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Abstract: Two-dimensional (2D) materials, such as graphene, transition metal dichalcogenides, black 

phosphorus, and tellurium, have been demonstrated to be promising building blocks for the 

fabrication of next-generation high-performance infrared (IR) photodetectors with diverse device 

architectures and impressive device performance. Integrating IR photodetectors with nanophotonic 

structures, such as surface plasmon (SP) structures, optical waveguides, and optical cavities, has 

proven to be a promising strategy to maximize the light absorption of 2D absorbers, thus enhancing 

the detector performance. In this Review, we comprehensively summurize the state-of-the-art 

progress of IR photodetectors based on 2D materials and nanophotonic structures. We first discuss 

the advantages of using 2D materials for IR photodetectors. Following that, 2D material-based IR 

detectors are classified based on their composition, and we discuss their detection mechanisms, key 

figures-of-merit, and the principle of absorption enhancement using nanophotonic approaches. 

Then, recent advances in 2D material-based IR photodetectors are reviewed, categorized by device 

architecture, i.e., photoconductors, van der Waals heterojunctions, and hybrid systems consisting of 

2D materials and nanophotonic structures. We conclude our review by providing perspectives on the 

challenges and future directions of this field. 
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1. Introduction 

Infrared (IR) photodetectors, here defined as those that can detect light within the wavelength range 

of 0.8–30 µm, have attracted considerable research interest over the past few decades because of 

wide-ranging applications in medical imaging, optical communication, security surveillance, remote 

sensing, and gas identification.[1-8] To date, commercially available IR photodetectors with excellent 

performance typically rely on compound semiconductors with three-dimensional (3D) crystal 

structures, such as II–VI HgxCd1–xTe and III–V InxGa1–xAs or InSb, as well as type-II InAs/GaSb 

superlattices.[9-12] However, these mature IR photodetector technologies still suffer from several 

drawbacks, for example, complex fabrication processes, volume-dependent thermal noise, and 

limited pixel size, and one may conclude overcoming these challenges would enable IR 

photodetectors to be deployed even more widely.[13-16] The emergence of atomically thin layered 

two-dimensional (2D) materials stacked by weak van der Waals (vdW) interaction, such as graphene, 

black phosphorus (bP), tellurium (Te) and platinum diselenide (PtSe2), introduces a promising 

solution to the above-mentioned problems encountered by current IR photodetectors.[1, 6, 17-20] 

Compared with bulk compound semiconductors used for IR photodetectors, 2D materials have 

advantages that include relatively simple fabrication processes, high-quality surfaces that are free 

from dangling bonds in high densities, strong light-matter interactions per unit volume, and facile 

heterojunction construction, excellent mechanical flexibility, and the compatibility with 

complementary metal-oxide-semiconductor (CMOS) devices.[21-25] To this end, much effort has been 

devoted to the fabrication of IR photodetectors based on 2D materials, exploring conceptual 

novelties in terms of architectures and materials for improved IR photodetection performance.[7, 26-

31]  

A variety of design schemes for 2D material-based IR photodetectors have been demonstrated.  

Among various devices, although it has been experimentally demonstrated that 2D material-based 

IR photodetectors can exhibit impressive response speeds (e.g., > 500 GHz),[32] broad IR spectral 
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response (e.g., 0.8–10.6 µm),[13, 33] low dark current (e.g., 220 nA),[34] and large-scale integration (e.g., 

388 × 288 array),[35] their photoresponsivities are often somewhat low due to the weak light 

absorption that occurs in these ultra-thin materials. This motivates the development of light 

absorption-enhancement strategies, with the goal of improving the responsivity of 2D material-

based IR photodetectors so that they can be used in practical applications.[36, 37] Some of the 

appealing routes to improve the light absorption of 2D material-based IR photodetectors include 

integrating 2D materials with nanophotonic structures [38-40] such as surface plasmon (SP) 

structures,[41, 42] optical waveguides,[3, 34] and optical microcavities.[43-45] These configurations can 

provide considerable light absorption enhancement, while simultaneously maintaining their 

excellent electrical properties that can include low noise levels and high carrier mobility. 

In this Review, we summarize critically the state-of-the-art in IR photodetectors based on 2D 

materials and nanophotonics. The advantages and categories of 2D materials used for IR 

photodetectors are first discussed. This is followed by discussions of detection mechanisms and 

relevant figures-of-merit. Next, the principle of light absorption enhancement is discussed, in the 

context of three classes of nanophotonic structures. Following this, we discuss the experimental 

realizations of 2D material-based IR photodetectors. These are classified according to device 

structures into photoconductors, vdW heterojunctions, and hybrid systems with integrated optical 

nanostructures for stronger light absorption. Our paper concludes with a discussion of the 

challenges and prospects of this burgeoning research field. 

 

2. Advantages of Layered 2D Materials for Infrared Photodetectors 

Due to their unique crystal structures, 2D materials exhibit advantages as absorbers in IR 

photodetectors compared to traditional materials with 3D crystal structures (e.g., HgxCd1–xTe, InxGa1–

xAs, InSb, and Ge). These advantages are schematically illustrated as Figure 1 and can be summarized 
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as follows. (1) Surfaces of 2D materials are naturally passivated without high densities of dangling 

bonds, since van der Waals interactions replace covalent bonds in the out-of-plane direction in 2D 

materials.[22, 25] This allows 2D material-based IR photodetectors to be readily integrated with 

photonic structures, such as waveguides,[46] and prevents surface-induced performance degradation, 

i.e., photoexcited carrier recombination at surface defects, meaning that 2D material-based IR 

photodetectors can have high internal quantum efficiency.[14] (2) Adjacent layers in 2D material 

heterojunctions are bonded by weak vdW forces as in their bulk forms,[25, 47-49] which allows the 

construction of vertical heterojunctions by simply stacking different 2D materials together without 

the issues of lattice mismatch and deposition temperature that one would have for conventional 

heterostructures.[7] (3) Compared with photodetectors based on conventional 3D materials, those 

based on 2D materials will often have smaller volumes, which can result in lower noise. This 

advantage endows 2D material-based IR photodetectors with the possibility of a high signal-to-noise 

ratio at room temperature without the need for active cooling.[50] (4) 2D materials often have strong 

light-matter interaction per unit volume, which facilitates the excitation of electron-hole pairs by 

incident photons.[51, 52] The light absorption in 2D materials can thus still be significant, despite their 

atomic thickness. For example, single-layer graphene absorbs ~2.3% of normally incident light in the 

infrared-to-visible spectral region.[26, 53-55] Similarly, bP with a thickness of 70 nm can achieve an 

optical absorption of ~40% for polarized illumination at a wavelength of = 0.95 µm.[56] (5) 2D 

materials can be prepared into wafer-scale thin films on different substrates by various methods. An 

important method is chemical vapor deposition (CVD),[57-59] which is much more cost-effective than 

epitaxial growth methods traditionally used for the synthesis of II–VI HgxCd1–xTe and III–V InxGa1–xAs, 

such as molecular beam epitaxy (MBE) and metal-organic CVD (MOCVD).[60] Two-dimensional 

materials thus present the opportunity for monolithic integration with CMOS technology because 

they can be produced by wafer-scale CVD growth and then transferred to almost any substrate, 

including silicon CMOS.[35] 
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3. Categories of Layered 2D Materials used for Infrared Photodetectors 

Since the first report on graphene in 2004 by Novoselov, Geim, and co-workers,[61] a large number of 

2D materials have been synthesized and explored, and with this number still increasing rapidly.[62-65] 

Within this fast-growing family of 2D materials, only a small portion are suitable for IR 

photodetectors. At the time of writing, the most commonly used 2D materials for IR photodetectors 

are graphene, transition metal dichalcogenides (TMDs: e.g., MoS2, MoTe2, WSe2, and WS2), bP with 

black arsenic phosphorus (b-AsxP1–x), noble metal dichalcogenides (e.g., PtSe2 and PdSe2), and Te 

with selenium-tellurium alloys (SexTe1–x). Figure 2 summarizes the bandgap values and the 

corresponding wavelength ranges of 2D materials used for IR photodetectors. The IR regime can be 

divided into the near infrared (NIR, 0.8 to 1 μm), the short-wave infrared (SWIR, 1 to 3 μm), the mid-

wave infrared (MWIR, 3 to 5 μm), the long-wave infrared (LWIR, 8 to 12 μm), and the far infrared 

(FIR, 12 to 30 μm).[22] 

The first frequently used 2D material for IR photodetection was graphene, whose optical and 

electrical properties have been studied comprehensively.[66] Intrinsic graphene is a semimetal with 

zero bandgap and its optical absorption characteristics are largely independent of wavelength.[53] 

However, through chemical doping, the electronic properties of graphene can be tuned. For device 

applications, especially for IR photodetectors, it is desirable to induce a bandgap.[67, 68] By controlling 

the doping, graphene’s bandgap can be adjusted widely, enabling tailoring of the photoresponse 

from the visible to the terahertz portions of the spectrum. In addition, graphene itself can support 

plasmon waves in the MWIR to THz regimes.[69, 70] Plasmon resonances introduced by 

nanopatterning can enhance light absorption significantly, improving the performance of the 

graphene-based IR photodetectors.[41] In addition, in hybrid graphene/quantum dot (QD) 

phototransistors, graphene can serve as the carrier transport channel, which results in exceptionally 

high gain.[71, 72] 
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Most of the semiconducting TMDs possess bandgaps of 1.0–2.5 eV that are large by comparison to 

graphene. Among 2D TMDs, the most widely explored might be MoS2. This is because its high 

stability makes it favorable for optoelectronic devices. Nevertheless, the large bandgaps of 2D TMDs 

make them unsuitable as active IR absorbers. The creation of van der Waals heterostructures with 

strong interlayer coupling and decoration with QDs have been used in 2D TMD-based IR 

photodetectors. For example, atomically thin MoTe2 or WS2 can be staggered with MoS2 to form a 

type-II heterostructure,[73, 74] whereby IR absorption occurs between the conduction band minimum 

(CBM) and valence band maximum (VBM) of the two separate materials.[75, 76] This concept provides 

tunable interlayer band alignment through the stacking of different 2D materials, providing a useful 

handle for tailored optoelectronics.[77] In addition, integrating 2D TMDs with sensitizers, especially 

QDs (e.g., PbS and HgTe), is another way to achieve IR photoresponse using 2D TMD-based 

photodetectors.[4, 78] Upon the IR light illumination, electrons generated by the QDs layer, which is 

deposited onto the 2D TMDs, can be transferred into the channel materials. Under an applied 

voltage, these transferred electrons can drift towards the drain. This configuration can provide 

exceptionally high IR responsivity, especially at low illumination intensities. Moreover, the peak 

position of photoresponse spectral can be tuned by the size of the QDs. 

Another subset of widely explored 2D materials comprises elemental bP and its alloy with arsenic. 

These show potential for high specific detectivity photodetection in the MWIR and LWIR regimes.[79-

83] Bulk bP exhibits a direct bandgap of about 0.3 eV, which increases to about 2.0 eV in the 

monolayer form.[56] By forming an alloy with arsenic (i.e., b-AsxP1–x), the bulk bandgap can be 

reduced to ~0.26–0.15 eV, as reported in different studies.[84]  

The atomically thin 2D noble metal dichalcogenides are another family of potential candidates for 

high-performance MWIR and LWIR photodetectors. Monolayer and bilayer PtSe2 have indirect 

bandgaps of about 1.2 eV and 0.3 eV, respectively, while bulk PtSe2 is semi-metallic.[85] Similarly, 
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PdSe2 is another 2D noble metal dichalcogenides with promising IR detection possibilities.[13, 86, 87] 

Both monolayer and bilayer PdSe2 flakes have indirect bandgaps which decrease with layer number. 

From first-principles calculations, the indirect and direct bandgaps for monolayer PdSe2 are ~1.23 eV 

and 1.43 eV, respectively. For bilayer and trilayer PdSe2, the indirect bandgaps are 0.85 eV and 0.64 

eV, respectively. The small bandgap of multilayer PtSe2 (i.e., < 0.2 eV) and PdSe2 (i.e., < 0.1 eV) also 

enable them to bridge the gap between the MWIR and LWIR regimes.[88, 89] 

Recently, Te and SexTe1–x alloys have proven to be promising materials for SWIR and MWIR 

photodetectors. As a true 1D crystal, Te has no dangling bonds on the edges and surfaces. This 

property is very favorable for electronics and optoelectronics.[14, 90-92] Like the aforementioned TMDs, 

the bandgaps of Te are thickness-dependent.[93] For bulk to monolayer Te, the bandgap value varies 

from 0.31 eV to 1.04 eV. In addition, partially substituting Te atoms with Se atoms to form SexTe1–x 

alloys can maintain tellurium’s crystal structure. As an additional benefit, the bandgap values of 

SexTe1–x films can be continuously tuned from 0.31 eV (Te) to 1.87 eV (Se) by changing the ratio of Se 

to Te.[45] This bandgap values range of Te and SexTe1–x covers the SWIR regime. 

 

4. Detection Mechanism and Figures-of-Merit for IR Photodetectors 

In this section, the detection mechanisms and key figures-of-merit of IR photodetectors are 

described. IR photodetectors are devices that detect IR light by converting incident IR radiation into 

electronic signals, such as photocurrent and photovoltage. The detection mechanisms of these 

photodetectors can be classified into two categories, namely the photon-related detection 

mechanisms and thermal-related mechanisms. First, we describe the photon-related detection 

mechanisms, including the photoconductive effect, the photogating effect, and the photovoltaic 

effect, in which electron-hole pairs are generated by optical transitions. Then, we introduce the 

thermal-related detection mechanisms, including the photothermoelectric effect and the 
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photobolometric effect, in which the thermal effect of IR radiation leads to the variation of electrical 

properties. Last, we introduce the key figures-of-merit for IR photodetectors to better compare the 

performance of devices with different geometries and operating principles. 

 

4.1. Detection Mechanisms of IR Photodetectors 

 

4.1.1. Photoconductive Effect (PCE) 

The photoconductive effect, as shown in Figure 3a, occurs when extra carriers excited by incident 

photons increase the free carrier concentration and thus the channel conductivity of a material. By 

applying external biases between a set of symmetrical contacts on this material, these extra carriers 

can be extracted via the contacts to generate photocurrent. As shown in Figure 3a, under dark 

conditions, the free carriers of the absorbers are driven by an applied bias (Vds), meaning that there 

is a dark current (Idark). Under illumination, the absorbed photons with energies greater than the 

bandgap (hv > Ebg) generate electron-hole pairs, which are separated by the applied Vds and collected 

by metal electrodes, thus yielding a current (Ilight) that is larger than the dark current. This net 

increase in current is termed the photocurrent (Iphoto) and can be written as Iphoto = Ilight – Idark.  

The most common device architecture of photoconductors is the photo-field-effect-transistor 

(photo-FET), in which the gate electrode is isolated from the semiconductor channel by an insulating 

layer (Figure 3b). Note that photo-FETs normally adopt back-gate configurations, as this avoids the 

incident light from being blocked by metal electrodes. Compared with non-gated photoconductors, 

photo-FETs can achieve lower dark currents by electrostatically compensating the background 

doping via the backgate. This can ultimately lead to a higher signal-to-noise ratio. Importantly, 

photo-FETs based on the 2D channel materials can achieve lower dark currents than photo-FETs 
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based on bulk materials at the same gate bias, since the depletion region (i.e., region for which band 

is bent) can extend through the entire thickness of the atomically thin 2D channel.  

Photoconductors can have a photoconductive gain (G) greater than unity. Photoconductive gain can 

be understood as follows. Considering that electron mobility is much greater than hole mobility in 

most semiconductors, photoexcited electrons can drift to electrodes much faster than photoexcited 

holes under an external electric field. To maintain charge neutrality, electrons may recirculate 

through the channel many times until they recombine with holes extracted into electrodes, leading 

to a larger measured photocurrent. The photoconductive gain thus depends on the ratio of the 

photogenerated carrier lifetime (τphotocarriers) to the transit time of electrons (τtransit), i.e., G = 

τphotocarriers/τtransit. To achieve a high photoconductive gain, either the lifetime of photogenerated 

carries should be long or the transit time of electrons should be short. However, the longer lifetime 

of photocarriers means a slower recombination process, which will affect the response speed of the 

photodetectors. Hence, it is necessary to manage a trade-off between gain and response speed. 

 

4.1.2. Photogating Effect (PGE) 

In phototransistors, the photogating effect may help improve the detector performance. The 

photogating process is described in Figure 3c, the photoexcited carriers are separated by an applied 

bias (Vds) under illumination. If the trap states (Et) in the channel capture one type of carrier such as 

holes, then these states with positive charges can act as a local gate, which will effectively modulate 

the conductivity of the channel by electrostatic interactions. The photogating effect is particularly 

important in low-dimensional nanomaterials, including zero-dimensional (0D) QDs, one-dimensional 

(1D) nanowires, and 2D materials, as these have inherently large surface-area-to-volume ratios, 

meaning that there can be more surface defect states to trap carriers.[94] In addition, as screening 

effects are low in these materials, the modulation ability of the local gate is large.[95] 
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The impact of the photogating effect can also be maximized by holding the phototransistor at a 

particular gate bias, usually achieved using a separate back gate. As the gain is related to the slope of 

Ids–Vg (i.e., transconductance) and a maximum responsivity is achieved in the region where the 

transconductance is highest which means a small photogating effect superimposed on top of the 

back gate has a large influence on the magnitude of the current change. 

