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 Graphene applications in electronic and optoelectronic devices have been thoroughly 

and intensively studied since graphene discovery. Thanks to the exceptional electronic and 

optical properties of graphene and other two-dimensional (2D) materials, they can become 

promising candidates for infrared and terahertz photodetectors. 

Quantity of the published papers devoted to 2D materials as sensors is huge. However, 

authors of these papers address them mainly to researches involved in investigations of 2D 

materials. In the present paper this topic is treated comprehensively with including both 

theoretical estimations and many experimental data. 

At the beginning fundamental properties and performance of graphene-based, as well as 

alternative 2D materials have been shortly described. Next, the position of 2D material 

detectors is considered in confrontation with the present stage of infrared and terahertz 

detectors offered on global market. A new benchmark, so-called “Law 19”, used for 

prediction of background limited HgCdTe photodiodes operated at near room temperature, 

is introduced. This law is next treated as the reference for alternative 2D material 

technologies. The performance comparison concerns the detector responsivity, detectivity 

and response time. Place of 2D material-based detectors in the near future in a wide infrared 

detector family is predicted in the final conclusions.  
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1. Introduction 

HgCdTe takes the dominant position in the infrared (IR) 

detector technology. This material has inspired the 

development of the four “generations” of detector devices 

considered for military and civilian applications which are 

briefly described in the caption of Fig. 1 [1]. IR detector 

technology combined with a fabrication of epitaxial 

heterostructure [by molecular beam epitaxy (MBE) and 

metalorganic chemical vapour deposition (MOCVD)] and 

photolithographic processes revolutionized the 

semiconductor industry, thus, enabling the design and 

fabrication of complex focal plane arrays (FPAs). Further 

their development will be connected with the 

implementation of the fourth generation staring systems of 

which the main features are: high resolution (with a very 

large number of pixels - above 108), multi-colour 

functionality, three dimensional readout integration circuits 

(3D ROIC), and other integration functions such as 

polarization/phase sensitivity, better radiation/pixel 

coupling or avalanche multiplication. The first three 

generations of imaging systems primarily rely on planar 

FPAs. Several methods to overcome this limitation 

including bonding detectors to flexible or curved 

monolithic imaging detectors have been proposed [2]. 

Evolution of the fourth generation is inspired by the most 

famous visual systems which are the biological eyes. 

Solution based on the Petzval-matched curvature allows the 

reduction of a field curvature aberration. In addition, it 

combines such advantages as simplified lens system, 

electronic eye systems and wide field-of-view [3,4]. 

The colloidal quantum dot (CQD) [5] and two-dimensional 

(2D) layered material [6] photodetectors fabricated on 

flexible substrates are promising materials to overcome 

technical challenges in the development of the fourth 

generation IR systems. 

Before 2D materials become the final benchmark for 

standard electronic materials and devices, decades of 

research, development and, most importantly, billions of 

dollars of investment must be made. Then, the high quality 

of these materials will provide a promising alternative for 

the next-generation sensor platform. On the other side, the 

evolutionary path of Si technology, driven by Moore’s Law 

of Scaling, seems to be narrowing and fast approaching the 

end, simply due to the fundamental limitations of Si at the 

atomic scale [7]. In fact, it is unlikely that the 2D 

technology will supplant Si; but instead may coexist with 

the Si technology [8]. However, this will require an 

increased research and investment for the research in the 

area of the 2D material growth at temperatures compatible 

with the Si-based technology. All mentioned aspects are 

still in the early stages of development. 

Independently from the above shortcomings, it is 

interesting to estimate the place of 2D material detectors in 

the IR detector family. The first paper which has 

undertaken this issue was published in the last year [1]. 

Here, in the paper this topic is treated comprehensively 

including both theoretical estimations and many 

experimental data. As there are many comprehensive 

papers focusing on 2D material synthesis, this field will not 

be reviewed here. 

 

 

 

  

  

Fig. 1. Development of IR detectors and systems history. For principal military and civilian applications four generation systems can be considered:

first generation (scanning systems), second generation (staring systems - electronically scanned), third generation (staring systems with a large 
number  of  pixels  and  two-colour  functionality),  and  fourth  generation  (staring  systems  with a very  large  number  of  pixels, multi-colour 
functionality, 3D ROIC, and other on-chip functions; e.g., better radiation/pixel coupling, avalanche multiplication in pixels, polarization/phase 
sensitivity) [adapted after Ref. 1].  
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2. Relevant properties of graphene and related 2D 

materials 

The discovery of graphene and other 2D materials has 

triggered interest in a development of the next generation 

of optoelectronic devices which creates a new platform for 

a variety of photonic applications [9,10], including fast 

photodetectors [11,12], transparent electrodes in displays 

and photovoltaic modules [13,14], optical modulators [15], 

plasmonic devices [16], and ultrafast lasers [17].  

2D materials are atomically thin films originally 

derived from layered crystals such as graphite, hexagonal 

boron nitride (h-BN), family of transition metal 

dichalcogenides (TMDs), such as molybdenum disulfide 

(MoS2), tungsten disulfide (WS2) and molybdenum 

diselenide (MoSe2), molybdenum ditelluride (MoTe2), and 

others, and black phosphorus (bP) [18]. Among the 

extraordinary physical and chemical properties of these 

materials, the most important are: 

• quantum constraint towards the 2D plane which is 

beneficial for light absorption, 

• weak stack of atomic planes on each other by van 

der Waals (vdW) forces leaves no dangling bonds 

which makes it easy to construct vertical 

heterostructures and integrate 2D materials with 

silicon chips, 

• atomically thin dimensions enable the production of 

nanodevices deprived of the parasitic capacitance. 

2D materials are based on many compounds in the 

periodic table which have properties allowing to cover a 

wide range of the electromagnetic spectrum, from 

ultraviolet (UV), through visible, infrared, up to terahertz 

(THz) range. As shown in Fig. 2 [18,19], having a wide 

energy gap h-BN is used only as a topologically smooth 

insulator, TMD and bP are applicable in mid/ small-

bandgap optoelectronics while graphene is a zero bandgap 

material. The significant 2D materials used for fabricating 

opto-electronic devices and a few of their electronic 

properties are listed in Table 1.  

2.1. Relevant graphene properties 

Graphene has been extensively and comprehensively 

studied since 2004 due to its unique and exceptional 

electronic and optical properties [20-22]. The linear 

dispersion relation between energy and the wave vector in 

a graphene band structure, which is accompanied by  

the electron transport at a Fermi speed only 100 times  

lower than the speed of light, is the most intriguing 

electronic property of this material. Another interesting 

feature for graphene, especially in terms of its use in 

optoelectronic devices, is its high thermal conductivity 

 

 

 

  

Fig. 2. Bandgap of different layered semiconductors and electromagnetic spectrum. The exact bandgap value depends on the number of layers,

strain level and chemical doping. FIR: far infrared; LWIR: long wavelength infrared; MWIR: mid wavelength infrared; SWIR: short wavelength 
infrared; NIR: near infrared; UV: ultraviolet. The atomic structures of hexagonal born nitride (h-BN), TMDs, black phosphorus (bP), and 
graphene are shown in the bottom of the panel, left to right. The crystalline directions (x and y) of anisotropic bP are indicated [adapted after

Refs. 18 and 19].
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(approx. 10 × copper and 2 × diamond) and high 

conductivity (approx. 100 × copper). Graphene is also 

characterized by a high tensile strength (130 GPa, 

compared to 400 MPa for A36 structural steel). 

Hybridized sp2 carbon atoms [Fig. 3(a)] are arranged in 

a honeycomb form in a graphene structure with a lattice 

constant of 1.42 Å. It is obvious that carbon atoms have a 

total of 6 electrons; 2 in the inner shell and 4 in the outer 

shell (available for chemical bonding). In graphene, each 

atom is connected to 3 other carbon atoms on a 2D plane, 

leaving 1 free electron in the third dimension, which 

contributes to electrical conductivity. Basically, the 

electronic properties of graphene are determined by the 

bonding and anti-bonding of π-orbitals which overlap and 

enhance the carbon to carbon bonds. These π-electrons are 

located above and below the graphene sheet and exhibit 

high mobility.  

As shown in Fig. 3(b), graphene is a nearly zero 

bandgap semiconductor. At the Brillouin zone corners 

(Dirac points) the valence and conduction bands almost 

contact with each other. Density of states at Dirac points is 

almost zero, therefore, the conductivity is reasonably low. 

By substitutional doping (with electrons or holes) 

[Fig. 4(b)], the position of the Fermi level (EF) can be 

changed and, thus, the electrical properties of graphene can 

be modified to create a material with a potentially better 

conductivity at room temperature than copper. However, 

doping the graphene layer moves the EF either up or down, 

reducing the mobility of electrons and holes. The graphene 

gap band structure can also be modified by addition of two 

layers [Fig. 4(c)] and bilayer doping [Fig. 4(d)]. In 

addition, the band gap can be opened by patterning the 

graphene into the shape of a nanoribbon or by applying a 

perpendicular electric field to a two-layer graphene. Taking 

all this into account, the energy gap of graphene can vary 

from 0 eV to 0.2 eV. The thickness of graphene limitation 

causes a high resistance and chemical inertness which 

makes the use of pure conduction less feasible.  

