2D narrow-

bandgap semiconductors include InSe,[168, 229, 230] Te,[231–236] black
phosphorus (b-P),[46, 172, 173, 237–241] and black arsenic phospho-
rus (b-AsP).[174, 175, 242] The unique thickness-bandgap correla-
tion enables bandgap engineering for tunable spectral response.
For example, b-P and its alloyed derivative, b-AsP, exhibit
layer-dependent bandgap engineering from 0.3 eV (bulk, MIR-
sensitive) to 2.0 eV (monolayer, VIS-responsive) and provide
broadband photoresponse.[237] Moreover, b-P and b-AsP feature
strong in-plane anisotropy, leading to pronounced polarization-
dependent responses for IR detection. For example, a room-
temperature MIR detector based on a b-AsP/MoS2/b-P hetero-
junction achieves polarization-resolved detection with an extinc-
tion ratio of ≈35.5 at 4.6 μm.[243] This value significantly exceeds
extinction ratios typically obtained via other approaches, such as
polarization-selective nanostructures.[244] Such polarization sen-
sitivity holds significant promise for IR imaging, polarization-
encoded communication, and target recognition.

2.2.2. 2D Topological Semimetals

Topological semimetals (TSMs) are classified into Dirac
semimetals (DSMs), Weyl semimetals (WSMs), and nodal-line
semimetals (NLSMs), distinguished by their distinct band-
crossing configurations related to the spin-degeneracy.[188, 245–252]

DSMs like graphene,[177, 178, 190, 226, 253–256] PtTe2,
[179, 180, 257–260]

PdTe2,
[261–263] and Cd3As2

[264–266] demonstrate quadruple-
degenerate Dirac cones in momentum space,[246] hosting
massless Dirac Fermions with ultrahigh mobility. DSMs can
realize IR PDs that operate at room temperature with high
sensitivity and fast operation, as photocarriers in DSMs pro-
duce a significant G and enhanced R𝜆 attributed to PTE.

[177, 258]

Hence, PDs based on PdTe2/WSe2,
[262] and PdTe2/Si,

[263] het-
erojunctions exhibit a broad IR response with high D* at
room temperature. In particular, under IR illumination, type-II
DSMs, such as PtTe2 and PdTe2, with a tilted Dirac cone along
specific momentum directions, have a strong anisotropic dis-
persion relation with free carrier intraband transition.[260, 261]

The strong coupling at the Fermi surface and the subsequent
excitation of nonequilibrium carriers lead to field-selective
chiral anomaly, strong spin-orbital interaction, and high spin
Hall conductivity.[257, 259] Moreover, WSMs, such as Te,[267]

1T-WTe2
[268] and 1T-MoTe2

[181, 269, 270], feature spin-polarized
nodes with opposite chirality, breaking time-reversal or in-
version symmetry, generating topologically protected Fermi
arc surface states, and enabling ultrafast helicity-dependent
iph.

[245] The nontrivial Berry curvature in WSM TaIrTe4
[182, 271]

converts photon polarization into transverse currents via circu-
lar photogalvanic effect, achieving an anisotropy ratio of 1.92.
Owing to symmetry-protected band crossings, gapless linear
dispersion, and robust surface states, WSMs support broad-
band IR absorption while minimizing carrier scattering and
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Figure 5. Classification and characteristics of IR-sensitive 2DMs. The schematic categorizes 2DMs into four major classes: narrow-bandgap semicon-
ductors, topological semimetals and insulators, superconductors, andMott insulators. Each class exhibits distinct electronic and optical band structures,
offering diverse functionalities for IR PD applications. Narrow-bandgap semiconductors: Reproduced with permission.[214] Copyright 2023, American
Chemical Society. Reproduced from [215]. Copyright 2024, UESTC and JohnWiley & Sons Australia, Ltd under the CC BY 4.0. Topological semimetals and
insulators: Reproduced from [216]. Copyright 2011, American Chemical Society under the CC BY 4.0. Reproduced from [217]. Copyright 2017, Springer
Nature under the CC BY 4.0. Reproduced with permission.[218] Copyright 2021, AAAS. Superconductors: Reproduced from [219]. Copyright 2021, AIP
Publishing under CC BY 4.0. Reproduced from [220]. Copyright 2024, AAAS under the CC BY 4.0. Mott insulators: Reproduced with permission.[221]

Copyright 2024, American Chemical Society. Reproduced from [222]. Copyright 2015, AAAS under the CC BY-NC 4.0.

recombination losses. Lastly, NLSMs, represented by Cu2Si
[272],

exhibit symmetry-protected band crossings that form closed
1D loops in momentum space, characterized by high mobility
and the preservation of nodal-line topology against structural
imperfections and external perturbations.

2.2.3. 2D Topological Insulators

Topological insulators (TIs) present a quantum phase dis-
tinguished by their topology-protected spin-momentum-locked
Dirac surface states that coexist with insulating bulk states, which

Adv. Funct. Mater. 2025, e19542 e19542 (12 of 59) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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is distinct from 2D semiconductors. The surface states of 2D
TIs protected by time-reversal symmetry exhibit ultrahigh car-
rier mobility due to suppression of backscattering induced by
defects and impurities, maintain shot-noise-limited conditions,
and reduce noise sources by ≈3 orders of magnitude com-
pared to conventional PDs. Therefore, the typical TIs, includ-
ing Bi2Se3,

[47, 234, 254, 273, 274] Bi2Te3,
[183, 275, 276] Sb2Te3,

[184, 277–281]

and GeBi4Te7,
[282] are promising candidates for sensitive IR

detection.[283] Notably, a Sb2Te3 PD exhibits a high D* of ≈1.22
× 1011 Jones at 980 nm, which is attributed to the ultrahigh car-
rier mobility and low noise properties of the topological surface
states.[277] Furthermore, spin-momentum locking suppresses
backscattering while enabling spin-polarized photocarrier gen-
eration and transport. In a TI-based PD, the helicity of incident
light couples directly to surface electrons, generating directional
spin-polarized photocurrents that reverse directionwith propaga-
tion via the circular photogalvanic effect (CPGE).[218] Such intrin-
sic spin-momentum locking offers passways toward shot-noise-
limited sensitivity, enabling fast and polarization-resolved IR de-
tection. These topological properties position TIs as foundational
materials for noise-immune IR optoelectronics and topological
photonic circuits.

2.2.4. 2D Superconductors

2D superconductors, such as NbSe2, NbS2, NbTe2, and FeSe,
exhibit zero-resistance states below their critical temperatures,
with superconducting-to-normal state transitions induced by
exposure to IR light, enabling ultra-sensitive detection.[284, 285]

When an external perturbation (e.g., photon absorption) disrupts
Cooper pair condensation, the phase transition triggers resis-
tance spikes that exceed ≈104-fold changes, enabling quantum-
limited sensing, such as single-photon detection. Notably, magic-
angle twisted bilayer graphene is a superconductor that enables
single-photon detection at 1500 nm at temperatures as low as
0.8 K.[220] Recent breakthroughs, such as those achieved with
FeSe/SrTiO3, have resulted in an elevated Tc of over 60 K, which
is compatible with liquid hydrogen systems.[286, 287] Likewise, 2D
superconducting PDs exhibit low noise, high speed, and broad-
band IR response.

2.2.5. 2D Mott Insulators

2DMott insulators, such as NbS3, TaS2, TaSe2, NiPs3, FePs3, and
MnPs3, are strongly correlated quantum materials where strong
Coulomb interactions dominate band transport, producing in-
sulating states despite incomplete band filling.[288–291] The ab-
sorption spectrum of 2D Mott insulators, such as TaS2

[292–294]

and NbS3,
[295] consists of a broadband and a sharp central peak

due to the spin-charge interplay inherent in the strong corre-
lation region. IR light can induce a phase transition in the
charge-density-wave order of 2D Mott insulators. For example,
1T-TaS2 exhibits a polymorphic charge density wave sequence,
which undergoes current-driven and thermally driven phase
transitions by applying an electric field and illumination of NIR
light.[221] Phase transitions of charge density waves (CDWs) in-
duced by IR light illumination can cause significant resistive

switching, leading to a highly sensitive photoresponse. This strat-
egy opens up new avenues for designing highly sensitive IR PDs.
Recent studies demonstrate reconfigurable optoelectronic logic
devices via charge-density-wave phase engineering, offering a
promising approach for next-generation communication and AI
hardware.[288, 290]

2.2.6. 2D vdW Heterostructures

Photodetection with 2DMs has the advantage of high sensitivity
and fast response due to the strong light-matter interaction and
the atomically abrupt interface.[71–86] Although tuning the pho-
toresponse of a single 2DM by modulating the Fermi level with
an external field is limited, the variety of vdW heterostructures
formed by 2DMs based on an extensive library of their bandgaps
and band offsets,[109, 296] coupled with the interlayer dynamics of
photoexcited carriers across the interface,[297–302] facilitates the ef-
ficient separation of photoexcited carriers and provides an ideal
platform for tunable IR PDs.

2.3. Progress and Prospect of 2DM-Based IR PDs

Here, we review representative IR detectionmechanisms govern-
ing 2DMs and explore key innovations that drive the state-of-the-
art 2DM-based IR PDs. Understanding these fundamental prin-
ciples, which underpin their unique optoelectronic properties, is
crucial for integrating them into novel device structures or ad-
vanced processes to design high-performance, innovative IR PDs
that push the boundaries of IR technology.

2.3.1. IR Detection Mechanisms in 2DMs

2D narrow-bandgap semiconductors, b-P and b-AsP, utilize PCE
as their photodetectionmechanism. The narrow bandgap bridges
the gap between graphene and TMDs, positioning it as a promis-
ing candidate for NIR-to-MIR detection. PCE-type PDs based on
b-P and b-AsP have been extensively studied owing to their high
responsivity and broadband absorption capabilities.[237, 242] For
example, a b-P phototransistor operating at a 2 μm wavelength
achieved a peak responsivity of 8.5 A ·W−1.[46] The dominant pho-
tocurrent mechanism was identified as the PCE when the chan-
nel was lightly p-doped, enabling efficient separation and collec-
tion of photogenerated carriers under the applied bias. Very re-
cently, a transient electric-field-driven polarity inversion in pho-
toconductivity has been demonstrated in a MoTe2/Pt Schottky
junction that responds to alternating voltage inputs, achieving an
extraordinary photocurrent response time of ≈3.8 ps. The photo-
conductivity transition from negative to positive is governed by
the dynamic interplay between photoexcited carriers and the in-
ternal electric field at the interface, which a minimal variation in
the applied reverse bias voltage can tune.[90]

The built-in potential separates photogenerated electron–hole
pairs and attracts them toward their respective electrodes to pro-
duce photocurrent, playing a key role in PVE-type PDs.[25, 26, 34]

PVE-type PDs can operate under zero-bias conditions (i.e., self-
powered) in photovoltaic mode, eliminating the need for an ex-
ternal power source and effectively converting photon energy into
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electrical energy. 2DM-based PVE-type IR PDs generally present
excellent R𝜆 due to Voc and isc in the IR region.[159, 224, 234, 303–309]

Unlike the formation of a built-in potential by contacting two
types of materials, Janus-type 2DMs have recently emerged as
promising candidates for IR detection due to their out-of-plane
polarity, enabling vertical PVE within a single channel. With
asymmetric elemental distributions on both top and bottom sur-
faces, they exhibit intrinsic out-of-plane asymmetry, which in-
duces a dipole moment and enables the spontaneous separation
of photocarriers.[310, 311]

PGE induced by photocarrier traps can be identified by ob-
serving the horizontal shift of the transfer curves with and with-
out light illumination in 2DM-based IR PDs.[28, 35, 49, 312] The PGE
can be combined with field-induced tunneling to achieve high
sensitivity and high speed simultaneously.[27, 254, 313] For exam-
ple, the WSe2/Ta2NiSe5 heterojunction-based PD utilizes PGE-
assisted tunneling to achieve a simultaneous boost in both sensi-
tivity (≈103A · W−1) and fast response time (≈1 μs).[314] The tun-
nel barrier of the metal/semiconductor interface is tunable by
charge transfer depending on the channel doping level due to
PGE, where the photo-trapped charge modulates the Fermi level
of WSe2. Furthermore, the dependence of the photoresponse on
both bias and wavelength enables the device to distinguish differ-
ent wavelengths by sweeping the bias.
VPTE typically ranges from tens of μV to tens of mV with gate-

tunable response and spatial sensitivity to position-dependent
thermal gradients, featuring selective control and localized de-
tection. This makes PTE-based mechanisms attractive for ap-
plications requiring low-power operation and spatially resolved
IR detection.[235, 236, 315] PTE-type PDs have been implemented
with various 2DM combinations and structural designs, exhibit-
ing excellent performance in terms of high sensitivity, low-power
operation, broadband response, and further extending their po-
tential applications coupled with plasmonic metasurfaces, such
as polarimetric imaging,[316–318] wavelength selection,[191] energy
harvesting,[319] and spin optoelectronics.[320]

Recent studies have highlighted the significance of the PBE
in graphene-based PDs.[192, 321–323] Graphene exhibits low elec-
tronic heat capacity and a weak electron-phonon interaction,
which extends beyond its capability for broadband wavelength
detection. As a result, upon light exposure, the electron tem-
perature rises rapidly, while thermal equilibrium with the lat-
tice temperature is established relatively slowly. This electron-
lattice thermal separation makes the channel resistance sensi-
tive to small changes in the electron temperature, enabling bolo-
metric detection of photons. An example of this concept is the
dual-gated bilayer graphene hot-electron bolometer, which em-
ploys a tunable bandgap and electron-temperature-sensitive re-
sistance to detect IR light and achieves noise-equivalent power of
≈33 fW/Hz1/2 and sub-nanosecond response time at 5 K.[322] No-
tably, their performance significantly surpasses that of conven-
tional Si and superconducting bolometers. A PBE-type PD with
graphene/TiOx/Al tunnel junctions is reported to exhibit strong
bolometric responses due to the ultralow electronic heat capac-
ity and thermal isolation by superconducting contacts, enabling a
highR𝜆 of≈105 VW−1 and ultrafast response time of≈5 ps under
RF illumination.[323] A recent study explores that the photocur-
rent generation across the graphene/h-BN/graphene tunnel bar-
riers under MIR illumination is dominated by thermally induced

modulation of tunneling probability.[321] Thus, the photocurrent
is found to be proportional to the electron temperature rise, serv-
ing as a sensitive probe of bolometric and thermoelectric effects
at the tunnel barrier.
The PPE in ferroelectric 2DMs, such as In2Se3, CulnP2S6, and

LiNbO3 offers a fast temporal response and a broadband photore-
sponse across a wide wavelength range, further enhancing its ap-
plicability in IR PDs. Furthermore, PPE-type PDs do not rely on
photon-induced carrier generation but instead operate via ther-
mally induced mechanisms at room temperature. This charac-
teristic makes PPE-type 2DM-based IR PDs particularly suitable
for detecting long-wave IR (LWIR) and far-IR (FIR) radiation in
uncooled conditions.[37, 38] Note that conventional LWIR and FIR
PDs require a cryogenic cooling system to reduce thermal noise
to achieve a sufficient signal-to-noise ratio.
Beyond individual photodetection mechanisms, they can

be synergistically combined to enable hybrid modes,[33] such
as PCE-PGE-PPE coupled,[324] PCE-PVE switching,[325] PVE-
PGE switching,[254] PVE-PTE coupled,[253, 326] PVE-PPE,[327]

PGE-assisted tunneling,[314] PGE-PPE coupled,[38] and PTE-
PPE coupled.[328] For example, an InSe/NbTe2 heterostructure
demonstrated switchable photoresponse from PCE under for-
ward bias to PVE under reverse bias due to the modulated
band bending at the interface, leading to a high R𝜆 of ≈84 A ·

W−1.[325] A synergistic PD constructed by a quasi-freestanding
hybrid structure of organic ferroelectric on MoS2 has also been
demonstrated to exhibit an ultrabroad wavelength range from
375 nm to 10 μm by coupling the mechanisms of PPE with PCE
and PGE.[324] Another example involves hybrid mechanisms
combining PVE and PPE in a heterostructure composed of 1D
SnO2 nanoneedles and 2D SnS2 nanoflowers

[327] and PTE and
PPE in a 𝛾-InSe PD.[328]

2.3.2. Evolution of 2DM-Based IR PDs

There have been numerous efforts to enhance IR detection by
leveraging the unique properties of 2DMs.[71–86] The introduction
of 2D vdW heterostructures and their integration with nanopho-
tonic architectures have further enabled hybrid of IR detec-
tion mechanisms,[49–59] improving performance metrics of IR
PDs.[39, 40] The evolution of 2DM-based IR PDs, driven by key
innovations such as functionalized surfaces, interfacial barriers,
and plasmonic structures, is summarized in Figure 6. The dis-
covery of various 2DMs accompanies such key innovations.
The unique zero bandgap band structure of graphene, char-

acterized by a linear dispersion shaped by a Dirac cone fea-
tured in the energy-momentum realtion, allows graphene to be
placed as an ideal platform for tunable, ultrafast, and broadband
PDs.[177, 190–193] However, due to its semimetallic nature associ-
ated with the absence of a bandgap, photocurrent generation in
pristine graphene is primarily dominated by PTE. Thus, the per-
formance of graphene-based PD has been limited mainly by the
low absorption, resulting in a significant id and low D*.
Various strategies to introduce other photodetection mecha-

nisms, such as PGE, into graphene have been explored to pro-
duce a substantial G. A representative example is a hybrid PD
incorporating a QD PbS surface layer on the graphene chan-
nel, achieving a D* ≈ 2.5 × 1010 Jones at 1,450 nm.[329] To
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Figure 6. Technology progress and prospect of 2DM-based IR PDs. Timeline illustration of representative strategies employed to enhance the perfor-
mance of IR PDs. Functionalized surfaces (e.g., quantum dots decoration, plasma treatment, and chemical doping) enable enhanced R𝜆. Interfacial
barriers (e.g., tunnel and unipolar barriers) are used to suppress noise and to improve D* and the extended wavelength range. Plasmonic nanostruc-
tures (e.g., nanoantennas and metasurfaces) induce resonance at specific wavelengths and polarization sensitivity. Reproduced with permission. [329]
Copyright 2012, Springer Nature. Adapted from [330]. 2020, American Chemical Society. Adapted from [331]. 2025, Springer Nature under the CC BY-
NC-ND 4.0. Reproduced with permission.[193] Copyright 2014, Springer Nature. Adapted from [254]. Copyright 2021, American Chemical Society under
the CC BY 4.0. Adapted from [332]. 2024, Springer Nature under the CC BY 4.0. Reproduced with permission.[333] Copyright 2012, American Chemical
Society. Reproduced from [317]. Copyright 2022, American Chemical Society under the CC BY 4.0. Reproduced from [334]. Copyright 2024, Springer
Nature under the CC BY-NC-ND 4.0.

address the lack of bandgap in graphene, 2D vdW heterostruc-
tures combining graphene with semiconducting TMDs, such as
MoS2 and WSe2, have been implemented.[335] The bandgap of
the absorptionmaterial fundamentally determines the achievable
wavelength range of a PD. For example, MoS2 andWSe2 are suit-
able for VIS and NIR detection,[36, 330] while b-AsP and HgCdTe
can extend the wavelength range to MIR.[332, 336]

TMD monolayers with direct bandgaps of 1–2 eV offer high
sensitivity through excitonic absorption and a fast response. In-
corporated into vdW heterostructures, they enable efficient sepa-

ration of photoexcited carriers based on PVE. The photocarriers
can be separated by built-in electric fields, leading to zero-bias op-
eration and low NEP. Furthermore, graphene/TMD heterostruc-
tures can integrate the broadband and high-speed characteristics
of graphene with the enhanced R𝜆 in TMDs.
In parallel, b-P has also garnered significant attention since