Besides the traps within the channel, the photogating effect can also be induced by an extra 

photoactive layer. As shown in Figure 3d, a photoactive layer, also called a sensitized layer or a 

sensitizer, can lie on the conducting channel so as to absorb incident photons, and the bottom 

channel is used to transport the photoexcited carriers into the source-drain electrodes. Commonly, 

the photoactive layers are made of QDs, thus we take a gated photoconductor based on type-II 

heterostructure consisting of QDs-based photoactive layer/n-type channel as an example to 

illustrate this type of photogating effect. With these structures, under the right conditions, one of 

the photoexcited carriers (e.g., electrons) from the QDs is injected into the channel and the other 

remains trapped in the QDs (e.g., holes). This creates a local gating effect which can considerably 

improve the gain of detectors, especially in low light conditions.[4] The charge transfer dynamics at 

the heterointerface and the traps within the QD layer have a significant influence on this effect and 

are topics of current research.[72, 78] This approach circumvents the mobility limitations of QDs and 

hence received a lot of attention.[71, 94, 96] 

 

4.1.3. Photovoltaic Effect (PVE) 

In the photovoltaic effect, photoexcited electron-hole pairs are separated towards opposite polarity 

contacts by an internal mechanism, commonly p–n or Schottky junctions as shown in Figure 3e, or 

heterocontacts with asymmetric band offsets. Photodetectors based on the photovoltaic effect are 

known as photodiodes. For 2D materials, the photovoltaic effect can be readily realized via the 
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construction of heterojunctions based on opposite-doped 2D semiconductors or by combining 2D 

semiconductors with metals. For example, p-type bP and n-type MoS2 can be stacked vertically to 

achieve a NIR p–n junction photodetector,[15] and a vertical Schottky junction formed in 

Au/MoS2/ITO layers has been employed in NIR photodetectors.[97] Photodiodes exhibit a rectifying 

current-voltage behavior, which features a small and almost bias-independent reverse current and a 

forward current that increases exponentially with bias. Signals from photovoltaic devices are usually 

measured as an open-circuit voltage, as a short-circuit current, or as a current under reverse bias. 

When photodiodes are reverse biased (e.g., the applied electric field across the device enhances the 

built-in electric field), the photoexcited carriers can be separated faster and more efficiently. In 

general, photodiodes cannot possess greater than unity gain, a clear distinction from devices based 

on the photoconductive or photogating effects. However, if the reverse bias is large enough to 

accelerate the photoexcited carriers and enable the initiation of impact ionization, free carriers will 

be multiplied and thereby enabling high gain for photodiodes. The avalanche photodiode (APD) is a 

typical example based on this effect and is suitable for applications requiring high detection 

precision, such as weak light detection and single-photon detection.  

 

4.1.4. Photothermoelectric Effect (PTE) 

The photothermoelectric effect can be utilized in cases where a temperature gradient (ΔT) or a 

Seebeck coefficient gradient is formed across a device. The basic Seebeck effect is shown in Figure 

3f, the photons are absorbed and converted into heat by one side of the semiconducting material, 

which results in a temperature difference (ΔT) between the two ends of the semiconductor channel. 

The temperature difference will drive a directed diffusion of carriers and build a 

photothermoelectric voltage across the channel. This voltage can be described as VPTE = SΔT, here S 

is the Seebeck coefficient of the semiconductor. However, in terms of 2D material-based 

photodetector, it’s impractical to only locally illuminate one side of the photoactive channel to 
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induce an asymmetric carrier temperature gradient. On the other hand, to obtain a net current via 

the thermoelectric effect, the local gating or dissimilar contact metals are applied to induce 

asymmetric Seebeck coefficient gradients in channel materials.[98-101] Seebeck coefficient is related to 

the electrical conductivity of the materials, which can be described by the Mott relation.[102] Both the 

local gating and the dissimilar metal induced-doping can alter the electrical conductivity across the 

different parts of the channel materials, thus resulting in asymmetric Seebeck coefficient gradients. 

Moreover, the metal electrodes can serve as heat sinks, which helps create a temperature gradient 

in channel materials. In addition, through specific design, the substrate with high optical absorption 

can be used to heat one side of the channel material to generate a voltage output.[103] Recently, the 

burgeoning development of the plasmon-assisted scheme offers a playground for further exploring 

PTE in 2D materials. A typical example is that only one side of the channel material is patterned to 

induce the plasmonic excitation, in that case, even under a uniform illumination, a significant 

temperature difference between two ends of the channel material will be observed, resulting in a 

considerable photothermoelectric response.[104]  

 

4.1.5. Photobolometric Effect (PBE) 

The photobolometric effect is based on the resistance change (ΔR) of the conductive channel 

induced by the heating of the active material upon absorption of the incident light, as shown in 

Figure 3g. The resistance change in the PBE is proportional to the temperature coefficient of 

resistance (TCR = dR/RdT) and the temperature increase (ΔT) induced by heat. Photodetectors based 

on the PBE are also called bolometers. The commercially available bolometers are mainly built on 

vanadium oxide (VOx) and amorphous silicon (a-Si) (VOx possesses a high temperature coefficient of 

~4 %/K,[105] while the temperature coefficient of a-Si usually depends on its processing history and is 

an order of magnitude smaller than VOx 
[106]). It’s also worth mentioning that some bolometers are 

held at a temperature very close to a particularly steep TCR region. Note that the photocurrent 
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generation mechanisms of the PBE and PTE are entirely different despite them both depending on 

the heating of the active material. For the PBE, photocurrent cannot be observed without applying 

an external bias voltage, while for PTE the photocurrent generation does not rely on external bias, 

which is similar to the photovoltaic effect. Owing to the wavelength-independent property of the 

thermal effect, bolometers operating at wavelengths varying from MWIR to THz have been widely 

used in applications that require broadband operation, such as astronomy and Fourier-transform 

infrared (FTIR) spectroscopy. The PBE can also be utilized in 2D material-based IR photodetectors to 

achieve broadband spectral response beyond the limitation of the bandgap of the material being 

used. For example, bolometers based on SnSe thin films with a high TCR of ~4.4 %/K are capable of 

realizing a sub-bandgap response with a responsivity of 0.16 A/W at a wavelength of 10.6 μm.[107] 

 

4.1.6. Short Discussion on Detection Mechanisms 

It should be noted that the photocurrent generation in a photodetector is commonly a result of the 

combination of multiple detection mechanisms. For example, the photobolometric effect is a 

widespread phenomenon in various types of semiconductor-based photodetectors, as the 

absorption of light will heat the semiconductor through converting the photon energy into lattice 

vibrations, inevitably contributing to the photocurrent through the above mechanism. For 

photodetectors that are designed to work by non-thermal effects, including photoconductive effect 

and photovoltaic effect, a dominant thermal effect is undesired, as the thermal effect will normally 

slow the response speed of photodetectors by a few orders of magnitude, from sub-microsecond 

(µs) for non-thermal effects to ~millisecond (ms) for thermal effects. Photocurrent induced by 

thermal effects is often likely to be mistakenly attributed to non-thermal effects. It should be 

expected that the impact of the thermal effects is treated carefully when attempting to clarify the 

generation mechanism of photocurrent. Based on the fact that the response speed between the 

thermal and non-thermal effects are quite different, a feasible approach to distinguish these two 
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types of effect in experiments is to compare the speed characteristics of the photo-response by 

varying the modulation frequency. In this Review, we only introduce the experimental 

demonstration of IR photodetectors based on non-thermal effects including PCE, PGE, and PVE, 

while photodetector based exclusively on the thermal effects including PTE and PBE will not be 

discussed further.  

 

4.2. Figures-of-Merit of IR Photodetectors 

 

4.2.1. Responsivity (R) 

The responsivity of photodetectors is defined as the ratio of photocurrent (Ip) or photovoltage (Vp) to 

the incident light power, expressed by RI = Ip/P or RV = Vp/P, where RI, RV, and P are the current 

responsivity, voltage responsivity, and the illumination power on the active area of detectors, 

respectively. Except for photovoltaic photodetectors which output an open circuit voltage under 

illumination, the majority of photodetectors are characterized using the current responsivity. The 

current responsivity can also be described by RI = NCeλ/NIhc, here NC is the number of carriers in the 

photocurrent, e is the element charge, λ is the wavelength of the incident light, NI is the number of 

incident photons hitting the photodetectors, h is the Planck constant, and c is the speed of light in 

vacuum. This formula indicates that the responsivity increases with the wavelength of incident light 

(for a fixed collection efficiency NC/NI). This trend is valid until the wavelength of the incident light 

approaches the cut-off wavelength (corresponding to the optical bandgap of the absorbing 

materials), at which point NC/NI is dramatically reduced due to the lower absorption coefficient of 

the absorbing materials at its cut-off wavelength. This consequently reduces the responsivity and 

dictates the lower end of the detectable wavelength range for a given material. For commercially 

available IR photodetectors, their response wavelength ranges are typically limited to 1.7 μm for Ge 

and lattice-matched InxGa1–xAs, 5 μm for InSb, and 14 μm for HgxCd1–xTe. 
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4.2.2. External Quantum Efficiency (EQE) 

External quantum efficiency is the ratio of the number of the carriers contributing to photocurrent 

to the number of incident photons hitting the photodetector. As discussed in section 4.2.1, the EQE 

plays an important role in the responsivity, expressed by EQE = NC/NI = Rhc/eλ. It should be noted 

that not all incident photons can be absorbed because of imperfect light trapping. The number of 

absorbed photons can be expressed as NA = ηNI = NI(1 – R– T), where η is the absorption, R is the 

reflection, and T is the transmission. Similarly, we define the internal quantum efficiency (IQE) as the 

ratio of the number of carriers contributing to photocurrent (NC) to the number of photons absorbed 

by the photodetectors (NA), expressed by IQE = NC/NA = EQE/η. The IQE is dependent on internal loss 

mechanisms within the detector such as recombination, parasitic absorption, and resistive losses. 

For example, some devices suffer from poor IQE at shorter wavelengths due to parasitic absorption 

in a front cladding layer. Most of the commercial IR photodetectors have a high IQE across a wide 

spectral range, for example, the IQE is larger than 90 % in the 1–14 μm range in HgxCd1–xTe IR 

photodetectors.[108]  

 

4.2.3. Response Time and Bandwidth 

Response time (τr) is a crucial parameter for photodetectors intended for use in high-speed 

applications, such as video-rate imaging or optical communication. It can be divided into the rise 

time (τrise) and fall time (τfall), which are the times over which the photocurrent grows from 10% to 

90% (of its peak value) and over which it declines from 90% to 10%, respectively, in response to 

modulated illumination (e.g. step function). One of the most effective methods to reduce response 

time involves narrowing the spacing between the photodetector’s electrodes, which will lower the 

transit time of photo-generated carriers to the electrodes but simultaneously decrease the light-

sensitive area of photodetectors. The response times of commercially available IR photodetectors 
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typically range from tens to hundreds of nanosecond (ns), for example, ~30 ns for InSb and ~500 ns 

for HgCdTe, while graphene-based IR photodetectors can achieve a response time of ~34 ns at 1550 

nm.[109] Bandwidth measurements suggest much faster response times are possible, particularly for 

graphene-based detectors. The bandwidth (fbw) of photodetectors is defined as the modulation 

frequency of the incident light at which the photocurrent reduces to 3-dB of the peak photocurrent 

obtained under continuous illumination. Photodetectors suitable for high bit-rate optical 

communication require large bandwidths (i.e., > GHz). The reported bandwidths of the graphene-

based IR photodetectors are comparable with those commercially available ones such as InGaAs-

based, even in some cases, the former can obtain a faster response thanks to the high carrier 

mobility. By considering the time and frequency response of an ideal resistor-capacitor (RC) low-pass 

filter (i.e. a resistor and capacitor in series) that passes low-frequency signals but attenuates high-

frequency signals, the relationship between the response time and the 3-dB bandwidth can be found 

to be fbw = 0.35/τr. Note that this equation can only provide useful approximate values for 

photodetectors that respond like low‐pass filters. 

 

4.2.4. Noise 

Noise is an important consideration when designing infrared photodetectors. Generally, the noise of 

photodetectors consists of four components, that is, thermal noise, flicker noise, shot noise, and 

photon noise. (1) Thermal noise, also called Johnson noise, is generated in all resistors because of 

the thermal agitation of the charge carriers. The thermal noise current (IN, thermal) flowing a 

photodetector can be expressed by IN, thermal = (4kTΔf/R)1/2, where k is the Boltzmann constant, T is 

the temperature of the photodetector, Δf is the measurement bandwidth, and R is the resistance of 

the photodetector. (2) Flicker noise is inversely proportional to the frequency f and exists in all 

semiconductors, usually ascribed to the random trapping and de-trapping of the charges. This noise 

is also called 1/f noise. The flicker noise current (IN,1/f) of a photodetector is given by 
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here, K is the flicker constant related to the properties of materials, I is the current of the 

photodetector in the dark, n, and m are dimensionless constants close to 2 and 1, respectively. To 

reduce the flicker noise current, a photodetector should be operated at a sufficiently high frequency. 

(3) For photodiodes, shot noise comes from the random arrival rate of carriers at the junctions, but 

for photoconductors, it arises from the random generation-recombination rate of carriers, which is 

also known as generation-recombination noise (i.e., GR noise). The shot noise current (IN, shot) in 

photodiodes is given by IN, shot = (2IeΔf)1/2, similarly, the shot noise current in photoconductors is 

given by IN, shot = (4IeGΔf)1/2 = (4IeRΔf)1/2. Here, e is the element charge, G (R) is the carrier generation 

rate (recombination rate). (4) Photon noise arises from the fluctuation of background radiation 

falling on IR photodetectors, which is not influenced by the detectors or their associated electronics. 

This means that although detector-related noises could be eliminated or reduced as desired, the 

photon noise inevitably exists. Hence, the ultimate performance of an IR photodetector is limited by 

its photon noise. 

 

4.2.5. Noise Equivalent Power (NEP) 

Noise equivalent power (NEP), specified in units of W, is the ratio of the noise current (IN) to the 

current responsivity (RI), expressed as NEP = IN/RI. NEP represents the minimum illumination power 

that can be detected by photodetectors, so a low NEP is desirable for IR photodetectors. The noise 

current can be estimated by integrating the current noise power spectral density (Sf) of 

photodetectors measured in the dark over the measurement bandwidth Δf, which can be expressed 

by 
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In addition, the noise current except for photon noise can be given by the above noise formulas as 

follows (for the example of a photodiode): 
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Since 2D materials with the atomic thickness normally possess a small volume which enables a large 

resistance R and thus a suppressed current I, IR photodetectors based on 2D materials may exhibit a 

lower noise than those based on bulk semiconductors.  

 

4.2.6. Specific Detectivity (D*) 

Specific detectivity (D*), expressed in units of cmHz1/2W–1 (Jones), is one of the most important 

figures-of-merit for photodetectors. It normalizes the influence of bandwidth and active area of 

photodetectors with different geometries for a better comparison of their performance. It can be 

expressed as  

     
√ Δ 
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√ Δ 

 N
 I                                                              (4) 

Where A is the active area of photodetectors. For a shot noise limited photodiode, its specific 

detectivity can be approximated by 

   √
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For commercially available IR photodetectors based on compound semiconductor systems, the 

range of specific detectivity is normally from ~1011 Jones to ~1012 Jones at a low operating 

temperature of 77 K at the range of 1–3 µm,[110, 111] while 2D material-based IR photodetectors have 

been reported to reach a similar specific detectivity at room temperature, for example, ~1012 Jones 

at a SWIR wavelength of 2 μm for the MoS2/HgTe quantum dot hybrid photodetector.[4]  

While the state-of-the-art photodetectors can reach a specific detectivity of 1012 Jones in the SWIR 

spectral region, it is almost impossible for them to reach such a high specific detectivity at MWIR or 

LWIR wavelengths. This is because the highest detectivity of most IR photodetectors is limited by the 

background-limited IR photodetector (i.e., BLIP, in which photon noise from the background 

radiation exclusively limits performance), whose specific detectivity decreases from the SWIR to 

LWIR due to the increased background noise. For example, at a hemispherical field of view (FOV) 

angle of 90° at a background temperature of 300 K, the specific detectivity curve of the BLIP with 

unity quantum efficiency experiences a dramatical drop from ~1013 Jones at 2 µm to ~4 × 1010 Jones 

at 12 µm.[108]  

 

5. Nanophotonics for Absorption Enhancement of 2D Materials 

Although the optical absorption coefficients of 2D materials are remarkably high, the light 

absorption is still limited by their nanometer-scale thickness. For example, the optical absorption 

coefficient of graphene is given by –ln(1 –  πα)/nd (where d = 0.335 nm is the thickness of single-

layer graphene, n is the layer number, and α = 1/137 is the fine structure constant),[43] which means 

that the absorption coefficient could be up to 7 × 105 cm–1 for single-layer graphene. However, 

single-layer graphene only absorbs 2.3% of incident light due to its atomic thickness.[53, 55] For TMDs, 

light absorption in 2D crystals is still low compared with their bulk counterparts. The light absorption 

in monolayer MoS2 is about 10% at the excitonic resonance wavelengths.[52] The light absorption of 
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mono-, bi-, and tri-layer bP is no more than 15% in the IR regime.[56] To overcome the above-

mentioned obstacle and improve the optoelectronic performance of 2D material-based IR 

photodetectors, many optical techniques such as the use of plasmonic enhancement,[36, 39, 112] optical 

microcavities,[43, 44] optical cavity substrate,[14, 45] and waveguides [3, 113] have been developed. In this 

section, we will introduce these optical techniques and the working principles behind them. 

 

5.1. Plasmonic Enhancement 

 

5.1.1. Surface Plasmon Waves in Metal Nanostructures 

Plasmons are the collective oscillations of electrons in metallic nanostructures that could occur upon 

optical excitations. These oscillations produce electromagnetic waves localized at the interface 

between metallic nanostructures and the surrounding dielectric. These waves are also referred to as 

a surface plasmon waves.[114] Usually, surface plasmons, also termed as surface plasmon polaritons 

(SPPs), corresponds to electromagnetic waves propagating along the flat metal-dielectric interface. 

Surface plasmons confined on the surface of metallic nanoparticles are usually called localized 

surface plasmons (LSPs). 

SPP is a kind of electromagnetic excitation coupled with the collective oscillation of conduction 

electrons concentrated very close to the flat metal-dielectric interface, as shown in Figure 4a. 