The high graphene carrier mobility and saturation 

velocity show the potential for high speed photonic devices 

[23]. Theoretically, graphene exhibits a room temperature 

electron mobility of 250000 cm2/Vs. Nevertheless, the 

local environment and material processing strongly 

influence the transport mechanisms (see Fig. 5). Vacuum 

suspended graphene fabricated by exfoliation exhibits 

extremely high carrier mobilities, above 200000 cm2/Vs at 

 

 

  

      

 
 (b)

Fig. 3. Schematic of electron σ- and π-orbitals of one carbon atom in graphene: (a) band structure of graphene in the honeycomb lattice (b),

the enlarged picture shows the energy bands close to one of the Dirac points [adapted after Ref. 18].

 

 

Table 1 

Room temperature properties of selected 2D materials [after Ref. 9] 

2D material Band gap 

(eV) 

Effective 

mass (mo) 

Device mobility 

(cm2/Vs) 

Saturation 

velocity (m/s) 

Young’s 

mod. (GPa) 

Thermal 

conductivity (W/mK) 

CTE* 

(106 K-1) 

Graphene 0 (D) < 0.01 103–5×104 (1-5)×105 1000 600–5000 −8 

1L MoS2 1.8 (D) 0.5 10–130 4×104 270 40 NA 

Bulk MoS2 1.2 (I)  30–500 3×104 240 50(||), 4(⊥) 1.9(||) 

1L WSe2 1.7 (D) 0.31 140–250 4×104 195 NA NA 

Bulk WSe2 1.2 (I)  500 NA 75–100 9.7(||), 2(⊥) 11(||) 

h-BN 5.9 (D)  NA NA 220–880 250–360(||), 2 (⊥) −2.7 

Phosphorene 0.3–2 (D) 0.17 50–1000 NA 35–164 10–35(||) NA 

All listed values should be considered estimates. In some cases, experimental or theoretical values are not available (NA). 

D, I; direct and indirect energy gap 

The || symbol signifies the in-plane direction; ⊥ signifies the out of plane direction. 
*CTE, coefficient of thermal expansion 

 

(a)
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room temperature. Unfortunately, due to the fact that these 

films have a very small area (about 100 µm2), this makes it 

expensive for industrial applications. Graphene placed on a 

substrate is characterized by a reduced mobility due to both 

charged impurity and remote interfacial phonon scattering 

effects. The interfacial phonon scattering also limits the 

mobility of graphene suspended on SiO2 to 40000 cm2/Vs 

[24]. Moreover, the exposure to atmospheric conditions 

and processing contaminants (resist residue, water, and 

metallic impurities) which act as scattering sources reduce 

the graphene mobility. 

What is more, graphene shows the potential for a 

ballistic carrier transport with a long mean free path > 2 µm 

at room temperature. Carriers are rather to propagate via 

diffraction similarly to the light in a waveguide, than by 

diffusion in comparison to conventional semiconductors.  

Compared to metals which are characterized by a large 

number of free charge carriers, graphene should be 

considered as a semimetal with an easily achievable 

concentration of carriers, to its 2D nature, from 1012 to 

1013 cm-2 (carriers can be induced by chemical doping or 

electric gating). This enables graphene electrical tunability 

which is not possible with conventional metals. 

In addition, graphene optical properties are interesting 

[25] where graphene optical conductivity is defined as: π, 

where   is equal to (1/4πε0)(q2/ħc), q is the electron charge, 

ħ is the reduced Planck constant, c is the light velocity.  

The absorption spectrum of graphene covers an ultra-

broadband range from the visible to THz spectral range 

[10]. There are two photo-excitation modes: interband 

transition and intraband transition. A typical absorption 

spectrum of a doped graphene [26] is presented in Fig. 6. 

For the visible and near infrared (NIR) light, electrons can 

be excited from the valence band to the conduction band 

through an interband transition with a linear absorption of 

2.3% per one 0.33 nm monolayer. This gives the highest 

specific interaction strength among known materials. The 

absorption per atom of material is 10–1000 × higher than 

for semiconductors like silicon or GaAs. At a typical 

absorption depth of a 10 µm, 2.3% light can be absorbed in 

a 200 nm silicon layer.  

 In the low frequency THz region, the photon energy is 

below 2EF and the interband transition is forbidden while 

the intraband transition dominates. The optical absorption 

in graphene is mainly a result of the free-carrier response 

(Drude response). The minimal optical absorption is 

observed in the mid-wave infrared (MWIR) region. 

A transition from a universal 2.3% absorption occurs close 

to 2EF. The residual absorption in a MWIR region is 

generally attributed to the disorder in imparting the 

momentum for the optical transition.  

2.2. Properties of 2D crystalline materials 

The gapless nature of graphene causes a high dark 

current which significantly reduces the sensitivity of 

photodetection and limits the further development of 

graphene-based photodetectors. A new insight for  

the production of photodetectors has resulted in the 

discovery of new 2D materials with direct energy gaps 

tunable from the visible spectral range to IR. 2D material 

technology is being developed in various research 

laboratories around the world, despite the fact that the 

manufacture and repeatability of devices still remain 

 

Fig. 5. Electron mobility in graphene at room temperature in 

comparison with other material systems. 

 

 

 

 

 

 

 

Fig. 6. Characteristic absorption spectrum of doped graphene 

[adapted after Ref. 26]. 

 

 

 

 

Fig. 4. Modification of a graphene bandgap structure: the Dirac 

Fermi cone (a), substitutional doping (b), bilayer graphene (c), 

and doped bilayers (d) [adapted after Ref. 18]. 

 



   A. Rogalski et al. / Opto-Electronics Review 28 (2020) 107-154  112 

a challenge. Researchers interest includes materials such as 

silicene, germanene, stanene, and phosphorene, TMDs, bP, 

and recently discovered all inorganic perovskites. 

2D materials have their roots in layered vdW solids. 

Atomic layers are formed in such a way that in-plane atoms 

are led together by ionic or tight covalent bonds along 2D 

directions. Each atomic layer is bonded with each other by 

weak vdW interactions along out-of-plane direction. Such 

design causes that many of 2D materials could be 

mechanically exfoliated from bulk single crystals. What is 

more, due to week physical bonds between each layer, 

combining different 2D materials together is also possible 

with the possibility of a free form of heterostructures. 

Nicolosi et al. [27] summarized different types of 

layered materials which can be grouped into diverse 

families (see Fig. 2) that can be covering a broad range of 

electrical and optical properties: 

• atomically thin hexagonal boron nitride (h-BN, 

similar to hexagonal sheets of graphene), 

• transition metal dichalcogenides (TMDs), 

• black phosphorus (bP), metal halides (e.g., PbI2, 

MgBr2), metal oxides (such as MnO2 and MnO3), 

double hydroxides, III-Vs (such as InSe and GaS), 

V-VIs (such as Bi2Te3 and Sb2Se3, and 

• halide perovskites. 

In this section, is presented a short description of 

physical properties of 2D materials offering promising 

potential for use in the next generation infrared and 

terahertz detectors. A comparison between the bandgaps of 

2D materials is shown in Fig. 7, along with those of 

conventional bulk semiconductors.  

2.2.1. Transition metal dichalcogenides 

Layered TMDs are atomically thin materials with the 

chemical formula of MX2, in which M is the transition 

metal atom (e.g., Hf, Nb, Mo, Re, Ni, Pd) and X is the 

chalcogen atom (e.g., S, Se, or Te) [28]. One layer of M 

atoms is sandwiched by two layers of X atoms (see bottom 

drownings of Fig. 2). 2D TMDs exist in three polytypes 

(trigonal - 1T, hexagonal - 2H, and rhombohedral - 3R) 

which are characterized by different electronic properties, 

spanning from metallic to semiconducting or even 

superconducting [29]. The trigonal phase has only been 

reported in a monolayer shape with a trigonal unit cell, 

while the 2H and 3R phases have two and three layers with 

hexagonal and rhombohedral unit cells, respectively. 

Unlike graphene, where the electronic properties are 

based on s and p hybridization, the electronic properties of 

TMDs depend on the d electron count, i.e., filling of the d 

orbitals of transition metals and their coordination 

environment. The number of d electrons in a transition 

metal varies between 0 and 6 for group 4 to group 10, 

respectively. The completely filled d orbitals, as in the case 

of 2H-MoS2 (group 6) and 1T-PtS2 (group 10), give rise to 

a semiconducting nature, while partially filled, as in the 

case of 2H-NbSe2 (group 5) and 1T-ReS2 (group 7), exhibit 

metallic conductivity. 
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Fig. 7. Spectral range that can be covered by 2D materials and conventional semiconductors with different energy gap 

values. In 2D materials, the band gap can be tuned over that range by changing the number of layers, straining or 
alloying. In conventional semiconductors, the band gap can be continuously tuned by changing the alloy composition 

(e.g., In1–xGaxAs or Hg1-xCdxTe). 
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Chalcogen atom in turn determines lattice parameters 

and stability of the material. M-X bonds are covalent; the 

M atom provides four electrons to fill the bonding states, 

while the lone-pair of electrons of the X atoms terminate 

the layers surfaces. The lack of dangling bonds reduces 

chemical instability and protects the surface against 

reaction with environmental conditions. Therefore, the 

more stable the TMDs will be, the more stable the lone-pair 

of X atoms are. That is why a MoS2 monolayer is more 

stable than a MoTe2 monolayer (see Fig. 8) [30]. Stability 

of materials is an important factor in practical applications 

affecting reliability and lifetime of a device. 