2014. b-P features a narrow and tunable bandgap (≈0.3 eV) and
high carrier mobility (⩾ ≈1000 cm2 ·V−1 ·s−1), making it highly
promising for MIR detection. In particular, the anisotropic in-
plane crystal structure leads to polarization-resolved detection,
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further enhancing its potential for multifunctional IR detec-
tion. Remarkably, b-P-based PDs demonstrated in 2017 achieved
room-temperature operation and broadband response.[173] De-
spite these advantages, b-P is chemically unstable in ambient
conditions, exhibiting rapid degradation due to oxidation in
the presence of oxygen and moisture. This limits its practi-
cal use and necessitates the implementation of passivation lay-
ers, encapsulation techniques, or material modifications to en-
hance environmental stability. To overcome this limitation, b-
AsP alloys have emerged as a promising alternative by par-
tially replacing phosphorus atoms with arsenic (As), retaining
a similar band structure and broadband IR absorption to b-
P while significantly improving air stability. Recently, b-AsP-
based PDs have demonstrated broadband response (extend-
ing beyond ≈8 μm), excellent detectivity, and long-term opera-
tional reliability, positioning them as strong candidates for MIR
detection.[175]

Achieving high sensitivity while maintaining low noise, high
speed, and broadband coverage requires a multilayer strategy.
2DMs are particularly advantageous in this context due to their
tunable bandgap and ease of heterojunction formation, which en-
able the separation of photodetection functions. This decoupling
enables the optimization of material combinations and device
structures based on bandgap and carrier mobility. This hybrid
multilayer strategy allows for customizable engineering for 2DM-
based IR PDs, such as functional separation (absorption in the ac-
tive channel and balanced transport of the photocarriers from the
channel to each electrode), noise suppression (minimized id with
reduced traps at the interface or defects in the channel), and effi-
cient photoexcited carrier separation (maximized built-in electric
field and self-powered operation with complete depletion of the
intrinsic layer to facilitate high-speed carrier drift).[71–86] Typically,
narrow-bandgap semiconductors (e.g., MoTe2, PdSe2, b-P b-AsP,
etc.) serve as the IR-absorbing layer, while wide-bandgap semi-
conductors or semimetals (e.g., MoS2, WSe2, graphene, etc.) act
as low-noise charge transport channels.[46, 337, 338] Upon photoex-
citation in the absorption layer, photogenerated carriers are se-
lectively transferred to the transport channel across the favorable
band alignment,[296] enhancing both photocarrier generation ef-
ficiency and charge separation, effectively addressing the high
NEP and low D* limitations often observed in single-channel
2DM PDs. Hence, the design flexibility enables tailored spectral
response across a broad IR range.
Despite the inherent trade-off between high responsivity and

fast response speed, recent studies have demonstrated strategies
to enhance trade-off parameters concurrently.[193, 254, 317, 329–334]

For example, vertical p-i-n photodiodes have been developed to
exhibit enhanced performance metrics through a groundbreak-
ing fabrication approach.[331] Specifically, for n-type WSe2, sele-
nium vacancies were created by plasma treatment with Ar in pris-
tineWSe2, which was then transferred to an Ag bottom electrode.
The fabricated p-i-n photodiodes achieved maximum optical ab-
sorption in the intrinsic layer, efficient photocarrier separation,
and high drift velocity. Interestingly, their photodetection perfor-
mance has been further optimized by adjusting the thicknesses
and Ar plasma treatment recipes for both p-type and n-typeWSe2
layers. Like this strategy, there has been a growing emphasis on
simultaneous improvement across various performance metrics
in 2DM-based IR PDs.

The standards and methodologies used to evaluate key per-
formance metrics of IR PDs are critical, and several considera-
tions must be carefully addressed in measurements.[39, 40] As the
incident light wavelength increases, a fundamental trade-off of-
ten occurs, that is, due to increased id, higher NEP, and lower
D*.[36, 339] Nevertheless, as summarized in Table 1, recent devel-
opments have demonstrated IR PDs that maintain or even en-
hance D* evaluated at the IR range but extend their wavelength
range.[340, 341] Note that another critical trade-off between R𝜆 and
response speed, which is attributed to the inherent limitation of
theG-Δf product, is not covered here but is still essential. Further-
more, an accurate comparison of D* requires a precise determi-
nation of the effective photoactive area and incident power den-
sity, alongside comprehensive noise characterizations, including
dependence ofG-Δf product and 1/f noise, and a consistent mea-
sured range of Δf to prevent performance overestimation.[39, 40]

3. Tunable Spectral Engineering of 2DM-Based IR
PDs

Beyond the key performancemetrics discussed so far, the emerg-
ing capabilities of IR PDs reflect a paradigm shift in developing
2DM-based IR PDs, such as spectrally tunable photoresponse,
self-powered operation, polarization sensitivity, low-power op-
eration, etc.[173, 193, 313, 335, 345–347] Coupling across diverse multi-
physical domains can be used to synergistically tune the spectral
response of 2DMs, including their band structure, carrier mo-
bility, and dynamics of photoinduced carriers.[33] Likewise, vari-
ous 2DM-based IR PDs have been engineered for highD* across
the IR range. Although some of them cannot provide spectral
tunability after device fabrication, as their material combination
and device structure determine the tunability of their bandgap
or band alignment, several spectral engineering routes based on
2DMs offer significant versatility to IR PDs because their spec-
tral response is geometrically and electrically tunable, as sum-
marized in Table 2.[25–31]

3.1. Geometrically Tunable Spectral Engineering

We explore various strategies for implementing geometrically
tunable spectral engineering in 2DM-based IR PDs. Fundamen-
tal symmetries, such as inversion, rotational, time-reversal, and
gauge symmetries, can be engineered to tune the spectral re-
sponse. Breaking spatial symmetry via local geometry can funda-
mentally alter the physical properties of 2DMs, including charge
distribution, Fermi level, band structure, built-in electric field,
and photocarrier dynamics, thereby influencing the spectral re-
sponse of 2DM-based PDs.[355] Thus, geometrically tunable spec-
tral engineering relies on engineering fabrication processes or in-
troducing geometric asymmetries, leading to spatially controlled
band alignments and optoelectronic characteristics, which inher-
ently stem from geometry-driven symmetry breaking.

3.1.1. Heterostructure Engineering

Heterostructure engineering offers a compelling strategy
to broaden the spectral range and enhance the overall

Adv. Funct. Mater. 2025, e19542 e19542 (16 of 59) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202519542 by G
w

angju Institute O
f Science, W

iley O
nline L

ibrary on [07/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Table 1. Figure of merits of 2DM-based IR PDs. Higher R𝜆 and D*, along with lower NEP, indicate better sensitivity and less noise, shorter rise and fall
times indicate faster photoresponse, and a wider 𝜆min - 𝜆max represents a broadband photoresponse. Note that recent advances in 2DM-based IR PDs
have demonstrated improved D* evaluated in the IR range while extending their wavelength range 𝜆min - 𝜆max, overcoming the fundamental trade-off
between them.[39, 40]

Year Device structure R𝜆

[A · W−1]
NEP

[W · Hz−0.5]
D*

[Jones]
Evaluated 𝜆

[nm]
𝜆min - 𝜆max

[nm]
Rise time

[μs]
Fall time
[μs]

2013 MoS2
[36] ≈880 ≈1.8 × 10−15 ≈7.86 × 1010 561 400 – 680 ≈4 × 106 ≈9 × 106

2016 b-P[339] ≈82 ≈5.6 × 10−12 ≈5.05 × 107 3,390 532 – 3390 𝜏≈1.6 × 102 (at 2.2 kHz) 𝜏≈3.2 × 102 (at 1.1 kHz)

2020 p-n WSe2
[330] ≈2 ≈1.57 × 10−14 ≈7.2 × 1010 852 400 – 900 ≈5.37 × 104 ≈1.028 × 106

2021 PdSe2/InSe
[342] ≈58.8 ≈1.92 × 10−12 ≈1010 1,650 532 – 1650 ≈1.6 × 104 ≈1.8 × 104

2021 PbSe/MoS2
[343] ≈137.6 ≈2.18 × 10−14 ≈7.7 × 1010 2,550 1200 – 3000 𝜏≈4.0 × 104 (at 1,310 nm)

2022 graphene/Bi2Te3/GaAs
[275] ≈0.668 ≈7.93 × 10−12 ≈3.1 × 1012 785 405 – 4500 ≈5.1 ≈3.7

2022 b-P/HgCdTe[336] ≈0.168 ≈5.95 × 10−14 ≈1.81 × 1010 4,300 520 – 4300 ≈1.5 × 102 (at 637 nm) ≈1.1 × 102 (at 637 nm)

2024 b-P/MoS2/b-AsP
[332] ≈0.857 ≈1.17 × 10−13 ≈2.3 × 1010 3,745 2500 – 4200 ≈5.0 × 10−1 (at 1,550 nm) ≈5.0 × 10−1 (at 1,550 nm)

2024 Nitride-doped MoS2
[344] ≈34 ≈1.98 × 10−15 ≈5.92 × 1010 1,550 300 – 2200 ≈9.9 × 102 ≈2.71 × 103

2025 graphene/b-P/MoS2
[345] ≈0.66 ≈1.72 × 10−14 ≈2.38 × 1011 3,600 325 – 3800 ≈2.4 × 10−3 (at 1,550 nm) ≈8.8 × 10−3 (at 1,550 nm)

2025 PdSe2/MoTe2
[307] ≈0.395 ≈2.12 × 10−11 ≈1.92 × 1011 980 300 – 4050 ≈3.37 × 102 ≈2.67 × 102

2025 HgTe/graphene[340] ≈1.2 × 104 ≈3.7 × 10−15 ≈2.4 × 1011 3,250 1500 – 5000 ≈1.5 × 104 ≈1.2 × 105

2025 MoSe2/PdSe2
[341] ≈105 ≈1.89 × 10−17 ≈4.1 × 1013 785 532 – 10 600 ≈2.56 × 102 ≈2.78 × 102

performance of IR PDs based on 2DMs. By stacking 2D
layers[356–358] or integrating them with materials of different
dimensionalities,[329, 348, 359–363] the band alignment and inter-
facial charge dynamics are engineered to enable broadband IR
detection with enhanced responsivity. This approach overcomes
the intrinsic limitations of individual 2D semiconductors, en-
abling photodetection across the VIS to NIR and even MIR
regions. These advances are particularly valuable for develop-
ing wavelength-selective or multispectral sensors with high
sensitivity and tunability.
A hybrid MoS2 phototransistor with PbS QDs has been re-

ported to exhibit low-noise IR detection.[348] The device presented
broadband response from 400 to 1,500 nm, achieving a maxi-
mum R𝜆 ≈ 6 × 105 A · W−1 at 635 nm. The MoS2 functions as

a high-mobility transport channel, while the PbS QDs serve as
a size-tunable light absorption. Moreover, the spectral response
range is extended into the NIR region owing to the narrow
bandgap of the PbSQDs. Photogenerated electrons are efficiently
transferred to MoS2, while holes remain trapped in the quantum
dots, leading to high photogain via PGE. Notably, the device oper-
ates in depletionmode, which helpsmaintain a low id and thereby
improves SNR. These results show that integrating 2D semicon-
ductors with quantum dot absorbers can enable sensitive detec-
tion over a broad wavelength range.
Mixed-dimensional vdW heterostructures, which combine

materials of different dimensionalities, offer unique opportuni-
ties for engineering charge transfer dynamics and excitonic be-
haviors. For example, amonolayerWSe2 has been integratedwith

Table 2. Spectral response tunability of 2DM-based IR PDs. The spectral, geometric, and electrical tuning ratios are defined as the ratio of the maximum
change (%) of the response (responsivity, photovoltage, or PL intensity) to the wavelength, pitch (μm) or strain (%), and gate or bias voltage (V),
respectively. A higher ratio indicates greater geometric and electrical tunability per device, enabling enhanced spectral response tunability through
spectral engineering.

Geometrically tunable spectral engineering

Device structure (Strategy) Spectral tuning ratio Geometric tuning ratio

MoS2/PbS
[348] (Heterostructure) ≈5.6 × 10−4 %/nm –

WSe2 pn homojunction[330] (Local doping) ≈2 × 10−4 %/nm ≈6.8 × 10−2 %/μm

MoS2
[349] (Strain) ≈8.2 × 10−4 %/nm ≈5.0−2 %/%

MoS2 Grating/InSe
[138] (Photonic nanostructure) ≈5.1 %/nm –

Metasurface-mediated graphene[253] (Photonic nanostructure) – ≈8.0 × 10−3 %/μm

Electrically tunable spectral engineering

Device structure (Strategy) Spectral tuning ratio Electrical tuning ratio

MoS2/WSe2
[350] (Gate-tunable interlayer transport) ≈8 × 10−4 %/nm ≈1.5−2 %/V

MoS2/b-P
[351] (Bias-tunable thermionic emission and tunneling) ≈3.5 × 10−4 %/nm ≈6.0−2 %/V

b-P channel[352] (Gate-tunable bandgap due to Stark effect) ≈5.4 × 10−5 %/nm ≈4.0−2 %/V

p-i-n WSe2 homojunction[353] (Bias-tunable nonlinear memristive photoresponse) ≈4.6 × 10−3 %/nm ≈5.3 × 10−1 %/V

Semi-floating MoS2 homojunction[354] (Gate-tunable photocurrent and relaxation time) ≈3.5 × 10−4 %/nm ≈7.9 × 10−5 %/V
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1D PbI2 nanowires to control over excitonic emission by tailoring
the crystallographic orientation at the interface.[360] Two distinct
contact geometries were studied. One is edge-standing, where
PbI2 is oriented perpendicular to the surface of WSe2, and the
other is layer-by-layer, where PbI2 and WSe2 are in parallel con-
tact. In the edge-standing configuration, efficient charge transfer
through the edges of the nanowire leads to the localized excitonic
states, resulting in a pronounced redshift exceeding ≈40 meV in
the PL spectrum, centered near ≈1.6 eV. In contrast, the layer-by-
layer junction exhibits strong PL quenching, which is attributed
to deep midgap states formed under type-II band alignment.

3.1.2. Local Doping Engineering

Conventional doping processes, such as ion implantation, face
fundamental challenges due to structural damage or inadequate
doping precision, [364, 365] and their alternative have been de-
veloped to accommodate the distinct physical characteristics of
2DMs.[366–371] Local doping engineering enables local modula-
tion of carrier polarity and band alignment through chemical or
plasma-based doping methods,[372, 373] such as the incorporation
of substitutional elements[374] and surface functionalization.[375]

From a spectral engineering perspective, local doping can also
extend the spectral response beyond the intrinsic bandgap,
particularly into the NIR range,[344] by introducing extrinsic
sub-bandgap states[376] or enabling junction-assisted carrier
collection.[377]

Plasma treatment locally induces surface doping on pristine
2DMs, forming a lateral p-n homojunction that enables gate-
tunable spectral response from the VIS to NIR.[330, 344] For exam-
ple, as illustrated in Figure 7a, a localized nitrogen-doping trans-
formed the surface of naturally n-type MoS2 into a p-type shell
while preserving a high-mobility intrinsic n-type channel un-
derneath, promoting effective photocarrier separation and trans-
port. Importantly, nitrogen-induced defect states introduced sub-
bandgap energy levels, enabling D* ≈ 5.92 × 1010 Jones at 1550
nm. This work highlights that spatially confined doping is bene-
ficial for extrinsic detection, extending it to the NIR range.
In another study, vanadium doping in monolayer WSe2 en-

abled fine control of the Fermi level to achieve various quantum
tunneling behaviors across a WSe2/SnSe2 heterostructure, such
as forward and backward diode operation, negative differential
resistance, and ohmic switching.[382] This demonstration high-
lights precisely tuned local doping to design optoelectronic inter-
faces beyond conventional p-n junctions.

3.1.3. Asymmetric Contact Engineering

Asymmetric contact improves the performance of 2DM-
based PDs by inducing built-in electric fields that facili-
tate efficient carrier separation and broaden the spectral
response.[239, 251, 378, 383–388] Self-powered, low-noise PDs
can be implemented with edge contacts[251] or asymmetric
contacts.[95, 96, 239, 249, 347, 378, 383, 384, 389]

To enhance the bulk PVE, an edge-contacted semimetallic bis-
muth electrode has been employed with 3R phase MoS2, en-
abling broadband photodetection.[251] Their device architecture

contrasts conventional top-contacted geometries by fully expos-
ing the in-plane polarization of the 3R-MoS2 layers, which is
otherwise inaccessible due to centrosymmetric stacking. This
contact-induced strain, combined with efficient charge transfer
at the edge interface, led to a more than 100-fold enhancement
in the bulk PVE-driven iph across VIS and NIR regions.
A polarization-sensitive ReSe2 PD with geometry-asymmetric

Schottky contacts has been demonstrated to achieve self-powered
operation and broadband spectral response, as illustrated in
Figure 7b.[378] The asymmetry in contact area between source and
drain created a Schottky barrier height difference, which led to
efficient charge separation under illumination without external
bias. Remarkably, the device generated a strong photocurrent un-
der 808 nm illumination, demonstrating its ability to detect NIR
light. This built-in field-driven separation mechanism, enabled
solely by geometric asymmetry, played a key role in broadening
the spectral detection range while maintaining low power con-
sumption.
In addition, asymmetric Au and Ag contacts on a WSe2 tran-

sistor have been employed to leverage the plasmonic hot-electron
effect, thereby enhancing self-powered photodetection across a
broad spectral range.[387] This asymmetric contact configura-
tion also extended the detectable wavelength range into the NIR
region, enabling successful detection at 1550 nm. Asymmet-
ric contacts have also been implemented in a PTE-type PD of
the PdSe2 channel to enable sensitive LWIR detection at room
temperature.[384] The work function difference between the two
contacts, combined with their dissimilar thermal conductivities,
induced a built-in temperature gradient and electric field un-
der light exposure. In addition, b-P, combined with asymmetric
graphene contacts, facilitated efficient injection of both electrons
and holes, resulting in strong emission near ≈3.6 μm.[239]

3.1.4. Strain Engineering

2DMs have outstanding mechanical flexibility at their atomic
scale thickness and exhibit exceptional strain tolerance. At high
exciton densities in 2DMs, recombination is governed by exciton-
exciton annihilation. This non-radiative process imposes fun-
damental limits on the optical performance of materials. Still,
strain engineering can overcome this limitation bymaintaining a
near-unity PL quantum yield regardless of the exciton density of
2DMs[390] and strain-induced structural modifications to 2DMs
effectively tune their local optoelectronic properties.[391–395] Sev-
eral strain engineering techniques involve introducing strain dur-
ing the fabrication processes or via bulk substrates.[394, 396–398]

As depicted in Figure 7c, the direct band gap of a trilayer
MoS2 can be blue-shifted for ≈300 meV per 1 % strain by
applying biaxial compressive strain to a trilayer MoS2 sup-
ported by a piezoelectric substrate and covered by a transpar-
ent graphene electrode.[349] A hybrid PL peak can also be in-
duced in an InSe/WSe2 heterojunction under strain through
interlayer recombination processes.[399] As strain increases,
the dominant channel of charge carrier transport shifts from
the edge of heterojunction to the junction area, leading to
more efficient recombination, as evidenced by the two distinct
transconductance peaks and the coexistence of two conduction
pathways.
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Figure 7. Geometrically tunable spectral engineering. a) A MoS2 homojunction by localized nitrogen doping. b) Asymmetric metal contact to ReSe2.
c) Strain-induced enhanced PL of graphene/MoS2. d) Moiré pattern and atomic registries of TBG. (Left) Absorption spectrum of TBG. (Right) TBG
band structure highlighting A1 (interlayer splitting) and A2 (crystal field gap) transitions. e) CF2 plasma-induced trap states for wavelength-dependent
photoresponse. f) Optical modification to enhance PL intensity. g) Symmetry-breaking of 2H-MoTe2 by patterned ferroelectric domain. h) MoS2 grating
on InSe for polarization-sensitive spectral reflectance. (a) Reproduced from [340]. Copyright 2024, Wiley-VCH under the CC BY 4.0. (b) Reproduced with
permission.[378]. 2024, Wiley-VCH under the CC BY 4.0. (c) Reproduced with permission.[349] Copyright 2013, American Chemical Society. (d) Inspired
by [346]. (e) Reproduced with permission.[379] Copyright 2024, AIP Publishing. (f) Reproduced from [358]. Copyright 2025, American Chemical Society
under the CC BY 4.0. (g) Reproduced from [359]. Copyright 2024, Springer Nature under the CC BY-NC-ND 4.0. 2024, American Chemical Society.
(h) Reproduced from [138]. Copyright 2025, American Chemical Society under the CC BY 4.0.