Through the concentration of electromagnetic field energy, the intensity of the SPP field could be 

enhanced significantly. For example, the intensity of the electric field on the surface could be 

enhanced by more than two orders of magnitude compared with the incident electric field in the 

case of a perfect coupler on a silver surface.[115] However, due to the wavevector mismatch between 

the propagating light wave in the adjacent dielectric medium, kPLW, and the surface plasmon wave in 

the metal surface, kSPW, as shown in Figure 4b, special experimental arrangements is needed to 
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excite SPPs by light.[116] One method is to use the total internal reflection geometries including 

Kretschmann and Otto configurations, as shown in Figure 4c. In the Kretschmann configuration, a 

prism made up of optically dense medium is used to increase the wavevector of incident light to 

couple with SPPs in the metal surface, as shown in the first line in the right panel of Figure 4c. 

However, this configuration is only helpful to excite SPPs of thin metal films since the limitation of 

the tunneling distance. For thick metal films or even surfaces of bulk metals, the Otto configuration 

can be used to excite SPPs, as shown in the second line in the right panel of Figure 4c. Another 

frequently-used method utilizes the diffraction effects. The wavevector of the diffracted light could 

be modified by designing special patterns of the diffracting elements. For example, diffraction 

gratings can be employed to generate diffracted light appropriate for coupling to SPPs, as shown in 

the third line in the right panel of Figure 4c. Both air-metal and substrate-metal SPP modes could be 

excited by this diffraction configuration through proper design of grating profiles. In addition, the 

SPPs excitation conditions can be realized on a randomly rough surface, as shown in the bottom line 

in the right panel of Figure 4c. However, the SPPs coupling efficiency is quite low on rough surfaces 

due to the generation of diffracted light with random wavevectors. Since the electric field intensity 

of incident light can be enhanced significantly by coupling it into SPPs that propagate along the 

metal surface, we can use SPPs to enhance the light absorption by 2D materials placed in proximity 

to the surface. However, at low frequencies (i.e. longer wavelengths), the metal behaves more like 

an ideal metal and SPPs are less confined to the surface. This can lead to reduced absorption 

enhancement. 

Compared with SPPs, the excitation of LSPs require no wavevector matching as they are resonant 

excitation induced by light absorption of specific wavelengths in the metallic nanostructures, as 

shown in Figure 4d,e.[117] The resonances associated with the oscillations of electrons in 

nanoparticles are often called localized surface plasmon resonances (LSPRs). Since the energy of 

incident light with specific wavelength is confined to the surface of the metallic nanoparticles, the 
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electric field can be enhanced significantly. The LSPRs are excited when the frequency of incident 

light matches the resonant frequency of the particle. The resonant wavelength range of LSPRs can be 

adjusted by changing the material properties and geometric parameters of the nanoparticles. Figure 

4f illustrates the extinction spectrum of LSPRs occurring in colloidal copper nanorods prepared by 

the heterometallic seed-mediated synthesis method.[118] By varying the size and shape of silver 

nanoparticles, the LSPR wavelength can be tuned to beyond 6 µm.[119] The bottom panel of Figure 4d 

shows a photograph of these prepared Cu NRs. Figure 4g shows the tunable extinction spectrum of 

the gold nanorings.[120] Through the localized electromagnetic field enhancement by LSPRs, the 

overall light absorption of 2D materials placed in close proximity to the metal nanoparticles can be 

significantly improved. Based on this effect, LSPRs can provide spectral selectivity for 2D material-

based IR photodetectors.  

Metal contacts in 2D material-based optoelectronic devices can be designed to support plasmonic 

resonances to improve performance. This can be achieved in two ways: (1) the direct generation of 

electron-hole pairs in adjacent 2D materials induced by the highly enhanced electromagnetic fields 

associated with the metal plasmons; (2) the “hot electrons” (high-energy electrons excited through 

the decay of surface plasmons) can enter the conduction band of 2D materials and thus contribute 

to the photoresponse.[120-123]  

 

5.1.2. Intrinsic Graphene Plasmons 

As discussed, surface plasmon modes can be excited by light in metallic nanostructures. In addition, 

as a semi-metal, graphene can also support surface plasmons, as shown in Figure 4h.[69, 70, 112, 124] This 

property can be favorable for tailoring the responsivity spectra of photodetectors. Graphene 

supports plasmons in the MWIR-to-THz regimes, meaning that optoelectronic devices can also 

operate in this spectral range. Because of the high carrier mobility of graphene, its plasmon waves 
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are subject to pronounced spatial confinement, which endows graphene with strong light 

absorption. Furthermore, the spectral response of graphene is tunable through electrostatic gating 

in the MWIR to THz regime. To excite graphene plasmon, special geometries have to be employed to 

match the wavevector of plasmons with electromagnetic fields.[125] The most widely used method is 

by patterning the graphene into periodic nanostructures.[126] Such a method is easy to implement 

with modern nanofabrication technologies. In addition, the light scattered by individual graphene 

nanostructures can excite the plasmons in the nearby graphene nanostructures.[127] Metal grating 

can also be used to excite the graphene plasmon.[128] 

 

5.2. Optical Microcavities 

Optical microcavities can confine the incident light into small volumes by resonant light recirculation 

inside them. The optical absorption in 2D materials placed at the plane of field enhancement inside 

the microcavities can thus be improved.[37, 129] The two figures-of-merit often used to evaluate the 

quality of optical microcavities are the cavity quality factor (Q) and the microcavity mode volume 

(Vm). The former is proportional to the confinement time and usually measured in the unit of optical 

period and the latter describes the light confinement in space. For ideal microcavities, optical fields 

can be confined without any losses, leading to high-quality factors. The optical microcavities can be 

divided into three types. (1) The Fabry-Pérot microcavity as shown in Figure 5a. The top and bottom 

surfaces are Bragg mirrors consisting of layers of alternating materials with appropriate thickness. 

The spectral response of the middle 2D materials can be tuned by adjusting the resonance property 

of the cavity. (2) The whispering gallery microcavity is as shown in Figure 5b. Such cavity makes use 

of standing waves to confine the electromagnetic field. Whispering gallery microcavities can be 

constructed based on spheres,[130] disks or self-suspended disks,[131, 132] and rings. [133, 134] (3) The 2D 

photonic crystal microcavities is as shown in Figure 5c. The energy of the optical field can be 

confined in the planar defect region in the photonic crystal. 
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Optical cavity substrates have also been employed to enhance the light absorption in 2D materials 

by transferring them onto the substrate, resulting in performance improvement of 2D material-

based IR photodetectors.[14, 15, 45] The optical cavity substrates normally consist of dielectric spacing 

materials on back-reflectors, as shown in Figure 5d. A typical procedure for fabricating optical cavity 

substrates involves the evaporation of noble metal reflectors on the substrates, followed by the 

atomic deposition of dielectric materials. The dielectric materials usually have no optical absorption, 

serving as optical spacers for the cavities. By choosing the proper thickness of these dielectric 

materials, absorption enhancement can be realized at specific wavelengths. Noble metals are usually 

selected to construct the back reflector, such as gold and silver whose reflectivity is very close to 

unity, especially in the IR region.  

By integrating with these optical microcavities or optical cavity substrates, the intensity of the 

electromagnetic field near the 2D materials and therefore the optical absorption can be enhanced 

significantly. This leads to a considerable performance improvement of the 2D material-based 

photodetectors.  

 

5.3. Optical Waveguides 

Another common method to improve the light absorption of 2D material-based IR photodetectors is 

to integrate 2D materials with optical waveguides.[135] By doing so, light absorption by the 2D 

materials, which is usually limited by the atomic thickness of the 2D materials for normally incident 

light, can be enhanced by increasing the interaction distance with evanescent wave propagating 

along the waveguides, as shown in Figure 5e,f. After introducing the electromagnetic field into the 

waveguide channel, the 2D material is usually spatially overlapped with the evanescent field 

corresponding to the optical mode of the waveguide, thus the light absorption coefficient (i.e. 

absorption per unit length) is lower than normal incidence. However, the interaction distance 
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between 2D materials and the light field can be made long, making the overall light absorption 

strong. 

To enhance the light absorption in 2D materials, three waveguide types have been mainly used. (1) 

The traditional Si slot waveguide, as shown in Figure 5g. For this structure, an optical fiber is usually 

used to couple the incident light into the slot area. (2) The photonic crystal (PhC) defect waveguide, 

as depicted in Figure 5h. The photonic crystal defect waveguide allows for a better photo-

thermoelectrical conversion compared with the traditional slot waveguide design for the larger 

gating area enables a full exploitation of the temperature profile in graphene.[136] (3) The 

chalcogenide glass (ChG) waveguide, as demonstrated in Figure 5i.[137] The chalcogenide glass is a 

multifunctional material that can be directly deposited and patterned on a wide variety of 2D 

materials at room temperature and serves as a wave-guiding medium. The fabrication method for 

the ChG waveguide allows the crystalline orientation and the geometry of the beneath ultrathin 2D 

materials to be considered during fabrication. As an additional benefit, the ChG can serve as a 

passivation layer to 2D crystals, improving the stability of 2D material-based IR photodetectors. 

 

6. IR Photoconductors based on 2D Materials 

Owing to the availability of photoconductive gain and ease of fabrication, the initial trials of 2D 

material-based IR photodetectors have mostly used the photoconductor configuration. The 

photoconductor is generally constructed using a typical contact/2D material absorbers/contact 

configuration, sometimes with a back-gate architecture in which the conductivity of the 2D material 

channel on the insulator/gate substrate can be electrostatically controlled. However, 

photoconductors typically exhibit a large noise current because of the applied external electric field, 

which is necessary to drive the photoexcited carriers in the photoconductors without the built-in 

fields of junctions. Though the back-gate architecture of photoconductors can effectively suppress 
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the noise current, it would not be practical for use in an array. Currently, a wide range of 2D 

materials have been explored as absorbers in IR photoconductors. In this section, we summarize the 

recent progress in 2D material-based IR photoconductors based on different material categories. For 

the reader’s reference, key figures-of-merit of some 2D material-based IR photodetectors are listed 

in Table 1. 

 

6.1. Graphene-based IR Photodetectors 

As one of the most widely explored 2D materials, graphene exhibits a variety of remarkable 

electronic and optical properties, such as the high carrier mobility of ~106 cm2V–2s–1 observed in 

suspended samples,[67] as well as the strong light absorption covering ultraviolet to terahertz 

regimes for single-layer graphene. To date, various types of graphene-based IR photoconductors 

have been demonstrated,[138] with a particular emphasis being those for high-frequency 

applications.[139] These detectors were typically constructed in a simple gate-source-drain transistor 

architecture, in which large-area single- or few-layer graphene sheets would act as the conducting 

channel in contact with two metal electrodes for carrier extraction. The channel conductivity of the 

graphene was modulated by applying gate-biases through the bottom gate. The speed of the 

photodetectors can be improved by adjusting the channel resistance which determines the resistor-

capacitor time constant of the detectors. As shown in Figure 6a, under 1.55 µm illumination with 

optical modulation frequencies up to 40 GHz, the graphene-based photodetector reported by Xia et 

al. did not show any degradation in photoresponsivity, at a gate bias of 80 V.[32] The authors found 

that the observed fast IR response was a direct result of the high carrier mobility in graphene. They 

also argued that the RC circuits limited the ultimate bandwidth in their photodetector, with the 

assumption of the capacitance of the ~3 µm2 graphene was 5 fF, the RC limited bandwidth would be 

640 GHz. In addition, under steady (unmodulated) illumination, a maximum responsivity of 0.5 

mA/W was achieved at a gate bias of 80 V, as presented in Figure 6b. The estimated internal 
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quantum efficiency was around 6–16% in its operating region. Note that unlike in conventional 

metal-semiconductor-metal photodetectors in which a large external bias was necessary for high-

speed operation, all the measurements in this work were implemented at zero or close to zero 

source-drain bias, which ensured a low dark current. Following this work, Mueller et al. reported a 

similar metal-graphene-metal IR photoconductor which exhibits also a broad 3-dB bandwidth of 16 

GHz at a wavelength of 1.55 µm.[140] More importantly, as compared to the aforementioned 

graphene-based photoconductor, this IR photodetector achieved a significant photoresponsivity 

improvement up to ~15 times. The enhancement in performance was attributed to the novel 

contacting scheme, in which two asymmetrically interdigitated electrodes were employed at the 

terminals of the graphene channel, as shown in Figure 6c. This resulted in the broken mirror 

symmetry of the internal electric field profile in the graphene channel, which permits more efficient 

extraction of photo-generated carriers. It should be noted however that the low light absorption and 

short photogenerated carrier lifetime are detrimental to the performance of IR photodetectors 

based on pristine graphene. Various materials engineering methods have thus been used to process 

graphene to obtain higher performance. As a typical example, the reduced graphene oxide (RGO) 

and graphene nanoribbons (GNRs) were first prepared by Chitara et al. to construct an IR 

photoconductor, which exhibited improved photodetection performance compared with 

photodetectors based on few-layer pristine graphene.[141] More specifically, a responsivity of 4 

mA/W was acquired under 1.55 µm SWIR illumination for the RGO-based photodetector, while a 

responsivity as high as 1 A/W (corresponding to an EQE of 80%), was achieved for the GNRs based 

photodetector. The significant increase of responsivity for the GNRs based photodetector was due to 

the stronger light absorption as a result of the non-zero bandgap of the GNRs, while the RGO has 

zero bandgap.  

In addition to material engineering, surface modification of materials is also an effective approach to 

enhance the performance of 2D material-based photodetectors. For example, Chang et al. 
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developed a high-responsivity IR photoconductor by controlling the oxygen defects and atomic 

structure in few-layer reduced graphene oxide (FRGO).[142] The authors found that by varying the 

duration of the thermal reduction of FRGO, the number of defects was able to be tuned, making it 

possible to improve the transfer properties of the FRGO-based photodetector. As shown in Figure 

6d, the photodetector with FRGO undergone 260-mins of reduction treatment showed a 

responsivity of 0.7 A/W at a bias voltage of 19 V under NIR illumination at a wavelength of 0.895 µm. 

This responsivity was much higher than the responsivity of ~0.01 A/W observed in the 

photodetector with FRGO undergone 20-mins of reduction treatment.  

Beyond the NIR and SWIR regime, surface engineering of graphene has also been employed for the 

realization of photodetection of longer IR wavelengths. For example, Du et al. demonstrated an 

MWIR photoconductor comprised of multilayer graphene and its surface fluorine-functionalized 

derivative.[143] As shown in Figure 6e, compared with the photodetector based on pristine graphene, 

the fluorine-graphene (FG/Gr) photodetector achieved a considerable room-temperature specific 

detectivity that is higher than ~109 Jones across a broad IR wavelength range from 1 µm to 4 µm. 

The reason for the improved performance was that the sp2 and sp3 nanodomains induced by the 

rehybridization of carbon with fluorine not only enhanced the light absorption of graphene but also 

acted as trap states to enhance gain. Zhang et al. reported an LWIR photoconductor consisting of 

monolayer graphene with defect mid-gap states, which were introduced by forming the quantum 

dot-like array structure via the surface etching method, as shown in Figure 6f.[144] Note that these 

defect states strengthened the light-graphene interaction and induced trapping of charge carriers, 

leading to a photoconductive gain. Benefiting from these effects, a photoresponsivity of 0.4 A/W 

was acquired at a source-drain bias voltage of 20 mV bias at a wavelength of 9.9 µm.  

Liu et al. reported that by leveraging the hot-carrier effect of graphene, efficient broadband IR 

detection was achieved by a graphene/Si/graphene photoconductor, in which two graphene 
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monolayers were separated by a thin interlayer of Si, with the bottom graphene layer on the SiO2/Si 

substrate acted as the channel of the device.[12] Under IR illumination, the asymmetric tunneling 

barrier favors photo-excited hot-electrons tunneling into the bottom graphene layer from the top 

graphene layer through the middle thin Si layer, resulting in the residuals of the holes on the gate so 

that produces a photogating effect and thus a photoconductive gain. As a result, high responsivities 

were observed at room temperature at different IR wavelengths, i.e., 4 A/W at 1.3 μm, 1.9 A/W at 

2.1 μm, and 1.1 A/W at 3.2 μm, as shown in Figure 6g.  