Electro-optical properties of TMDs depend on the 

number of layers and are significantly different from their 

bulk crystals properties. The bulk materials based on the 

same elements as TMDs are indirect semiconductors with 

a bandgap typically of 1 eV. When the material becomes 

thinner from the bulk to the monolayer, the band structure 

changes from a small indirect to a wide direct one. In 

consequence, TMDs can detect light at different 

wavelengths by tuning the bandgap by varying the number 

of layers due to quantum confinement effects and surface 

effects [10,12,31-35]. Moreover, optical and electronic 

properties of these materials can be strongly affected by 

large strains [36,37].  

TMDs carrier mobility increases with the number of 

layers, in generally, however, their mobility is low 

(typically less than 250 cm2/Vs) and this disadvantage is 

hard to overcome. Similar to graphene, TMDs carrier 

mobilities are limited by ripples, phonon scattering, 

impurity scattering and interface scattering [38]. The 

room-temperature carrier mobility of typical group 6 

TMDs with the comparison of different layers of noble 

TMDs (PtSe2, PtS2, and PdSe2) and bP on back-gated SiO2 

substrates [39] are summerised in Fig. 9. The charge-

carrier density depends on the doping levels and recombi-

nation centres, and the typical value is of 1012 cm-2 [40]. 

Optical absorption of TMDs in visible to NIR regions 

is dominated by carrier direct transitions between the 

valence and conduction band states around K and K’ points 

of the 2D hexagonal Brillouin zone [41] with a contribution 

of strong excitonic effects. This explains a relatively high 
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Fig. 9. Layer-dependent room temperature mobility of group-6 TMDs, bP, and typical noble TMDs on back-

gated SiO2 substrate [after Ref. 39]. 

 
 

 

Fig. 8. Summary of stabilities of 2D layered materials (after Ref. 30). 
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absorption coefficient of TMDs, on the order of 

104−106 cm-1. As a consequence, more than 95% of the 

sunlight is absorbed for TMD films with a sub-micro-meter 

thickness. Compared to graphene, TMDs, like MoS2, WS2, 

and MoSe2 exhibit even higher absorption in the visible and 

NIR range and cover a very broad portion of the spectrum 

from IR to UV (see Figs. 2 and 7). Due to the existence of 

defect or edge states inside the bandgap and a relatively 

high ratio of the edge-to-surface area, the absorption 

spectra can be extended to the MWIR region. 

For long wavelength infrared (LWIR) detector 

applications the layered semiconductors with narrow 

bandgaps and high mobilities are required. Among the 

TMDs, group-10 noble TMDs provide such opportunity 

(see Table 2 [42]) which have been re-introduced as new 

2D materials displaying widely tuneable bandgap, 

moderate carrier mobility, anisotropy, and ultrahigh air 

stability [39]. It has been theoretically predicted that at 

room temperature the carrier mobility of group X 

transition-metal dichalcogenides PtX2 (X = Se, S) is over 

1000 cm2/Vs, and the bandgaps of their bilayers and bulks 

could be very small between 0-0.25 eV [43,44]. 

Unlike the most common TMDs with less d-electrons, 

the orbitals of noble TMDs are nearly fully occupied, and 

the corresponding pz orbital of interlayer chalcogen atoms 

are highly hybridized, leading to strong layer-dependent 

properties and interlayer interactions [39]. The noble metal 

atoms hold rich d-electrons and tend to form a d2sp3 hybrid-

ization, where less d orbitals are involved, leading to the 

generation of the thermodynamically favoured 1T-phase. 

The band structure of MX2 (M = Ni, Pt, Pd; X = S, Se) 

is dramatically changed with the layer number shift. 

Monolayers MS2 (M = Ni, Pt, Pd) are semiconductors with 

indirect bandgaps of 0.51, 1.11, and 1.75 eV for NiS2, PdS2, 

and PtS2, respectively [45]. Furthermore, the bilayer NiS2 

and PdS2 become metallic as predicted by the first-

principles calculation theory. The layer-dependent 

bandgaps of PtS2 are verified by the experimental results in 

Fig. 10(a). Similar to PtS2, a monolayer PtSe2 is also an 

indirect bandgap semiconductor. First-principles 

calculation shows that the bandgap of PtSe2 becomes 

narrow in a bilayer and turns to zero in a tri-layer which 

basically implies metallic character [46]. Optical 

absorption measurements presented in Fig. 10(b) confirm 

that PdSe2 exhibits a gradual transition from a 

semiconductor (monolayer) to semimetal (bulk) which is 

consistent with a theoretical simulation based on the 

density functional theory. Specifically, when the layer 

number reaches 50 layers, the bandgap is close to 0. 

Despite recent progress, the technology of 2D noble 

TMDs is still in its infancy, and there are still many 

challenges for researchers looking for new 2D materials in 

this wide-open field. 

2.2.2. Black phosphorus 

Discovery of bP, the most stable allotrope of 

phosphorus, can be dated back a century ago. It was first 

synthesized from red phosphorus under high temperature 

and pressure [48]. Studies of bP as a bulk material did not 

receive much attention from the semiconductor research 

community up to 2014. At the beginning of 2014, a few 

research teams reintroduced bP from the perspective of a 

layered thin film material [49,50]. 
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Fig. 10. Layer dependent bandgaps of noble TMDs: (a) PtS2 [after Ref. 46] and PtSe2 [after Ref. 47]. 
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Bulk bP has an orthorhombic structure with a 𝐷2ℎ
18 space 

group symmetry. In the atomic layer, each phosphorous 

atom connects to three neighbouring atoms, leading to two 

special directions: armchair and zigzag directions along the 

x and y axis, respectively [33] (see bottom of Fig. 2). The 

arrangement of phosphorous atoms is strongly anisotropic 

what leads to the anisotropic energy band dispersion, 

further bringing the anisotropic optoelectronic properties. 

This further causes the anisotropic optoelectronic 

properties of bP. The effective mass of carriers of bP along 

the zigzag direction is about 10 times larger than the one 

along the armchair direction [51] which induces a strong 

in-plane anisotropy in its electronic, optical, and phonon 

properties. The strong anisotropic properties can be used to 

invent new electronic and optoelectronic device 

applications, such as plasmonic devices with intrinsic 

anisotropy in their resonance properties and high-

efficiency thermoelectric using the orthogonality in the 

heat and electron transport directions [50]. 

The strong in-plane anisotropy results in a high hole 

mobility of 1000 cm2/Vs along the light effective mass 

direction and of about 500 cm2/Vs along the heavy 

effective mass direction. bP at the same time exhibits a 

considerable conductivity in samples with thickness from 2 

to 5 µm. 

Another important feature of bP is its thickness-

dependent bandgap which comes from a relatively strong 

interlayer interaction of buckled bP atomic sheets. The 

bandgap of bP varies with the number of layers what has 

been demonstrated both in theory [52] and in experiment 

[53] as shown in Fig. 11. Obviously, the bandgap of bP 

increases monotonically as the layer thickness decreases. It 

should be marked, that bP always keeps its direct-bandgap 

nature while changing its thickness. It is important to note 

that the bandgap of bP covers the range of 0.3-1.2 eV. 
Beside thickness, the bandgap of bP can also be 

modulated by other strategies, including applying strain, 

electric field, and composition alloying. Liu et al. [54] have 

demonstrated fully a composition tunability of black 

phosphorus-arsenic AsxP1-x (b-AsP) alloys covering a long 

wavelength region down to around 0.15 eV (corresponding 

to a wavelength of 8.27 µm, LWIR regime) - see Fig. 12. 

So, the bandgap of bP (and its compounds) itself covers an 

extremely wide range of energy of 0.15-2 eV 

corresponding to  8-0.6 µm, which has not been achieved 

in any other 2D layered materials. Thus, b-AsP bridges the 

gap between graphene (nearly zero bandgap semi-

conductor) and TMDs (wide bandgap semiconductors). 

Also, the transport properties of bP lie between that of 

graphene and most TMDs previously studied, what is 

shown in Fig. 13. There are demonstrated carrier mobilities 

vs. current on/off ratio reported for field effect transistors 

based on typical 2D materials. Here, it should be explained 

that the on/off ratio is the figure of merit for having high 

performance and low leakage power for the complementary 

metal-oxide-semiconductor (CMOS) transistors. Since the 

channel currents when the transistor is in the conduction 

mode (Ion) should be maximal and the channel currents 

when the transistor is switched off (Ioff) should be minimal, 

the Ion/Ioff should be the highest as possible. Typically, 

on/off ratio is of around 105-106. 

Despite the possible variations of the mobility at 

different 2D material classes, they fall into three zones. 

Graphene with a very high mobility is characterized by the 

on-off transistor ratio often less than 10, due to its zero 

bandgap (high dark current). TMDs materials are a 

predisposition for ultra-low power nanoelectronics. Black 

phosphorus falls into the region on the plot of mobility/on-

off ratio not easy covered by graphene or TMDs. This 

region, where the mobility is in the range of few hundred 

cm2/Vs and at the same time the on/off ratio is roughly of 

around 104, is attractive for gigahertz thin film electronics. 

In the context of nanodevices, one of the most important 

issues is the stability of 2D materials in ambient conditions 

(see Fig. 8) which significantly limits their practical 

applications. With the rising research interest in bP, the 

study on this material chemical stability is the most 

intensive, owing it to its large reactivity and environmental 

instability in ambient conditions [55,56]. Exfoliated flakes 

of bP are highly hydroscopic and tend to uptake moisture 

from air. The long-term contact with water condensed on 

the surface degrades the bP. Many researchers have been 

focused on the methods to improve their air-stability using 

materials and chemicals like Al2O3, TiO2, HfO2, titanium 

sulfonate ligand (TiL4); and coating materials, such as 

graphene, MoS2, or h-BN [30].  