In particular, bandgap tuning in b-P from 0.22 to 0.53 eV
was achieved by applying controlled strain for IR PDs.[400, 401]

Specifically, modulation of the cutoff wavelength in photode-
tection was demonstrated through strain-induced tunability.
Under 0.4 % compressive strain, the cutoff wavelength ex-
tended to ≈4.32 μm, while 1.0 % tensile strain shifted it
to 2.44 μm. This strain-tunable b-P PD offers two key ad-

vantages: high D* ≈ 8.45 × 109 Jones at 2000 nm under
≈1 % tensile strain at room temperature and broadband spectral
tunability.
Furthermore, localized strain to 2DMs induced by patterned

plasmonic structures, such as crumpled graphene or Au nanopil-
lar arrays, enables spectral tunability or enhances optoelectronic
performance.[402–404] For example, crumpled graphene structures
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enable broad spectral tunability for plasmonic resonances from
the NIR to the MIR region and strong confinement of plasmons
with a high near-field intensity enhancement of ≈104.[402] A h-
BN-encapsulated MoS2 monolayer can experience ≈0.15 % lo-
cal tensile strain by using geometrically confined recrystalliza-
tion of patterned Au nanopillars.[404] The annealing recrystallizes
Au into thicker, more crystalline structures, increasing a 65-fold-
enhanced PL intensity of MoS2 due to the Funnel effect, Fabry-
Pérot interference, and Purcell effect.

3.1.5. Twist Engineering

Twist engineering of 2DMs creates tunable Moiré superlat-
tices by manipulating the rotation angle between interlayers
as a new degree of freedom in 2D vdW heterostructures,
leading to novel phenomena, such as superconductivity,[405]

ferromagnetism,[406, 407] Mott transitions,[408] and Moiré
excitons[409, 410] for spectral tuning of broadband IR detection.
For example, magic-angle twisted bilayer graphene (TBG) has

been shown to exhibit a tunable MIR bulk PVE,[411] which is at-
tributed to Berry curvature and quantum-metric contributions
induced by the Moiré superlattice. In 1.2°-TBG, the strong in-
terlayer Moiré potential gives rise to a rich variety of states from
multiple minibands. In particular, possible strain or interactions
may lead to symmetry-breaking in TBG, thereby altering the bulk
PVE. Besides, the intensity and polarity of the bulk PVE can be
flexibly adjusted by the gate voltage. While small-angle twisted
structures exhibit enhanced Moiré interactions and symmetry-
breaking that give rise to unique quantum phenomena, larger
twist angles offer distinct advantages through their tunable in-
terlayer coupling. In 15°-TBG, the 400 meV interlayer-split band
(A1) and 10 meV crystal-field-induced gap (A2) synergistically
enable enhanced absorption by interband optical transitions, as
shown in Figure 7d.[346] Additionally, the two BLG layers act as
dual screening gates, which suppresses electron–hole collisions
and increases carrier mobility, achieving a R𝜆 ≈4 A · W−1 at 11.07
μm, one order ofmagnitude higher than that of bilayer graphene.
Bias optimization further increases 𝜂e, reaching ≈40 % at a bias
voltage of 2 V. These novel mechanisms in twisted vdW het-
erostructures of 2DMs benefit ultra-high R𝜆

[412, 413] and polariza-
tion sensitivity[128, 414].

3.1.6. Trap Engineering

Trap engineering has become a key enabler in extending the
spectral range and enhancing functionality by introducing ex-
trinsic trap states through chemical modifications and plasma
treatment.[379, 415, 416] Trap-associated PGE holds strong potential
for spectral engineering, and photocarriers can be temporarily
captured, resulting in prolonged lifetimes and persistent photo-
conductivity, which is particularly effective for enhancing detec-
tion in the NIR, where limited photon energy typically hinders
carrier excitation. In addition, traps provide a means to modulate
carrier recombination dynamics, enabling wavelength-selective
gain, memory effects, and even logic-level differentiation.
A Ta2NiSe5/SnS2 heterojunction has been explored for broad-

band in-memory sensing in physisorption-assisted optoelec-
tronic synaptic transistors, covering a spectral range from 375 to

1310 nm.[416] O2 and H2O molecules physisorbed on SnS2 in-
troduced additional localized trap states, significantly prolong-
ing the lifetime of photogenerated electrons and amplifying PPC
with PGE. Notably, even after the light source was removed, the
gradual detrapping of holes from the interfacial barrier continued
to result in a continuously decaying photocurrent, underscoring
the persistent influence of trap-assisted dynamics on device per-
formance. As a result, the device achieved a R𝜆 ≈ 5.6 × 103 A ·

W−1 and D* ≈ 4.1 × 1014 Jones at 405 nm, and also maintained
notable R𝜆 ≈ 14.4 A · W−1 and D* ≈ 1.1 × 1012 Jones at 980 nm.
A wavelength-configurable anti-ambipolar and bi-anti-

ambipolar photoresponses have been proposed in an InSe
transistor with a Si3N4 charge-trap layer, wherein trap states
were introduced through CF4 plasma treatment, as illustrated in
Figure 7e.[379] These trap states, embedded within the InSe chan-
nel, enabled charge trapping and detrapping during gate voltage
sweeps, which generated a distinctive anti-ambipolar peak in
the transfer curve. In particular, the interplay of these trap-
induced processes enabled switching between anti-ambipolar
and bi-anti-ambipolar photoresponses, featuring single- and
dual-transconductance peaks, respectively, depending on the
incident light wavelength. This optical modulation enabled
the realization of multi-valued logic gate operations, such as
NMAX and XNOR, in a single device, significantly enhancing
data density by factors of 6 and 19, respectively. These results
highlight how spatially and spectrally engineered trap states
can serve as functional selectors for wavelength-dependent logic
operations.

3.1.7. Phase Engineering

The interaction between light and 2DMs leads to a variety of
interesting physicochemical phenomena.[417, 418] Among them,
laser-based optical modification has emerged as a rapid and
versatile technique. Prior studies have demonstrated enhanced
fluorescence emission,[419] transitions between anti-ambipolar
and bi-anti-ambipolar photoresponses[380], and enhanced third-
harmonic generation through phase transitions.[420]

Optical and structural modifications of WS2 monolayers have
been achieved through a focused laser beam, resulting in an ap-
proximately ninefold enhancement in fluorescence intensity fol-
lowing laser-induced treatment.[419] Selective modification im-
plements power-dependent direct laser writing to realize “micro-
encryption” onWS2 monolayers. Building on these, a concept has
been extended to heterostructures to demonstrate diverse optical
functionalities through continuous-wave laser-inducedmodifica-
tions, offering a promising route to overcome the intrinsic limita-
tions ofmonolayer 2DMs.[380] Themodification of aMoTe2/MoS2
heterostructure using a 532 nm continuous-wave laser results
in a ≈43-fold enhancement in PL and the emergence of anti-
ambipolar behavior, as shown in Figure 7f. This enhancement
is attributed to the simultaneous thinning of the MoS2 layer and
to the modification of the dielectric environment induced by Te
clusters. The enhanced gate-tunable transfer characteristics ob-
served after laser modification were hypothesized to arise from
a combination of band alignment shifts, work function modula-
tion, and dielectric screening effects introduced by the incorpo-
ration of tellurium clusters into the underlying SiO2 substrate.
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A Schottky diode was fabricated by inducing a polymorphic
MoTe2 junction via optical modification, wherein a partially
metallic phase was locally formed within the semiconducting
MoTe2 channel.

[420] This polymorphic engineering enabled the
controlled transition from the 2H to the 1T’ phase. Notably,
the phase-transitioned 1T’-MoTe2 exhibited a sevenfold enhance-
ment in third harmonic generation intensity compared to its
semiconducting 2H counterpart. Lateral heterojunctions lever-
aging the polymorphism of TMDs offer promising avenues for
diverse applications. Due to the strong in-plane covalent bond-
ing between atomic layers, lateral heterojunctions exhibit supe-
rior electronic performance compared to their vertically stacked
counterparts, including lower contact resistance, higher carrier
mobility, and aminimized contact area. Recently, a study demon-
strated the phase transition of 2H-MoTe2 to the 1T’ phase by op-
timizing laser power and exposure duration.[421] Furthermore, a
1T’-to-Td phase transition was observed at 230 K, highlighting
the potential to engineer and tailor specific phase domains for
targeted functionalities spatially.

3.1.8. Proximity Engineering

The proximity effect is a phenomenon inwhich the physical prop-
erties of onematerial influence those of anothermaterial without
direct physical coupling when the two materials are brought into
contact. In particular, extensive research has been conducted on
heterostructures formed by interfacing graphene with TI, where
the initially weak spin–orbit coupling of graphene is significantly
enhanced via the proximity effect, resulting in the emergence of
nontrivial spin textures in the graphene band structure.[422, 423]

For example, graphene integrated with TI has remark-
able spintronic properties and features proximity-induced spin-
charge conversion.[424–426] The nonlocal detection of photoex-
cited, valley-locked spin-polarized charges is demonstrated in a
WSe2/graphene/Bi2Se3 heterostructure at room temperature.[424]

Combining inversion asymmetric WSe2 and a spin-orbit cou-
pled TI, enables helicity-dependent spin photocurrent genera-
tion and detection via proximity-induced spin-momentum lock-
ing. In particular, a gate-tunable spin-galvanic effect is observed
in their vdW heterostructures at room temperature,[427] provid-
ing evidence for a proximity-induced, locally tunable spintronic
response in hybrid bands.[425, 426]

In addition to spin-orbit coupling-driven proximity effects,
geometric asymmetry at heterointerfaces has also emerged as
an effective tool for engineering polarization-sensitive photore-
sponses. For instance, ferroelectric domains break the rotational
symmetry, enabling 2D homojunctions defined by ferroelectric
domains to detect IR-polarized light with an ultrahigh polariza-
tion sensitivity,[381, 428] as shown in Figure 7g. Furthermore, the
incompatibility between C3/C2 symmetries at the heterointerface
induces an in-plane electric polarization, generating a sponta-
neous photocurrent along the polarization axis.[429]

3.1.9. Photonic Nanostructure Engineering

2DM-based PDs combined with photonic nanostructures, such
as metallic nanoantennas and dielectric nanocavities, exhibit

enhanced photoresponse due to resonant light absorption
at specific wavelengths and polarization sensitivity. Modi-
fying their size, shape, material composition, and pattern
geometry allows for precise tuning of the resonant wave-
length, improving optical response at the target wavelength
and enhancing performance in wavelength-selective sensing
applications.[134–138, 140, 235, 276, 317, 318, 334, 430–453]

For example, the spectral response of WS2/MoS2 heterostruc-
tures has been enhanced by incorporating Au nanoparticles, re-
sulting in a≈25-fold improvement inR𝜆 while maintaining a fast
response rate through surface plasmon resonance.[134] Besides,
although WS2 and MoS2 individually exhibit limited sensitivity
to IR light, the strong interlayer coupling within the heterostruc-
ture effectively extends their photoresponse into the IR regime.
As mentioned above, metallic plasmonic nanostructures are

widely employed to enhance the inherently weak light–matter
interactions in plasmonic engineering; however, their high op-
tical losses in the IR region pose significant limitations. To ad-
dress this issue, self-hybridized lateral pattern grating structures
based on TMDs have been proposed. These architectures of-
fer several advantages, including reduced optical loss, coordi-
nated excitonic modes, polarization-dependence, and selective
enhancement of light–matter interactions.[135–138] As illustrated
in Figure 7h, a vdW heterostructure of MoS2 grating and InSe
flake stacked onmetallic electrodes presented spectrally-selective
polarization-sensitive photodetection in the NIR region, achiev-
ing a high dichroic ratio (≈1.61 at 790 nm and ≈1.88 at 960
nm).[138]

The strong coupling between TMD excitons and plasmonic
resonances offers promising opportunities for next-generation
optoelectronic and quantum photonic applications.[431, 447, 450, 451]

In particular, exciton-plasmon interactions have been demon-
strated using grating structures of nanopatterned TMDs fab-
ricated on metallic substrates.[135–138] Tuning the geometric
parameters of the WS2 grating, such as its width, thick-
ness, and period of grating, enables the control over exci-
ton, cavity photons, and plasmon polaritons, and achieves the
strong coupling with an effective energy separation exceeding
≈410 meV.[135]

Very recently, photonic bound states in the continuum (BICs)
have emerged as a standout platform for strong light-matter inter-
actions. For example, nanostructured bulkWS2 has been demon-
strated to give rise to BICs, exhibiting resonances with sharp, tai-
lored linewidths and selective enhancement of light-matter in-
teractions, delivering fundamental insights and practical device
concepts for polaritonic applications.[137, 452]

3.2. Electrically Tunable Spectral Engineering

Unlike geometry-driven symmetry breaking, an electric field ap-
plied to 2DM-based IR PDs breaks the intrinsic symmetry by
introducing an asymmetry in the physical properties of 2DMs.
This subsection highlights recent strategies for tailoring the spec-
tral response of 2DM-based IR PDs that utilize bias or gate
voltage to tune band alignment, control interlayer transport, in-
duce a Fermi-level shift, apply an electrical field along the out-
of-plane direction to the semiconducting channel, and modulate
the interfacial barrier height. These electrically tunable spectral
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engineering schemes can in situ tune the spectral response of
2DM-based IR PDs, thereby reducing the footprint of spectrally
tunable PD systems and offering versatility in intelligent opto-
electronics.

3.2.1. Transport Engineering

As depicted in Figure 8a,b, transport engineering involves
manipulating carrier dynamics, specifically photoexcited car-
rier transport across the interface, enabling in situ tuning
of spectral responsivity.[345, 350, 454] 2D vdW heterostructures
provide in situ control over carrier transport mechanisms,
such as interlayer transition, interlayer recombination, direct
tunneling, Fowler–Nordheim (FN) tunneling, and thermionic
emission.[254, 304, 325, 342, 350, 455–457] The gate-tunable band align-
ment across the 2D vdW heterointerface enables the effec-
tive modulation of carrier transport. Variations in the majority-
carrier concentration across layers under an applied gate volt-
age result in distinct changes in id and shifts in the dominant
photoresponse region. Moreover, due to the unique density-of-
states in each channel, the band-edge energy can also be mod-
ulated by both bias and gate voltages.[458–461] Furthermore, 2D
vdW heterostructures exhibit stacking-order–dependent sensi-
tivity to gate voltage. In a vertically stacked structure, the top
layer typically shows reduced gate sensitivity compared to the
bottom layer due to electrostatic screening. This behavior, com-
bined with intrinsic material properties, such as dopant impu-
rities arising from atomic vacancies, enables tunable spectral
responsivity.
For example, a WSe2/b-P/MoS2 floating-base bipolar junction

n-p-n phototransistor has facilitated efficient carrier injection and
photo-amplification via internal gain, by adopting b-P as the base,
lightly doped WSe2 as the collector, and highly doped MoS2 as
the emitter.[356] As a result, the device exhibited enhanced R𝜆 ≈

6.32 A · W−1 and D* ≈ 1.25 × 1011 Jones at 532 nm, R𝜆 ≈ 1.12
A · W−1 and D* ≈ 2.21 × 1010 Jones at 1,550 nm, respectively.
This structural design effectively broadened the broadband re-
sponse from the VIS to the IR range. Another example is a b-
P/InSe heterojunction that exhibits a broken gap, and its critical
band-to-band tunnelingmemory generates a cumulative negative
photocurrent that persists even in the dark for incident light of
various wavelengths.[465]

Most 2D TMDs exhibit layer-dependent momentum-indirect
band structures that determine interlayer recombination charac-
teristics. Numerous studies utilize this feature in IR PD, demon-
strating the adoption of a momentum-matching strategy by
adjusting the number of layers of each material.[342, 455–457] A
momentum-aligned k-space driven direct bandgap can be real-
ized through a 2D vdW heterojunction with indirect bandgaps,
which enables interlayer transitions at the band edge, effectively
extending the detection range to the IR region.

3.2.2. Exciton Engineering

The applied gate voltage not only governs various transport
mechanisms but also modulates photoresponse across differ-
ent wavelengths by shifting the Fermi level within the chan-
nel layer. Strong photoresponse at particular wavelengths is

typically attributed to exciton absorption resonance. The exci-
ton oscillator strength is maximized when the Fermi level ap-
proaches the charge-neutrality point, a condition under which
Pauli blocking is minimized and Coulomb interactions experi-
ence reduced screening.
The large binding energy and long lifetime (≈μs) of inter-

layer excitons establish them as robust quasiparticles for next-
generation excitonic PDs.[114, 466–469] Interlayer excitons in vdW
heterostructures retain the spin and valley properties of con-
stituent carriers and exhibit large electric dipole moments, en-
abling high tunability across energy and spatial scales.[470–472]

Electroluminescence from interlayer excitons has been observed
in MoSe2/WSe2 heterostructures, as shown in Figure 8c. The
lower energy of interlayer excitons compared to their intralayer
counterparts amplifies Coulomb interactions that drive exciton
accumulation at heterointerfaces, facilitating efficient radiative
recombination.[462]

In addition, the energy of interlayer excitons is typically
smaller than intralayer excitons, extending the spectral range be-
yond the cutoff wavelength of individual materials. The optical
response spectral range of a WS2/HfS2 heterojunction can be
extended to ≈20 μm through electric field modulation of inter-
layer excitons.[213] The bias voltage will also affect the alignment
of energy bands, adjusting exciton recombination behavior. As a
result, the photoelectric characteristics of interlayer excitons can
be tuned.