Whilst all of the above examples are based on planar configurations, other researchers have 

investigated the advantages of 3D configurations. For example, Deng et al. demonstrated an IR 

photoconductor based on the 3D tubular graphene field-effect transistor (GFET).[145] Note that the 

tubular structure served as a resonant microcavity to enhance the optical absorption by the 

graphene. As compared to the typical 2D GFET photodetector, the 3D GFET photodetector exhibited 

higher responsivities over a wide wavelength range up to the FIR regime, with the highest room-

temperature responsivity of 0.23 A/W obtained at a wavelength of 96 μm, corresponding to a 

specific detectivity of 2.8 × 1010 Jones, as shown in Figure 6h. In addition to the 3D tubular graphene 

formed via the out-plane twist force, in-plane stacking of bilayer graphene with a small-twist-angle 

has been leveraged to construct IR photoconductors. In small-twist-angle graphene, a superlattice 

bandgap will form, which improves the IR photodetection. Recently, Deng et al. demonstrated a 

gate-tuned LWIR photoconductor with h-BN-encapsulated small-twist-angle bilayer graphene.[146] 

Under the IR illumination for three different wavelengths (i.e., 5.0 µm, 7.7 µm, and 12 µm), the 

twisted graphene-based photodetector exhibited a responsivity which depends strongly on the gate-

voltage VBG as shown in Figure 6i, with a peak responsivity of ~1.2 mA/W acquired at 5 µm at 80 K at 

the Dirac point, in which the gate-voltage VBG is applied in such a way that the residual charge carrier 

density reaches a minimum. 
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6.2. 2D Semiconductor-based IR Photodetectors 

Besides semimetallic graphene, various TMDs have been used to fabricate IR photoconductors in 

recent years.[147] For example, Huang et al. developed a 2H-type MoTe2 IR photoconductor which 

exhibits a specific detectivity of 1.3 × 109 Jones at a source-drain and back-gate voltage of 10 V at a 

wavelength of 1.06 µm.[148] Materials engineering has also been employed to enhance 2D TMD-

based IR photoconductors. For example, Jo et al. demonstrated a ReSe2-based IR photoconductor in 

which the ReSe2 layer doped by triphenylphosphine (PPh3) yielded a responsivity of larger than ~102 

A/W across a spectral range from 0.52 to 1.064 µm.[149] In this work, the responsivity of the 

photodetector was significantly improved by two methods: a triethoxysilane (APTES) treatment of 

the ReSe2/SiO2 interface to suppress the scattering of interfacial carriers, and a PPh3-based n-doping 

technique to obtain a low resistance at the metal-semiconductor contacts. In addition to MoTe2 and 

ReSe2, other 2D TMDs with intrinsic narrow bandgaps have also exhibited potentials in building IR 

photodetectors, including those capable of photodetection at longer IR wavelengths. For example, 

Yu et al. developed a PtSe2-based photoconductor that achieves an efficient LWIR detection at a 

wavelength of 10 μm, achieving a specific detectivity of 7 × 108 Jones at room temperature.[85] In 

addition to the high specific detectivity, the photodetector using bilayer PtSe2 also exhibited a 

response time of ~1 ms at a bias voltage of 0.1 V at different IR wavelengths (i.e., 0.632 µm, 1.47 μm, 

and 10 μm) as shown in Figure 7a. This excellent LWIR performance observed in the PtSe2-based 

photodetector was a result of the well-designed layer numbers and defects, as the bandgap of PtSe2 

was reduced with both the increased number of atomic layers and the increased concentration of 

defects. More recently, Liang et al. fabricated a PdSe2-based IR photoconductor, which realized 

broadband response spectra ranging from visible light to MWIR due to the thickness-dependent 

bandgap of PdSe2 (i.e., from 1.3 eV for the monolayer to 0 eV for the bulk).[150] Under 1.064 µm NIR 

illumination, a responsivity of the PdSe2-based photodetector as high as 708 A/W was achieved at a 
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bias voltage of 1V at room temperature, which corresponds to a considerable photoconductive gain 

of 82700%, as shown in Figure 7b, and a specific detectivity of 1.31 × 109 Jones. The authors 

concluded that the high photoconductive gain was attributed to the photogating effect, in which 

some photoexcited holes were trapped by trap states and acted as a charged gate, enabling 

extended lifetime of the photoexcited electrons. Moving beyond the NIR region, the PdSe2-based 

photodetector exhibited a much lower responsivity of 1.9 mA/W at a source-drain voltage of 0.2 V at 

an MWIR wavelength of 4.05 µm due to the weak light absorption of PdSe2 at longer IR wavelengths.  

In addition to 2D TMDs semiconductors, some 2D compound semiconductors (e.g., SnTe,[151] 

GeAs,[152] NbS3,
[153] TaIrTe4,

[154] ZrGeTe4,
[155] and Bi2O2Se[19]) have been used to explore high-

performance IR photoconductors. For example, Lai et al. demonstrated a TaIrTe4-based LWIR 

photoconductor which realized high speed and highly anisotropic photoresponse over a broad 

spectral range from 0.532 to 10.6 µm.[154] Under modulated illumination at a wavelength of 10.6 μm, 

the room-temperature photocurrent of the photodetector does not undergo a dramatic decrease 

with modulation frequency below a few kilohertz (kHz) as shown in Figure 7c, which corresponds to 

a response time of 26.97 µs.. Similarly, Yin et al. fabricated a Bi2O2Se-based IR photoconductor which 

realized a high responsivity of ~65 A/W at 1.2 µm, as shown in Figure 7d, and a fast response time of 

~1 picosecond (ps) corresponding to a photodetection bandwidth up to 500 GHz. The large 

bandwidth of the detector is likely due to the high electron mobility of Bi2O2Se.[19] Note that 

although graphene can also achieve a high-speed response comparable to Bi2O2Se, the non-zero 

bandgap of Bi2O2Se could render a lower dark current and thus higher specific detectivity.  

In addition to the aforementioned compound 2D semiconductors, 2D bP as a promising candidate 

for IR photodetectors has received extensive research attention, particularly in the MWIR regime 

owing to its narrow bandgap of ~0.3 eV.[29, 156, 157] For example, Guo et al. demonstrated a bP-based 

IR photoconductor that was able to work in a wide wavelength range from 0.532 to 3.39 μm, as 
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shown in Figure 7e.[158] The photoconductor consists of ~12 nm-thick bP on a SiO2/Si substrate and is 

contacted with 1-μm-spacing interdigitated electrodes. This electrode configuration enabled fast 

transit time of the carriers in the channel and efficient carrier extraction. Consequently, a 

considerable photoconductive gain was achieved in the bP-based photodetector, which results in a 

responsivity up to 82 A/W at an MWIR wavelength of 3.39 μm at room temperature. Note that the 

trap states in bP also played an important role in producing photoconductive gain, as these 

increased the carrier lifetime by reducing carrier recombination. Besides pristine bP, alloyed bP has 

been used to fabricate IR photoconductors, including bAsxP1–x and black phosphorus carbide (b-

PC).[81, 159] For example, Tan et al. demonstrated SWIR photoconductors based on the 2D b-PC, in 

which the few-layer b-PC was sandwiched between the top Al2O3 passivation layer and the bottom 

SiO2 layer on the Si substrate.[159] Under illumination at a wavelength of 2.004 µm, a responsivity as 

high as 2163 A/W was achieved at a bias of 0.2 V at room temperature. This high responsivity was 

realized by a considerable photoconductive gain of 1.3 × 104, as shown in Figure 7f. A specific 

detectivity of ~1011 Jones was realized. A fast response time of ~0.7 ns was also acquired at the same 

wavelength and bias voltage, corresponding to a 3-dB bandwidth of ~0.2 GHz, as shown in Figure 7g. 

As another emerging 2D semiconductor, tellurium with a tunable bandgap (i.e., from 0.35 eV in the 

bulk case to 1.04 eV in the monolayer case) is a promising candidate for IR photodetectors. Most 

recently, Tong et al. proposed a 2D Te-based photoconductor which realized an excellent detection 

performance over the SWIR regime.[160] Specifically, the Te-based photodetector achieved a wide 

spectral response ranging from 0.52 to 3.0 μm at room temperature, with the highest responsivity of 

~1.36 × 103 A/W obtained under 1.06-μm illumination, corresponding to a specific detectivity of 

~1.15 × 1010 Jones. For illumination at a wavelength of 3.0 μm, the same device maintained a 

responsivity that is higher than ~3.53 × 102 A/W, corresponding to a detectivity of ~3.01 × 109 Jones, 

as shown in Figure 7h. Importantly, due to the asymmetric crystal structure of Te, a highly 
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polarization-dependent photoresponse was observed, with an anisotropic ratio up to ~7.58 under 

illumination at a wavelength of 2.3 μm, as shown in Figure 7i. 

Recently, Wang et al. put forward a new IR photodetector scheme based on the combination of 

MoS2 with ferroelectric materials.[161] The electrostatic field enabled by ferroelectric polarization 

suppresses the dark current and tunes the bandgap of the photoactive materials. This leads not only 

to improved photoresponse, but also broadens the detection range to that it spans visible to NIR. 

This approach opens a new avenue for 2D material photodetectors. 

 

6.3. IR Photodiodes based on 2D Material/Sensitizing Layer Hybrid Structures 

For the aforementioned IR photoconductors based on single channels of various 2D materials, a 

thinner channel can favor a lower dark current and a more efficient gate-modulation, which are both 

desirable for high-performance IR photodetectors.[162] However, a thinner channel will possess a 

larger bandgap which limits the operational spectral range of these 2D materials-based 

photodetectors. In addition, the light absorption in an ultrathin channel is relatively low, which limits 

the responsivity of photodetectors. Consequently, it remains challenging to achieve large optical 

absorption in 2D material-based IR photoconductors with very thin channels. Next to optical 

methods using metallic nanostructures and microcavities, another exciting strategy to enhance the 

light absorption in 2D channel materials is to sensitize the thin channels with strong absorbing 

semiconductors. The sensitizing layer can also act as a source of trap centers to trap photoexcited 

electrons (or holes), which allows the holes (or electrons) in the channels to recirculate many times, 

thus resulting in a photoconductive gain considerably higher than those in typical photoconductors. 

To date, several types of sensitizing layers have been employed in IR photoconductors, including 

QDs,[30, 163] nanoparticles,[164] carbon nanotubes (CNTs)[165], and certain 2D materials [166-169]. As a 

typical example, Konstantatos et al. first demonstrated a hybrid IR photoconductor comprised of 
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single or few-layer graphene covered by a thin film of PbS QDs, as shown in Figure 8a.[71] In the 

hybrid photoconductor decorated with PbS QDs, a peak spectral response varying from the NIR to 

the SWIR was realized by tuning the size of PbS QDs. More specifically, the peak position of the 

responsivity was shifted from ~0.95 µm NIR to ~1.45 µm SWIR when the size of PbS QDs becomes 

large, as shown in Figure 8b. Remarkably high responsivities were obtained across the NIR region at 

room temperature, with values of ~5 × 107 A/W and ~5 × 105 A/W at wavelengths of 0.95 µm and 

1.45 µm respectively. This high responsivity was due to electrons being trapped in the PbS QDs, 

which induced positive charges from the external electrodes to recirculate in the graphene channel, 

leading to a photoconductive gain and high responsivity, as shown in Figure 8c. Following this, Ni et 

al. fabricated a Si QDs/Graphene hybrid MWIR photoconductor, in which a thin layer of boron-

doped Si QDs was deposited onto the graphene on a SiO2/Si substrate.[27] Under the illuminations at 

wavelengths shorter than 1.82 µm, the Si QDs-covered photodetector achieved an excellent 

responsivity as high as ~108 A/W, as shown in Figure 8d. In contrast, the responsivities observed at 

longer wavelengths were much lower (i.e., ~1 A/W at 3.0 µm). This distinct difference in the 

responsivity originated from the fact that a strong light absorption at short IR wavelengths was 

enabled by the optical bandgap transition of Si QDs, while Si QDs does not absorb MWIR light, 

instead it supports localized surface plasmon resonances which only provide modest enhancement 

to the absorption in the graphene. Besides PbS and Si QDs, PbSe QDs,[96] Ti2O3 nanoparticles,[164] 

Bi2Ti3 nanoplatelets,[170] and CNTs[165] have been utilized as the sensitizing layers in graphene-based 

IR photoconductors. For instance, Yu et al. demonstrated an LWIR hybrid photoconductor made by 

the few-layer graphene coupled with Ti2O3 nanoparticles.[164] In such a photodetector configuration, 

Ti2O3 nanoparticles with a narrow bandgap of ~0.09 eV produced a broadband response up to the 

LWIR spectral region, whilst graphene enabled the high-speed transport of carriers in the channel. As 

a result, the Ti2O3/trilayer-graphene photodetector achieved a room-temperature responsivity 

higher than ~102 A/W over a broad-spectral range spanning from 4.5 μm to 10 μm, and a specific 



  

This article is protected by copyright. All rights reserved. 

36 

detectivity of 7 × 108 Jones at a wavelength of 10 μm, as shown in Figure 8e. In addition, a response 

time of ~1.2 ms was measured on these devices as shown in Figure 8f. 

Besides graphene, 2D TMDs have been integrated with various sensitizing layers to develop high-

performance IR photoconductors.[171, 172] For example, Kufer et al. presented a MoS2/PbS QDs hybrid 

photoconductor, in which a few layers of n-type MoS2 were covered with p-type PbS QDs.[78] By 

using the narrow-bandgap PbS QDs as an optical absorber, the hybrid photodetector exhibited a 

broader spectral response compared with the bare MoS2-based photodetector, which extended to 

wavelength of 1.1 µm from 0.7 µm. In addition, the hybrid photodetector also achieved an overall 

improvement of ~5 orders of magnitude in the responsivity, which was achieved by the high 

photoconductive gain offered by the PbS QDs. The use of PbS QDs has also been demonstrated on 

WS2 and SnS2-based photoconductors for SWIR detection.[171, 172]  

As another narrow-bandgap semiconductor, HgTe colloidal QDs (CQDs) have also been utilized to 

sensitize IR photodetectors for higher performance. Huo et al. demonstrated a MoS2/HgTe QDs 

hybrid SWIR photoconductor, in which HgTe CQDs were coated onto a few layers of MoS2 across a 

thin gap-layer of TiO2.
[4] Compared with the case of MoS2/TiO2 and bare HgTe, the hybrid 

photodetector realized both a wider spectral response extending to 2.1 µm and a high responsivity 

of ~104 A/W at a wavelength of 2.1 µm, as a result of a photoconductive gain induced by HgTe CQDs 

at the IR regime, as shown in Figure 8g. Note that a high specific detectivity of ~1012 Jones was 

acquired at an SWIR wavelength of 2 µm as shown in Figure 8h, which was realized due to the 

significantly suppressed dark current when the detector was working in the depletion regime by 

applying an appropriate gate-voltage.  

In addition to the aforementioned graphene and TMD-based devices, sensitizing layers have 

been introduced into other 2D semiconductor-based IR photoconductors, including CdSxSe1−x 

[173] and Bi2O2Se.[174] Taking Bi2O2Se as an example, Luo et al. reported a Bi2O2Se-based hybrid IR 
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photoconductor sensitized by PbSe CQDs.[174] As compared to the bare Bi2O2Se-based photodetector, 

the hybrid device exhibited a wider response spectrum extending to 2 µm in the SWIR, at which a 

high responsivity of ~103 A/W was acquired at room temperature, as shown in Figure 8i. This 

extended spectral response was due to the fact that the PbSe CQDs absorb SWIR light. Compared 

with the bare PbSe CQDs-based photodetector, a few orders of magnitude enhancement of the 

spectral responsivity were achieved in the hybrid device, as the band offset at the interface of 

Bi2O2Se and PbSe CQDs led to a photogating effect which yielded a photoconductive gain for the 

photodetector. Note that such a band offset also permits a fast response time of ~4 ms, since the 

photo-generated carriers at the interface can be collected rapidly via the built-in field.  

Besides 0D QDs and nanoparticles, Liu et al. also demonstrated that a sensitizing layer consisting of a 

large number of 1D single-wall carbon nanotubes (SWCNTs) could be placed below the graphene 

channel to realize a SWIR photoconductive photodetector. A responsivity of ~10 A/W was observed 

at a wavelength of 1.55 µm at room temperature.[165] For such a 1D SWCNTs-sensitized 

photodetector, the carriers generated in the SWCNTs/graphene interface were separated efficiently 

due to the existence of the built-in field. More importantly, photogenerated carriers were trapped in 

the SWCNTs, leading to a prolonged carrier lifetime and a photoconductive gain. 

 

7. IR Photodiodes based on 2D Materials van der Waals Heterojunctions 

2D material-stacked van der Waals heterojunctions possess many fascinating properties such as ease 

of band alignment engineering, efficient interface photo-carriers transfer, and strong optical 

absorption. Due to these advantages, an increasing research effort have been devoted to developing 

2D material-based heterojunctions for the realization of high-performance IR photodiodes. 

Compared with IR photoconductors discussed in Section 6, 2D material-based heterojunction 

photodiodes feature a built-in electric field that facilitates efficient collection of photocarriers. This 
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provides IR photodetectors with several advantages, including fast response and low dark current, 

leading to improved bandwidth and specific detectivity, respectively. In this section, we introduce 

the recent advancements in van der Waals heterojunction-based IR photodiodes assembled by 

various 2D materials. For clarity, the heterojunction-based IR photodiodes to be introduced adopt 

the electrode/2D material-based heterojunction/electrode architectures, in which the 

heterojunction serves as both the absorber to produce photoexcited carriers and the conducting 

channel for separation of carriers.  

 

7.1. IR Photodiodes based on Graphene/2D Semiconductor van der Waals Heterojunctions 

To further improve the performance of graphene-based devices, a heterojunction with another 2D 

material can be introduced to decrease the dark current. A specific solution is to construct van der 

Waals heterojunction-based photodiodes by stacking graphene and 2D semiconductors together, in 

which the existence of junction potential barriers can lead to a reduction of the dark current. Note 

that the separation of photo-generated carriers is also more efficient under the built-in field in the 

junction region. Based on these considerations, various kinds of photodiodes based on graphene/2D 

semiconductor heterojunctions have been reported for IR detection. As a typical example, Vabbina 

et al. fabricated a SWIR photodiode by stacking a few layers of p-type MoS2 over a graphene layer to 

form a vdW heterojunction.[175] The photodetector exhibited a broad spectral response covering the 

SWIR regime, as shown in Figure 9a. A maximum responsivity of 1.26 A/W at a wavelength of 1.44 

µm was extracted, which corresponds to a specific detectivity of 4 × 1010 Jones. This broadband 

spectral response was attributed to the existence of two operating modes of the photodetector, 

namely an optical bandgap excitation mode and an internal photo-emission mode. In the former 

mode, electron-hole pairs are excited when the incident photon energy is larger than the bandgap of 

MoS2, which leads to the photoresponse at short wavelengths. However, in the latter mode, 

electron-hole pairs can still be excited by incident photons with an energy lower than the bandgap of 
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MoS2, due to the internal transition occurring between the graphene and MoS2. This transition leads 

to the photo-emission across the potential barrier at the junction region, as shown in Figure 9b. 