1.2

10

Number of layers

B
a
n

d
g

a
p

 e
n

e
rg

y
 (

e
V

)

Black phosphorus

              
              Theory [Tran et al., Phys. Rev. B 89, 235319 (2014)]

              Experiment [ ]Das et al., Nano Lett. 14, 5733 (2014)

1.0

0.8

0.6

0.4

0.2

0.0
0 20 30
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3. Graphene-based detectors  

In this chapter are presented an overview of emerging 

graphene-based detectors performance and their 

comparison with traditionally and commercially available 

ones in different applications in high operating temperature 

conditions. Generally, 2D material detectors can be divided 

into two categories: either photon or thermal detectors. One 

is related to the excitation of free carriers as a result of an 

optical transition, including photoconductive effect and 

photovoltaic effect. The other is attributed to the thermal 

effect including, e.g., bolometric effect and photothermo-

electric (PTE) effect. 

3.1. Types of detectors 

3.1.1. Photoconductors 

Schematic operations of two most popular 
photodetectors are shown in Fig. 14. The photoconductive 
(PC) detector is essentially a radiation-sensitive resistor 
with two metal contacts. A photon of energy greater than 
the bandgap energy is absorbed to produce electron-hole 
(e-h) pairs, thereby changing material electrical 
conductivity. The generated e-h pairs are separated by the 
external electric field, generating a photocurrent [18]. 
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Fig. 14. Schematic of the photoconductive (a) and photovoltaic (b) effects. 
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Assuming that the signal photon flux density Фs(λ) is 

incident on the detector area A = wl (w - width, l - 

length),the basic expression describing photoconductivity 

in semiconductors under equilibrium excitation (i.e., steady 

state) is as follows [57]: 

 𝐼𝑝ℎ = 𝑞𝜂𝐴𝛷𝑠𝑔 () 

where q is the electron charge, Iph is the short circuit 

photocurrent at zero frequency; that is, the increase in 

current above the dark current accompanying irradiation. 

The quantum efficiency, η, can be defined as a number of 

electron-hole pairs generated per incident photon, and 

describes how well the detector is coupled to the impinging 

radiation. The second parameter, the photoconductive gain, 

g, is determined by the properties of the detector (i.e., by 

which detection effect is used and the material and 

configuration of the detector) and can be defined as a 

number of carriers passing contacts per one generated pair. 

The value of g describes how well the generated charge 

carriers are used to generate a photodetector current 

response. 

In general, photoconductivity is a two-carrier 

phenomenon and the total photocurrent of electrons and 

holes is as follows [57]: 

 𝐼𝑝ℎ =
𝑞𝑤𝑡(∆𝑛𝜇𝑒+∆𝑝𝜇𝑒)𝑉𝑏

𝑙
 () 

where µe is the electron mobility, µh is the hole mobility; Vb 

is the bias voltage, and: 

 𝑛 = 𝑛0 + Δ𝑛;   𝑝 = 𝑝0 + Δ𝑝 () 

n0 and p0 are the average thermal equilibrium carrier 

densities, and ∆n and ∆p are the excess carrier 

concentrations. 

Taking the conductivity to be dominated by electrons 

(in all known high sensitivity photoconductors this is found 

to be the case) and assuming a uniform and complete 

absorption of the light in the detector, it can be shown as 

the following equation [58]: 

 𝑔 =
𝜏

𝑙2 𝜇𝑒𝑉𝑏⁄
. () 

So, the photoconductive gain can be defined as: 

 𝑔 =
𝜏

𝑡𝑡
 () 

where tt is the transit time of electrons between ohmic 

contacts. This means that the photoconductive gain is given 

by a ratio of the free carrier lifetime, τ, to the transit time, 

tt, between the sample electrodes. Depending upon whether 

the drift length, Ld =  vdτ, is less than or greater than the 

distance between electrodes, l, the photoelectrical gain can 

be less than or greater than unity. The value of Ld > l means 

that a one charge carrier swept out by one electrode is 

replaced immediately by an equivalent charge carrier 

injected by the opposite electrode. In this way, a charge 

carrier will circulate until it recombines. 

Taking into account Eqs. (1) and (4), the photocurrent:  

 𝐼𝑝ℎ =
𝑞𝜂𝐴𝛷𝑠𝜏𝜇𝑒𝑉𝑏

𝑙2  () 

is linearly dependent on photon flux density (i.e., excitation 

power), photogenerated carrier lifetime, electron mobility, 

and applied bias. 

The current responsivity of the photodetector is equal to: 

 𝑅𝑖 =


ℎ𝑐
𝑞𝑔 () 

where  is the wavelength, h is the Planck constant, and c 

is the velocity of light. 

3.1.2. Photogating effect 

The particular example of the photoconductive effect is 

a photogating. The photogating effect can be realized in 

two ways by [18]: 

• generation of e-h pairs, when one type of carriers is 

trapped by the localized states (nano-particles and 

defects), and 

• generation of e-h pairs in trap-states and one type of 

carriers is transferred to 2D materials, whereas the 

other resides at the same place to modulate the 

layered materials. 

In both cases, due to a long carrier lifetime, the sensi-

tivity enhancement is at the cost of a photoresponse speed.  

The photogating effect is explained in Fig. 15. A large 

photoconductive gain can be obtained if one carrier type 

(holes or electrons) is trapped in a localized state and the 

other carrier can circulate through an external circuit many 

times before the first one recombines. Trapped carrier acts 

as a local gate, effectively modulating the resistance of 

active materials. Trap states with long carrier lifetimes 

(states where carriers can reside for a long time) are usually 

associated with defects or the surface of the 

semiconducting material. So, this effect is particularly 

important for materials where a major role in electrical 

properties play factors such as a large surface area and a 
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Fig. 15. Band alignment under illumination with a photon of energy 

higher than the bandgap generating e-h pairs. Holes are trapped 

at the band edge and act as a local gate. In consequence, the field-
effect induces more electrons in the channel, generating a 

photocurrent which adds to the dark current. If the electron 

lifetime exceeds time it takes for an electron to transit the device, 
then the long-time of the trapped holes ensures electrons can 

circulate through an external circuit many times, resulting in 

gain. 
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reduced screening, that is for nanostructured materials, like 

CQD, nanowires, and 2D semiconductors. 

In the case of the photodiode, the photoelectric effect is 

usually equal to 1, due to a separation of minority carriers 

by the depletion region electrical field. However, in a 

hybrid combination of 2D material photodetectors, 

photosensitization and carrier transport take place in 

separately optimized regions: one for efficient light 

absorption, and the second - to provide fast charge 

reticulation. In this way, ultra-high gain up to 108 electrons 

per photon and exceptional responsivities for short 

wavelength infrared photodetectors have been 

demonstrated [59, 60]. 

A simple architecture of a hybrid phototransistor, very 

popular in a design of 2D material photodetectors with the 

fast transfer channel for charge carriers, is shown in 

Fig. 16. Since, e.g., graphene in these devices is not 

responsible for light absorption but only for charge sensing, 

the absorber choice determines the spectral response. The 

graphene large ambipolar mobility (~103 - 105 cm2/Vs) acts 

as a built-in photogain (i.e., amplifier) mechanism 

enhancing the detector response. 

2D materials with thickness down to atomic layer are 

more susceptible to local electric fields than conventional 

bulk materials and the photogating effect can strongly 

modulate the channel conductivity by the external gate 

voltage, VG. Improving the optical gain is particularly 

important since the quantum efficiency is limited because 

of the weak absorption in 2D materials. This effect is 

especially seen in a longer wavelength of IR spectral 

region, where the light absorption is week. In the case of a 

hybrid detector shown in Fig. 16(a), holes are injected into 

the transporting channel, whereas electrons remain in the 

photoactive layer. The injected charges can reticulate even 

several thousand times before recombination, giving 

contribution in gain under illumination. The photocarrier 

lifetime is enhanced through both bandgap structure and 

defect engineering, and at the same time, trapping 

mechanisms limit the response time of a photodetector 

even to several seconds. There is a trade-off between 

sensitivity enhancement and photoresponse speed. 

Photocurrent change by the photogating effect can be 

written as [61,62]: 

 𝐼𝑝ℎ = 𝑔𝑚𝑉𝐺 () 

where gm is the transconductance and VG is the equivalent 

photoinduced voltage. Figure 16(d) indicates a shift of the 

IDS(VG) trace after the light illumination. Generally, both 

positive and negative photoconductance behaviours are 

observed in hybrid 2D structures and the working points A 

and B, related to gm and VG, perform opposite directions. 

3.1.3. Photovoltaic detectors 

Photovoltaic (PV) photocurrent generation is based on 

the light absorption by a p-n junction made from a 

semiconducting material. Incident photons with the energy 

greater than the semiconductor energy bandgap create e-h 

pairs. The electric field inside the semiconductor, 

associated with the presence of a p-n junction or a Schottky 

barrier, separates carriers of different types [top of 

Fig. 14(b)]. Electrons and holes generated at a distance 

from the junction shorter than the diffusion length diffusely 

reach contacts. The generated photocurrent shifts current-

voltage characteristics as is shown in the bottom of 

Fig. 14(b). 