3.2.3. Stark Effect Engineering

Energy levels are fixed, but the Stark effect can shift them under
an electric-field displacement, especially when a vertical electric
field is applied along the out-of-plane direction of the semicon-
ducting channel. The Stark effect is generally categorized into
two types: the quantum-confined Stark effect and the giant Stark
effect. The quantum-confined Stark effect describes the influence
of an external electric field on the optical spectrum of quantum
wells, typically resulting in a redshift and a reduction in oscilla-
tor strength.[473–475] In contrast, the giant Stark Effect refers to the
significant and highly sensitive bandgap modulation observed in
certain 2DMs under an external electric field, enabling substan-
tial tuning of their spectral responsivity.
Stark effect engineering induces variations in bandgaps and

excitonic features that are tuned by the applied field. As illus-
trated in the left panel of Figure 8, the giant Stark effect drives
valence and conduction bands toward each other.[463] The Stark
effect can effectively modulate energy distribution, wave func-
tion, and recombination rate of excitons. For instance, the Stark
effect manipulates the wavefunction overlap of interlayer exci-
tons across theWSe2/InSe vdW interface due to strong interlayer
coupling. As a result, the interlayer exciton emission tunes its
energy as much as ≈180 meV, as shown in the right panel of
Figure 8d.[455]

The bandgap of p-doped few-layer b-P depends on the applied
displacement field induced by dual gates due to the giant Stark
effect. This feature is particularly pronounced because b-P pos-
sesses an orthorhombic crystal lattice with a puckered honey-
comb structure, where the conduction band minimum and va-
lence band maximum are predominantly composed of localized
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Figure 8. Electrically Tunable Spectral Engineering (a,b) Transport engineering of a MoS2/WSe2 heterostructure with bias tunable a) and gate tunable
b) photoexcited carrier transport across the interface. c) Spectral response tuned by interlayer and intralayer excitons. d,e) Stark effect induced by
displacement field applied to the 2DM channel, tuning its bandgap (d) and spectral responsivity (e). f) Tunable unidirectional barrier height, where IPE
determines spectral responsivity through the interfacial barrier height. g) Tunable spectral responsivity due to the switchable absorption layer, depending
on the bias voltage. (a) Reproduced with permission.[454] Copyright 2016, Wiley-VCH. (b) Reproduced with permission.[350] Copyright 2022, AAAS. (c)
Reproduced with permission.[462] Copyright 2016, American Chemical Society. (d) Reproduced with permission.[463] Copyright 2017, American Chemical
Society. (Left) Reproduced with permission.[455] Copyright 2024, American Chemical Society. (Right) (e) Reproduced with permission.[352] Copyright
2021, Springer Nature. (f) Reproduced from [458]. Copyright 2025, Wiley-VCH under the CC BY 4.0. (g) Reproduced from [332]. Copyright 2024, Springer
Nature under the CC BY 4.0.
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P 3pz orbitals
[476]. These orbitals are highly sensitive to a vertical

electric field applied to the b-P channel, enabling a gate-tunable
bandgap. Under the reverse bias, hole accumulation near the gate
electrode forms a screening layer, keeping the bandgap constant.
On the contrary, under the forward bias, electrons accumulate in
the b-P layers near the gate electrode. Once the conduction band
aligns with the Fermi level due to sufficient electron accumula-
tion, further bandgap reduction is halted by the Fermi level pin-
ning effect. This gate-tunable modulation of the bandgap, driven
by the giant Stark effect, effectively tunes spectral responsivity
from 2 to 9 μm, as shown in Figure 8e.[352]

3.2.4. Unidirectional Barrier Engineering

Agate-controlled Schottky barrier, known as a graphene barristor,
has been demonstrated,[477] where the Fermi level of graphene
can be effectively modulated by gate voltage when graphene is in
contact with a semiconductor channel or substrate, thereby tun-
ing the Schottky barrier height. Graphene barristors with wide
bandgap semiconductors, such as GaN, feature heterojunctions
with a unidirectional barrier that can block the photoresponse to
light with wavelengths longer than the semiconductor bandgap
under forward bias, and exhibit spectral responsivity to light with
wavelengths shorter than it under reverse bias. Here, its spec-
tral responsivity is primarily determined by the transport of pho-
toexcited carriers across the graphene/semiconductor interface,
namely internal photoemission (IPE) via the gate-tunable Schot-
tky barrier height.[478–480] IPE exhibits unique wavelength depen-
dence, where the probability of electrons being emitted from a
material upon light illumination varies with the incident light
wavelength. This dependence is primarily due to the energy of
the incident photons, particularly the potential barrier at the in-
terface.
A spectral response is tunable by modulating the Schottky

barrier height in vertically stacked p-type and n-type graphene
barristors.[478] Selective detection at different wavelength bands
was achieved through gate-controlled G. Specifically, the device
exhibits anti-ambipolar behavior in the dark and under light illu-
mination, where light exposure shifts the anti-ambipolar transfer
curves toward either the negative or the positive gate-voltage di-
rection, depending on the polarity of the semiconductors. These
gate- and wavelength-dependent transfer curves enabled multi-
color detection.
A similar feature can be observed in a multispectral PD based

on a TexSe1 − x/GaN heterojunction with a bias-tunable unidirec-
tional barrier,[464, 481] as illustrated in Figure 8f. This enables bias-
tunable spectral responsivity, which the IPE determines across
the interfacial barrier height. Furthermore, phototransistors with
double graphene/semiconductor Schottky barriers[480] or a gated
metal/MoS2 Schottky barrier

[347] have also been reported, sug-
gesting that the spectral responsivity can be tuned by unidirec-
tional barrier height.

3.2.5. Unipolar Barrier Engineering

A unipolar barrier can suppress id by blocking the majority carri-
ers, thereby achieving high performance at room temperature.

These features eliminate the need for a filter array, previously
thought necessary to detect different wavelength bands in a sin-
gle PD selectively, enabling pixel-by-pixel tunable multi-spectral
PDs.[254, 321, 332, 338, 482–492]

Unipolar barrier PDs with a tailored spectral response have
been demonstrated in several ways. For example, tunnel-barrier-
controlled band-engineered 2D vdW heterostructures can build
unipolar barrier PDs,[254, 321, 483, 490, 491] by strategically design-
ing each absorption, transport, and barrier layer to distinguish
the UV, VIS, and IR ranges while suppressing surface leakage
current, majority carrier dark current, and reinjected photocur-
rent. The absence of a depletion region minimizes generation–
recombination current caused by Shockley–Read–Hall traps, and
the unipolar barrier facilitates fast response times by enabling di-
rect tunneling. In particular, a single PDwith the unipolar barrier
can switch the absorption layer and detect distinct cut-off wave-
lengths, enabling dual-band detection, as shown in Figure 8g.[332]

Besides, a Bi2O2Se/SnSe2 tunneling heterojunction has been ex-
plored operating across the VIS to NIR range.[490] Under re-
verse bias, enhanced IR absorption increases electron concen-
tration and reduces the width of the space charge region. This
light-assisted tunneling process offers excellent D* and fast re-
sponse speed.
A native oxidation layer can also be utilized to tune the spec-

tral responsivity driven by photoexcited carrier transport across
the interfacial tunnel barrier. For example, a graphene/Bi2Se3
heterointerface has been proposed for a hybrid photodetection
mechanism that incorporates PVE and PGE, arising from the
tunnel barrier formed at the interface due to the natural surface
oxidation of Bi2Se3 during fabrication.

[254] The interfacial tunnel
barrier facilitates tunable carrier transport mechanisms from di-
rect tunneling, FN tunneling, and thermionic emission. Further-
more, Dirac Fermions at the surfaces of graphene and Bi2Se3,
with linear dispersion relations, enable broadband photodetec-
tion, extending to wavelengths of up to 4000 nm.

3.2.6. Reconfigurable Photonic Nanostructure Engineering

Unlike geometrically confined photonic nanostructures, whose
spectral response is fixed during fabrication, reconfigurable
photonic nanostructures enable post-fabrication electrical tun-
ability, enhancing performance and enabling multifunctional
operation.[493] These approaches leverage carrier-density mod-
ulation, excitonic resonance shifting, or plasmonic coupling
in 2DMs.
For example, graphene has been explored for electrically tun-

able beam steering owing to its carrier-density-dependent op-
tical conductivity. Whereas graphene is nearly transparent and
offers broadband photoresponse,[494] the excitonic features of
TMDs can be employed for beam steering, with h-BN act-
ing as an atomically thin reflector, thereby enabling tunable
phase patterning.[495] Metasurfaces integrated on the surface of
graphene with a metallic back reflector are reported to feature
channel conductivity modulated by the Fermi level, which gov-
erns single-gate electro-optic beam switching.[453] Furthermore,
electronic states in layered structures shift the minimum of re-
flection spectra by free-carrier plasma resonance. For instance,
embedding TMDs into microcavities, photonic crystals, and
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Table 3. Comparison of requirements for scalable manufacturing of 2DM-based IR PDs. Transforming lab-scale prototypes into industrially applicable
systems requires that the fabricated devices operate at standard temperatures, such as room temperature, remain stable for long lifetimes, and the
fabrication process must be compatible with CMOS processes while ensuring wafer-level scalability.[496–502]

Device structure Operating temperature [K] Stability Scalability CMOS Compatibility

Nitride-doped MoS2
[344] RT (≈300 K) > 1 year Device-level Low (Exfoliation & Transfer)

PdSe2/MoTe2
[307] RT (≈300 K) > 8000 cycles Device-level Low (Exfoliation & Transfer)

b-P/MoS2/b-AsP
[332] RT (≈300 K) & 77 K – Device-level Low (Exfoliation & Transfer)

graphene/b-P/MoS2
[345] RT (≈300 K) > 1 month Device-level Low (Exfoliation & Transfer)

b-P/SWCNT[503] ≈155 K > 1 month Array-level Low (Exfoliation & Transfer)

graphene/PbS[504] RT (≈300 K) – Array-level Middle (CVD & Transfer)

HgTe/graphene[340] RT (≈300 K) > 1 month Array-level High (CVD & Printing)

graphene/Bi2Te3/GaAs
[275] RT (≈300 K) > 1 month & 1000 cycles Array-level Challenging (MBE on GaAs)

graphene/h-BN[505] RT (≈300 K) – Wafer-level Middle (CVD & Transfer)

PtTe2
[259] RT (≈300 K) > 6 months Wafer-level High (CVD & CMOS process)

distributed Bragg reflectors (DBRs) gives rise to exciton-polariton
modes whose resonance can be tuned by gate voltage, while
coupling with metallic nanostructures induces plasmonic reso-
nance. These collectively highlight the inherent electrical tunabil-
ity of 2DMs, which transcends the limitations of photonic nanos-
tructures.

4. Scalable Manufacturing of Spectrally Tunable
2DM-Based IR PDs

Although spectrally tunable 2DM-based PDs are emerging as
key elements for intelligent optoelectronics, their transition
from lab to fab remains hindered by scalability, complementary
metal-oxide-semiconductor (CMOS) compatibility, and integra-
tion complexity, as summarized in Table 3. This section, along
with Figure 9, outlines the general process challenges of inte-
grating 2DMs and their heterostructures into PDs with nanopho-
tonic architectures, then transitions to a focused discussion on
application-specific requirements, particularly for spectral tun-
ability. The discussion is organized into five core technical ele-
ments: platform, channel, contact, gate stack, and encapsulation.
Furthermore, although not explored in depth in this section, en-
suring device reliability is a critical requirement for the scalable
manufacturing of 2DM-based IR PDs. For instance, suppress-
ing defect states within the 2DMs, minimizing interface-trap
states, and designing device geometries to prevent local high elec-
tric fields are crucial in mitigating degradation such as hystere-
sis, bias temperature instability (BTI) monitored by the thresh-
old voltage shift, and hot carrier injection (HCI) evaluated by
gate-induced drain leakage (GIDL). To ensure long-term stabil-
ity, it is crucial to evaluate and monitor device reliability assess-
ment throughout device integration systematically, such as time-
dependent dielectric breakdown (TDDB) assessed via breakdown
voltage or voltage ramping (Vramp), and high-temperature op-
erating lifetime (HTOL) testing, while optimizing surrounding
materials, interface properties, and device geometries. In partic-
ular, PDs must estimate endurance cycles, environmental stabil-
ity, and the maximum optical power that can be detected without
performance degradation.

4.1. General Integration Processes

Not initially developed for PDs, extensive process optimiza-
tion efforts have been undertaken to transition 2DM-based
devices from laboratory-scale demonstration to industry-scale
manufacturing.[496–502] These lab-to-fab transition strategies, de-
veloped across various 2DM-based device platforms, provide a
strong foundation that can be directly applied to the scalable in-
tegration of PDs as well. These established workflows, including
wafer-scale growth, transfer, patterning, contact formation, and
dielectric integration, offer valuable insights into the scalable re-
alization of spectrally tunable PDs.

4.1.1. Growth and Transfer

High-performance IR PDs require crystalline and spatially uni-
form 2D semiconducting channels over a large area. Two main
routes, mechanical exfoliation and direct synthesis via chemical
vapor deposition (CVD), are employed.[389, 506–510] While exfolia-
tion provides defect-free, high-quality layers, which are essential
for proof-of-concept devices, it lacks scalability, reproducibility,
and controllability. In contrast, CVD-based methods offer wafer-
scale growth capability and better integration potential with exist-
ing semiconductor process workflows. However, they currently
suffer from high defect density (≈ 1012 cm−2), polycrystallinity,
and limited control over uniformity.[511, 512]

The quality of the synthesized channel has a significant im-
pact on the performance of a PD, particularly in minimizing id to
achieve a low NEP and a high D*. In conventional PDs based on
Si photodiodes, atomic defect levels are typically<≈1 per unit de-
vice, whereas 2DM-based PDs are still behind, with defect levels
several orders of magnitude higher. Furthermore, the growth of
2DMs often requires high temperatures (> ≈600 °C) in reducing
environments (e.g., H2 atmosphere), which poses challenges for
integration on temperature-sensitive dielectric substrates, such
as SiO2 or Si3N4.

[513]

To mitigate thermal incompatibility, two main strategies have
emerged. One approach is to develop low-temperature (< ≈500
°C) CVD processes that still yield high-quality monolayers. An-
other approach is to use advanced transfer techniques to transfer
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Figure 9. Schematic overview of key scalable integration strategies for spectrally tunable 2DM-based PDs. The integration flow is categorized into five
core functional components. i) Substrate: Form factor classifications include planar, curved, and free-form geometries. ii) Channel: Symmetry breaking
can be induced through local doping, plasma treatment, optical modification, lateral pattern, bending or stretching, vertical stack, angle twist, and
embedded nanostructures. iii) Contact: Asymmetric contacts break inversion symmetry. iv) Gate Stack: Electrical tunability is enhanced with dual gate
and graphene barristor architectures. v) Encapsulation: Transparent and chemically inert passivation layers ensure device reliability under ambient and
thermal stress.
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high-quality films grown on separate substrates to target wafers.
Promising examples, such as polymer-assisted dry transfer, aim
to suppress defect formation, reduce interfacial contamination,
and improve alignment accuracy.[514–524] Continued research is
needed to balance film integrity, throughput, and CMOS com-
patibility, enabling 2D semiconducting channels in large-area IR
PD arrays.

4.1.2. Patterning

Photolithography defines the lateral geometry of 2D devices
and enables pixel-level integration in PD arrays. However, con-
ventional photolithography processes face significant limitations
when applied to 2DMs due to their atomically thin nature and in-
herently weak adhesion to substrates. During key steps, such as
photoresist development, 2Dfilms are prone towrinkling, delam-
ination, or tearing due to capillary forces and solvent penetration,
resulting in poor pattern fidelity and reduced device yield.
To overcome these limitations, adhesion lithography has

emerged as a promising solution.[525] Mechanical stability dur-
ing lithographic steps can be significantly improved by chemi-
callymodifying the substrate tomodulate the adhesion energy be-
tween the 2DM layer and the underlying metal or oxide surface.
Notably, this approach has demonstrated near-unity patterning
yields across whole 6-inch wafers without requiring additional
etching steps.
For removal of 2DMs after patterning, dry etching can be

performed using reactive-ion etching (RIE), widely adopted in
CMOS processes, with plasmas of O2, CF4, and Ar.

[379, 415, 526, 527]

The RIE enables anisotropic etching and precise patterning while
maintaining compatibility with the CMOS infrastructure and
preserving the structural integrity of the 2DM film. However, dry
etching can introduce functional groups or leave edge regions in
an undefined state, necessitating post-treatment steps to heal or
passivate these regions.
Recently, a new approach defining open-space regions us-

ing PDMS molds has been proposed, addressing both the is-
sues of pattern persistence and limited edge formation. 2DM
can be selectively grown only within these open regions, gen-
erating well-defined patterns without etching. This bottom-up
patterning method offers a promising approach to defining ac-
tive regions without damage or lithography.[528, 529] To enable
high-resolution patterning without compromising film integrity,
lithography techniques must continue to evolve to address the
unique surface chemistry andmechanical vulnerability of 2DMs.

4.1.3. Contact Formation

Forming reliable electrical contacts with 2D semiconductors
for high on-state current and stable signals remains a sig-
nificant challenge in device integration. In general, impuri-
ties or structural defects at the 2DM surface can create in-
terface trap states (ITS) or metal-induced gap states (MIGS),
which pin the Fermi level at the metal/2DM interface, thereby
hindering work-function modulation or increasing contact
resistance.[458, 460, 530, 531]

Extensive research over the past decade has led to signifi-
cant advances in contact strategies, including interlayer contact,

phase-engineered contact, and edge-plane contact.[532–534] The ad-
sorbed contaminants, such as adsorbedwater or hydrocarbon lay-
ers, induced by exposure of the 2DM surface to the atmosphere,
can be minimized by depositing metal electrodes under ultra-
high vacuum and transferring them onto the surface of 2D semi-
conductors. Therefore, to minimize interface damage and sup-
press ITS or MIGS, it is essential to deposit contact metals under
mild conditions that preserve the vdW interface.[535–537] Recently,
it has been reported that introducing semimetals with closely
aligned Fermi levels in the conduction and valence bands of 2D
semiconductors, such as Bi and Sb, can significantly reduce the
Schottky barrier height and form an ohmic contact.[538, 539] Fur-
thermore, the topological surface states, incorporated at the in-
terface between 2D TSM and 2D semiconductor, effectively miti-
gate MIGS and improve broadband photodetection performance
through the bulk photovoltaic effect in TMD by edge semimetal
contacts.[188, 249–252]

Despite these advances, many of the proposed contact
schemes remain difficult to implement in CMOS-compatible
fabrication. For example, some 2D TSMs that provide very low
contact resistance with 2D semiconductors are considered to
have poor thermal stability or are incompatible with current
fab processes, making them difficult to mass-produce.[389] Ulti-
mately, achieving industrial-level reliability and low contact resis-
tance will require co-optimization of material selection, interface
chemistry, and scalable strategies.

4.1.4. Gate Dielectric Deposition

The deposition of gate dielectrics on 2DMs presents a significant
challenge due to their chemically inert, dangling-bond-free sur-
faces. This often results in poor nucleation during atomic layer
deposition (ALD), leading to discontinuous or defective dielectric
films that degrade device performance.[540] In addition, uncon-
trolled interfaces can introduce ITS, increase leakage currents,
and compromise electrostatic gating.
To address these issues, several strategies have been devel-

oped. One approach involves pre-depositing a metal seed layer
or using surface functionalization techniques, such as ozone
or plasma treatments, to enhance nucleation density and film
uniformity.[541–543] These methods improve dielectric coverage,
but the process must be controlled to minimize damage to the
underlying 2DMs. A promising alternative is the use of in situ
oxidation of transition-metal-rich 2D semiconductors. For ex-
ample, Bi2O2Se can be thermally or chemically oxidized into
Bi2Se3O5, forming a conformal high-k dielectric layer that pre-
serves the 2D interface.[544] This technology simplifies the pro-
cess and ensures tight integration between the semiconduc-
tor and the gate dielectric, but has limitations in the mate-
rial pool. This technique simplifies the processing and ensures
the tight integration between the semiconductor and the gate
insulator.
Despite these advances, challenges remain to achieve high

breakdown fields, low interface-state densities, and mechanical
stability under bending or thermal cycling, especially on flexi-
ble platforms. Continued efforts are needed to develop CMOS-
compatible, scalable dielectric deposition methods that balance
film quality, interface engineering, and device reliability.
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4.2. Form Factor of the Substrate

The choice of substrate platform plays a crucial role in the de-
sign and performance of spectral tunable PDs, particularly when
targeting flexible, stretchable, or curved integrated systems.[545]

Rigid substrates such as Si or SiO2 wafers remain the standard
for prototyping and CMOS-compatible processing due to their
mechanical robustness and compatibility with conventional
semiconductor fabrication tools.
However, as IR PD applications expand to wearable

electronics,[546] curved imagers,[547] and biomedical sensing
platforms,[548] the demand for substrates that offer mechanical
flexibility and optical transparency is rapidly increasing. To meet
these requirements, recent studies have demonstrated the inte-
gration of 2DMs onto flexible polymer-based substrates, such
as, polyethylene terephthalate (PET), polyethylene naphthalate
(PEN), and polyimide (PI), or pre-shaped curved surfaces.[549–553]

One notable example is a hemispherically curved image sensor
array, demonstrated by transferring high-densityMoS2/graphene
heterostructures onto a PDMS dome substrate.[547] The design
emulated the geometry of the human eye and incorporated a
truncated icosahedron architecture, including strain-isolation
layers composed of Si3N4 and Al2O3. This structure mitigated
buckling and local curvature effects, ensuring a uniform strain
distribution and maintaining consistent electrical and optical
responses across the curved surface.
Looking ahead, scalable integration into unconventional

substrates should consider low-temperature processes, strain-
adaptive electrode designs, strain-isolation layers, and mechan-
ically robust encapsulation layers.[554, 555] Ensuring uniformity
and long-term reliability under repeated bending and environ-
mental exposures is also essential for commercial viability.