Later on, Long et al. presented an SWIR photodiode based on the MoS2/graphene/WSe2 vdW 

heterojunction, in which the graphene layer was sandwiched between the bottom p-type MoS2 layer 

and the top n-type WSe2 layer on the SiO2/Si substrate.[176] In such a vdW heterojunction-based 

photodiode, the combination of the broadband absorption in graphene and the efficient separation 

of the carriers in the p–n junction region made it possible to realize both wide spectral response and 

high specific detectivity. Consequently, a broadband photodetection was achieved that covered a 

wavelength range from 0.4 to 2.4 µm, as shown in Figure 9c. Importantly, the room-temperature 

specific detectivity of the photodetector was as high as ~109 Jones at a SWIR wavelength of 2.4 µm. 

In addition to the aforementioned MoS2/graphene/WSe2 heterojunction, other kinds of sandwich-

like heterojunctions based on graphene have also been demonstrated for IR photodetectors, such as 

the graphene/MoTe2/graphene heterojunction[177] and the MoS2/graphene/ MoS2 

heterojunction.[178] Under the SWIR illumination (λ   1.064 µm), the photodetector exhibited a 

responsivity of 110 mA/W under zero-bias at room temperature, corresponding to an EQE of 

~12.9%. Notably, a short response time of ~24 µs was achieved at the same wavelength as shown in 

Figure 9d, which benefited from the short transit distance of the photo-generated carriers in this 

vertical graphene/MoTe2/graphene heterojunction. As in photoconductors, the photoconductive 

gain has been achieved in graphene-based vdW heterojunction IR photodiodes. For example, Li et al. 

demonstrated a SWIR photodiode based on the MoTe2/graphene/SnS2 vdW heterojunction, in which 

the graphene layer was placed between the top MoTe2 layer and the bottom SnS2 layer. The 

MoTe2/graphene/SnS2 stacked heterostructure was isolated from the environment by covering it 

with two layers of thin h-BN.[179] In such a photodetector configuration, the combination of p-type 

MoTe2 (bandgap ~1.0 eV) and n-type SnS2 (bandgap ~2.2 eV) provided the photodetector with a 

broad absorption spectrum. In addition, the vertical built-in field in the graphene interlayer 
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strengthened the charge transfer and exciton dissociation efficiently. As a result, the photodetector 

exhibited a wide spectral response spanning from 0.4 to 1.6 µm as shown in Figure 9e. More 

importantly, a responsivity of ~2.64 × 103 A/W was observed at a forward bias of 1V at a wavelength 

of 1.064 µm, corresponding to a specific detectivity of 1.1 × 1013 Jones and an EQE up to ~104. The 

EQE larger than one means that a photoconductive gain was produced in the photodetector, which 

was due to the short transit distance of the charges in the vertical junction, interlayer inelastic 

tunneling effect, and rapid carrier transport. Besides, the detector response time also reached a few 

tens of ms at various wavelengths, e.g., a rise time of 24.1 ms was measured at 1.064 µm, as shown 

in Figure 9f. 

 

7.2. IR Photodiodes based on 2D Semiconductor van der Waals Heterojunctions 

Unlike graphene which lacks a bandgap, 2D semiconductors such as TMDs typically 

show a low dark current as desired in IR photodetectors, due to their moderate 

bandgaps. However, the existence of the bandgaps in 2D semiconductors also limits 

the spectral response range of photodetectors made by these families of materials. For 

example, MoS2 has exhibited excellent potential in many optoelectronic applications, 

especially in photodetectors. However, the photodetectors based on bare MoS2 can 

only work in the visible region, which limits their IR applications. To overcome this, 

different 2D semiconductors can be stacked to form van der Waals heterojunctions. 

By forming heterojunctions between 2D semiconductors with different bandgaps and 

work functions, it is possible to engineer the optical bandgap of the photodetectors. In 

addition to the bandgap engineering, the carrier densities and band alignments in 2D 

semiconductors could be tuned by applying an electrostatic voltage, providing the 

opportunity to develop novel heterostructures with various features.
[15]

 Significant 
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efforts have been devoted to exploring high-performance IR photodiodes based on 2D 

semiconductor vdW heterojunctions. 2D TMDs are commonly used in this 

application. As a typical example, Zhang et al. demonstrated a SWIR photodiode 

based on a MoTe2/MoS2 vdW heterojunction as shown in Figure 10a, which realized 

a sub-bandgap detection at a wavelength of 1.55 µm at room temperature.
[73]

 This 

response at the sub-bandgap wavelength was due to the formation of the type-II 

staggered band which enabled an interlayer optical transition with an energy of 

~0.657 eV, as shown in Figure 10b. The interlayer optical transition allows for 

photogeneration of carriers even though the energy of incident photons is less than the 

bandgap of either monolayer MoS2 (1.80–1.90 eV) or monolayer MoTe2 (~1.05 eV). 

By employing this device architecture, the spectral response of the photodetector was 

extended effectively. Beyond this, 2D materials with narrow non-zero bandgaps can 

also be used directly as an IR absorber. For example, Long et al. reported an LWIR 

photodiode based on the PdSe2/MoS2 vdW heterojunction.
[13]

 Under illumination at a 

wavelength of 10.6 μm, the photodetector exhibited a high responsivity of ~42.1 A/W 

at a forward bias of 1 V at room temperature, corresponding to an excellent specific 

detectivity of 8.21 × 10
9
 Jones as shown in Figure 10c. Apart from the high detection 

sensitivity, a broadband response was achieved that ranges from the visible to the 

LWIR, with a room-temperature specific detectivity higher than ~5 × 10
9
 Jones, 

which is higher than many mainstream IR photodetectors. Note that the formation of 

the vdW heterojunction allowed a low dark current, which was the main reason for 

the improved specific detectivity observed in the PdS2/MoS2 vdW heterojunction-

based photodiode, as compared to the PdS2-based photoconductor. In addition to the 

aforementioned 2D TMDs, other types of 2D TMDs have been used to construct 2D 
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vdW heterostructures for high-performance photodetection at various IR wavelengths, 

such as the MoS2/MoTe2 heterojunction for 0.8 µm NIR detection,
[33]

 the PtSe2/PtS2 

heterojunction for 1.064 µm SWIR detection,
[180]

 and the WSe2/Bi2Te3 heterojunction 

for 1.55 µm SWIR detection.
[28]

 Unlike 2D TMDs which are used mainly for SWIR 

detection, bP is a promising 2D material for the construction of the vdW 

heterojunction for the detection of longer IR light due to its narrow bandgap. For 

example, Bullock et al. presented a high-performance MWIR photodiode based on the 

MoS2/bP vdW heterojunction consisted of a 150 nm thick p-type bP layer and a thin 

(~10 nm thick) n-type MoS2 layer. The MoS2 layer acted as electron-selective contact 

and MWIR optical window.
[7]

 In such a photodiode, the dark current noise was 

effectively suppressed by the potential barrier presented in the heterojunction. As a 

result, under illumination at a wavelength of 3.8 μm, a high room-temperature specific 

detectivity of 1.1 × 10
10

 Jones was achieved at zero-bias, corresponding to an external 

quantum efficiency of ~35%, as shown in Figure 10d. The response spectrum of the 

photodetector covered a broad wavelength range from 1.5 to 3.8 µm, with an overall 

specific detectivity higher than ~10
10

 Jones, which outperforms many of the 

established state-of-the-art IR photodetectors at room temperature. Besides the 

sensitive photodetection, the photodetector also realized a fast response with a 

measured rise time of 3.7 µs and a fall time of 4 µs for illumination at a wavelength of 

2.7 µm, as shown in Figure 10e. Owing to the anisotropic crystalline structure of bP, 

the bP-based photodiode also exhibited a strong polarization-dependent quantum 

efficiency (ƞe) under the illumination at a wavelength of 3.5 µm, as shown in Figure 

10f. In addition to pristine bP, black arsenic phosphorus has also been exemplified as 

a promising candidate for MWIR photodetectors. Long et al. reported that, by 
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leveraging the narrow optical bandgap and facile heterojunction construction of the 

2D b-AsP in the form of AsxP1−x, a b-AsP/MoS2 stacked vdW heterojunction-based 

photodiode was fabricated and exhibited a superior MWIR photodetection 

performance.
[16]

 Specifically, under broadband illumination from the 3 to 5 μm, the 

photodetector showed an excellent specific detectivity higher than 4.9 × 10
9
 Jones at 

zero-bias at room temperature, which outperformed some of the commercially 

available IR photodetectors, such as the PbSe-based and thermistor-based IR 

photodetectors as shown in Figure 10g. This superior specific detectivity observed in 

the b-AsP-based vdW heterojunction photodiode was attributed to the suppressed dark 

current, due to the existence of a potential barrier at the p-type b-AsxP1−x and n-type 

MoS2 heterojunction, as shown in Figure 10h. A significant specific detectivity 

improvement of ~2 orders of magnitude was achieved over the bare b-AsxP1−x 

photoconductor. In addition to the high specific detectivity, a short response time of 

~0.5 ms was acquired at a wavelength of 4 µm as shown in Figure 10i. Apart from the 

MWIR regime, some bP-based vdW heterojunction photodiodes have also achieved 

high-performance in the SWIR region, such as the MoS2/bP heterojunction for 1.55 

µm detection,
[181]

 the WSe2/bP/MoS2 sandwich-like heterojunction for 1.55 µm 

detection, and the PdSe2/bP heterojunction for 1.31 µm.
[182]

  

 

7.3. IR Photodiodes based on 2D Materials Mixed-Dimensional Heterojunctions 

In addition to van der Waals heterojunctions fabricated by assembling different 2D materials, the 

combination of 2D materials and non-2D materials (i.e., 0D, 1D, and 3D) can also form mixed-

dimensional vdW heterojunctions, as the 2D materials which are free of dangling bonds can form 

vdW heterojunctions with materials of any dimensions.[183] The versatility of mixed dimensional 
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approaches has attracted intensive research attention to explore their use in diverse applications, 

particularly in IR photodetectors. As a typical example, Noumbé et al. demonstrated an IR 

photodetector based on the 2D graphene/0D HgTe nanoparticle vdW heterojunction, which consists 

of a thin film of HgTe nanocrystals connected with two graphene electrodes on an ionic glass 

substrate of LaF3, as shown in Figure 11a.[184] Owing to the existence of graphene electrodes 

combined with the ionic glass, the HgTe nanocrystal, and the graphene electrode can be selectively 

reconfigured between the n-doped and p-doped state to form a p–n junction by applying an 

appropriate gate voltage. The formation of a p-n junction suppressed the dark current of the device. 

As a result, under illumination at a wavelength of 1.55 µm, a specific detectivity of ~109 Jones was 

acquired at a gate voltage of –2.5 V, despite a weak light absorption of 8%, as shown in Figure 11b. 

The detector also showed a fast response with a measured rise time of ~9 μs and fall time of ~ 7 μs, 

as shown in Figure 11c. Similarly, Liu et al. presented a SWIR photodetector based on a 

heterostructure formed between a ZnO thin-flim and reduced graphene oxide (RGO) film decorated 

with Ge QDs.[185] The photodetector realized a high specific detectivity of 6.42 × 1011 Jones for 

illumination at a wavelength of 1.4 µm. It should be noted that the relatively low dark current of ~3 

nA contributed to the high specific detectivity. Notably, a rise time of ~40 μs and a recovery time of 

~90 μs were also demonstrated in this photodetector. In addition to 0D nanomaterials, 1D materials 

such as nanowires can be combined with 2D materials to form mix-dimensional vdW heterojunctions 

for IR detection.[186] For example, Cao et al. demonstrated an LWIR photodiode based on a 1D Si 

nanowire/graphene vdW heterostructure, consisting of an array of vertical n-doped Si nanowires 

etched into the Si substrate, which was covered by an RGO nanosheet.[187] Under illumination at a 

wavelength of 10.6 μm, a peak responsivity of ~9 mA/W was achieved at room temperature as 

shown in Figure 11d. The measured photoresponse at this wavelength was due to the broadband 

absorption in graphene.  
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The most popular strategy for mixed dimensional IR detectors is by combining 3D bulk 

semiconductors with 2D materials. For example, Zhang et al. reported a SWIR photodiode based on 

a 3D/2D vdW heterojunction comprised of FA0.85Cs0.15PbI3 perovskite and multilayer PtSe2 on a 

SiO2/Si substrate.[188] Under illumination at a wavelength of 1 µm at room temperature, the 

photodetector exhibited an estimated rise/fall time of ~78/60 ns, corresponding to a bandwidth of 

~2 MHz, as shown in Figure 11e. A specific detectivity of up to ~1012 Jones was realized as shown in 

Figure 11f. The high speed and specific detectivity of this device can be attributed to the rapid 

separation of the carriers within the heterojunction and the large optical absorption coefficient of 

the perovskite film.  

Crystalline Si has also been widely used to construct 2D material-based mix-dimensional vdW 

heterojunctions for IR photodetection. For example, Wang et al. demonstrated an NIR 

photodetector based on a Si/ MoS2 hybrid 3D/2D vdW heterojunction as shown in Figure 11g. The 

device consists of a ~150-nm-thick n-type MoS2 layer deposited vertically on a p-type Si substrate via 

sputtering deposition.[189] Note that the gap between these vertical MoS2 films facilitates the 

coupling of incident light with a targeting wavelength and hence enhances the absorption at that 

wavelength. In addition, the in-plane carrier mobility of the MoS2 layer is much larger than the out-

plane carrier mobility, which shortens the transit time of photo-excited carriers between two 

electrodes. As a result, a high specific detectivity of ~1013 Jones and a short response time of ~3 µs 

were realized at an NIR wavelength of 0.808 µm at room temperature, as shown in Figure 11h, i. In 

addition to the vertically stacked structures, other types of 2D materials have also been integrated 

with bulk Si to form co-planar vdW heterostructures for high-performance IR photodetection, 

including graphene and WS2.
[11, 190] Besides the aforementioned 2D materials, bulk Ge,[8] GaAs,[191] 

and AuOx
[192] have also been used to construct 2D material-based mix-dimensional heterojunctions 

for photodetection at different IR wavelengths.  
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8. 2D Material-based IR Photodetectors integrated with Nanophotonic Structures 

Though the volume-dependent thermal noise can be greatly reduced by using ultra-thin materials in 

photodetectors, the performance of 2D material-based IR photodetectors is limited by the low light 

absorption. To overcome this limitation, the integration with optical nanostructures has been 

employed in many IR photodetectors. Optical nanostructures including plasmonic nanostructures, 

dielectric nanostructures, and graphene nanostructures will be summarized in this section. For 

readers’ reference, key figures-of-merit of some 2D material-based IR photodetectors integrated 

with nanophotonic structures are listed in Table 2. 

 

8.1. 2D Material-based IR Photodetectors integrated with Plasmonic Metal Nanostructures 

Metallic nanostructures are capable of supporting surface plasmon waves upon excitation by an 

optical illumination. The plasmon resonance frequency can be tuned by controlling the geometric 

parameters of these nanostructures.[118, 119, 193-195] Recently, Jeong et al. prepared colloidal copper 

nanorods whose aspect ratios varied from 2.8 to 13.1 by using a heterometallic seed-mediated 

growth method. The longitudinal surface plasmon resonances of these different copper nanorods 

were located in the spectral region from 0.76 µm to 2.2 µm.[118] According to Jensen et al.’s report, 

by carefully controlling the lithographic process, the longitudinal surface plasmon resonance 

wavelength of silver nanoparticle arrays with different size, height, and shape was tuned from ~0.4 

µm to 6 µm.[119] The metallic nanostructures not only confined the electromagnetic field at 

subwavelength scales but also transferred the energy of incident photons to high energy electrons 

(i.e., hot electrons) through the excitation and decay of surface plasmons.[121, 122, 196-198] These hot 

carriers can be transferred to the conduction band of the 2D materials in contact with the metallic 

nanostructures, which could be leveraged to induce photoresponse in IR photodetectors combining 

2D materials and metallic nanostructures. In addition, since metal electrodes are commonly used in 
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IR photodetectors, they could be conveniently designed into nanoantennas to enhance the light-

matter interactions in 2D materials. Those electrodes could also improve the photocarrier collection 

efficiency at the same time.[39, 45] In addition, it is convenient to fabricate metallic nanostructures at a 

relatively low cost by either physical or chemical methods.[199-201]  

The metallic nanostructures are commonly made of noble metals.[38, 202-204] Azar et al. put forward a 

“Nanoantennas and Grating” structure which significantly enhanced the electromagnetic field 

intensity around the 2D materials by coupling the incident optical fields into surface plasmon modes 

down to subwavelength scale in the lateral dimensions.[41] This nanostructure consisted of a metallic 

bull’s eye grating and an aperture made up of an array of nanoantennas, which is shown in Figure 

12a. The bull’s eye grating collected the incident light and coupled it into S  s. According to the 

simulation result, the optical aperture increased the electric field intensity by two orders of 

magnitude in the near-field zone through LSPRs compared with the norm of the incident electric 

field. The combination of the diffraction grating and the optical apertures led to a total graphene 

absorption up to ~0.36% at a wavelength of 10.84 μm, as shown in Figure 12b, which was ~558 times 

larger than the absorption of graphene without the plasmonics nanostructures. Finally, the 

“Nanoantennas and Grating” photodetector gave rise to a specific detectivity enhancement of ~32 

times by comparison with the same-area graphene without plasmonics. Plasmonic nanoantennas 

can also serve as electrodes to improve the photocarrier collection efficiency.[39, 205] Yao et al. 

reported a graphene-based IR photodetector. In that work, the metallic antennas were designed to 

improve the performance of the device in two aspects. Firstly, the metallic nanoantennas improved 

the light absorption of graphene. In addition, these metallic nanostructures served as electrodes 

which improved the photoconductive gain in this detector, as shown in Figure 12c. The simulated 

current density distribution showed a current pathway in the nanoantennas, which indicated the 

fact that the metallic antennas had lower resistance than the graphene sheet. This is because the Pd 

layer helped to reduce the contact resistance between the Au antenna with graphene, as shown in 
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Figure 12d. The transit time of photocarriers generated in the ~100 nm nanogap was shortened to 

sub-picosecond and the collection efficiency was improved significantly. The wavelength-dependent 

photoresponse of this graphene detector and the electric field intensity enhancement are shown in 

Figure 12e. As can be seen, the maximum responsivity occurred at λ = 4.45 µm, which is very close to 

the peak wavelength of the electric field enhancement spectrum. The decay of surface plasmons can 

generate hot electrons which can contribute to the photogain of 2D material-based IR 

photodetectors in the sub-bandgap regime.[40, 204, 206] For example, Wang et al. proposed a NIR 

photodetector which consisted of bilayer MoS2 film and Au wires, decorated by non-resonant wires 

(NRWs) and resonant wires (RWs).[40] The hot electrons with energy greater than the Schottky 

barrier between Au and MoS2 were generated through nonradiative decay of surface plasmon 

resonance and then injected into the bilayer MoS2. Under optical excitation with horizontally 

polarized light, hot electrons were mainly generated by the RWs as they support strong plasmonic 

resonances. In contrast, no plasmonic resonances were excited in the NRWs. Based on this 

mechanism, the photodetector showed a polarization-selective photoresponse. The 

photoresponsivity peak appeared at λ = 1.12 µm for a positive source-drain bias (0.6 V) and 

disappeared for a negative bias (–0.6 V). This phenomenon was explained by the energy band 

diagrams. For a positive bias of 0.6 V, the hot electrons generated by the RWs resonance were 

injected into the 2D material and resulted in a peak photoresponse. On the other hand, for a 

negative bias of–0.6 V, only the hot electrons generated by NRWs were injected into bilayer MoS2, 

resulting in a responsivity spectrum with no resonant feature. Under zero bias, hot electrons 

generated by RWs and NRWs drifted in opposite directions, resulting in a small photocurrent. 