Many diodes designed from traditional semiconductors 

especially as photodiodes are based on a P-i-N junction 

rather than a p-n junction. Photodiodes are usually operated 

at zero bias (photovoltaic mode) or under reverse bias 

(photoconductive mode). The photodiode absolute 

response is usually smaller than a photodetector working 

with photoconducting or photogaiting mechanisms, since 

there is no internal gain. Under a reverse-bias operation, the 

junction capacity is reduced increasing the response speed. 

Strong reverse bias can initiate an impact ionization 

multiplication of carriers or avalanching (avalanche 

photodiode). The large internal gain results in a detection 

of an extremely low signal power.  

Electrical and optical properties of graphene p-n 

junctions differ from traditional semiconductor p-n 

junctions in terms of physical mechanisms involved in  

a conversion of light into an electrical current. This 

translates into response speed and device sensitivity. 

Graphene is a material in which a p-n junction can 

easily be obtained because of states limited density. Fermi 
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level can be tuned by an easy formation of the graphene 

p-type or n-type doping, as presented in Fig. 17. The built-

in electric field can be also introduced by exploiting the 

work-function difference between graphene and contacts. 

To obtain a p-type doping, metals with a work function 

higher than that of intrinsic graphene (4.45 eV) should be 

used, whereas the graphene channel can be adjusted to p- 

or n- state by the gate. Electron-electron scattering in 

graphene can lead to the conversion of one high e-h pair 

energy into multiple e-h pairs of lower energy potentially 

enhancing photodetection efficiency [10]. 

Photocurrent generation can be also obtained in a 

graphene phototransistor architecture (Fig. 18) which 

basically has the same three-terminal configuration as 

field-effect transistors (FETs). In the operational mode of 

FETs, the amount of current flowing (the drain current, Id) 

in the accumulated channel is controlled by the gate voltage 

(Vg) magnitude at a given source to the drain bias (Vds). In 

graphene phototransistors, the channel conductance can be 

additionally controlled by the light absorption. At zero 

voltage between the source and drain, a minimal 

photocurrent is collected when the light spot is focused on 

the middle of a graphene channel, since there is no built-in 

electric field in the middle of the channel. When light is 

incident on the metal graphene interface area, what is 

attributed to the conventional PV effect, a significant 

photocurrent is observed. The built-in electric field 

separates e-h pairs creating a photocurrent in the external 

circuit. The electric field can be further adjusted by 

applying a source-drain bias influencing the photocurrent. 

However, this approach is usually avoided since graphene 

is a semimetal generating a large dark current. 

3.1.4. Photo-thermoelectric detectors 

Novel approach employs the photo-thermoelectric 

(PTE) effect to create an electric field due to a thermal 

diffusion of electrons to metal contacts. This effect is based 

on the Seebeck effect where heating is achieved by 

absorbing light on a thermoelectric material [see 

Fig. 19(a)]. The light induced temperature gradient can be 

obtained by a non-uniform light illumination or by a strong 

difference of the absorption in distinct parts of the device 

under a global illumination [31].  

The internal voltage responsible for a current flow is 

directly proportional to the temperature gradient 

difference:  

 Δ𝑉 = 𝛼𝑆𝑇 () 

where αS is the Seebeck coefficient commonly expressed in 

µV/K. The Seebeck coefficient is usually expressed in 

terms of the conductivity, , of the material through the 

following relation [63]: 

 𝛼𝑆 =
𝜋2𝑘𝐵

2 𝑇

3𝑞

1

𝜎

𝜕𝜎

𝜕𝐸
 () 

where kB is the Boltzmann constant, and the derivative of 

the electrical conductivity  with regard to the energy E has 

to be evaluated at the Fermi energy [E =  EF  =  ħvFkF] with 

ħ the reduced Planck constant, vF the Fermi velocity (in 

graphene of about 106 m/s), and kF the Fermi wavevector. 

In the semiconductor, the sign of the Seebeck coefficient is 

determined by the majority of charge polarity. 

The coefficient αS is the effective or relative Seebeck 

coefficient of the device composed of two dissimilar 

conductors “a” and “b” by electrically joining one set of 

their ends. Consequently, a thermovoltage is equal to: 

 Δ𝑉 = (𝛼𝑎 − 𝛼𝑏)𝑇  () 

where αa and αb are the absolute Seebeck coefficients of the 

material a and b. In the example shown in Fig. 19(a) with 

two junctions between contact metal and semiconductor, 

the voltage difference across them is as follows:  

 
∆𝑉𝑃𝑇𝐸 = (𝛼𝑆𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 − 𝛼𝑆𝑚𝑒𝑡𝑎𝑙)∆𝑇 ≈

≈ 𝛼𝑆𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟∆𝑇
 () 
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Fig. 18. Graphene phototransistor: structure of a transistor (a) and a schematic view of photocurrent generation (b). 
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Fig. 17. Schematic of a photo-induced extraction of electron-hole 

pairs and its separation at a graphene p-n junction. 
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In the last equation, the term αSmetal is neglected because 

the Seebeck coefficients of pure metals are in the order 

1 µV/K, much smaller than typical values for 

semiconductors.  

The magnitude of ΔVPTE is small and typically ranges 

from tens of µV to tens of mV (see Fig. 20) [64]. In order 

to drive current through the device, ohmic contacts to the 

semiconductors are required. The weak thermal gradient 

can be achieved in the case of a uniform semiconductor 

illumination when no current flows in the device since no 

external bias is applied. It should be noticed that both 

relative and absolute Seebeck coefficients are temperature 

dependent and the proportionality between generated 

potential difference and temperature gradient is valid only 

within the limit of a small temperature difference. 

Typical current-voltage characteristics of a device with 

a photoresponse dominated by the photo-thermoelectric 

effect are shown in Fig. 19(b). Linear dependence of I-V 

curve indicates that the Schottky barriers are small (ohmic 

contacts). PTE effect generates a current at zero bias 

without changing the resistance. 

Differences between PTE effect and bolometric effect 

should be indicated here. The bolometric one cannot cause 

any current in the device. Since in this case a homogeneous 

change in temperature affects the resistivity of a material, 

only the amount of current will be changed under the 

influence of external bias and lighting. In the case of a 

bolometer, the photocurrent sign is associated with a 

change in the material conductivity with temperature. In a 

PTE detector, the photocurrent sign is associated with a 

difference of the Seebeck coefficients between the junction 

components. 

PTE effect also plays an important role in the 

photocurrent generation in a graphene p-n junction [10,26]. 

For example, in graphene the optical phonon energy is 

large (~ 200 meV). Therefore, hot carriers produced by the 

induced light can remain at a temperature higher than the 

lattice temperature for many picoseconds (carrier heat 

capacity is much smaller than lattice heat capacity). This 

enhances the PTE effect due to a larger temperature 

gradient in the channel. Thermal equilibrium can only be 

obtained due to a slower scattering mechanism between 

charge carriers (although charge carriers a substantially 

speeded-up due to disorder-assisted collisions) and 

acoustic phonons (nanosecond range) [18]. The PTE effect 

on a photocurrent enhancement is shown in Fig. 21. When 

a light spot illuminates the p-n graphene, the incident 

radiation modulates the carrier temperature distribution. 

Due to the temperature gradient, hot carriers (electrons and 

holes) generated by photons diffuse in respective directions 
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Fig. 19. Photo-thermoelectric effect: in a semiconductor channel (a) and current-voltage characteristics (b). 
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Fig. 20. The Seebeck coefficients as a function of resistivity for various materials [after Ref. 64]. 
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leading to a photocurrent flow. The photocurrent direction 

caused by the PTE effect is the same as that caused by the 

PV effect, which enhances the photocurrent generation. 

However, this makes it extremely difficult to 

experimentally determine the relative contribution of these 

two effects.  

3.1.5. Bolometers 

Bolometer key parameters are thermal resistance and heat 

capacity. The low frequency voltage responsivity, Rv, of the 

thermal detector (ω  <<  1/th, where th is the thermal 

response time) is proportional to the thermal resistance, Rth, 

and does not depend on the heat capacitance. At the 

opposite side, for high frequencies (ω  >> 1/th), the voltage 

responsivity is not dependent on Rth and is inversely 

proportional to the heat capacitance [58]. The thermal 

conductance (thermal resistance) from the detector to the 

outside world should be small (high). The smallest possible 

thermal conductance would occur when the detector is 

completely isolated from the environment under vacuum 

with only radiative heat exchange between it and its heat-

sink enclosure [1]. 

It was discovered that graphene assumes low volume 

for a given area and low density of states resulting in a low 

heat capacity exhibiting a fast device response. The 

electrons cooling by acoustic phonons is unproductive 

(owing to the small Fermi surface) and cooling by optical 

 phonons requires high temperature (kBT > 200 meV) 

leading to the fact that thermal resistance is relatively high 

giving rise to bolometric sensitivity [60,65]. 

Graphene is characterized by over a 100-fold 

anisotropy of heat flow between in-plane and out-of-plane 

directions [12]. High in-plane thermal conductivity is due 

to a covalent sp2 bonding between carbon atoms, whereas 

out-of-plane heat flow is limited by a weak vdW coupling. 