4.3. Symmetry Breaking in Channel

One of the most effective strategies to achieve spectral tunability
in 2DM-based IR PDs is tomanipulate the semiconducting chan-
nel’s electronic band structure, including splitting or shifting en-
ergy levels. Symmetry breaking is a phenomenon in which a ma-
terial’s inherent symmetry is disrupted, introducing asymmetry
and altering its electronic and optical properties. Such breaking
can be intrinsic, due to the material’s inherent structure or com-
position introduced during fabrication, or extrinsic, induced by
external factors such as electric or magnetic fields. For example,
introducing dopants into a semiconductor can break the symme-
try of the host lattice, thereby altering the electronic band struc-
ture. Since symmetry breaking enables the tuning of semicon-
ductor properties, it allows for the design of materials with spe-
cific functionalities, such as interband transitions at energies, dy-
namically shifting or broadening the spectral response by varying
the joint density of states. In this subsection, we introduce several
representative strategies in recent reports for symmetry breaking
in the channel.

4.3.1. Local Doping

Spatially resolved doping in 2D semiconductors, in-
cluding substitutional,[366, 556] molecular,[367, 557, 558] and

electrostatic[559, 560] approaches, can modulate the local Fermi
level and tune the potential landscape by breaking inversion
symmetry, which is effective for controlling carrier polarity and
density in the channel.
Although ion implantation remains a standard method for

bulk semiconductors, it is not suitable for 2DMs due to se-
vere lattice damage and interfacial degradation caused by high-
energy ions and thermal processing.[365, 561, 562] To overcome lim-
itations, various alternative doping techniques have been devel-
oped. Substitutional doping, for example, replacing neighbor-
ing tungsten (W) atoms in WSe2 with vanadium (V) atoms,
can create a stable atomic configuration that significantly mod-
ifies local symmetry.[366] Similarly, laser-assisted doping un-
der controlled atmospheres enables spatially localized phospho-
rus doping in MoS2, offering tunable thickness and carrier
polarity.[556] These methods are desirable due to their compati-
bility with post-synthesis processing and potential for mask-free,
site-selective doping.
Molecular charge transfer and electrostatic gating enable large-

area, low-damage modulation of the Fermi level. While these
alternative techniques show promise, significant challenges re-
main across doping methods in general, including maintaining
mobility, controlling contact resistance, and achieving uniformity
at scale.[563] Process-induced effects such as surface traps and in-
terfacial roughness can seriously degrade electrical performance
if not properly managed. The precise doping technologies are ex-
pected to play a critical role in enabling high-performance IR PDs
and integrated logic-sensor platforms based on 2DMs.

4.3.2. Plasma Treatment

Plasma treatment offers a rapid and facile method for modify-
ing the electrical and optical properties of 2DMs, eliminating the
need for additional deposition or etching steps. Exposure of 2D
semiconductors to mild plasma environments (e.g., CF4, O2/Ar)
can break structural symmetry by introducing functional groups,
atomic vacancies, or stoichiometric disorder. These defects locally
distort the potential landscape and modify the band structure, of-
ten resulting in sub-bandgap states and enhanced NIR photore-
sponse.
Unlike conventional doping techniques, which typically in-

volve high thermal budgets and multi-step integration, plasma-
based approaches enable direct modification of the active layer at
low temperatures, making them attractive for CMOS-compatible
and monolithic integration of spectrally tunable PDs.
For example, O2/Ar plasma treatment on monolayer MoS2

forms surface MoOx species that introduce PGE by modulat-
ing band alignment and suppressing recombination, enhancing
iph and PL.[564] Similarly, CF4 plasma treatment is leveraged to
induce trap states in the InSe channel with Si3N4 passivation
for configurable anti-ambipolar photoresponses to demonstrate
multi-valued optoelectronic logic gates within a single device.[379]

Such selective embedding of a charge-trap layer with plasma
treatment highlights the potential of plasma-induced engineer-
ing.
Nevertheless, plasma treatment is highly sensitive to recipes

and environmental factors, including dosage, exposure dura-
tion, and ambient gas chemistry. Thus, overprocessing can cause
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irreversible lattice damage or etching, necessitating post-
treatment steps such as thermal annealing, chemical passiva-
tion, or dielectric capping.While these processes are scalable and
CMOS-compatible, ongoing improvements in uniformity, con-
trollability of etching, doping, and trap-state formation, and envi-
ronmental stability are crucial for reliable wafer-scale integration
of 2DM-based IR PD arrays.

4.3.3. Optical Modification

Optical modification provides a rapid, low-temperature approach
to tune the properties of 2DM-based PDs.[418, 420] While con-
ventional processes, such as doping, annealing, and plasma
treatment, have been widely used to tune band structures
and defect states, they often lack selectivity in multilayer vdW
heterostructures.[565] Optical modification, on the other hand, en-
ables layer-specific control by adjusting laser parameters such
as wavelength, power, and exposure time, without introducing
chemicals or high thermal budgets.
For instance, in a heterostructure comprising MoTe2, MoS2,

and h-BN stacked on SiO2/Si, localized laser exposure induced
layer thinning and defect healing in MoS2, enhancing the PL in-
tensity by more than 40 times.[380] Meanwhile, MoTe2 showed
decomposition and tellurium clustering, highlighting the layer-
dependent reactivity. Such results demonstrate the potential of
laser tuning for selective structural control. However, repro-
ducibility and thermal confinement remain challenges. The use
of capping layers, such as h-BN, can enhance thermal stability
and protect against ambient degradation, while materials like
graphene and Al2O3 may offer additional options.[52, 566, 567]

4.3.4. Lateral Pattern

Lateral patterning has become a promising fabrication technique
for enabling spatial control of light–matter interaction, spectral
and polarization selectivity, and enhanced light absorption in
2DM-based IR PDs. In contrast to vertical stacking approaches, it
enables in-plane structural engineering, providing a practical so-
lution for enhancing device performance and integration across
the broadband IR range.
For example, a polarization-sensitive IR PDwas realized using

an InSe/MoS2 heterostructure.
[138] A MoS2 grating, fabricated by

e-beam lithography and dry etching, was overlaid on multilayer
InSe. This patterning induces polarization sensitivity, a guided-
mode resonance at 790 nm (TE polarization) and a plasmonic
resonance at 960 nm (TM polarization), enhancing photocurrent
without the need for metal structures. MoS2, with its low op-
tical loss and dielectric nature, proved advantageous for reduc-
ing thermal noise. However, such lateral-patterned structures are
highly sensitive to fabrication conditions. Etch uniformity, side-
wall roughness, and pattern fidelity directly affect optoelectronic
performance.[568, 569] In particular, to mitigate plasma damage
and thermal stress, optimized etching conditions such as high
selectivity, low temperature, and damage-suppressing recipes are
required. Post-patterning steps, including resist removal, inter-
face cleaning, and transfer alignment, are critical for ensuring
device reproducibility. Future efforts may explore scalable pat-
terning techniques, such as self-aligned lithography and in situ

growth patterning, as well as hybrid approaches that integrate
doping gradients or embedded plasmonic structures to further
expand spectral functionality.

4.3.5. Bending or Stretching

Strain engineering is a powerful strategy for inducing global
inversion-symmetry breaking and for tuning the band structure
of 2DMs. Localizedmechanical deformation can induce bandgap
shifts, modulate carrier effective masses, and enhance or sup-
press optical transitions depending on the magnitude and direc-
tion of the applied strain.
Typical approaches include uniaxial or biaxial stretching

and compression of 2DMs stacked on flexible or elastomeric
substrates.[546–548] Beyond global stretching, transferring mono-
layer 2DMs onto nanodomes, nanopillars, or wrinkled substrates
creates spatially confined strain fields that locally modulate the
band structure. This method enables pixel-level bandgap engi-
neering and has been utilized to generate spatially varying pho-
todetection across a single chip. Recent studies have demon-
strated that few-layerWSe2 and graphenewere sequentially trans-
ferred onto ZnO nanorods with varying lengths from 300 to 600
nm using polypropylene carbonate (PPC) via a tilted-contact dry
transfer method to prevent damage. After transfer, PPC was re-
moved using heated acetone and critical point drying to achieve
conformal contact without wrinkles or bubbles. This process
naturally induced a position-dependent gradient strain field.[403]

Nevertheless, this structure still relies on dry transfer, which
poses challenges in alignment, interfacial cleanliness, and large-
area reproducibility.
Therefore, future directions should explore strain-inducing

processes that are compatible with CVD or epitaxial growth.
Moreover, achieving precise directional control, gradient mod-
ulation, and uniformity over large areas remains an ongoing
challenge for scalable device fabrication. Moreover, integrating
strain-engineered 2DMs into scalable IR PD arrays will require
innovations in substrate design, strain-isolation layers, and low-
temperature transfer processes that minimize defect formation
during conformal integration.

4.3.6. Vertical Stack and Angle Twist

2DM–based heterostructures offer a versatile platform for modu-
lating the band structure and interlayer transition through inter-
layer coupling. Two major configurations, vertically stacked het-
erostructures and twisted bilayers, are particularly promising for
enabling spectral tuning of PDs.
Carefully selected 2DMs in vertical stacks (e.g., MoS2/WSe2

or MoTe2/MoS2) enable type II band alignment and formation
of interlayer excitons, leading to broader spectral absorption and
novel symmetry-breaking transitions. Introducing a slight twist
offset, i.e., the twisted bilayers, further creates a Moiré superlat-
tice that reshapes the band structure. This Moiré potential gives
rise to miniband formation and localized exciton states, resulting
in narrow bands and spatially variable optical responses.
For example, to overcome the bandgap limitation of graphene,

magic-angle twisted bilayer graphene has been demonstrated
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to induce a tunable bandgap using electrostatic potential differ-
ences. In this configuration, interlayer screening can enhance
photoconductivity by more than 4 times compared to conven-
tional bilayer graphene; however, the precision of twist-angle
control and scalability via dry transfer are limited.[346] As an-
other example to improve angle control, the water vapor inter-
calation technique was introduced, where oxygen plasma-treated
hydrophilic substrates facilitated smooth exfoliation and enabled
twist angle alignment within a resolution of less than ≈1°,
which provided a cleaner interface and tunable Moiré pattern
formation.[570] Complementarily, a CVD-based heterosite nucle-
ation approach has also been reported, where a second graphene
layer is nucleated at the edge of a conventional layer by control-
ling the hydrogen flow and plasma energy, enabling the forma-
tion of a twist angle from4° to 30° during the growth process, pro-
viding a clean interface and large-area integration potential.[571]

To enable practical device applications, future work must ad-
dress reproducible large-area fabrication, thermal and mechan-
ical robustness during processing, and seamless integration
into CMOS-compatible workflows. Strategies such as automated
transfer, low-temperature epitaxy, and interface passivation will
be essential to unlock the full potential of vertically stacked het-
erostructures and to control their twist angles for spectrally tun-
able PDs.

4.3.7. Embedded Nanostructures

Plasmonic nanostructures have attracted considerable attention
as a promising approach to improve the photoresponse sensitiv-
ity and wavelength- or polarization-selectivity (both wavelength-
and polarization-dependent) of 2DM-based IR PDs. These struc-
tures enable themanipulation of incident light at sub-wavelength
scales by coupling photons to collective electron oscillations
at the metal/dielectric interfaces, resulting in localized sur-
face plasmon resonance to enhance light–matter interaction
within the active layer. One notable structure is a plasmonic
cluster formed by embedding an array of metal nanodisks
between upper and lower monolayer graphene sheets. This
configuration creates a tightly confined optical field at the
interface, enabling both efficient energy harvesting via sub-
stantial field enhancement and ultrafast carrier extraction due
to graphene’s high mobility. As a result, such hybrid sys-
tems show significant improvement in photocurrent genera-
tion and temporal response speed, even under low-intensity IR
illumination.[333]

However, the performance of a 2DM-based IR PD with a
plasmonic structure is highly dependent on its geometry. Its
resonance wavelength, field distribution, and polarization se-
lectivity are determined by parameters such as size, spacing,
and periodicity. These nanoscale architectures require deep-
UV or e-beam lithography for their delicate fabrication on the
channel, imposing strict resolution constraints and throughput
limitations.[572, 573] From an integration point of view, embedding
nanostructures within PD stacks introduces an additional litho-
graphic step that is not only cost-intensive but also challenges
alignment accuracy, especially when scaled to large-area wafer-
level fabrication. Additionally, variability in nanostructure dimen-
sions or placement can introduce non-uniformities in device per-

formance, complicating yield management in volume manufac-
turing.
To overcome these challenges while maintaining spectral

tunability and scalability, various strategies, such as template-
assisted nanofabrication, nanoimprint lithography, and bottom-
up self-assembly, are being explored. These approaches offer the
potential to pattern nanostructures over large areas with reduced
complexity and lower cost, making them more compatible with
industrial-scale integration pipelines.

4.4. Symmetry Breaking on Contact

Metal contacts to the semiconductor channel play a pivotal
role in both charge injection and symmetry breaking in 2DM-
based PDs. A common strategy is to use metals with differ-
ent work functions at the metal/TMD interface. One recent
practical approach is asymmetric metal contacts to induce bulk
PVE or PTE.[239, 251, 378, 383–387] Notably, such asymmetry supports
gate-tunability and device scalability without requiring complex
gradient-doped junctions or split gates.
However, integrating asymmetric contacts poses several man-

ufacturing challenges. Using dissimilarmetal electrodes with dif-
ferent work functions and geometries requires multiple lithog-
raphy and deposition steps, which increases process complexity
and alignment requirements. Meanwhile, conventional deposi-
tion techniques, such as sputtering or e-beam evaporation, can
damage or unintentionally dope the channel, requiring careful
management of thermal and chemical compatibility between the
contact metal and the underlying 2D semiconductor channel.
Thus, asymmetric contacts offer an avenue for high-performance
self-driven IR sensing, but scalable implementation requires
careful co-optimization of materials, process flow, and inter-
face engineering.

4.5. Electrical Tunability with Gate Stack

The gate stack in phototransistors not only allows modulation of
the threshold voltage and on current but also plays a central role
in controlling the spectral tunability due to a shift in the Fermi
level and interlayer transition.[25–31]

4.5.1. Dual Gate

A dual-gate structure can modulate the Fermi level and carrier
density by applying electric fields from each gate. The aligned
graphene top and Si back gates induce a strong vertical electric
field across the 2D semiconducting channel, leading to the Stark
effect and enabling active tuning of the spectral response in the
IR regime while minimizing optical loss.[352]

However, dual-gate integration often requires selective etching
to open contact windows, necessitating high etch selectivity and
interface integrity. Furthermore, the deposition of the top-gate
metal can degrade the underlying channel. To address these is-
sues, 2D conductors like graphene are favored for gate electrodes
due to their vdW interface and minimal chemical reactivity.

Adv. Funct. Mater. 2025, e19542 e19542 (30 of 59) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202519542 by G
w

angju Institute O
f Science, W

iley O
nline L

ibrary on [07/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

4.5.2. Graphene Barristor

The graphene barristor is another promising architecture in
which the graphene monolayer is in contact with a semicon-
ducting channel or substrate, and the Schottky barrier height
formed at the graphene/semiconductor interface is gate-tunable,
enabling wavelength-specific photoresponse by IPE.[464, 478–481]

However, in the barristor structure that forms a
graphene/semiconductor junction on a semiconducting sub-
strate, a uniform dielectric film must be deposited on the
substrate surface, the junction area must be etched to open
the window, and the graphene monolayer experiences a step
equal to the thickness of the dielectric film from the junction
area to the dielectric film surface when the graphene is trans-
ferred. In other words, the large-area graphene is required to be
transferred along this 3D surface morphology, and transferring
a clean, abrupt, and low-defect graphene monolayer to form
a homogeneous Schottky junction over wafer-scale processes
remains challenging due to the inevitable interface traps in-
duced by defects, wrinkles, local stress, and polymer residues
during the large-area transfer of graphene onto the target sub-
strate. These issues lead to Schottky barrier inhomogeneity in
graphene/semiconductor junctions, which can compromise the
stability and repeatability of gate modulation. Thus, integrating
graphene barristor into scalable, manufacturable optoelectronic
platforms requires further process optimization.

4.6. Reliability with Encapsulation

Encapsulation plays a crucial role in ensuring the long-term reli-
ability and performance stability of 2D PDs, particularly for spec-
trally tunable devices that operate under diverse environmental
and electrical conditions.[52, 567] Although 2D semiconductors are
fundamentally stable, they can gradually degrade over time due
to exposure to moisture, oxygen, or chemical contaminants (e.g.,
b-P, Te, etc.). Such exposure can lead to increased trap densities,
shifts in doping levels, and long-term instability in the spectral re-
sponse.
To mitigate these effects while preserving optical functional-

ity, transparent inorganic materials such as SiO2 and Al2O3 are
commonly used as an encapsulation layer.[574] These materials
are typically deposited via ALD, which provides conformal cov-
erage and good scalability. Despite their excellent chemical sta-
bility and optical transparency, their intrinsic brittleness limits
their application in flexible or stretchable PDs, where repeated
mechanical deformation is expected. In contrast, organic encap-
sulants offermechanical compliance and form factor adaptability,
making them suitable for deformable platforms. However, they
often exhibit poor barrier properties, particularly against mois-
ture and oxygen permeation, limiting their effectiveness in harsh
or long-term operating environments.
As alternatives, 2D dielectrics, such as h-BN, have emerged as

promising encapsulation layers,[575, 576] offering atomically flat,
chemically inert surfaces that serve as effective diffusion barri-
ers while remaining compatible with the underlying 2D optoelec-
tronic layer. Their vdW interface formation allows for defect-free
coverage and can also serve multifunctional roles in dielectric or
charge modulation.[505, 577]

Similarly, encapsulation must be compatible with low-
temperature, high-throughput processes. Future research should
focus on developing hybrid encapsulation stacks that combine
the barrier properties of inorganics with the flexibility of poly-
mers, while maintaining electrical neutrality and optical trans-
parency.

5. Intelligent Optoelectronic Applications

Intelligent optoelectronic IR PDs are a part of smart multimodal
sensors, equipped with functions such as data processing, self-
diagnosis, decision-making, and communication. These devices
enable the detection of visual or invisible information, collect,
analyze, and process the relevant data, or transmit or receive it
to an edge board or cloud server. For integration with AI, they
require high performance, ultra-small size, lightweight design,
and low power consumption to incorporate multiple built-in ca-
pabilities, operating as sensors while also functioning as proces-
sors and memories.[578, 579] These sensors not only detect phys-
ical parameters like light or heat, but also analyze that informa-
tion so they can perform predefined actions or communicate data
to other systems. This makes them more versatile, as they out-
perform or overtask conventional sensors. The tunable spectral
response of 2DM-based IR PDs provides an excellent platform
for computation-enabled or multifunctional hardware in intel-
ligent sensors, particularly in optoelectronics enabled by multi-
dimensional sensing, processing, and transceiving.