Recently, Wei et al. have integrated graphene with non-centrosymmetric metallic nanoantennas to 

achieve an artificial bulk photovoltaic effect (BPVE).[207] Based on the hot carrier-assisted photo-

thermoelectric effect, photocurrent was generated under zero-bias at room temperature. With the 

help of the non-centrosymmetric nanoantennas design, the noise equivalent power was reduced 
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down to 0.12 nWHz–1/2. Moreover, they have demonstrated a calibration-free three-port device 

which can unambiguously detect the polarization angle of the incident light. 

Metallic nanoparticles (NPs) arrays can also be used to improve the performance of 2D material-

based IR photodetectors.[208, 209] The plasmonic resonance wavelength can be tuned by adjusting the 

sizes and shapes of the metallic nanoparticles.[210] By depositing triangle-like Au nanoparticles with 

different trilateral sizes on the graphene, the response spectrum of SWIR photodetectors based on 

graphene could be tuned.[208] In Chen et al.’s work, the triangle-like Au nanoparticles were made by 

first, transferring close-packed polystyrene (PS) sphere onto the SiO2/Si substrate creating a triangle-

like hole between every three PS spheres. Then the gold film was deposited onto the PS spheres 

layer. After controlling the annealing time followed by the removing of the PS spheres, triangle-like 

Au nanoparticles with three kinds of lateral sizes were prepared, as shown in Figure 12g. Figure 12f 

depicts the wavelength-dependent transmission and absorption spectra by simulation. This figure 

clearly shows that the absorption of graphene-silicon heterojunction is tunable by controlling the 

lateral sizes of Au NPs. Figure 12h shows the wavelength-dependent photoresponse of the SWIR 

photodetector corresponding to the three patterns in Figure 12g. The photoresponse peaks at the 

plasmonic resonance of the triangle-like Au nanoparticles array. Based on this approach, the 

graphene-based SWIR photodetectors possess spectral selective photoresponse. By using the pulsed 

magnetron sputtering method, the Au nanoparticles can be deposited on the surface of MoS2 to 

form an Au NPs/MoS2 heterostructure.[209] The Au NPs can couple the incident light into LSPRs, thus 

enhancing the light absorption transfer into MoS2, leading to a significant performance 

enhancement for the MoS2-based NIR photodetector. 

 

8.2. 2D Material-based IR Photodetectors integrated with Optical Microcavities 



  

This article is protected by copyright. All rights reserved. 

50 

Another commonly used method to enhance the light-absorption of 2D materials is through 

integrating with optical microcavities such as Fabry-Pérot cavities,[43, 211, 212] planar photonic crystal 

(PPC) nanocavities,[44, 213-215] and optical cavity substrates.[14, 45, 89] 

The Fabry-Pérot cavity was formed by two distributed Bragg mirrors which consisted of layers of 

materials with quarter-wavelength thickness and different refractive indices, as shown in Figure 

13a.[43] The graphene as an absorbing layer was located between the two mirrors. The materials 

selected to construct Bragg mirrors have no absorption at the detection wavelength due to their 

wide bandgaps.  

By controlling the thicknesses of Bragg mirror layers at quarter wavelength, the reflectivity of the 

Bragg mirrors can reach unity, thus the energy of the optical field can be confined in the middle of 

the optical cavity where the graphene is located. The inset of Figure 13a shows the electric field 

distribution inside the cavity for normal incidence light.[43] In Furchi et al.’s simulation, the electric 

field intensity has been enhanced by ~6.5 fold which improved the light-graphene interaction 

considerably. At the wavelength of 855 nm which corresponds to the cavity resonance, a 26-fold 

light-absorption enhancement for graphene has been achieved.  

Compared with optical microcavities, a more convenient method from a fabrication standpoint to 

enhance the 2D material-light interaction is to transfer these 2D materials onto the optical cavity 

substrates. To enhance the light absorption of Te nanoflakes, an optical cavity substrate was used.[14] 

The substrate consisted of a thick Au film which serves as a reflecting mirror and an Al2O3 dielectric 

spacer layer, as shown in Figure 13b. The light absorption in the Te was controlled by tuning the 

thickness of the Al2O3 layer. Based on the calculated absorption of the Te nanoflake, a proper range 

of the Al2O3 thickness was determined for the target wavelength, as shown in Figure 13c. The 

photoresponsivity spectrum of the Te nanoflake-based IR photodetector was able to be tuned by 

changing the thickness of the Al2O3 spacer layer, which is shown in Figure 13d. Recently, Azar et al. 
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fabricated the photodetectors based on 2D PtSe2 atop optical cavity substrates. The optical 

substrates consisted of TiO2 spacer and Au mirror. These photodetectors presented a photoresponse 

with a time constant of 54 ns in the LWIR region.[89] 

Integrating with PPC nanocavities is another way to enhance the photodetection of the graphene-

based photodetector. An air-suspended PPC was prepared via a top-down method and linear defects 

are introduced in the center of the PPC lattice, constituting the optical nanocavity. Finally, the light-

absorbing material, i.e., monolayer graphene which was prepared by mechanical exfoliation method, 

was transferred onto the cavity, as shown in the top inset in Figure 13e.[44] The bottom inset shows 

the finite-difference time-domain (FDTD) simulation result of the optical field in the cavity. It is quite 

clear that the electromagnetic field is confined inside the PPC cavity. There are multiple spectral 

peaks occurring in the photocurrent spectrum, which correspond to different resonant modes of the 

PPC cavity. At the resonant wavelength of 1.535 µm, the photocurrent had an 8-fold enhancement 

compared with that when the incident light is off the cavity resonance, as shown in Figure 13f. 

 

8.3. 2D Material-based IR Photodetectors integrated with Optical Waveguides 

Optical waveguides can improve the light absorption of 2D material-based IR photodetector by 

increasing the interaction distance between 2D materials and the light field.[3, 10, 34, 41, 216, 217] In the 

case of a 2D-material based photodetector illuminated by normal incident light, the optical 

absorption is limited by the atomic thickness of the 2D material . While in the case of a 2D material 

based photodetector integrated with optical waveguides, the optical absorption by the 2D material 

could be improved by increasing the interaction length between the guided optical field and the 2D 

material. 

The optical waveguides are usually fabricated on silicon-on-insulator (SOI) substrates. A 

graphene/silicon heterostructure waveguide photodetector with high-responsivity was reported by 
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Wang et al. in 2013.[3] The photodetector consisted of a graphene layer on a silicon optical 

waveguide on SOI, as shown in the inset in Figure 13g. A focusing subwavelength grating was used to 

couple the incident light from an optical fiber into the waveguide cavity. This device achieved good 

performance in the NIR range. Due to the existence of the heterostructure, the photocurrent-to-

dark-current ratio was larger than 30. By integrating the graphene/silicon heterostructure with the 

waveguide, the graphene-based photodetector achieved a responsivity of 0.13 A W-1 at a bias 

voltage of 1.5 V bias for incident light at 2.75-µm at room temperature, as shown in Figure 13g. 

In addition to graphene, bP has also been integrated with optical waveguides to construct IR 

photodetectors. Due to the finite bandgap of bP, the dark-current in bP-based optoelectronic 

devices are usually lower than that in graphene-based devices.[218] A 23-layer bP-based IR 

photodetector integrated with a silicon photonic circuit has been reported by Youngblood et al., 

which is shown in the inset in Figure 13h.[34] The silicon waveguide was used to enhance interaction 

between the optical field and the 2D material. A strong photovoltaic photocurrent was observed at 

low channel doping levels (–10 V < VG < –1 V), whereas a weak bolometric photocurrent was 

observed at high channel doping levels (VG > 0 V), as shown in Figure 13h. When the bP was gated to 

a low doping level, the device exhibited high responsivity, fast response, and low current, all of 

which are desirable for practical application. 

The use of ChG allows the fabrication of MWIR waveguide-integrated bP detectors along different 

crystalline axes of bP.[137, 217] ChG is a broadband transparent material with high refractive indexes 

and offer good fabrication flexibility.[219-221] Similar to 2D materials, ChG bonds to the substrate 

through van der Waals forces and can be easily deposited onto bP, serving both as a waveguide 

material and a passivation layer to prevent the bP degradation during the device fabrication process, 

as shown in Figure 13i.[217] The photoresponse strongly depends on the orientation of the waveguide 

with respect to the crystalline axis of bP, that is the photoresponse was about one magnitude 
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smaller when the waveguide is parallel to the zigzag direction of the bP than that when the 

waveguide is parallel to the armchair direction of the bP, as shown in Figure 13j. This phenomenon 

was explained by the in-plane anisotropic mobility and light absorption of bP. This means that, in 

designing bP-based optoelectronic devices, the crystalline orientation of bP must be considered. 

Introducing defects in a planar photonic crystal is another strategy to realize the optical 

waveguides.[136, 222, 223] Compared with the conventional slot waveguide, the photonic crystal defect 

waveguide design enables a larger gating area, resulting in a better photo-thermoelectric conversion 

for 2D material-based IR photodetectors. Taking the graphene photodetector integrated with an 

optical waveguide for example, the responsivity was improved by ~4-fold in the case of using a PhC 

defect waveguide compared to the case of using the slot waveguide.[136] The PhC defect waveguide 

was fabricated by removing one row of holes in the photonic structure. Under zero bias, the PTE 

effect dominate the detection mechanism, and a maximum responsivity of 0.47 V/W was obtained. 

By applying a bias voltage VBias of 0.4 V, the maximum responsivity was increased to 0.17 A/W, 

because the fact that the photoconductive effect also contributed to the photoresponse. 

 

8.4. IR Photodetectors based on Graphene Plasmons 

Due to the unique band structure of graphene, graphene support plasmons in the MWIR to THz 

region and is widely used in optoelectronic devices. Graphene plasmons have been explored to 

improve the photoresponsivity of graphene-based IR photodetectors.[69, 70, 112, 124, 224-226] Moreover, 

graphene has great potential in developing optoelectronic switching devices because its plasmon 

modes can be tuned by applying a back-gate voltage. 

A straightforward approach to excite graphene plasmons with optical fields is by patterning the 

graphene into periodic plasmonic metamaterials.[125, 126, 227] Freitag et al. incorporated arrays of 

graphene nanoribbons into a graphene-based IR photodetector to support plasmonic 
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resonances.[125] The GNR was fabricated by patterning a PMMA mask with electron-beam 

lithography (EBL) followed by oxygen plasma etching, as shown in Figure 14a. The photocurrent was 

enhanced by using s-polarized light. Through the interaction of the graphene plasmons with surface 

polar phonons, long-lived hybrid plasmon-phonon modes were resulted. Then the temperature of 

electrons and phonons in graphene increased via the decay of the plasmon-phonon modes, resulting 

in a change in the electrical conductivity and leading to an enhancement of the photocurrent, as 

shown in Figure 14b. Due to the existence of the GNR superlattice, the graphene-based IR 

photodetector exhibited an enhancement factor that is an order of magnitude larger than the case 

with excitation of electron-hole pairs alone.  

Patterning the graphene into nanodisk arrays can also excite surface plasmon modes and enhance 

the light-graphene interaction.[228-230] In a typical device integrated with graphene nanodisk, the 

monolayer graphene was transferred onto an In–In2O3/BaF2 substrate which had no absorption in 

the 3–12 µm range, and then patterned into nanodisk arrays using EBL.[228] The patterned graphene 

sheet absorbed ~28% of the incident light at hv = 0.17 eV (wavelength ~7.2 µm), which was much 

higher than the absorption for the unpatterned monolayer graphene, as shown in Figure 14d. Based 

on the plasmon-induced hot-carrier Seebeck effect, a high-performance graphene-based IR 

photodetector with a short response time (~ns) and high specific detectivity (~109 Jones) has also 

been constructed.[104] Safaei et al. designed a photodetector making use of the asymmetric graphene 

channel, that is only half of the graphene was patterned into a hexagonal array of holes. This 

asymmetric graphene device was used to demonstrate gate-tunable multispectral imaging, which 

showed a performance comparable to commercial cameras, as shown in Figure 14c.  

 

9. Large-Scale Arrays Integration for 2D Material-based IR Photodetectors 
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For 2D material-based IR photodetectors, their monolithic integration of large-scale arrays with 

readout electronics is extremely critical for IR imaging applications, such as target tracking, 

biomedical diagnostics, and environmental monitoring.[231] Given that 2D materials can be 

transferred onto almost any substrates, an array of IR photodetectors based on 2D materials could 

be potentially integrated with readout circuitry monolithically in a silicon die based on the highly 

matured CMOS technology.[35] This CMOS-compatible approach simplifies fabrication and thus holds 

cost-effectiveness. In this section, we introduce the recent developments of the monolithic 

integration of 2D material-based IR photodetectors and their large-scale arrays with CMOS 

technologies.  

In their pioneering study, Pospischil et al. demonstrated a CMOS-compatible silicon waveguide-

coupled graphene photoconductor, in which the graphene layer contacted with two ground 

electrodes (GND electrodes) was sandwiched between the gate electrode (S electrode) and the 

silicon waveguide covered with a ~7 nm–thick SiO2 film on a SiO2/Si substrate, as shown in Figure 

15a.[232] By optimizing the width (W) of the silicon waveguide and the length (L) of the device, the 

incident light was confined to and propagate inside the waveguide, thus allowing for strong light 

absorption by the graphene layer. Note that for the GND-S-GND configuration, the photocurrent 

driven by the local potential gradient between the GND and S electrodes was twice of that in a GND-

S configuration. In addition, the carriers passing through the zero-bandgap graphene were 

unblocked, which led to a broad operation bandwidth of photodetectors. Using this approach, a 

room-temperature responsivity of 0.03 A/W was acquired at a wavelength of 1.55 µm in the best 

device with trilayer graphene. The estimated internal quantum efficiency was ~10%. More 

importantly, the photodetector achieved a large bandwidth of ~18 GHz. This work demonstrated the 

feasibility of the monolithic integration of a large-scale graphene photodetector array by the 

realization of a high-speed graphene IR photoconductor made from fully CMOS-compatible 

materials. More recently, Goossens et al. reported a broadband IR image sensor, which was 



  

This article is protected by copyright. All rights reserved. 

56 

comprised of a 388 × 288 array of graphene-based IR photodetectors integrated monolithically with 

a CMOS readout circuitry, as shown in Figure 15b.[35] By coating the graphene layer with a film of PbS 

QDs as shown in Figure 15c, the graphene photoconductor exhibited a considerable 

photoconductive gain of 108 as well as a responsivity higher than 107 A/W. This sensitive 

photoresponse was due to the fact that the photo-generated holes in PbS QDs were transferred to 

the graphene channel recirculated many times under an external bias, i.e., a photoconductive gain. 

More importantly, the graphene-based IR image sensor realized multiple functions by the 

integration with CMOS readout circuitry, including the amplification of photo-signals and their 

readout from each pixel. These functions are important in real imaging applications. Based on the 

reflection imaging configuration as shown in Figure 15d, the authors demonstrated experimentally 

the capability of the CMOS-graphene image sensor to capture SWIR images that cannot be obtained 

by current silicon-based technologies. The imaging process is as follows. When the object was 

illuminated by IR light containing SWIR wavelengths ranging from 1.1 to 1.85 µm, the reflected IR 

light gets detected by the CMOS-graphene image sensor packaged in a prototype camera with lens 

components. The IR image of the object was obtained by postprocessing the output signals from all 

pixels, as shown in Figure 15e. The objects were identified as pear and apple by their clear profile of 

IR images. Very recently, Tan et al. fabricated a 42 × 42 focal plane array (FPA) consisted of 

Se0.32Te0.68 IR photoconductors, with a pixel size of 80 µm × 90 µm.[45] The pixels of the FPA exhibited 

a narrow distribution in photoresponsivity measured at a wavelength of 1.4 µm, as shown in Figure 

15f. Good uniformity in dark current was also observed in this FPA, with a value ranging from 170 nA 

to 220 nA, as shown in Figure 15g. Benefiting from the good uniformity in the responsivity and dark 

current, the IR image of a white light spot was captured well by the Se0.32Te0.68-based FPA based on a 

configuration with focusing lens, as shown in Figure 15h. It should be noted that the preparation of 

the Se0.32Te0.68 thin film was done using a simple deposition method (i.e., thermal evaporation), 

providing opportunities for large scale, high uniformity, and low-cost fabrication. In addition, all 
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1764 pixels in the IR FPA were functional, corresponding to a yield of 100%. Therefore, the 

Se0.32Te0.68 thin film holds promise for the fabrication of high-performance IR imaging sensors 

capable of monolithic integration with CMOS readout circuits. 