The in-plane thermal conductivity of graphene at room 

temperature is among the highest of any known material, 

about 2000-4000 W/mK for freely suspended sampled - see 

Fig. 22 [66]. The heat flow perpendicular to the graphene 

sheet is limited with adjacent substrates, e.g., SiO2. It is 

interesting, that the thermal resistance between graphene 

and its environment dominates that between individual 

graphene sheets. This isolation of graphene was quickly 

followed by many other materials such as: MoS2, bP, hBN. 

There are some technical challenges in a fabrication of 

2D material bolometers. In graphene with a weak electron-

phonon scattering, resistance is weakly temperature 

dependent [66]. In consequence, it is challenging to 

measure the electron temperature change due to incoming 

radiation power. In addition, to achieve the small electron-

phonon thermal conductance, the strong thermal isolation 

is required what is difficult to obtain. In the case of THz 

detectors, a low impedance is required to match the antenna 

to an external readout circuit which is also challenging. 

2D materials are naturally great candidates for 

nanoelectromechanical systems (NEMS) applications. 

Graphene can sustain large elastic deformations due to it 

extreme flexibility and could have a positive effect on the 

device dynamic range. 

3.1.6. Field effect transistor detectors 

Nonlinear properties of plasma wave excitations 

(electron density waves) in nanoscale FET channels enable 

their response at frequencies appreciably higher than the 

device cut-off frequency which is due to the electron 

ballistic transport. In the operation ballistic regime, the 

momentum relaxation time is longer that the electron 

transit time. FETs can be used both for resonant (tuned to a 

certain wavelength) and non-resonant (broadband) THz 

detection and can be directly tuneable by changing the gate 

voltage [67]. 

The graphene FET can be also used for a detection of 

THz radiation what was first proposed by Dyakonov and 

Shur in 1993 based on a formal analogy between the 

equations of the electron transport in a gated 2D transistor 

channel and those describing the shallow water behaviour 

or acoustic waves in music instruments indicating that 

hydrodynamic like effect should exist also in the carrier 

 

Fig. 21.  Photocurrent generation in a graphene p-n junction: 

profile of carrier concentrations due to light intensity 

distribution (a), built-in electric field of p-n junction, as 
well as PTE effect leading to a photovoltaic current flow 

from n-type to p-type region (b) (adapted after Ref. 26). 
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Fig. 22. Room-temperature ranges of thermal conductivity for 

diamond, graphite, carbon nanotubes (CNTs), graphene, and 

graphene nanoribbons (GNRs) [after Ref. 66]. 
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dynamics in the channel [68]. It must be stressed that 

instability of that flow in a form of plasma waves was 

predicted under certain boundary conditions. 

The physical mechanism supporting the development of 

stable oscillations lies in the reflection of plasma waves at 

the borders of a transistor with a subsequent amplification 

of the wave amplitude. Plasma excitations in FETs with a 

sufficiently high electron mobility can be used for 

emission, as well as detection of THz radiation [69,70]. 

The plasma waves in FET is characterized by the linear 

dispersion law [68], and in the gated region: 

 𝜔𝑝 = 𝑠𝑘 = 𝑘 [
𝑞(𝑉𝑔−𝑉𝑡ℎ)

𝑚∗ ]
1 2⁄

 () 

where s is the plasma wave velocity in channel, Vg is the 

gate voltage, Vth is the threshold voltage, k is the wave 

vector, q is the electron charge, and m* is the electron 

effective mass. 

The plasma wave velocity in a gated region is typically 

noticeably larger compared with the electron drift velocity. 

A short FET channel with the length Lg acts as a resonant 

cavity for these waves with the eigen frequencies 

n  = o(1 + 2n) (n = 1, 2, 3,…). The fundamental plasma 

frequency is the following [67]: 

 𝜔𝑜 =
𝜋

2𝐿𝑔
[

𝑞(𝑉𝑔−𝑉𝑡ℎ)

𝑚∗ ]
1 2⁄

 () 

When o << 1, where  is the momentum relaxation 

time, the detector response is a smooth function of  and Vg 

(broadband detector). When o   >> 1, FET can operate as a 

resonant detector with a tuneable by the gate voltage re-

sponse frequency and this device can operate in the THz 

range. The detection character (resonant or non-resonant) de-

pends on the quality factor of the transistor resonating cavity. 

Assuming m* ≈ 0.1mo (mo is the free electron mass), 

Lg  ≈ 100 nm, and Vg – Vth ≈ 1 V, the frequency of plasma 

waves is estimated as no = o/2 ≈ 3 THz. The minimum 

gate length can approach ≈ 30 nm, and, thus, no can reach 

12-14 THz for FETs with GaAs channels. 

Summarizing the above discussion, the non-linear 

properties of the FET transistor cause the rectification of 

AC current induced by an incident radiation to the 

photoresponse which appears as a DC voltage between the 

source and the drain which is proportional to the radiation 

intensity (PV effect). In the resonant regime, the plasma 

waves are dimly damped (when a plasma wave launched at 

the source can reach the drain in a time shorter than the 

momentum relaxation time) and the detection mechanism 

exploits an interference of plasma waves in the cavity, 

resulting in a resonantly enhanced response [18]. The 

resonant oscillation of plasma waves in FET gated region 

is schematically shown in Fig. 23. THz radiation is coupled 

to the FET transistor by contact pads and connecting wires, 

even if there is no additional antenna in the system. By 

adding the appropriate antenna or a cavity coupling, 

asensitivity improvement can be reached. Broadband 

detection occurs when plasma waves are overdamped 

(meaning when plasma waves launched at the source decay 

before reaching the drain) [18]. 

Similar to the graphene p-n junction, the PTE effect also 

shows contribution to the generation of photovoltage in the 

graphene FET transistor. Two competitive independent 

detection effects: the plasmonic detection due to the 

nonlinearity of electron transport and the PTE effect due to 

the presence of both carrier density junctions, a as well as 

an induced temperature gradient across the FET channel 

are presented and schematically explained in Fig. 24. The 

red region indicates the locally heated area at the interface 

of ungated and gated sections with the thermopower Sug and 

Sg, respectively. Even though strongly counterbalanced by 

the thermoelectric response, the plasma wave detection is a 

dominant mechanism [18].   

 

Fig. 23. THz CMOS detector (a) and plasma oscillations in a transistor (b). 

 

 

 

Fig. 24. The detection mechanism in a graphene FET THz  

 

 

(a) (b)
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3.2. Responsivity-enhanced graphene-based detectors  

Due to the unique electronic and optical properties of 

2D materials, many impressive achievements of detectors 

made on its basis, such as ultrafast photoresponse, high 

responsivity and ultrabroad detecting band have been 

reported. As previously mentioned, most of the best 

graphene photodetectors are built based on p-n junctions or 

Schottky barriers (to separate photogenerated carriers), and 

FET transistors. The two major challenges determine a 

development of high responsivity graphene photodetectors. 

The first is a low optical absorption in a thin active region 

(~ 100 - 200 nm), while the second is a short carrier 

lifetime. It means that a trade-off between a high 

responsivity and an ultrafast response time must be met, 

particularly in a broadband operation. 

Responsivity improvement in grapheme detectors can 

be reached by increasing the photocarrier lifetime through 

 

 

  

  

 

 

     

Table 3 

Responsivity-enhanced graphene-based detectors [after Ref. 1]. 

 Advantages Disadvantages References 

Hybrid graphene quantum dots (GQD) 

detector 

Si substrate

Graphene

SiO2

Quantum dots

VGS

V
DS

Au Au

 

Increased absorption and 

introduction of large carrier 

multiplication factors 

Bandwidth and response 

time are limited by a 

narrow spectral bandwidth 

and long carrier trapping 

times of quantum dots 

59, 76–80 

Graphene-fluorographene detector 

Si substrate

Graphene
SiO2

Fluorographene

VGS

V
DS

Au/Cr Au/Cr

 

Three orders of magnitude 

enhanced responsivity 

compared to pristine 

graphene detectors. 

Broadband photoresponse 

from the ultra-violet to the 

mid-infrared wavelengths 

Fluorographene partially 

decomposes over time. The 

slow response time is given 

by trap states in the 

fluorographene. 

81 

Two graphene layers separated by a thin 

tunnel barrier 

SubstrateGraphene layers Barrier layer

 

Broadband responsivity via 

separation of 

photogenerated electrons 

and holes through quantum 

tunnelling and 

minimization of their 

recombination 

Response times limited by 

long carrier trapping times 

in the tunnelling barriers  

82, 83 

Waveguide integrated graphene detector 

SiO2

Si rib
wavegaideAu Au

Graphene

 

Ultrafast responsivity by 

increasing the interaction 

length of light within 

graphene and processing 

corresponding to standard 

photonic integrated circuits 

Spectral bandwidth 

restricted by the bandwidth 

limitations of waveguides  

84–87 

Microcavities, plasmonic structures, and 

optical antenna integrated with graphene 

Si burried
wavegaide

Antenna Au
Pd
Graphene
SiN

SiO2

 

High responsivities by 

increasing the interaction 

length of light within 

graphene 

Bandwidth is limited by the 

resonant nature of the 

structures  

26, 88–101 

 

both band structure and defect engineering, where carrier

trapping  mechanisms  and  patterned  graphene 
nanostructures have been employed to introduce bandgap 
and mid-gap defect states while the response time is limited 
by a long  carrier  trapping  time  due  to  introduced  defect 
states [10,31,32,60-62,71-75].