5.1. Computational Spectroscopy

IR spectroscopy has a wide range of applications in various
fields, including material identification, chemical composition
analysis, equipment testing, artwork authenticity assessment,
biomedical diagnostics, food safety evaluation, healthcare, hy-
giene and quarantine, cell examination, drug screening, environ-
mental monitoring, mineral exploration, astronomical observa-
tion, and space exploration.[580–583] Portable and on-site spectro-
scopic analysis technologies that overcome the difficulties of col-
lecting and transporting samples without damaging or degrad-
ing their performance and enable rapid and flexible responses
through real-time analysis have been attracting attention.[584, 585]

Consequently, the demand for miniaturized spectrometers has
been rapidly increasing.[1, 2] However, as spectrometers become
smaller, physical limitations lead to degrade spectrometer perfor-
mance and increased production costs. Despite their limitations,
commercially available miniaturized spectrometers and portable
hyperspectral cameras are priced too high, primarily because they
use expensive, bulky optical elements for light dispersion.
Since 2020, computational spectrometers, combined with sen-

sors capable of tunable wavelength-specific responsivity or with
spectral-tunable optical filters, have attracted attention. Compu-
tational spectrometers are spectrometers that can obtain spec-
tra without the need for separate light-dispersing elements, such
as prisms, diffraction gratings, or filter arrays. Their operation
scheme includes learning (calibrating R𝜆, which is geometrically
or electrically tunable, of multiple known monochromatic lights
at different wavelengths), testing (measuring iph, which is geo-
metrically or electrically tunable, of an unknownmonochromatic
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or broadband light), and computing (reconstructing spectra of
an unknownmonochromatic or broadband light) processes. This
computational approach can meet both usability and spectrom-
eter performance requirements, which are typically evaluated
based onwavelength accuracy, spectral resolution, spectral range,
and physical footprint.
Encoding a set of diverse spectral responsivity datasets rep-

resents a spectral responsivity matrix with low inter-state cor-
relation. It is crucial for accurate spectral reconstruction in the
presence of noise sources and calibration errors. Specifically,
high variability in the spectral responsivity datasets trained at
different variables, such as geometric and electrical modulations,
enables efficient spectral reconstruction.[586] Recent progress in
both hardware and software enables the miniaturization of spec-
trometers while maintaining their performance. Along with this,
a variety of algorithms have been developed for spectral recon-
struction, initially utilizing Tikhonov regularization and increas-
ingly incorporating deep learning.[587–589] In general, spectral re-
construction algorithms can be categorized into machine learn-
ing algorithms and deep learning algorithms.[2]

Machine learning algorithms are expressed as mathematical
models of objective functions that include decision variables. The
objective function in a computational spectrometer consists of
a residual term that controls the loss tolerance for the spectral
responsivity matrix and a regularization term that imposes con-
straints on the spectral reconstruction. For residual terms, it de-
pends on the noise contained in the spectral responsivity matrix.
In particular, an objective function can adopt either mean abso-
lute error (MAE) or mean squared error (MSE). MAE is used
in environments with severe noise sources, leading to outlier
datasets in the spectral responsivity matrix. In contrast, MSE
is used in environments with Gaussian noise, typically in spec-
tral reconstruction. The regularization term provides prior infor-
mation about the desired solution or spectral composition. As a
representative regularization term, the l1 norm induces sparsity,
similar to Lasso regression, while the l2 norm prevents overfit-
ting, as in Tikhonov regularization. Optimizing an objective func-
tion in amachine learning algorithm is crucial for spectral recon-
struction and for finding a feasible solution in regression.
On the other hand, deep learning algorithms are typically im-

plemented as neural networks with multiple layers. Each layer
passes weight and bias information to the subsequent layers and
extracts prediction values at the end of the network. The deep
learning algorithm calculates the loss by comparing predicted
and actual spectral values and updates the network via backprop-
agation. This neural network process is optimized for encoding
spectral responsivity matrices for spectral reconstruction, with
the advantage of learning complex statistical and structural pri-
ors that counteract noise sources and calibration errors, thereby
enabling end-to-end mapping from raw measurements to recon-
structed spectra, which is beyond the regularization used in ma-
chine learning algorithms.
Deep learning algorithms combined with 2DM-based IR PD

can provide solutions for reconstructing spectra from complex
mathematical models or high-dimensional input data that are
physically challenging to interpret. Specifically, neural network
algorithms are used to encode the tunable spectral response of
2DM-based IR PDs, ensuring uncorrelated datasets and thereby
improving learning accuracy, which enables more efficient spec-

tral reconstruction. For example, a recent study demonstrated
that the strain-induced spectral response ofWS2 andWSe2 can be
encoded for spectral reconstruction using a multi-layer percep-
tron (MLP) neural network.[395] Another work highlighted dual-
signal spectral reconstruction by encoding the gate tunability
of both amplitude and relaxation time of the spectral photore-
sponse datasets of the semifloating MoS2 homojunction through
a deep neural network (DNN) to achieve high-fidelity spectral
reconstruction.[354]

Computational spectrometers eliminate or reduce the physical
requirements of light dispersion elements, addressing the trade-
off between performance degradation and footprint miniaturiza-
tion that is typically considered inevitable in conventional spec-
trometers. The programmable spectral responsivity of IR PDs
enables IR computational spectrometers to be embedded in a
single pixel on a chip. Numerous efforts have been made to op-
timize computational IR spectrometers, but they still face sev-
eral technological barriers to commercialization.[350–353, 394, 590–593]

Thus, the commercialization of high-performance IR computa-
tional spectrometers embedded in a single-pixel-on-a-chip could
dramatically increase the potential for widespread spectroscopy
applications in consumer products, such as smartphones and
drones. With its significant impact on academia, industry, the
economy, security, and the environment, spectroscopic technol-
ogy can be applied in various areas of daily life for the public.

5.1.1. Portable Hyperspectral Imaging

Conventional image sensors typically employ either a charge-
coupled device (CCD) or a CMOS architecture. CCDs use a global
shutter and employ a single-shot acquisition strategy. In con-
trast, CMOS sensors enable pixel-level control, making them
well-suited for high dynamic range (HDR) imaging. HDR imag-
ing is often realized through a multi-shot approach, in which
multiple images are captured at varying exposure times to cover a
wide brightness range. Thismulti-shot approach enhances visual
perception and is increasingly adopted in emerging technologies
such as drones and autonomous driving systems.
Hyperspectral imaging (HSI) shares conceptual similarities

with HDR imaging in its implementation. Like HDR, HSI of-
ten uses a multi-shot acquisition method, capturing individual
frames at different spectral sensitivities. HSI collects multi-shot
data in both the spatial and spectral domains, providing higher-
resolution data in both domains. This allows HSI to offer supe-
rior capability for quantifying physical sensory quantities com-
pared to conventional spectral imaging or conventional color im-
agers. In particular, 3D HSI, which incorporates spectral infor-
mation in 2D, provides a spatial representation of the intensity of
light spectra emitted or reflected by the measurement target.[594]

Building conventional HSI systems is considered to require
lab-scale, or at least bench-top space, and optimizing perfor-
mance and production costs presents significant technical chal-
lenges. Accordingly, there are two types of commercially available
hyperspectral cameras. One is a portable hyperspectral camera
equipped with a delicate light dispersion system, which is too ex-
pensive for the public to purchase. The other is a heavy, bulky
hyperspectral camera that relies on a traditional diffraction grat-
ing,making it difficult to carry. Therefore, acquiringHSI typically
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Figure 10. Computational spectroscopy. a) Operation scheme of computational spectrometers and hyperspectral images by leveraging electrically-
tunable wavelength-specific photoresponse of 2DM-based PDs, allowing for spectrum reconstruction and spectral imaging based on the trained dataset
of tunable spectral responsivity. b) Polarization imaging with a 2DM-based IR PD. c) Multi-dimensional imaging captures various optical information,
including light intensity, wavelength, and polarization. d) Spectral resolution enhanced with dual-signal reconstruction using a semi-floating 2DM PD
beyond the resolution limit. (a) Reproduced with permission.[350] Copyright 2022, AAAS. (b) Reproduced with permission.[232] Copyright 2024, Wiley-
VCH. (c) Reproduced with permission.[610] Copyright 2024, Springer Nature. (d) Inspired by ref. [354].

involves collecting samples, transporting them to the laboratory,
performing spectroscopic analysis, and taking HSI. Instead, the
computational spectral reconstruction approach can be extended
to reconstruct hyperspectral images by recovering hyperspectral
information fromRGB images. Various relevant approaches have
been explored to enhance reconstruction accuracy and robust-
ness of HSI.[595]

Although AI-integrated PDs with tunable spectral responsivity
serve as powerful tools for computational spectroscopy, they do
not always provide HSI unless a spectrometer is implemented
within a single PD pixel, rather than in a PD or filter array. For
example, in a CMOS image sensor (CIS)- based smartphone drug
classification system using a convolutional neural network, a pe-
riodic array of band-pass filters is integrated to capture a 2D Ra-
man spectral intensity map.[596] In their scheme, each CIS pixel
with a periodic filter array collects individual spectral responsivity
information, not spatial imaging information, providing spectro-
scopic analysis, rather than imaging. On the other hand, HSI in
a CIS has been employed using a machine learning algorithm to
quantify meat freshness as ameasurable physical quantity.[588] In
this case, they could provide HSI by acquiring data using a line-
scan to construct 3D hyperspectral datasets. In other words, CIS
must require a filter array (spatially) or a line scan (temporally)

to obtain spectral responsivity in spatial dimensions, limiting the
further miniaturization of HSI on a chip.[587, 589] In contrast, an
array of 2DM-based PDs with electrically tunable spectral respon-
sivity can perform HSI without a filter array or a line scan.
In particular, HSI in the IR region holds significant promise

for the identification of chemical agents, assessment of gas flow,
evaluation of soil quality, check of meat freshness, and detection
of fever, owing to its ability to exploit molecular absorption and
thermographic.[583, 597–605] Spectrally tunable 2DM-based IR PDs
can offer single-pixel IR spectrometers, whose operating scheme
is summarized in Figure 10a, allowing their array to feature spec-
trally resolved imaging at different wavelengths. This enables
HSI-driven gas sensing powered by computational spectroscopy.
This computational spectroscopy approach is highly versatile,
providing both quantitative and qualitative analysis simultane-
ously in a single-shot imaging process, surpassing the capabili-
ties of non-dispersive infrared (NDIR) gas sensors,[606–608] which
are often used to analyze the concentration of a specific gas but
cannot offer spectroscopic analysis or imaging. Recent work on
a multiplexed NDIR gas-sensing system aims to replace bulky,
costly bandpass filters with plasmonic metamaterial absorbers,
enabling spectroscopic analysis on a chip.[609] However, it still
does not offer imaging, as a spectrometer is implemented using
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a multiplexed filter array. On the contrary, 2DM-based IR PDs
with electrically tunable spectral responsivity can implement a
spectrometer in a single pixel, allowing an array of 2DM-based
IR PDs to perform single-shot HSI.[53]

5.1.2. Multi-Dimensional Imaging

Digital holography is an imaging technique that does not re-
quire photonic hardware components, such as an imaging lens,
for the simultaneous capture of multi-dimensional imaging
information.[611] Acquiring multiple optical information, in-
cluding light intensity, wavelength, and polarization, with a
single-pixel PD enables the acquisition of a holographic image
of nonlinear light and a multi-dimensional image of incoherent
light with a single-shot exposure, without the need for a filter
array or a line scan, as shown in Figure 10b,c.[332, 485] However,
given the fundamental limitation of conventional image sen-
sors, which are inherently unable to capture multi-dimensional
optical information, a comprehensive strategy is required to
realize future multi-dimensional imaging systems.[612–615] A re-
cent study demonstrated dispersion-assisted high-dimensional
PDs with dielectric thin-film filter arrays and deep resid-
ual neural networks.[610] Thus, polarization-sensitive 2DMs
with an electrically tunable spectral response[25–31] are ideal
building blocks for in-pixel multi-dimensional imaging, such
as 2D vdW heterostructures,[159, 224, 232–234, 305, 336, 341, 414, 616–618]

or photonic nanostructures,[134–138, 140, 235, 276, 317, 318, 334, 430–447]

unipolar barriers,[254, 321, 332, 482–490, 492] and 2DM-coupled CCDs
or CISs.[504, 619]

2DMs and their heterostructures with intrinsic anisotropy
are beneficial for encoding light polarization with polariza-
tion sensitivity and broadband response, opening a pathway
for multi-dimensional imaging systems, particularly spectro-
polarimeters.[231, 234] Polarized IR imaging has been demon-
strated using an anisotropic Te PD with absorption spectra at
different polarizations of light.[231] Similarly, a Te/Bi2Se3 PD has
been reported to leverage both crystal anisotropy and topological
surface states to enable polarization-resolved IR detection across
an ultra-broadband range spanning from the UV to the MIR.[234]

Importantly, these studies suggest that polarization is not merely
additional information for light detection. Still, it can be merged
into the fundamental axis of multi-dimensional images, such as
wavelength in HSI.
The development of dual-band IR PDs operating at room tem-

perature further miniaturizes multi-dimensional broadband im-
agers, enabling simultaneous detection in the NIR and MIR
ranges.[620] A tandem structure formed in a b-P/MoS2/Si ver-
tical p-n-p heterojunction enables spectral blackbody detec-
tion due to wavelength-dependent coexisting spatio-temporal
photocurrents. The ultralow crosstalk of 1.2% for MIR-to-NIR
and 0.05% for NIR-to-MWIR is ensured by the filtering ef-
fect of thin-film Si and the barrier effect of MoS2, allowing
for independent readout of the dual-band information. Fur-
thermore, ultrafast response times of several μs enable real-
time analysis of transient phenomena in multi-dimensional
datasets.

5.1.3. Beyond Resolution Limit

Spectral resolution is the most critical metric in spectrometers,
reflecting the ability to distinguish fine features within the mea-
sured or reconstructed spectra. In traditional spectroscopy, spec-
tral resolution and spectral range are typically constrained by
the system’s light dispersion elements. In computational spec-
troscopy, achieving improved spectral resolution and a wide spec-
tral range within a limited footprint requires enhanced tunabil-
ity of PD spectral responsivity and advanced spectral reconstruc-
tion algorithms.
Considerable progress has beenmade with 2DM-based single-

pixel PD toward achieving a high spectral resolution or a wide
spectral range approaching those of benchtop laboratory sys-
tems. Key advancements in t and their spectrometer perfor-
mance metrics are summarized in Table 4. In general, gating
to 2DMs enables substantial modulation of the Fermi level or
bandgap, allowing tuning of PD spectral responsivity via exci-
tonic absorption.[352] Furthermore, 2D vdW heterostructures fa-
cilitate tunable interlayer transport or interlayer transition for im-
proving spectral resolution or spectral range.[350, 351, 590, 592, 621]

Several recent studies have further improved performance be-
yond the physical resolution limits. For example, a semi-floating
MoS2 homojunction is employed to achieve a spectral resolu-
tion of ≈1.2 nm through the utilization of dual signals, includ-
ing photocurrent and relaxation time, which are processed by
deep neural network algorithms, as illustrated in Figure 10d.[354]

Their semi-floating structure induces locally varying strain in a
single-pixel PD, which in turn alters the optical bandgap. Thus,
intralayer exciton transport through the homojunction interface
can increase the variability in spectral tunability at different gate
voltages, due to the in-plane electric field influenced by local
strain, leading to a dependence of both responsivity and transient
behavior on the incident light wavelength and applied gate volt-
age. Another study exploited photonic quasi-bound states in the
continuum (qBIC) for a bandstop strategy that can surpass the
conventional bandpass strategy when qBIC-inspired spectrome-
ters require a filter-array-based design. They demonstrated the
spectral resolution of on the order of ≈1.7 nm.[622]

5.2. Artificial Vision

Artificial vision refers to the ability of machines to perceive,
analyze, and interpret visual information, which is widely uti-
lized in edge-level AI applications, including autonomous driv-
ing, medical diagnostics, industrial automation, and environ-
mental monitoring.[623, 624] To address the growing demands for
on-device intelligence, there has been an increasing focus on the
development of emerging material platforms that facilitate en-
hanced functionality and seamless integration. In this regard,
2DMs emerge as a compelling solution for compact, multi-
functional vision systems,[3–8] offering a platform for integrated
sensing, memory, and processing due to their broadband ab-
sorption and electrical tunability.[227, 625, 626] Recent developments
have demonstrated 2DM-based image sensors featuring tunable
spectral response, in-sensor computing, and low power con-
sumption, enabling adaptive and energy-efficient intelligent vi-
sion technologies.[6, 88]
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Table 4. Performance comparison of computational spectrometers utilizing 2DM-based IR PDs. The spectral resolution indicates the ability to distinguish
two narrow spectral peaks of a broadband spectrum separated by fine wavelength intervals, the wavelength accuracy represents the ability to resolve
peak monochromatic wavelengths, and the spectral range defines the operational wavelength range of reconstructed spectra from computational spec-
trometers. Hence, the higher the spectral range multiplied by the footprint divided by the spectral resolution (or wavelength accuracy), the better the
performance.