 

10. Conclusions and Outlooks 

In this Review, we have summarized the current status of IR photodetectors based on 

emerging 2D materials and nanophotonics. Based on the device configurations, these 

2D material-based IR photodetectors can be roughly classified into three categories, 

namely photoconductors, photodiodes and nanophotonic structure-integrated 

photodetectors. Among the three classes of IR photodetectors based on 2D materials, 

photoconductors are the most commonly studied due to their ease of fabrication. 

Graphene-based photoconductors have exhibited a large bandwidth up to a few tens of 

GHz,
[32]

 demonstrating their possible usage in high-speed applications. Owing to the 

existence of p–n junctions, photodiodes combining different 2D materials also 

showed good performance in terms of photoresponsivity and noise. For example, 

room-temperature detectivities of higher than 10
10

 Jones have been realized in these 

2D material-based photodiodes (e.g., MoS2/bP) in the MWIR regime.
[7]

 As compared 

to 2D material-based photodetectors without nanophotonic designs, the 

photodetectors integrated with optical nanostructures have exhibited enhanced 

performance both in terms of responsivity and specific detectivity since these optical 

nanostructures can simultaneously increase light absorption in 2D materials. 

Although much progress has been made in exploring IR photodetectors based on 2D 

materials and nanophotonics, there are still some challenges remaining in this field. 

(1) Owing to the limitation of material bandgaps, the operating wavelength of most 
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current 2D material-based IR photodetectors is limited in the SWIR and MWIR 

regimes, and only a few 2D materials (e.g., bPAs, graphene, PtSe2, PdSe2, Te, and 

SexTe1-x) can realize LWIR/FIR detections, which are important for applications such 

as thermal imaging and biosensing. (2) Some key figures-of-merits of photodetectors, 

such as responsivity, specific detectivity, and response time, have been widely used to 

characterize 2D material-based IR photodetectors. However, most of these 

performance characterizations are only carried out under illumination at a single 

wavelength, which leads to the lack of spectral information and thus does not provide 

comprehensive characterization data needed for the further optimization of device 

performance. (3) We also note that many of the results reported thus far for 2D 

material-based IR photodetectors were obtained with laser illumination. While some 

of these results are comparable to what can be obtained with conventional IR 

detectors based on HgCdTe, the use of laser illumination makes one wonder about 

how applicable these devices would for real world applications. The use of blackbody 

illumination would address this, but this is only rarely used with 2D material-based IR 

photodetectors. On the other hand, large-scale arrays of detectors with supporting 

circuitry (e.g., for optoelectronic conversion and electrical signal processing) are 

rarely reported. This is since the fact that the preparation of 2D materials commonly 

rely on mechanical exfoliation, which is hard to produce large-area and uniform 2D 

materials. 

Considering the fact that the field of 2D material-based IR photodetector is still in its 

infancy, a variety of research directions could be pursued to advance the field in the 

near future as listed below. (1) Semiconductor alloys, made by different elements with 

varying composition (e.g., InxGa1–xP),
[233, 234]

 have exhibited a wide range of 
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bandgaps. But traditional semiconductor alloys often require complex growth 

technologies due to their extremely small tolerance to lattice mismatch. Since 

nanoscale 2D materials possess a large tolerance to lattice mismatch, their alloys can 

be readily formed by adjusting the composition of each element, offering an 

opportunity for bandgap engineering. Therefore, it is a promising research direction to 

investigate 2D material-based alloys with narrow bandgaps that covers spectral 

regions from the LWIR to the FIR. (2) Some of the 2D materials (e.g., MoS2) have 

been grown by CVD methods which could provide large-area and uniform 

samples,
[235, 236]

 However, the CVD growth method has rarely been employed to 

prepare 2D materials that are suitable for IR photodetectors. Therefore, the 

exploration of CVD methods to synthesize 2D materials used for IR photodetectors 

could be another fruitful research direction. (3) For practical applications, 

photodetectors should possess high performance in terms of specific aspects, such as 

responsivity, spectral range, response speed, and specific detectivity. However, a 

systematic characterization of the performance of photodetectors is rarely carried out 

for 2D material-based IR photodetectors. The performance of most 2D material-based 

IR photodetectors is only assessed at a single wavelength which provides no 

information of spectral response. Consequently, the third research direction is a more 

comprehensive characterization of the performance of 2D material-based IR 

photodetectors. (4) In principle, optical nanostructures (e.g., optical waveguides and 

cavities), which are made of metal and/or dielectric materials, can be integrated with 

arbitrary 2D materials to enhance their light absorption at specific wavelengths. 

However, the majority of reported 2D material-based IR photodetectors did not adopt 

these optical schemes for further performance improvement. Hence, the fourth 
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research direction could be to integrate optical nanostructures into 2D material-based 

IR photodetectors to achieve higher performance. (5) In imaging applications, 

fabrication of a large-scale photodetector array integrated with readout modules is 

essential. But owing to issues including a lack of large-area growth methods and non-

CMOS-compatible fabrication steps, the demonstration of 2D material-based IR 

photodetectors is generally based on a single-pixel device. Therefore, the fifth 

research direction could be to explore relevant integration techniques for the 

fabrication of large-scale 2D material-based IR photodetector arrays suitable for IR 

imaging tasks. 
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Figure 1. Schematic illustration of the advantages of 2D materials used for IR photodetectors as 

compared to 3D bulk materials. 
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Figure 2. Classification of IR radiation (upper panel) and summary of optical bandgaps of various 2D 

materials used for IR photodetectors and their corresponding wavelength ranges (bottom panel).  
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Figure 3. Schematic of the detection mechanisms of IR photodetectors. hv, Ebg, and Ef are the energy 

of incident photons, the bandgap of semiconductors, and the Fermi level of semiconductors, 

respectively. a) Schematic of the mechanism of PCE. Under dark conditions (upper panel), a 

semiconductor channel contacted by two metal electrodes produces a dark current Idark at a bias 

voltage of Vds. Under illumination (bottom panel), the extra carriers excited by incident photons lead 

to a large photocurrent Ilight at a bias voltage of Vds. b) Schematic of a back-gated photodetector 

      

         

                   

      

         

                   
     

           

  

    

  
  

  
  

     

         

 
 

 

 

 
  

            

        

              
  

       
         

    

           

  

   

  

   

             

     

 

                                                                               

   

 

          

    

     

    

          

                   

  

                 

     

 

        

  

  

            

 

  

        
  

  

                                                                                           

 

          

    

       

     

          

                      

   

     

         

  

    

  

  
  

  
  

  

       
         

    

           

  

   

           

                                               
  

 

      

               

           

     

      

       

 

  

        

 

     

         

 
 

 
 

 

  

            

        

  

              
    

 

      

               

           

     

      

       

 

   

        

 

      
  

 

               

           

     

      

       

        

 



  

This article is protected by copyright. All rights reserved. 

77 

(upper left-hand panel), band diagrams across the gate/insulator/channel of the photodetector in 

the dark at a negative gate bias (upper right-hand panel) and at a positive gate bias (bottom left-

hand panel), and the source-drain current versus gate bias for the photodetector under illumination 

and in the dark (bottom right-hand panel). c) Schematic of the mechanism of PGE. Under dark 

conditions (upper panel), a dark current Idark is produced in a semiconductor channel at a bias voltage 

of Vds. Under illumination (bottom panel), the photoexcited holes in the semiconductor are trapped 

at trap states Et and thus residual positive charges will attract more electrons from electrodes at a 

bias voltage of Vds, resulting in a photoconductive gain. d) Schematic of a back-gated photodetector 

covered by a photoactive layer (upper left-hand panel), band diagrams across the photoactive 

layer/channel of the photodetector under illumination at a zero gate bias (upper right-hand panel), 

at a reverse gate bias (bottom left-hand panel), and at a forward gate bias (bottom right-hand 

panel). e) Schematic of the mechanism of PVE. Under illumination, a Schottky junction (upper panel) 

and a p–n junction (bottom panel) hold a built-in electric field Eb which can separate photoexcited 

carriers and thus produces a photocurrent Ilight at zero bias. f) Schematic of the Seebeck effect. Under 

localized illumination, incident photons are absorbed at one side of the semiconducting material and 

converted into local heat，and a device comprised of this material with a Seebeck coefficient S 

produces a temperature difference ΔT and thus outputs a voltage difference ΔVPTE at the metal 

electrodes. g) Schematic of the mechanism of PBE. Under dark conditions, a device comprised of a 

temperature-sensitive material exhibits a temperature T0 and a resistance R (upper panel). Under 

global illumination, the device in (e) obtains an increased temperature of ΔT and thus a resistance 

change of ΔR (bottom panel). 
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Figure 4. Surface plasmon polaritons. a) Schematic of propagating SPPs at a metal-dielectric 

interface. b) Dispersion relations of a propagating light wave (PLW, light-blue) in a dielectric 

environment and a surface plasmon wave (SPW, red), showing the momentum mismatch between 

them. c) Dispersion relations of light in air (light-blue), in prism (purple), and SPW (red), showing the 

compensation of momentum mismatch between the light in air and SPW by the prism coupling and 

diffraction mechanism. The top two schematics in the right panel are the Kretschmann and Otto 

geometries for achieving the momentum matching condition, respectively. The bottom two 

schematics in the right panel show light diffraction on a metallic grating and scattering on a rough 

metal surface, respectively. Schematic of localized surface plasmon resonance (LSPR) in d) a metal 

nanorod, e) a metal nanosphere (left) and a metal nanoring (right). f) Extinction spectra for Cu 

nanorods with different aspect ratios in water, with their LSPR tunable from 0.76 to 2.2 µm. The 

bottom panel of d) is a photograph of these Cu NRs. Reproduced with permission.[118] Copyright 

2020, American Chemical Society. g) The tunable extinction spectrum of gold nanorings with 

different geometrical properties.[120] Copyright 2003, American Physical Society. Intrinsic graphene 

plasmon. h) Schematic of the graphene plasmons excited in a dielectric-graphene-dielectric 

structure.  
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Figure 5. Optical microcavities and waveguides for enhancing the absorption of 2D materials. a) 

Schematic of a Fabry-Pérot (F-P) microcavity. The 2D material is located between the top and 

bottom Bragg mirrors forming an F-P cavity. b) Schematic of a whispering gallery microcavity based 

on a dielectric sphere. c) Schematic of a 2D photonic crystal microcavity. The optical field is confined 

in the defect region. d) Schematic of an optical waveguide for enhancing the light absorption of a 2D 

material on top. e) Schematic of light normally incident on a 2D material sheet, leading to a limited 

absorption due to the atomic thickness of the material. f-i) Schematics of coupling a 2D material with 

(f) a groove gap waveguide, g) a Si slot waveguide, h) a photonic crystal defect waveguide, and i) a 

chalcogenide glass waveguide.  
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Figure 6. a) 1.55 µm photoresponse as a function of the incident-light modulation frequency for a 

graphene-based IR photoconductor. The inset shows the device configuration. b) 1.55 µm 

photoresponsivity measured for the graphene photodetector in a) as a function of gate bias, with a 

maximum photoresponsivity of 0.5 mA/W at a gate bias of 80 V. The extracted bandwidth is up to 40 

GHz. Reproduced with permission.[32] Copyright 2009, Nature Publishing Group. c) Schematic of a 

graphene IR photoconductor with asymmetric interdigitated electrodes. Reproduced with 

permission.[140] Copyright 2010, Nature Publishing Group. d) 0.895 µm responsivity R as a function of 

bias voltage for an FRGO IR photoconductor treated with different reduction times (i.e., 20 min, 40 

min, 90 min, and 260 min). Reproduced with permission.[142] Copyright 2013, American Chemical 

Society. e) The specific detectivity D* as a function of the incident light wavelength for an IR 

photoconductor based on pristine graphene (Gr/Gr) and graphene decorated by fluorine-

functionalized derivative (FG/Gr). Reproduced with permission.[143] Copyright 2017, John Wiley & 

Sons, Inc. f) Schematic of an IR photoconductor based on an array of graphene quantum dots 
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(GQDs). Reproduced with permission.[144] Copyright 2013, Nature Publishing Group. g) 1.3 µm 

photocurrent as a function of the incident-light power for an IR photoconductor with a stacked 

graphene/SiO2 interlayer/graphene structure at a back-gate voltage of –60 V (blue squares) and –30 

V (red circles).[12] The inset represents the band diagram of the stacked structure. Reproduced with 

permission.[12] Copyright 2014, Nature Publishing Group. h) Spectral responsivity for IR 

photoconductors based on 3D tubular graphene (3D GFET, red dots) and 2D planer graphene (2D 

GFET, blue dots). The inset represents the SEM image of the 3D tubular graphene photoconductor. 

Reproduced with permission.[145] Copyright 2019, American Chemical Society. i) The extrinsic 

responsivity Rex as a function of the difference between the applied gate voltage VBG and the charge-

neutrality-point gate voltage VCNP for a twisted-bilayer graphene detector covered by an h-BN layer 

under 5 µm, 7.7 µm, and 12 µm light illumination. Reproduced with permission.[146] Copyright 2020, 

Nature Publishing Group. 
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Figure 7. a) Time trace of the photocurrent for a bilayer PtSe2-based IR photoconductor under 0.632 

µm, 1.47 µm, and 10.0 µm illumination. The inset shows an optical image of the bilayer PtSe2-based 

IR photoconductor. Reproduced with permission.[85] Copyright 2018, Nature Publishing Group. b) 

Responsivity as a function of gate voltage Vg under 1.06 µm illumination for the 2D PdSe2-based IR 

photoconductor. Reproduced with permission.[150] Copyright 2019, John Wiley & Sons, Inc. c) 

Photocurrent as a function of the modulation frequency of incident light with a wavelength of 10.6 

µm for the 2D TaIrTe4-based IR photoconductor. Reproduced with permission.[154] Copyright 2018, 

American Chemical Society. d) Responsivity as function of the power of incident light with a 

wavelength of 1.2 µm (red circles) and 1.55 µm (blue triangles) for the 2D Bi2O2Se-based IR 

photoconductor. The inset presents the I–V characteristics of this photoconductor under dark 

conditions (the black line) and illumination (the red and green lines). Reproduced with permission.[19] 

Copyright 2018, Nature Publishing Group. e) Schematic of the bP-based IR photoconductor adopting 

the finger-like contact. Reproduced with permission.[158] Copyright 2016, American Chemical Society. 

f) Responsivity R as a function of incident power on device Pdevice under 2.004 µm illumination for the 
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b-PC IR photoconductor. g) Carrier lifetime τlifetime and frequency response f3dB as a function of Pdevice 

under 2.004 µm illumination for the b-PC photoconductor in (f). Reproduced with permission.[159] 

Copyright 2018, John Wiley & Sons, Inc. h) Specific detectivity D  as a function of incident 

wavelength and laser power at a temperature of 300 K for the 2D Te-based IR photoconductor. i) 

Photoresponsivity as function of the polarization angle of incident light with a wavelength of 2.3 µm 

for the Te-based photoconductor in (h). Reproduced with permission.[160] Copyright 2020, Nature 

Publishing Group.   
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Figure 8. a) Schematic of a photoconductor made by graphene covered by a thin film of PbS QDs as a 

sensitive layer. b) Responsivity R as a function of the wavelength of incident light for the graphene 

photoconductor in (a), with small PbS QDs (upper panel) and large PbS QDs (bottom panel), 

respectively. c) Band diagram of the graphene/PbS QDs heterostructure, corresponding to the 

generation of electron-hole pairs in QDs (upper panel) and the doping of graphene induced by 

trapped carriers (bottom panel). Reproduced with permission.[71] Copyright 2012, Nature Publishing 

Group. d) Responsivity as a function of the incident power at a series of wavelengths for the 

graphene-based IR photoconductor sensitized by a layer of Si QDs. Reproduced with permission.[27] 

Copyright 2017, American Chemical Society. e) Responsivity as a function of the wavelength of 

incident light for the IR photoconductor based on graphene covered by Ti2O3 nanoparticles. f) Time 

trace of the photocurrent of the IR photoconductor in (f), with different layer-number graphene. 

Reproduced with permission.[164] Copyright 2018, Nature Publishing Group. g) Responsivity R as a 

function of the wavelength of incident light for the IR photoconductor based on the MoS2/TiO2/HgTe 

QDs hybrid structure, MoS2/TiO2, and only HgTe QDs, respectively. The top panel represents the 
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absorption spectrum of HgTe as reference. h) Specific detectivity D* and responsivity as a function of 

the wavelength of incident light at a gate voltage of –15 V for the hybrid photoconductor in (g). 

Reproduced with permission.[4] Copyright 2017, John Wiley & Sons, Inc. i) Responsivity as a function 

of the wavelength of incident light for the IR photoconductor based on the Bi2O2Se/PbSe hybrid 

structure, Bi2O2Se, and PbSe, respectively. Reproduced with permission.[174] Copyright 2019, 

American Chemical Society. 
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Figure 9. a) Responsivity R as a function of the wavelength of incident light at a bias 

of –2 V for the graphene/MoS2 IR photodiode. b) Band diagram of the graphene/MoS2 

heterostructure in (a) when internal photo-emission occurs under reverse bias. 

Reproduced with permission.
[175]

 Copyright 2015, American Chemical Society. c) 

Responsivity R and specific detectivity D
*
 as a function of the wavelength of incident 

light for the IR photodiode based on the MoS2/graphene/WSe2 heterojunction. 

Reproduced with permission.
[176]

 Copyright 2016, American Chemical Society. d) 

Time trace of the normalized photocurrent of the IR photodiode based on the 

graphene/MoTe2/graphene heterojunction. The inset is a schematic of this photodiode. 