  The  enhanced  responsivity  can  also  be  obtained  in  a 
hybrid photoconductor - a graphene photoconductor with 
an additional light absorption region. The built-in electric 
field  at  the  interface  of  graphene  and  light  absorption 
region  can  efficiently  separate  the  photoinduced  carriers 
generated  at  the  active  layer  and, then, inject  them 
(electrons/holes)  into  the  graphene. The  photo-response 
provided by  graphene is  reinforced  in  this  way. Several 
kinds of novel responsivity-enhanced photodetector struc- 
tures consisting of graphene and additional light absorption 
mediums (e.g., QDs, fluorographene, nanowires, and bulk

semiconductors) are presented in Table 3 [1].
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An example of the broadband absorption of a graphene 

quantum dot (GQD) detector reported by Zhang et al. is 

presented in Fig. 25 [43]. The response was shown from 

the visible (~532 nm), NIR (~1.47 µm), and MWIR 

(~10 µm) ranges with a photoresponse of 1.25, 0.2 and 

0.4 A/W, respectively. The single layer graphene detector 

high responsivity [see Fig. 25(b)] is partially attributed to 

the internal gain.  

Differences between a pure graphene photoconductor 

and a hybrid photoconductor are schematically shown in 

Fig. 26. Distinction between ultrafast and ultra-sensitive 

graphene photodetectors is also shown [18]. In early 

solutions of a metal-graphene-metal photodetector, the 

photocurrent was generated by a local lighting of one of the 

metal/graphene interfaces. Further solutions resulted from 

the mirror symmetry of the built-in potential profile in  the  
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Fig. 25. Broadband GQD photodetector: device design (a) and slow response to light at 1.47 mm (b) [adapted after Ref. 75]. 

 

 

 

Fig. 26. Ultrafast and ultrasensitive graphene photodetectors: structure of metal-

graphene-metal photodetector (a), band profile (b), recombination mechanism 
(c), hybrid GQD photodetector [after Ref. 59] (d), trapping process (e), and 

process dynamics at the interface of graphene/ quantum dots (f). 

(a) (b)
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channel. By using an asymmetrical metallization scheme 

with metal fingers used to enlarge a light detection region 

[Fig. 26(a)], distribution of the electric field leading to the 

general photocurrent was obtained [Fig. 26(b)]. This design 

allows to operate at high data rates due to a graphene high 

carrier mobility and a short carrier lifetime [see Fig. 26(c)]. 

However, in the case of a hybrid photodetector [see Fig. 

26(d)] its main feature is the ultrahigh gain resulting from 

a high carrier mobility of the graphene sheet and a charge 

recirculation due to carriers trapped in quantum dots 

[Fig. 26(e)], or another additional light absorbing region. 

Photoexcited holes in the quantum dots are transferred to 

the graphene layer and drifted by the bias Vds to the drain, 

with the typical transit time, transit being inversely 

proportional to the carrier mobility while electrons remain 

trapped (with the typical lifetime, lifetme) in the quantum 

dots. Multiple circulation of holes in the graphene channel 

following a single e-h photogeneration leads to the strong 

photoconductive gain, g = lifetme/transit (see section 3.1.2), 

indicating the importance of long lifetime and high carrier 

mobility [18]. Konstantatos et al. has demonstrated the gain 

of 108 electrons per absorbed photon and the responsivity 

of ~107 A/W in short wavelength (SWIR) hybrid 

phototransistors [59]. 

Hybrid photodetectors offer high responsivity 

improvements. For example, Figure 27 shows the gain as a 

function of excitation intensity, for a hybrid single layer 

graphene/ZnO QDs detector. Experimental results (points) 

were compared to the theory (solid line) on the basis of 

which this structure may show a photoconductive gain as 

high as of 107. However, the majority of hybrid devices 

have a limited linear dynamic range due to the charge 

relaxation time which quickly saturates the available states 

for photoexcitation leading to a drop in responsivity with 

incident optical power [1]. 

The light-matter interaction in 2D materials to improve 

the photodetectors performance can be also reached by 

introducing optical structures (e.g., plasmonic 

nanostructures, photonic crystals, optical cavities, 

waveguides) on the device top. Two key factors are 

important: the size and shape matching of the metal pattern 

to generate plasmons and the plasmons coupling to the 

detector. The generation of plasmons depends significantly 

on the metallic pattern. Dimensions of metal grating should 

be like the width of a metal strip permitting plasmon fields 

to enter the detector below the grating. Usually, a thin 

dielectric layer is placed over detector and a metal grid is 

placed on the top of a dielectric layer. As the plasmons are 

travelling parallel to the surface, a large optical path can be 

reached for absorption without any requirement of having 

a thick active layer [18]. 

Improvement of the generation rate of photogenerated 

carriers and maintaining the adequate carrier lifetime is the 

most favorable approach to achieve a high responsivity 

with the fast photoresponse in graphene. That approach has 

been demonstrated for SWIR graphene photodetectors 

[102] - see Fig. 28. Under illumination, the light with a 

wavelength matching plasmonic resonance is trapped by 

Au-nanoparticles and is absorbed by graphene. A vertical 

built-in field is employed in the graphene channel for 

trapping photoinduced electrons and leaving holes in 

graphene resulting in a prolonged photoinduced carrier 

lifetime.  

Detector responsivity is enhanced by plasmonic Au 

nanoparticles and is the highest reported among the SWIR 

based on graphene – 83 A/W at 1.55 µm while response 

time is limited approx. to the level of 600 ns due to both 

traps in the surface of a hybrid structure and traps in 

nanoparticles. Despite that, the SWIR graphene detector is 

characterized by the fastest response time in the hybrid 

graphene photodetector/transistor [18]. 

The unique electrical and optical characteristics of gold 

patched graphene nanostripe photodetectors have been 

demonstrated by Cakmakyapan et al. [103]. Commercially 

available chemical vapour deposition (CVD) grown 

graphene was first transferred to a high resistivity silicon 

wafer covered with a 130-nm thick thermally grown SiO2 

layer. Next, gold patches, graphene nanostripes, Ti/Au 

contacts and gate pads were patterned by different 

combinations of optical lithography and plasma etching. 

The Vg applied to the Si substrate controls the EF of the 

graphene nanostripes. The gold patches have a width of 

100 nm, periodicity of 200 nm, height of 50 nm, length of 

1 μm, and a tip-to-tip gap size of 50 nm, respectively (see 

Fig. 29). 

Photodetector has an ultrabroad spectral response from 

the visible to the IR region with high responsivity levels 
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Fig. 27. Gain as a function of excitation intensity for the hybrid 

graphene/ZnO quantum dots detector. The circles are 

experimental data, and the solid curve is the theoretical plot with 

best fitting [after Ref. 78]. 

 
 

 

 

 

Fig. 28. The concept of SWIR graphene photodetector 

(adapted after Ref. 102). 
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ranging from 0.6 A/W at a wavelength of 800 nm to 

11.65 A/W at 20 µm, as presented in Fig. 30. That wide 

photodetection bandwidth and high responsivity are 

enabled employing the gold patched graphene nanostripes. 

As expected, higher photoconductive gains are reached at 

lower wavelengths, where excitation to higher energy 

levels contributes to the generation of subsequent e-h pairs 

by the energy transfer during relaxation (see the insert of 

Fig. 30). 

Photodetector also shows a frequency response 

exceeding 50 GHz, what is more than seven orders of 

magnitude faster compared to the higher responsivity 

hybrid GQD [59,78] and tunnelling barriers [82]. Figure 31 

compares response (time and frequency) high performance 

graphene- operatingphotodetectorsbased roomat

temperature and reported in the literature . 

Another way to enhance the optoelectronic properties 

of graphene is its modification by a noncovalent and 

covalent functionalization. Due to a robust chemistry, 

graphene itself is a chemistry inert material. The so far 

established chemistries lead to graphene derivatives with a 

low degree of functionalization (typically 1-3%) [76]. 

Fluorographene (FGr) is prepared by a fluorination of 

graphene and a mechanical or chemical exfoliation of a 

graphite fluoride. The band gap of FGr can be tuned from 

ultraviolet to near-infrared by controlling a degree of 

fluorination. In Ref. 81 a Gr/FGr photodetector is 

demonstrated with a spectral range spanning from 255 nm 

to 4.3 μm. This broadband response arises from the 

quantum confinement of graphene regions by fluorine 

adatoms. Rehybridization of carbon with fluorine results in 

a mixture of sp2 and sp3 nanodomains, inducing a series of 

discrete states for trapping of photoexcited charge carriers. 

ofDespite the high photoresponsivity a Gr/FGr 

photodetector over a broadband range, its operation speed 

is slow – of about 200 ms. It is suggested that the reason 

for it is the long-trapped carrier lifetime in both the sp2 and 

the sp3 domains.  

 

Fig. 29. Photoconductive nanostructures based on gold patched graphene nanostripes: photodetector principle of operation (a) 

and optical microscope, and SEM images for a fabricated photodetector (b) [adapted after Ref. 103]. 
 

 

Fig. 30. Responsivity, photoconductive gain and NEP (optical chopping above 1 kHz) of the photodetector 

at optical power of 2.5 μW, gate voltage of 22 V, and bias of 20 mV [adapted after Ref. 103]. 
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3.3. Graphene-based thermal detectors 

Thermal detectors are classified according to the 

operating schemes as thermopiles, bolometers, and 

pyroelectric detectors. 