Year Device structure (Tunable spectral engineering
strategy)

Spectral range Spectral resolution Wavelength accuracy Footprint

2021 b-P channel[352] (Gate-tunable bandgap due to Stark
effect)

≈ 2000–9000 nm ≈ 80 nm (estimated) – 9×16 μm2

2022 Au intercalated ReS2/Au/WSe2 heterostructure
[590]

(Gate-tunable interlayer optical excitation)
≈ 1150–1470 nm – ≈ 4.67 nm (estimated) 6×6 μm2

2022 MoS2/WSe2 heterojunction
[350] (Gate-tunable

interlayer transport)
≈ 405–845 nm ≈ 3 nm ≈ 0.36 nm 22×8 μm2

2024 MoS2/b-P tunnel diode
[351] (Bias-tunable thermionic

emission and tunneling)
≈ 500–1600 nm – ≈ 2 nm 30×20 μm2

2025 p-i-n WSe2 homojunction[353] (Bias-tunable nonlinear
memristive photoresponse)

≈ 630–640 nm ≈ 2 nm ≈ 0.18 nm 4×9 μm2

2025 NbTe2/InSe waveguide-integrated on-chip
[592] Gate-

and bias-tunable photovoltaic mode)
≈ 500–720 nm – ≈ 2.45 nm 5×5 μm2

2024 SnS2/ReSe2 heterojunction
[621] (Gate-tunable

photocurrent via trap states)
≈ 400–800 nm ≈ 60 nm (estimated) ≈ 5 nm (estimated) 19×12 μm2

2024 Semi-floating MoS2 homojunction[354] (Gate-tunable
photocurrent and relaxation time)

≈ 450–800 nm ≈ 1.2 nm – 20×25 μm2

2025 Controllable biaxial strain to MoS2
[395] (Strain-tunable

bandgap and optical absorption)
≈ 400–800 nm – ≈ 2.78 nm (estimated) 40×20 μm2

5.2.1. Machine Vision

Machine vision has become pivotal in industrial automation
and intelligent systems, facilitating high-precision visual inspec-
tion and real-time control. Conventionally, these systems have
been integrated with cameras and sensors, along with rule-
based image-processing algorithms, to perform tasks such as ob-
ject detection and robotic guidance. Nonetheless, such systems
generally depend on conventional von Neumann architectures,
in which sense, memory and processing units are physically
separated.[627] This structural division leads to a sequential work-
flow in which a camera captures visual information, digitizes it,
and then transmits it to a processing unit that runs a machine
learning algorithm.[628] As image resolution and frame rates in-
crease, the need to transfer large volumes of redundant data re-
sults in high latency and power consumption, limiting real-time
processing in delay-sensitive applications such as autonomous
vehicles and industrial manufacturing.[629]

To overcome the limitations of physically separated sensing
and processing units, recent research has explored the use of
emerging material platforms, such as 2DMs, which offer unique
opportunities for monolithic integration. Building on these ma-
terial capabilities, a reconfigurable WSe2 PD array with ambipo-
lar conduction behavior has been demonstrated as a neural net-
work image sensor for ultrafast machine vision, as shown in
Figure 11a.[3] The device consists of a 3×3 array of monolayer
WSe2 pixels, where split-gate electrodes can individually modu-
late the photoresponsivity of each pixel.[630–632] This gate-tunable
photoresponse effectively serves as a programmable synaptic
weight, enabling the array to carry out in-sensor tasks such as
classification and encoding of stylized letter patterns (“n,” “v,”
and “z”) via neural network inference.[3]

The gate tunability of the optoelectronic properties of 2DM al-
lows for precise control of the spectral responsivity,[25–31] espe-
cially for reconfigurable neural network vision.[612–615, 635, 636] The
Fermi-level shift through gating allows individual pixels within
a PD array to function as weighted elements, analogous to the
synaptic weights in a neural network.[629] As a result, the sensor
itself can perform basic computational tasks such as weighted
summation and feature extraction, enabling in-sensor comput-
ing for machine vision. As illustrated in Figure 11b, these sys-
tems can dramatically reduce data transfer overhead and latency
for vision processing by embedding tunable spectral responsivity
at the pixel level.[288, 578, 637]

Beyond electrically reconfigurable architecture, neuromorphic
vision capabilities have been expanded to extreme operating con-
ditions. For example, an ultrasensitive phototransistor array is
demonstrated based on a momentum-conserved heterojunction
comprising halide perovskite and Bi2O2Se for reliable in-sensor
computing under dim illumination as low as 0.1 μW/cm2, compa-
rable to natural moonlight.[638] Furthermore, an all-optical neu-
romorphic retina operating in the MIR range based on a b-
AsP/MoTe2 heterostructure has been reported, which perceives
MIR stimuli at 4.6 μm and encodes light intensity into spike
trains using rate-based encoding, triggered by a stochastic NIR
sampling terminal at 730 nm.[639] These developments highlight
the versatility and scalability of 2DM-based vision systems across
spectral ranges and illumination regimes.

5.2.2. Intelligent Imaging

Intelligent imaging systems, based on conventional ma-
chine vision, will further integrate AI to enable high-level
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Figure 11. Artificial vision. a) A few-layer WSe2-based lateral p-n junction photodiode with split-gate electrodes. Using this device, a 3 × 3 photodiode
array was implemented to classify and encode 3 × 3 pixel letter images. b) The gate-tunable photoresponse of the WSe2/h-BN/Al2O3 device mimics the
hyperpolarization and depolarization of a bipolar cell. This temporal photoresponse enables the implementation of a retinomorphic vision sensor that
simultaneously senses and processes. c) The GaTe0.5Se0.5/WSe2-based PD with wide-spectral photoresponses (250 to 1000 nm). An artificial neural
network trained on the multi-dimensional spectral responsivity matrix exhibits a classification accuracy of 0.87. d) The flexible phototransistor based on
theMoS2-graphene heterostructure and its extension to a curved image sensor array. This image sensor array can capture a clean sigma-shape image even
under IR illumination due to the wide bandgap of MoS2, which makes it immune to IR noise typically observed in conventional SI photodiodes (inset). e)
In-sensor trajectory tracing of moving targets on the NbS2/MoS2 phototransistor-based image sensor array. (a) Inspired by ref. [3]. (b) Reproduced from
[612]. Copyright 2020, AAAS under the CC BY-NC 4.0. (c) Inspired by ref. [633](Center), Reproduced from [627](Left, Right). Copyright 2024, Wiley-VCH
under the CC BY 4.0. (d) Reproduced from [547]. Copyright 2017, Springer Nature under the CC BY 4.0. (e) Reproduced from [628]. Copyright 2023,
Springer Nature under the CC BY 4.0.

decision-making in tasks such as medical diagnosis and au-
tonomous driving.[640] Still, system-level bottlenecks remain
major challenges for real-time deployment.[641, 642] To over-
come these limitations, 2DM-based PDs have emerged as
promising platforms for intelligent imaging. Recent studies
have explored various approaches, including programmable
image sensors,[643, 644] perceptual imagers,[633, 645] convo-
lutional processors,[93, 646] and long-term image memory
architectures.[621] These systems leverage the gate-tunable opto-
electronic properties of 2DMs to enable adaptive, task-specific
visual processing. In particular, the ability to dynamically mod-
ulate spectral responsivity enables 2DM-based platforms to
address critical challenges in latency, power efficiency, and
computational overhead that conventional hardware faces.
A representative example is a broadband (from 1.5 to 3 μm) b-

P phototransistor array that enables both electrical and optical
programming via charge storage in the HfO2 layer.

[643] By ap-

plying gate voltage pulses and optical stimuli, its mixed-mode
responsivity programming was achieved, enabling local and re-
mote control. This 3×4 array demonstrated convolutional image
recognition with 92% classification accuracy. Due to its paral-
lel imaging and programming schemes, the multifunctional b-P
phototransistor array can realize a more complex artificial neu-
ral network. To address structural complexity, a SnS2/ReSe2 vdW
heterostructure is proposed to exhibit long-term image mem-
ory with a retention time exceeding 104 s.[621] Unlike dielectric
charge storage, the memory effect in this device arises from
PGE enabled by trap states introduced by sulfur (2% in SnS2)
and rhenium (2.4% in ReSe2) vacancies. While the device offers
multifunctional operation at the single-pixel level, its spectral re-
sponse is limited to 400–800 nm, thereby restricting its broader
applicability.
Meanwhile, a PdSe2/MoTe2 heterostructure is demonstrated

for broadband convolutional processing, capable of detecting
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NIR signals up to 980 nm.[646] This device exploits gate-tunable
band alignment and intensity-dependent photoresponse for
wavelength-selective detection. Convolutional image encoding
and remote sensing functionalities were demonstrated by ap-
plying different spatial kernels across the array. Extending this
concept, an artificial neural network is trained to classify and
recognize remote sensing targets using GaTe0.5Se0.5/WSe2 vdW
heterostructures, achieving classification across the NIR range
up to 1000 nm.[633] As shown in Figure 11c, they achieved a
classification accuracy of 87%with the trainedmultispectral pho-
toresponse data cube.

5.2.3. Vision-Guided Robots and Automobiles

Vision-guided robotics and autonomous vehicles increasingly de-
pend on intelligent imaging systems that integrate real-time per-
ception, decision-making, and control to operate reliably in dy-
namic, unstructured environments.[647] To meet these demands,
visual sensors must offer high spatial resolution, rapid response,
and low power consumption, while maintaining robust perfor-
mance under diverse lighting conditions and enabling the extrac-
tion of critical visual cues such as object localization, motion tra-
jectories, and semantic identity.[623, 624]

Image sensors utilizing 2DM-based IR PDs optimized for
robotics and vehicles offer multifunctionality, including broad-
band photoresponse, electrical tunability, and mechanical flexi-
bility, for next-generation artificial vision.[547, 648–650] As shown in
Figure 11d, a NbS2/MoS2 phototransistor is designed to simulta-
neously perform visual sensing, synaptic memory, and contrast
enhancement, enabling static image processing within a neuro-
morphic sensor array.[634] Notably, the in-sensor registration of
light trajectories has been experimentally demonstrated, allow-
ing accurate dynamic trace extraction without external computa-
tion, as illustrated in Figure 11e.[634] Another study demonstrated
that centimeter-level precision distance sensing is possible with
only nW-level MIR detection.[651] The fusion of 2DM-based IR
PDs with machine learning-assisted data interpretation will fur-
ther elevate the responsiveness, autonomy, and intelligence of
embedded vision platforms.
Recently, a differential perovskite hemispherical PD has

pushed the boundaries of intelligent imaging by incorporating lo-
cation tracking and color classification.[652] Similarly, a large-area
phototransistor array based on 2D vdW heterojunctions can also
be integrated on such a hemispherical substrate, demonstrating
a promising direction for bio-inspired artificial vision in robotics
and autonomous vehicles.

5.3. Computing

The traditional von Neumann architecture, in which memory
and processors are physically separated, has struggled to handle
the explosive increase in data volumes driven by AI-based real-
time data collection. While numerous efforts have been made to
develop parallel computing architectures that overcome the lim-
itations of the von Neumann architecture, these have faced sig-
nificant scalability issues due to the material limitations of sili-
con. In contrast, 2DMs provide a powerful means of overcoming
these limitations.

In this subsection, we introduce four new computing
paradigms that leverage the advantages of 2DMs. First, we dis-
cuss the status of the von Neumann architecture and highlight
recent progress in optoelectronic computing enabled by 2DMs at
the device level. Next, we review emerging non-vonNeumann ap-
proaches, such as brain-inspired neuromorphic computing and
optical quantum computing, with an emphasis on the role of
2DM-based devices in each.

5.3.1. Optoelectronic Computing

Optoelectronic computing refers to computing that employs de-
vices capable of performing logic operations using optical signals
or a combination of optical and electrical signals. Optical sig-
nals exhibit minimal resistive loss, facilitating bandwidths that
exceed those of purely electrical interconnections and mitigating
the data transmission bottleneck.[14, 653] 2DMs have emerged as a
significant component of optoelectronic computing due to their
remarkable light–matter interaction properties and their compat-
ibility with the fabrication processes employed in chip manufac-
turing. For instance, graphene’s high carrier mobility and broad-
band absorption enable electro-optic modulators with GHz–THz
bandwidth.[141] Furthermore, its atomic thickness allowsmodula-
tors to be placed directly atop waveguides for on-chip communi-
cation links. Similarly, TMDs, such as MoS2 andWSe2, can func-
tion as efficient PDs in the VIS to NIR range. These materials
can convert optical signals into electrical currents in devices with
a thickness of a few nanometers.[356]

The strong excitonic absorption and high optical nonlinearity
of 2DMs further unlock optoelectronic and all-optical logic com-
puting architectures.[269, 654] For instance, anti-ambipolar and bi-
anti-ambipolar photoresponses have been reported in InSe tran-
sistors with a Si3N4 passivation layer, engineered by CF4 plasma-
induced trap states, which can realize optically configurable
multi-valued logic gates. As shown in Figure 12a, the device
utilizes wavelength-dependent carrier trapping and detrapping
mechanisms to switch the negative differential transconductance
from a single-peak to a dual-peak configuration, significantly
increasing logic density and reducing energy consumption per
operation.[379] Furthermore, optical chirality logic gates in mono-
layer MoS2 have been demonstrated, harnessing nonlinear pro-
cesses (four-wave mixing under chiral selection rules) to encode
logic states, as shown in Figure 12b. By exploiting the spin angu-
lar momentum of photons, these devices execute Boolean opera-
tions entirely in the optical domain, eliminating the need for elec-
trical interconnects. This all-optical approach offers fast switch-
ing, high bandwidth, and complete reconfigurability, while re-
maining compatible with hybrid integration with conventional
electronic circuits.[655]

5.3.2. In-Sensor Computing

In-sensor computing integrates computational capabilities di-
rectly into sensors.[660–665] By preprocessing raw data at the
point of capture, only highly refined information is transmit-
ted to the central processor, significantly reducing bandwidth
requirements and latency for tasks such as real-time image
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Figure 12. Computing. a) Anti-ambipolar phototransistors based on InSe enable multi-valued logic operations by exploiting wavelength- and gate-
dependent photoresponses, allowing logic-level computation such as NMAX and XNOR. b) Chirality logic gate based on a MoS2 FET with two incident
circularly polarized beams and one output circularly polarized beam. (Left) Chirality logic gate based on a MoS2 FET with two incident circularly po-
larized beams and one output circularly polarized beam. Multiple chirality XNOR, NOR, and Buffer (NOT) logic gates are implemented by inserting a
beam splitter to detect simultaneously second-harmonic generation, four-wave mixing, and sum-frequency generation signals. c) In-sensor computing
can perform processing using a multi-wavelength optoelectronic synapse that exhibits optical-stimulation-controlled short- and long-term potentiation,
electrically driven long-term depression, and synaptic weight update across multiple wavelengths ranging from 300 nm to 2 μm for mixed-wavelength
pattern recognition tasks. d) Optic-neural synaptic devices built from h-BN/WSe2 heterostructures enable color-mixed pattern recognition by integrating
wavelength-sensitive photodetection and programmable synaptic behavior, characterized by high conductance linearity and ultra-low energy consump-
tion. e) Neuromorphic vision sensing based on MAPbI3/Bi2O2Se FET array effectively detects traffic lights by sequentially processing both dim and
preprocessed images for real-time vision sensors. f) Graphene-on-plasmonic slot waveguide PDs and 90° optical hybrids operate as coherent receivers,
enabling high-speed demodulation of advanced optical modulation formats. g) WSe2/MoS2/b-P FET can be used as a single-photon detector at the
optical communication wavelength of 1550 nm for photonic quantum sensing. (a) Reproduced with permission. (Right)[379] Copyright 2024, AIP Pub-
lishing. (b) Reproduced from [653]. Copyright 2022, AAAS under the CC BY 4.0. (c) Reproduced with permission.[656] Copyright 2022, American Chemical
Society (d) Reproduced from [655]. Copyright 2018, Springer Nature under the CC BY 4.0. (e) Reproduced from [638]. Copyright 2024, Springer Nature
under the CC BY-NC-ND 4.0. (f) Reproduced from [656]. Copyright 2021, Springer Nature under the CC BY 4.0. (g) Reproduced with permission.[659]

Copyright 2024, Wiley-VCH (Left).
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recognition and environmental monitoring.[9–13] In typical artifi-
cial visual systems, the sensing unit is physically separated from
the processing unit. In contrast, 2DM-based PDs inherently cou-
ple sensing and memory, allowing them to sense, store, and pro-
cess optical data across a wide range of the electromagnetic spec-
trum.
For example, a phototransistor array with locally tunable pho-

toresponse has been demonstrated to emulate the adaptivemech-
anisms of the human retina by leveraging engineered charge
trap states. Under negative gate voltages, the device mimics rod
cell behavior, exhibiting high sensitivity in low-light (scotopic)
environments. In contrast, a positive gate voltage enables pho-
topic adaptation, resembling the behavior of cone cells. It en-
ables scotopic and photopic adaptation at the pixel level, result-
ing in contrast-enhanced imaging under dynamic lighting con-
ditions and achieving an extended perception range of up to 199
dB within a single device.[649]

Figure 12c illustrates that excitatory postsynaptic currents (EP-
SCs) are uniquely distinguishable at different incident light wave-
lengths, which is promising for simultaneous sensing of multi-
band spectra. An intelligent artificial visual system has been
demonstrated by featuring this multi-wavelength optoelectronic
synapse enabled by VIS-sensitiveMoS2 channel with IR-sensitive
PtTe2/Si gate electrode, which is tested for recognizing single-
color and multi-color patterns using UV, VIS, NIR, and IR wave-
lengths of light simultaneously. They reported that an in-sensor
computing system can process visual information at the sensory
terminal to eliminate redundant raw data, thereby enabling real-
time pattern recognition.[656]

Furthermore, PDs with programmable spectral responsivity
can be utilized to implement regression and classification di-
rectly upon light detection. An array of optical cavities with tun-
able resonant wavelengths has been demonstrated to implement
the weighted inner product operation between the input spec-
trum and the trained spectral responsivity vector.[666] In this case,
the PD obtains a correlation that enables it to detect light of a
specific spectrum, eliminating the need for external signal re-
construction. For example, a heterostructure composed of par-
tially overlapping p-type and n-type semiconductors exhibits gate-
tunable bi-directional photoresponse in the NIR range, enabling
real-time analog MAC operations directly at the sensor level,
which is critical for low-latency image classification in edge AI
systems.[667] In parallel, bi-directional PDs driven by wavelength
or power-dependent polarity switching have been investigated as
an alternative strategy for embedding computational functional-
ity within the sensing layer, enabling optical information process-
ing at the physical level.[13, 87–96] Thismethod exemplifies a highly
integrated physical-computational hybrid approach to miniatur-
ized, energy-efficient spectroscopy.[10] As sensor and compute co-
design improves, we expect to see 2DM in-sensor processors en-
abling ultra-low-power edge AI in everything from cameras to
wearable biomedical devices.
Wavelength-dependent photoresponse is becoming increas-

ingly crucial in in-sensor computing.[9–13] In particular, a sensor
array based on 2DMs offers significant advantages for efficient,
low-power execution in MIR target detection and recognition
tasks.[668] A promising approach involves integrating in-memory
computing and IR PD on a chip. For example, a b-P/MoS2/h-
BN/graphene heterostructure features dual functionality, com-

bining ultrafast 20 ns operation in flash memory with exception-
ally low energy consumption per operation of 1.8 fJ. The device
leverages these capabilities to successfully enable object detection
and recognition in the MIR region, providing enhanced accu-
racy in determining object location, classification, and type. An-
other study demonstrated integrated in-memory and in-sensor
computing with artificial vision based on an optoelectronic fer-
roelectric transistor constructed from a SnS2/h-BN/CuInP2S6
heterostructure.[669] The optoelectronic ferroelectric transistor ex-
hibited electrically and optically switchable upward and down-
ward polarization states by regulating the carrier concentration
in the channel via positive and negative gate voltages. Their inte-
grated computing system achieves 7-bit memory-state resolution
with 128 levels, thereby demonstrating synaptic functions such
as paired-pulse facilitation, short-term and long-term plasticity,
and Pavlovian conditioning, with MNIST classification accuracy
of 93.62%.
It is worthwhile to note that while the system-level advantages

of 2DM-based IR PDs and their tunable spectral engineering for
in-sensor computing have been discussed here, their transition
from laboratory prototypes to practical implementations necessi-
tates addressing critical bottlenecks to meet benchmarks set by
mature CIS technologies. In particular, achieving high SNR with
sub-electron noise in low-light environments and high energy ef-
ficiency of less than 10 pJ per pixel for edge computing is critical,
which requires device-to-circuit optimization to increase conver-
sion gain, reduce Flicker noise, and implement non-destructive
readout.[670, 671]

5.3.3. Neuromorphic Computing

Neuromorphic computing is a non-von Neumann paradigm in-
spired by the structure and function of the brain. In a neuro-
morphic system, networks of artificial neurons and synapses
process information in parallel, communicating via analog sig-
nals or spiking events rather than step-by-step binary logic.[672]

A salient feature of the model is the co-localization of compu-
tation and memory. Each synapse in the network serves both a
storage function for weights and a computational role, akin to
the dual functions of neurons in biological neural networks. This
tight integration eliminates the conventional separation of logic
and memory, circumventing the von Neumann bottleneck. Neu-
romorphic architectures demonstrate proficiency in tasks such as
pattern recognition, sensory data processing, andmachine learn-
ing, domains in which the brain’s model of massive parallelism
and adaptive learning confers a distinct advantage. However, con-
structing neuromorphic hardware requires electronic devices ca-
pable of emulating the behavior of neurons and synapses. Such
devices may include those that integrate signals and “fire” when
a threshold is attained (neuron-like) or those that undergo a
gradual change in conductance in response to stimuli, thereby
demonstrating long-term plasticity (synapse-like).[673, 674]