Reproduced with permission.
[177]

 Copyright 2017, American Chemical Society. e) 

Specific detectivity D
*
 as a function of the wavelength of incident light at a source-

drain voltage Vds of 1 V for the IR photodiode based on the MoTe2/graphene/SnS2 

heterojunction. f) Time trace of the source-drain current Ids under illumination with 

different wavelengths (represented by colored lines) for the IR photodiode in (e). 

Reproduced with permission.
[179]

 Copyright 2019, John Wiley & Sons, Inc. 
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Figure 10. a) Schematic of a photodiode based on the MoTe2/MoS2 heterojunction. b) Band diagram 

of the MoTe2/MoS2 heterostructure in (a). Reproduced with permission.[73] Copyright 2016, 

American Chemical Society. c) Specific detectivity D* as a function of the wavelength of incident light 

for PdSe2/MoS2 IR photodiodes (red squares) and other types of IR photodetectors. Reproduced with 

permission.[13] Copyright 2019, American Chemical Society. d) Specific detectivity as a function of the 

wavelength of incident light for the IR photodetector based on the MoS2/bP heterojunction (the 

black dash line) and compound semiconductors. e) Time response characteristics under 2.7 µm 

illumination for the IR photodiode in (d). f) Polarization dependence of quantum efficiency ƞe under 

3.5 µm illumination for the IR photodiode in (d). Reproduced with permission.[7] Copyright 2018, 

Nature Publishing Group. g) Specific detectivity D* as a function of the wavelength of incident light 

for the b-AsP/MoS2 IR photodiode (red squares) and other types of IR photodetectors. h) Current 

noise versus frequency for the IR photodetector based on the b-AsP/MoS2 heterojunction (red 
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squares) in (g) and only b-AsP (blue circles), respectively. i) Time response characteristics under 4 µm 

illumination for the photodiode in (g). Reproduced with permission.[16] Copyright 2017, American 

Association for the Advancement of Science.     
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Figure 11. a) Schematic of a graphene/0D HgTe IR photodiode. b) Specific detectivity as a function of 

gate voltage under 1.55 µm illumination for the photodiode in (a). c) Time response characteristics 

of the photodiode in (a). Reproduced with permission.[184] Copyright 2020, American Chemical 

Society. d) Time response characteristics of the IR photodiode based on the Si nanowire/graphene 

heterojunction. Reproduced with permission.[187] Copyright 2014, John Wiley & Sons, Inc. e) 

Responsivity R and specific detectivity D* as a function of the wavelength of incident light for the IR 

photodiode based on the 3D Cs-doped FAPbI3 perovskite/2D PtSe2 heterojunction. f) Time response 

characteristics of the IR photodiodes in (e). Reproduced with permission.[188] Copyright 2018, 

American Chemical Society. g) Schematic of an IR photodiode based on the 3D Si/2D MoS2 

heterojunction. h) Responsivity and specific detectivity as a function of light intensity for the IR 

photodiode in (g). i) Time response characteristics of the IR photodiode in (g). Reproduced with 

permission.[189] Copyright 2015, John Wiley & Sons, Inc.   
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Figure 12. Using metal nanoantennas to improve the performance of 2D material-based IR 

photodetectors. a) Cartoon illustrating of the “Nanoantennas and Grating” LWIR photodetector. b) 

Graphene absorption enhancement in the “Nanoantennas and Grating” architecture. Reproduced 

with permission.[41] Copyright 2019, American Institute of Physics. c) A 3D schematic of the antenna-

enhanced high-responsivity IR graphene photodetectors. d) Top view of the current density 

distribution in the graphene sheet (top). Side view of the current density distribution in the area 

around the Au antenna (middle). The equivalent circuit model of the antenna-enhanced graphene 

detector (bottom). e) Measured photoresponse spectrum of the antenna-assisted graphene detector 

(top). Simulated wavelength-dependent electric field intensity enhancement in the center of the 

nanogap (bottom). Reproduced with permission.[39] Copyright 2014, American Chemical Society. 

Utilizing Au NP array to improve the performance of 2D material-based IR photodetectors. f) 

Simulation of transmission and absorption spectra of the graphene/silicon heterojunction decorated 

with Au NPs array. g) Triangle-like patterns 1, 2, and 3 are the morphology of Au NPs obtained by 
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controlling the annealing time of monolayer PS spheres. h) Photoresponse spectrum of the graphene 

SWIR photodetector utilizing different triangle-like Au patterns. Reproduced with permission.[208] 

Copyright 2017, American Chemical Society.  
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Figure 13. Enhancing the light absorption of 2D material-based IR photodetectors by integration with 

optical microcavities and cavity substrates. a) Graphene-based NIR photodetector integrated with 

Fabry-Pérot microcavity. The left-hand diagram shows the electric field distribution inside the cavity 

under normal light incidence. Reproduced with permission.[43] Copyright 2012, American Chemical 

Society. b) Schematic of the Te nanoflake-based IR photodetector integrated with optical cavity 

substrates. c) Absorption heatmap of the Te layer as a function of wavelength and Al2O3 thickness 

given by theoretical calculation. d) Wavelength dependent responsivities of Te nanoflake fabricated 

on optical cavity substrates. Reproduced with permission.[14] Copyright 2018, American Chemical 

Society. e) Schematic drawing of the graphene photodetector integrated with PPC cavity (top). The 

FDTD simulation of the localized resonant mode (bottom). f) The photocurrent spectra of the 

graphene photodetector. Reproduced with permission.[44] Copyright 2013, American Institute of 

Physics. layered 2D material-based IR photodetectors integrated with optical waveguides. g) Dark- 

and photocurrent varied with bias voltage under different incident light. Inset is the schematic of the 

graphene/silicon-heterostructure waveguide photodetector. Reproduced with permission.[3] 
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Copyright 2013, Nature Publishing Group. h) The contour plot of the photocurrent of the device in 

the inset as a function of gate and bias voltages. Inset is the illustration of this BP-based IR 

photodetector integrated with silicon waveguide. Reproduced with permission.[34] Copyright 2015, 

Nature Publishing Group. i) Schematic representation of the ChG waveguide-integrated BP-based IR 

photodetector. j) Photoresponsities as a function of bias voltage in the cases of waveguide parallel to 

the armchair and the zigzag directions, respectively. Reproduced with permission.[217] Copyright 

2018, Institute of Physics. 
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Figure 14. Light-graphene interaction enhancement by graphene plasmons. a) Scanning electron 

microscopy of the contact area of a GNR array photodetector. b) Illustration of the mechanism of 

phonon and hot electron generation through decay of the hybrid plasmon-phonon quasi-particles in 

the cases of s-polarized and p-polarized IR light. Reproduced with permission.[125] Copyright 2013, 

Nature Publishing Group. c) IR imaging obtained using the multispectral gate tunable asymmetric 

graphene-based IR photodetector. Reproduced with permission.[104] Copyright 2019, Nature 

Publishing Group. d) Spectra of transmittance, reflectance, and absorbance for graphene nanodisk 

arrays measured by Fourier transform IR spectrometer. Reproduced with permission.[228] Copyright 

2014, American Chemical Society. 
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Figure 15. a) Colored SEM image of a CMOS-compatible graphene IR photodetector 

integrated with the Si waveguide. Reproduced with permission.
[232]

 Copyright 2013, 

Nature Publishing Group. b) Schematic of an IR image sensor chip which consists of 

the pixel array of 388 × 288 CVD-growth graphene photodetectors and CMOS 

readout circuitry. c) Cross-sectional schematic of a quantum-dot-sensitized graphene 

photodetector in (a) and its underlying readout circuit. d) Set-up of reflection imaging 

using a digital camera made by the IR sensor chip in (b). e) The NIR-SWIR light 

photograph of an apple and pear captured with the reflection imaging configuration in 

(c). Reproduced with permission.
[35]

 Copyright 2017, Nature Publishing Group. f) 

Histogram of the responsivity of all pixels in the Se0.32Te0.68 FPA under 1.4 µm SWIR 

illumination. g) Intensity of the dark current as a function of the row and column 

number for the FPA in f). h) FPA-captured IR image of the white light beam focused 
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on its surface. Reproduced with permission.
[45] 

Copyright 2020, John Wiley & Sons, 

Inc. 

 

 

Table 1. Figures-of-merit of 2D material-based IR photodetectors 

Materials Wavelength (µm) R (A/W) EQE (%) D* (Jones) 
Response 

speed 
Type Ref. 

Graphene 1.55  0.5 × 10
-3

   40 GHz PC 
[32] 

Graphene 0.514–1.55 6.1 × 10
-3

   16 GHz PC 
[140] 

GNRs
a)

 1.55  1 80  2 s, 26 s PC [141] 

FRGO
b)

 0.895  0.7 97  2 s, 20 s PC 
[142] 

Fluorographene 0.255–4.3  ~10
4
–10  ~10

11
–10

9
 ~100 ms PC 

[143] 

QDs
c)

-like graphene 0.532–9.9  ~1.25–0.4    PC [144] 

Graphene/SiO2/graphene 1.3–3.2  4–1.1    PC 
[12] 

3D graphene 10.6–119  0.23  2.8 × 10
10

 256 ns, 220 ns PC 
[145] 

Twisted bilayer graphene 5–12 2.6 × 10
-2

    PC [146] 

Graphene/MoS2 ~0.4–1.44  1.26  4.2 × 10
10

  PD 
[175] 

MoS2/graphene/WSe2 0.4–2.4  0.1  10
9
 

53.6 µs, 30.3 

µs 
PD [176] 

Graphene/MoTe2/graphene 1.064  0.11 12.9  24 µs, 46 µs PD 
[177] 

MoS2/graphene/MoS2 0.532–1.6 ~1.1–10
-5

  2× 10
7
  PD [178] 

MoTe2/Graphene/SnS2 0.4–1.6 
~2.64 × 

10
3
 

~10
4
 1.1 × 10

13
 

24.1 ms, 

28.6ms 
PD 

[179] 

Graphene/PbS QDs 0.6–1.4 5 × 10
5
 25  10 ms PC 

[71] 

Graphene/Si QDs 0.375–3.9 ~10
8
 5 × 10

9
 10

13
  PC 

[27] 

Graphene/TiO2/PbSe QDs 1 0.13  5.7 × 10
12

 750 ns PC [96] 

Graphene/TiO2 NPs
d)

 4.5–10  ~10
2
  7 × 10

8
 

1.2 ms, 2.6 

ms 
PC 

[164] 
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Graphene/Bi2Te3 0.4–1.6 10   8.7 ms PC [170] 

Graphene/CNTs
e)

 0.4–1.55 100 25  100 µs PC 
[165] 

Graphene/HgTe NCs
f)
 1.55 6 × 10

-3
  ~10

9
 9 µs, 7 µs PD 

[184] 

RGO/ZnO/Ge QDs 1.4 ~9.7  
6.42 × 

10
11

 
40 µs, 90 µs PD 

[185] 

Graphene/InAs NWs
g)

 1 0.5    PD 
[186] 

Graphene/Si NWs 10.6  9 × 10
-3

   70 ms PD 
[187] 

MoTe2 1.06 2.4 × 10
-2

  1.3 × 10
9
 

1.6 ms, 1.3 

ms 
PC 

[148] 

ReSe2 0.52–1.064  ~10
2
   30 ms, 64 ms PC 

[143] 

PtSe2 0.632–10 4.5  ~7 × 10
8
 

1.1 ms, 1.2 

ms 
PC [85] 

PdSe2 0.532–4.05 708 8.27 × 10
4
 1.31 × 10

9
 220 ms PC 

[150] 

SnTe 0.405–3.08 3.75   0.31 s, 0.85s PC [151] 

GeAs 1.6  6   
2.5 ms, 3.2 

ms 
PC 

[152] 

NbS3 0.83–10.6  2.5 × 10
-2

  10
8
 11.6 µs PC 

[153] 

TaIrTe4 0.532–10.6  2.5 × 10
-5

  1.8 × 10
6
 27 µs PC 

[154] 

Bi2O2Se 1.200  ~65  3.0 × 10
9
 500 GHz PC [19] 

bP
h)

 3.39  82   ~10 kHz PC 
[158] 

b-PAs
i)
 0.98–4.6 ~10 6.4 2.4 × 10

10
 

12.4 µs, 8.6 

µs 
PC [81] 

b-PC 2.004  2163 1.3 × 10
5
 ~10

11
 0.7 ns PC 

[159] 

Te 0.52–3 
~1.36 × 

10
3
 

 
1.15 × 

10
10

 

48.7 µs, 62.7 

µs 
PC 

[160] 

WS2/PbS QDs 0.808  14  3.9 × 10
8
 226 µs PC 

[171] 

SnS2/PbS QDs 0.3–1  ~10
5
  2.2 × 10

12
 160–240 ms PC [172] 

MoS2/PbS QDs 0.4–1.5 ~6 × 10
5
  5 × 10

11
 0.35 s PC 

[78] 

MoS2/HgTe QDs 2.1 ~10
4
  ~10

12
 ~4 ms PC 

[4] 
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CdSxSe1−x/PbS QDs 0.808 0.18  
1.29 × 

10
11

 
0.47 s, 0.72 s PC 

[173] 

Bi2O2Se/PbSe QDs 0.5–2 ~10
3
   4 ms PC 

[174] 

MoTe2/MoS2 1.55     PD 
[73] 

PdSe2/MoS2 0.45–10.6  42.1  8.21 × 10
9
 

74.5 ms, 93.1 

ms 
PD 

[13] 

MoTe2/MoS2 0.8 3.7 × 10
-2

 6  25 ms PD 
[33] 

PtS2/PtSe2 0.405−2.2 0.19 0.05−1.2  66 ms, 75 ms PD 
[180] 

WSe2/Bi2Te3 0.375−1.55 2.7 × 10
-2

 4.39  210 µs PD [28] 

bP/MoS2 1.5−3.8  0.9 35 1.1 × 10
10

 3.7 µs, 4 µs PD 
[14] 

b-AsP
j)
/MoS2 3−5  ~0.2 11.36−3.33 4.9 × 10

9
 

0.54 ms, 0.52 

ms 
PD [176] 

bP/MoS2 0.532−1.55 ~0.15  2.13 × 10
9
 15 µs, 70 µs PD 

[15] 

WSe2/bP/MoS2 0.532−1.55 1.12  
2.21 × 

10
10

 
 PD 

[181] 

bP/PdSe2 0.532−1.31 1.63 × 10
5
 9.4 × 10

6
 ~10

13
−10

11
 

1.6 ms, 4.7 

ms 
PD 

[182] 

PtSe2/Perovskite 0.3−1.2 ~0.12  
2.91 × 

10
12

 
78 ns, 60 ns PD 

[188] 

MoS2/Si 0.35–1.1 0.3  ~10
13

 3 µs PD 
[159] 

 

a)GNRs: graphene nanoribbons; b) FRGO: few-layer reduced graphene oxide; c)QDs: quantum dots; 
d)NPs: nanoparticles; e)CNTs: carbon nanotubes; f)NCs: nanocrystals; g)NWs: nanowires; h)bP: black 

phosphorus; i)b-PAs: black phosphorus-arsenic; j)b-AsP: black arsenic-phosphorus 
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Table 2. Figures-of-merit of 2D material-based IR photodetectors based on nanophotonic structures 

Materials 
Wavelength 

(μm) 

Absorption 

(enhancement)
d)

 

IQE/R/D
*
 

(enhancement) 

Used nanophotonic 

structures 
Ref. 

Monolayer 

graphene 
4.45  10% (4–5) 0.4 V W

-1
 (> 200) Au nanoantenna array [39]

 

Monolayer 

graphene 
10.84  0.36% (558) D

*
 (~32) 

Au nanoantenna, Al 

grating 
[41]

 

Bilayer MoS2 1.07  ~20% 4.5 A W
-1

 (10
5
) Au nanoantenna array 

[40]
 

Graphene 1.55  24% 83 A W
-1

 Au nanoparticles array [208]
 

Few-layer MoS2 0.98  15.1% 64 mA W
-1

 Au nanoparticles 
[209]

 

Monolayer 

graphene 
0.855  60% (26)  

Fabry-Pérot 

microcavity 
[43]

 

bP
a)

/ MoS2 3.0  ~20% in bP 
0.11 A W

-1
/1.7×10

9
 

Jones 

Fabry-Pérot 

microcavity 
[212] 

Monolayer 

graphene 
1.535   Photocurrent ( ~8) Photonic crystal cavity 

[44]
 

Tellurium 

nanoflakes 
1.4–2.4  ~20% 8–13 A W

-1
 

Optical cavity 

substrate 
[14]

 

Se0.32Te0.68 thin 

film 
1.55   6.5×10

10
 Jones 

Optical cavity 

substrate 
[45]

 

Monolayer 

graphene 
2.75   0.13 A W

-1
 

Silicon optical 

waveguide 
[3]

 

100-nm-thick bP ~1.55  17.5% 50%/657 mA W
-1

 
Silicon photonic 

waveguide 
[34]

 

32.4-nm-thick bP 2.185   40 mA W
-1

 ChG
b)

 waveguide 
[217]

 

Monolayer 

graphene 
1.55   4.7 V W

-1
 

Silicon PhC
c)

 

waveguide 
[136]

 

Monolayer 

graphene 
12.4  32%  

Intrinsic graphene 

plasmon 
[228]

 

Monolayer 

graphene 
8–12 ~60% 

2.9×10
3
 V W

-1
 /1.1×

10
9
 Jones 

Intrinsic graphene 

plasmon 
[104]

 

a)bP: black phosphorus; b)ChG: chalcogenide glass; c)PhC: photonic crystal; d)In the columns 3 and 4, 

the numbers in the brackets indicate the corresponding enhancement value compared with the 

performance of these photodetectors without using the nanophotonic structures 
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Two-dimensional (2D) materials show great potential in building IR photodetectors thanks to their 

fascinating optoeletronic properties. In this review, we comprehensively summarize the state-of-the-

art progress of IR photodetectors based on 2D materials and nanophotonic structures.  
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