2DMs have demonstrated considerable potential by facili-
tating high-performance artificial synapses and neurons. The
most common approach is 2DM-based memristors to emulate
synapses, which inherently offer switchable resistance states that
can serve as synaptic weights in a neural network. 2DM-based
memristors often support multiple intermediate resistance
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states and undergo continuous updates. These properties are
imperative for simulating synaptic plasticity (i.e., learning)
with analog fidelity. These synaptic functions, including
short-term plasticity (STP), long-term plasticity (LTP), and
spike-timing-dependent plasticity (STDP), have been ex-
tensively reviewed across optoelectronic synaptic platforms
based on 2DMs, where optical or electrical stimuli are
employed to modulate synaptic weights and emulate bio-
logically inspired plasticity behaviors.[291, 353, 673–677] These
photonic memristors, so-called optomemristive feedback
neurons, have been investigated as promising approaches
for high-bandwidth and low-power parallelism, enabling
wavelength-dependent neural operations and scalable pho-
tonic architectures that utilize both 2DMs and non-2DMs.[678–681]

A notable implementation is a multi-wavelength optoelec-
tronic synapse constructed from monolayer MoS2 and IR-
sensitive PtTe2, which enables color-resolved synaptic responses
across the UV-IR spectrum and facilitates mixed-color pattern
recognition by leveraging synaptic weight modulation.[656] An-
other study reported an optoelectronic synapse regulated by a
phase transition of VO2 based on a VO2/graphene heterostruc-
ture for high-fidelity recognition tasks.[682] A two-terminal broad-
band optoelectronic synapse has also been reported to en-
able multiple synaptic behaviors, including excitatory postsy-
naptic currents, spike-number-dependent plasticity, and transi-
tions between short-term and long-term memory. These opto-
electronic synaptic devices support polarization-sensitive mul-
tispectral sensing and the generation of optical kernels for
convolutional preprocessing.[657, 683, 684] With a 6×6 array con-
figuration, classification accuracy exceeding 90 % has been
achieved even under dim light conditions, demonstrating suit-
ability for compact neuromorphic vision architectures, as de-
picted in Figure 12d.[661]

An alternative approach for optoelectronic synapses with-
out gating has been demonstrated using defect-engineered het-
erostructures. For example, a curvedMoS2 dome-shaped PD over
a defect-rich Fe3S4 core exhibited memory times up to 800 s
under pulsed illumination, with enhanced charge trapping en-
abled by synergistic interactions between intrinsic defects and
the heterointerface. The device enables high-efficiency recogni-
tion under simplified device configurations, underscoring the
intrinsic-defect-based architectures for compact neuromorphic
vision systems.[685] Another study demonstrated the construc-
tion of a high-precision multibit optoelectronic synapse using a
ReS2/h-BN/graphene heterostructure, which enables 1024 dis-
crete optical conductance levels with 10-bit resolution. The de-
vice demonstrated STDP with an ultralow energy consumption
of ≈500 fJ per spike.[686] A neuromorphic photoelectric memory
based on a ReS2/WSe2 heterostructure with sulfur vacancies in
ReS2 further demonstrated dual-mode operation for sensing and
memory, enabling digit recognition tasks with ≈94.9 % accuracy
on the MNIST dataset after only 20 training epochs. Sulfur va-
cancies induced by light exposure and electric field can synergis-
ticallymodulate carrier transport within the channel.[687] Further-
more, a reconfigurable phototransistor integrating halide per-
ovskites and Bi2O2Se is used to perform analog MAC operations
under dim light illumination,[638] as shown in Figure 12e. IR-
triggered retinomorphic artificial synapse based on aWSe2/InAs
heterojunction also exhibits a synaptic behavior like STDP anal-

ogous to the human retina at 1060 nm in the short-wavelength
IR (SWIR) range.[688] Optoelectronic synapses based on 2D TMD
gradient alloys exhibit≈161%paired-pulse facilitation, stimulus-
dependent transitions from short-term to long-term plasticity,
emulation of brain-like learning processes, and simulation of
neuromorphic vision in an artificial neural network for handwrit-
ten digit recognition with over ≈95.6 % accuracy.[689] Finally, a
free-space optoelectronic synapse based on a bare 2DMoS2 chan-
nel has demonstrated programmable modulation of nonlinear
optical signals. Synergistic excitation pathways, including tran-
sitions from two-photon absorption to synergistic excited-state
absorption, enable tunable operations in an artificial neural net-
work. Weight encoding was achieved through pulse delay and
intensity, resulting in operating durations as fast as ≈5.47 ps
and energy consumption ranging from ≈5.12 to ≈9.12 pJ per
operation.[690] Neuromorphic computing with 2DMs thus repre-
sents a convergence of advanced device physics and architecture:
memristors and transistors built from atomic layers provide the
analog memory and nonlinear response needed to realize neural
networks in hardware physically.[9]

5.3.4. Photonic Quantum Computing

Photonic quantum computing represents a radical departure
from conventional computing paradigms, leveraging quantum
states of light (photons) to perform computational tasks. In quan-
tum computing, information is encoded in qubits, which can ex-
ist in superposition states.[691] The entanglement between qubits
facilitates computations that would be impracticable for classi-
cal computers. Photons have been identified as particularly ef-
fective carriers of qubits for specific quantum computing ap-
plications, such as quantum communication and linear opti-
cal quantum computing. This is due to their high transmission
speed, minimal interaction with their environment, which re-
duces decoherence, and their ability to be manipulated using op-
tical components. The challenge, however, lies in implementing
photon sources and interactions that enable universal quantum
logic. Key requirements include single-photon sources to gener-
ate qubits, high-efficiency linear optical elements such as beam-
splitters and phase shifters, nonlinear processes to enact two-
qubit gates (typically via measurement-induced effects or opti-
cal nonlinearities), and single-photon detectors, as depicted in
Figure 12g.
Since 2DMs have been extensively explored for generating,

manipulating, and detecting light with coherent control of indi-
vidual photons, such as single-photon emission and broadband
optical nonlinearity, the advances in 2DMs have had a consid-
erable impact on integrated quantum photonics, offering scal-
able platforms for quantum applications. These capabilities un-
derscore their potential in realizing on-chip quantum informa-
tion processing beyond conventional bulk materials.[126] Recent
advances in nonlinear optics with 2DMs have established their
role as promising candidates for integrated photonic platforms,
owing to their broadband optical responses, high third-order non-
linear susceptibilities, and compatibility with Si photonics.[692] In
one approach, high-harmonic generation has been experimen-
tally demonstrated in monolayer MoS2, where delay-modulated
femtosecond pump-probe control enables a tunable third- to
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fifth-harmonic response with a modulation depth of up to 95%.
This result reveals a pathway for ultrafast state encoding based
on optical coherence and nonlinear dynamics in atomic-scale
materials.[693] Further studies have realized nonlinear second-
order and third-order photonic TIs, where light is confined in
corner states or along domain walls. By tuning the phase delay
and lattice symmetry, mode switching and logic operations can
be achieved. These topological photonic devices offer controllable
light confinement for quantum routing and information control,
as illustrated in Figure 12f.[694, 695]

Building on these developments, comprehensive theoret-
ical frameworks and experimental realizations of nonlinear
topological photonic systems have been established, in which
optical nonlinearities dynamically modulate nontrivial band
structures and edge-localized modes. These systems enable
soliton-like edge states, nonlinear topological transitions, and
robust light transport under intense excitation conditions, en-
riching the material and device paradigm for integrated pho-
tonic quantum platforms.[696] Moreover, a multilayer PtSe2
PD grown directly on Si photonic waveguides has demon-
strated R𝜆 up to 11 m A · W−1 in the 1550 nm range,
with FIR measurements extending to 28 μm. This integra-
tion enables potential on-chip interfacing between IR sens-
ing and quantum photonic circuits, satisfying thermal bud-
get and CMOS compatibility constraints.[697] In another sys-
tem, optical Tamm states were engineered within Sb2Te3 thin
films, enhancing the third harmonic generation via boundary-
localized field confinement. The demonstrated field enhance-
ment opens new directions for quantum signal amplification
in photonic non-von Neumann architectures.[278] Recent ad-
vances in on-chip nonlinear photonic integration using 2DMs
have further enriched the toolkit for photonic quantum com-
puting, particularly by enabling compact, reconfigurable pho-
tonic platforms. Through hybrid integration with Si and other
photonic substrates, 2DMs such as TMDs and b-P offer en-
hanced nonlinear responses, broadband tunability, and compat-
ibility with CMOS fabrication, thereby expanding the applicabil-
ity of nonlinear quantum photonics beyond conventional bulk
systems.[15]

5.4. Communication

As global demand for fast, reliable data transmission contin-
ues to grow, communication technologies are evolving rapidly
to keep pace. The surge in internet traffic, big data, data
center, cloud computing, and AI is placing increasing pres-
sure on modern computing systems to deliver higher speed,
greater energy efficiency, and broader bandwidth. Conventional
electrical interconnects are increasingly limited by signal loss,
heat generation, and bandwidth constraints. Above all, they
cannot support long-distance data transmission. In contrast,
optical communication offers significant advantages, includ-
ing high speed, low power consumption, large data through-
put, and long-range data transmission. Especially in data cen-
ters and edge AI systems, where efficient transceivers are
needed to link memory and processor, thus emerging as a
core technology to meet future performance demands. In line
with this trend, 2DM-based IR PDs and their spectral tunabil-

ity provide a range of solutions in communication technolo-
gies.

5.4.1. Telecommunication

The rapid increase in demand for the Internet of Things, big data,
and AI has driven the development of high-speed, low-power, and
broadband optical communication technologies that process in-
formation in photonic integrated circuits and transmit it over op-
tical fibers. 2DM is favorable for vdW integration and exhibits ex-
cellent compatibility with existing materials used in photonic in-
tegrated circuits, such as Si,[337, 445, 698–700] Si3N4,

[701] LiNbO3,
[702]

and InP.[703]

As illustrated in Figure 13a, integrating 2DM-based IR PDs
on photonic integrated circuits benefits from both evanescent
wave enhancement and efficient photocurrent collection, with-
out issues related to lattice mismatch. A recent study demon-
strated a waveguide-integrated IR PD operating at 2 μm based
on a Te/MoTe2 heterojunction, achieving a bandwidth of 36
MHz and supporting low-noise detection beyond standard
communication bands.[337] In another example, a waveguide-
integrated Te PD has been developed on a lithium niobate-
on-insulator (LNOI) platform, delivering a 3 dB bandwidth of
≈2 GHz at 1550 nm wavelength.[702] Expanding the function-
ality of waveguide-integrated IR PDs, optoelectronic logic gates
have been demonstrated by employing a triple waveguide de-
sign where an individual PD based on b-P is integrated into
each waveguide. Three channels perform reconfigurable lin-
ear (AND, OR, NOT, NAND, NOR) and nonlinear (XOR and
XNOR) logic operations with a 3 dB bandwidth of 230 MHz in
the communication band at 1.55 μm, promising for encrypted
communications.[704]

Beyond Si and LNOI, 2DMs offer the possibility of new pho-
tonic integration platforms for on-chip light propagation, emis-
sion, and detection. For example, as shown in Figure 13b, low-
loss passive waveguides withMoS2 and on-chip light sources and
PDs with InSe have been demonstrated to exhibit a low propa-
gation loss of 0.02 dB μm−1.[705] 2DMs, such as graphene and
b-P, have been explored for tunable NIR, SWIR, and MIR emit-
ters that can modulate emission wavelengths in response to ex-
ternal stimuli, including electric fields and strain, and enhance
light intensity through photonic architectures, like cavities and
waveguides.[83, 208, 232, 239, 269, 706, 707] Furthermore, a recent study
reported an inverse-designed wavelength demultiplexer capable
of separating three distinct emission wavelengths (620, 750, and
870 nm) through excitonic PL sorting across the WS2/WSe2
heterostructure.[708] They leverage gradient-based optimization
algorithms to achieve non-intuitive waveguide geometries, en-
abling efficient routing of WS2 monolayer excitons (620 nm),
WSe2 monolayer excitons (750 nm), and interlayer excitons (870
nm) into dedicated output channels.
Likewise, 2DMs integrated into photonic integrated circuits

or photonic architectures are opening new routes for the future
of optical telecommunications. 2DMs not only enhance the per-
formance of IR PDs for photonic integrated circuits but also of-
fer versatile functionalities such as optoelectronic logic and sig-
nal processing. Their compatibility with existing photonic inte-
grated circuit platforms and the ability to transmit light at high
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Figure 13. Communication. a) Left: Schematic of a waveguide-integrated Te/MoTe2 PD. Right: Simulated transverse electric mode intensity in the
designed waveguide. b) Left: Optical microscope image of MoS2 embedded in the middle of each Si3N4 waveguide. The bright green region corresponds
to the Si3N4 waveguide, and the bright purple region represents the MoS2 buried waveguide covered by the Si3N4 layer on top. Right: Schematic of a
MoS2 waveguide integrated with grating couplers. c) Schematic of optoelectronic transceivers consisting of PD and LED arrays. (a) Reproduced from
ref. [705]. Copyright 2022, Royal Society of Chemistry under the CC BY 3.0. (b) Reproduced with permission.[337] Copyright 2024, American Chemical
Society.

speed and low loss enable the development of on-chip telecom-
munication systems with improved performance, including
GHz-level operational bandwidth and sub-nanosecond response
time.[14–16]

5.4.2. Optical Interconnect

AI data centers and their cloud services require intensive han-
dling of large datasets for AI model training and inference, re-
sulting in rapid annual increases in power consumption. As
a result, ≈40% of AI data centers are expected to experience
power shortages. Electrical interconnects suffer from intrinsic
issues related to resistive losses, capacitive loading, impedance
mismatches, and excessive heat generation. These physical con-
straints degrade data bandwidth, signal integrity, and energy effi-
ciency, particularly at the chip-to-chip and memory-to-processor
interfaces in AI accelerator architectures. As AI workloads grow
in data intensity and real-time responsiveness, the transition
from electrical to optical signaling is not only advantageous, but
inevitable.[709]

Recent approaches utilize photonic optical links to connect
processors and high-bandwidth memory modules, thereby mit-
igating the data bottlenecks characteristic of modern AI work-
loads. Unlike electron-based signaling, photonic communica-
tion utilizes light transmission through dielectric waveguides or
optical fibers, which dramatically reduces signal loss over dis-
tance and enables high bandwidth with minimal power dissi-
pation. Moreover, optical links are almost immune to electro-
magnetic interference and resistive heating issues, making them
ideal for dense computing environments with stringent ther-
mal budgets. Advances in photonic integrated circuits (PICs)

have enabled the fabrication of optical transceivers compris-
ing a library of passive and active photonic components such
as waveguides, optical modulators, grating couplers, and PDs,
combined with off-chip lasers via optical fibers.[710–712] In par-
ticular, wavelength division multiplexing (WDM) enables the
parallel transmission of multiple data channels over a sin-
gle optical fiber by encoding data onto different wavelengths,
thereby vastly increasing the aggregate bandwidth without ex-
panding the physical footprint.[713] These optical links demon-
strate the ability to scale to terabit-per-second (Tbps) bandwidths
per link, with significantly lower energy per bit than Cu-based
interconnect.[714–716]

Despite these advantages, several technical challenges remain
for PIC-based optical transceivers. Since PICs require lasers as
light sources, they are often off-chip due to their CMOS in-
compatibility, resulting in alignment losses and input/output
(I/O) limitations. Si-based PICs are CMOS-compatible but vul-
nerable to voltage and temperature fluctuations, and static elec-
tricity generated by friction can cause unwanted oscillations
and noise. In particular, microring resonators and optical mod-
ulators face signal distortion when integrated with electronic
circuits.
An emerging alternative approach involves optoelectronic

transceivers based on micro light-emitting diodes (μLEDs) and
PDs, as illustrated in Figure 13c. The conventional architec-
ture utilizes GaN μLEDs and Si PDs. Here, GaN μLED arrays
eliminate the need for external lasers and reduce optical loss
by minimizing coupling interfaces, and Si PD arrays simplify
photonic routing. This architecture enables compact, low-cost,
and scalable optical interconnect without the need for complex
photonic components in PICs,[717–719] making it ideal for edge
AI applications.[720] However, these optoelectronic transceivers
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still require optoelectronic conversion that introduces latency.
Hence, the current implementation method has limited over-
all data throughput due to the lack of WDM functionality, but
has garnered attention as a next-generation optical interconnect
because it is advantageous for high-density I/O channels and
ultralow-power data transceiving.
2DMs feature strong potential for integration into

PIC components, such as waveguides and optical
modulators.[14, 337, 699, 700, 702, 721–723] These are beneficial to man-
age polarization or nonlinear optical effects in PICs for optical
transceivers.[15, 704, 705, 724–726] Moreover, they exhibit exceptional
performance in both IR LEDs and IR PDs with their spectral
tunability and environmental stability.[83, 208, 232, 239, 269, 706, 707]

For monolithic integration of optoelectronic transceivers, 2DM-
based IR LEDs and IR PDs can be integrated on a chip by
employing an electrostatic split-gate architecture with two op-
erational modes, emission and detection.[82, 83, 269, 445, 706, 727–729]

Furthermore, tunable spectral engineering in 2DM-based IR
PDs will allow WDM in optoelectronic transceivers.

6. Conclusion and Outlook

Intelligent optoelectronic applications either benefit from AI or
provide significant advantages to AI. Still, their core function-
ality relies on the broadband spectral-tuning capabilities of IR
PDs to collect diverse optical data across a range of wavelengths.
This review highlights the tunable spectral engineering of 2DM-
based IR PDs for this core functionality. We highlight why and
how spectrally tunable 2DM-based IR PDs have emerged as
transformative intelligent optoelectronic platforms for or along-
side AI. Unlike conventional IR PDs, 2DM-based IR PDs en-
able a paradigm shift through their excellent tunable spectral re-
sponsivity and multi-dimensional detection versatility, which is
achieved by engineering both geometric and electrical schemes
while simultaneously addressing trade-offs among high sensitiv-
ity, noise tolerance, broad wavelength range, fast response speed,
and low-power operation.We reviewed recent advances in the key
operating mechanisms, integration strategies, and application-
specific challenges of 2DM-based IR PDs to overcome the lim-
itations and trade-offs of photodetection performance metrics
and redefine the architectural foundations for intelligent opto-
electronics. While these developments offer significant promise,
industrial translation remains limited by interfacial instability,
process non-uniformity, and low fabrication yield. In particular,
achieving CMOS-compatible processes while preserving spectral
tunability and high performance remains a critical challenge.
We anticipate that the development of scalable, robust integra-
tion techniques (e.g., wafer-scale crack-free transfer processes
such as van der Waals pick-and-place methods[520–524] and de-
position processes such as low-temperature ALD for industrial
implementations[730]) for uniformity and reliability will be key to
realizing the full potential of 2DM-based IR PDs. Overall, spec-
trally tunable 2DM-based IR PDs represent a paradigm shift that
extends beyond improving IR detection performance and versa-
tility. Continued research in the tunable spectral engineering of
2DM-based IR PDs will lead to intelligent, multifunctional, adap-
tive, and scalable optoelectronic systems.
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ncomms11880.

[207] R. Beams, P. Bharadwaj, L. Novotny, Nanotechnology 2014, 25,
055206.

[208] Y. D. Kim, H. Kim, Y. Cho, J. H. Ryoo, C.-H. Park, P. Kim, Y. S. Kim,
S. Lee, Y. Li, S.-N. Park, Y. S. Yoo, D. Yoon, V. E. Dorgan, E. Pop, T. F.
Heinz, J. Hone, S.-H. Chun, H. Cheong, S. W. Lee, M.-H. Bae, Y. D.
Park, Nat. Nanotechnol. 2015, 10, 676.

[209] L. J. Wong, I. Kaminer, O. Ilic, J. D. Joannopoulos, M. Soljačíc, Nat.
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