The basic structure of a thermoelectric graphene 

photodetector design is shown in Fig. 32 [64]. This device, 

made of a sheet of graphene with dual split-backgates, 

develops a photovoltage across electrodes M1-M2 as a 

function of the voltage applied to the backgates. The device 

shows photoresponse even at 10.6 µm, what indicates that 

absorption is not limited due to the Pauli blocking in 

graphene, but the most of the light absorption is done in the 

substrate underneath, while graphene devices are using the 

thermoelectric effect to convert temperature rise in the 

substrate to a voltage difference as is described by Eq. (11): 

∆V = (αp - αn)∆T, where (αp - αn) is the difference of the 

Seebeck coefficient between the p- and n-region of 

graphene, and T is the temperature difference between the 

graphene p-n junction and the metal contacts. 

Hsu et al. have demonstrated a graphene-based thermal 

imaging system by integrating graphene based photo-

thermo-electric detectors with micromachined silicon 

nitride membranes [104]. As is shown in Fig. 32, multiple 

graphene photodetectors are combined into the thermopile 

composed of an infrared absorber that is suspended from 

the substrate, a series of thermal arms that connect the 

absorber and the surrounding, with interleaved p- and n-

type graphene channels on top. Incident of IR radiation 

causes heating of the absorber (dielectric multilayer thin 

film) which can, then, be probed electrically by graphene 

p-n junctions due to the thermoelectric effect. Thanks to the 

use of an optimized IR absorption layer made of a 

SiO2/Si3N4/SiO2 combination deposited using plasma 

enhanced chemical vapour deposition (PECVD), the 

absorption in the 8-12 μm spectral range has achieved 

> 40%. The fabrication of a free-standing absorber 

membrane was made after undercutting the silicon 

underneath with XeF2 isotropic etching. 

Figure 33 shows multiple graphene photodetectors 

combined into the thermopiles composed of an infrared 

absorber that is suspended from the substrate, a series of 

thermal arms connecting the absorber and the surrounding, 

with interleaved p- and n- type graphene channels on top. 

It can be shown that if the thermopile detectivity is 

limited by the Johnson noise, then D*2/ (where  is the 

response time) is independent of the lateral geometry [64]: 

 
𝐷∗2

𝜏
=

𝛼𝑎𝑏𝑠

𝑡
∙

∆𝛼𝑆
2

𝜌2𝐷
∙

1

𝑘𝑡ℎ𝑐𝑣
∙

1

16𝑘𝑇 
 . () 

Here the first term (αabs/t) is the absorbance per 

thickness, t, indicating the capability of IR absorption of 

the absorber; the second term 𝛼𝑆
2/ρ2D with 2D resistivity 

of graphene is determined by the electrical and thermo- 

                

 (a) (b) 
Fig. 31 comparison of the responsivity and response time and frequency for the room temperature graphene photodetectors reported in the 

literature, mainly in Ref. 102 (a) and Ref. 103 (b). 

Graphene

SiO2

M1 M2

G1 G2
Al O2 3

++
p -Si

  

(a)   (b)  

Fig. 32. Schematic graphene split-gate thermopile with supported substrate (a) and its microscopic image (b). M1 and M2 are metal contacts to 
graphene, and G1 and G2 are split gates that electrostatically dope the graphene channel to form a p-n junction (after Ref. 64). 
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electrical properties of the sensing material, also called as 

the thermoelectric figure of merit (FOM) for thermopile IR 

detectors; the third term 1/κthcv is the thermal transport 

factor and indicates the quality of thermal isolation, with κth 

denoting the thermal conductivity of the absorber, and cv is 

the specific heat capacity. 

The Seebeck coefficient vs. resistivity for different 2D 

and 3D bulk materials is shown in Fig. 20. In order to 

benchmark graphene-based thermoelectric detectors with 

respect to the other material systems, the FOMs are plotted 

as a function of resistivity in Fig. 34. As is shown, the FOM 

for today’s standard CVD graphene on SiO2, with the 

average mobility of 2000 cm2/Vs can already outperform 

the performance of any thermopiles made with metals and 

most of thermoelectric materials. It is predicted that the use 

of a higher quality properly passivated graphene could 

make the FOM two orders of magnitude higher than that of 

all the other material systems [64]. We can also see that the 

FOM of 2D TMDs is higher than in their 3D counterparts, 

which indicates their great potential for thermal detection 

and other thermoelectric applications. 

Figure 35 compares the detectivity and the response 

time of graphene thermopiles with different types of state-

of-the-art thermal detector technologies, including 

bolometers (VOx, etc.), thermopiles (poly-Si, Al, 

thermoelectric materials, etc.), and pyroelectric devices 

(PZT and other piezoelectric materials). For more 

advanced thermal detector technologies, the detectivity 

magnitude at room temperature is in the order of ~108-

109 cmHz1/2/W. As is shown, the performance of the 

current graphene thermopile technology is considerably 

inferior in comparison with the state-of-the-art thermal 

detectors and is below 106 cmHz1/2/W. However, the 

theoretically predicted performance is even better than 

today’s state-of-the-art technologies. For example, a 10 nm 

thick absorber with a good mechanical stability and 50% 

absorption achieved through nano-photonic structures, 

would make graphene thermopiles better than any existing 

bolometers. 

The bolometer key parameters are the thermal 

resistance and the heat capacity. It was presented that 

graphene assumes low volume for a given area and low 

density of states resulting in low heat capacity exhibiting a 

fast device response. 

Two types of graphene-based bolometers are shown in 

Fig. 36. Yan et al. has considered graphene as a hot electron 

bolometer [105] shown in Fig. 36(a). Due to a weak 

electron-phonon interaction, they used a bilayer graphene 

exhibiting tuneable bandgap. Implementation of 

perpendicular electric field gives rise to an electron 

temperature dependent resistance at low temperature, 

making the device suitable for thermometry. The 

extrapolated noise equivalent power (NEP) value for a 

1 µm2 sample at 100 mK is approx. 5 × 10-21 W/Hz1/2 

similarly to the TES (transition edge sensor) state of the art 

bolometer. The graphene-based detector structure with a 

temperature coefficient of resistance (TCR) above 4%/K is 

shown in Fig. 36(b), where the pyroelectric response of a 

LiNbO3 crystal is transduced with a high gain (up to 200) 
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Fig. 34. The thermoelectric figure of merit as a function of resistivity for various materials [after Ref. 64]. 
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Fig. 33. Graphene thermopile with a suspended IR absorber: the 

red and blue regions indicate the p-type and n-type region of 
graphene, and the square in the centre is the dielectric absorber. 

The whole structure is suspended on the substrate to reduce the 

thermal conductance in the vertical direction [after Ref. 64]. 
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into modulation for graphene [106]. That effect is reached 

by fabrication of a floating metallic structure concentrating 

the pyroelectric charge on the top gate capacitor of the 

graphene channel.  

 The main difficulty in a development of high 

sensitivity graphene bolometers is the weak variation of 

electrical resistance vs. temperature. Recently published 

papers by El Fatimy et al. [107] have shown that graphene 

QDs on SiC exhibit extremely high variation of resistance 

vs. temperature due to a quantum confinement, higher than 

430 MW at 2.5 K leading to the responsivities of 

1 × 1010 V/W for the THz region. In hot electron 

bolometers with QDs in epitaxial graphene, the bandgap is 

induced via quantum confinement (without the need of 

gates) using a simple single layer structure. NEP for 

0.15 THz vs. temperature from 2.5 K to 80 K calculated for 

a 30-nm and 150-nm QDs are presented in Fig. 37. NEP is 

approximetly one order of magnitude lower than the best 

commercial cooled bolometer and much faster in a 

response time (a few nanoseconds, compared to 

milliseconds for commercial bolometers). These QD 

bolometers operate in the very broad spectral range from 

THz to ultraviolet radiation with a responsivity being 

independent vs. wavelength - see Fig. 37(b). Similarly, as 

for hybrid photodetectors (see Fig. 27), drop of 

responsivity vs. absorber power is also observed for 

graphene bolometers [see Fig. 37(b)]. 

Due to such unique properties as the lowest mass per 

unit area, extreme thermal stability and incomparable with 

other materials spectral absorbance, graphene rises interest 

as an active area for the bolometer. However, graphene has 

failed to challenge the state-of-the-art at room temperature 

due to its weakly temperature-dependent electrical 

resistivity. Moreover, a sensitive bolometer is often slow. 

This is due to the inverse proportionality of both the speed 

and the sensitivity to the thermal resistance. Thus, the 
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Fig. 35. Detectivity vs. response time for different technology nodes of graphene thermopiles in 

comparison with mainstream uncooled thermal IR detectors [after Ref. 64]. 

 

 

Fig. 36. The graphene bolometers: side view of the bilayer graphene hot electron bolometer (a) (semitransparent NiCr 

top gate covers the graphene device and SiO2 surrounds the graphene) and pyroelectric bolometer (b) (conductance 

of graphene channel is modulated by the pyroelectric substrate and by a floating gate) [after Ref. 18]. 
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change of the thermal resistance between the bolometer and 

its environment is most commonly used to modify the 

speed and sensitivity.  

 In a departure from the conventional bolometer, a 

graphene nanoelectromechanical system has been proposed 

to detect light via resonant sensing. In the design proposed 

by Blaikie et al. [109], absorbed light heats and thermally 

tensions a suspended graphene resonator, thereby shifting 

its resonant frequency. Figure 38 illustrates a schematic 

design of the graphene resonator comprising the suspended 

graphene membrane. The graphene nanomechanical 

bolometer (GNB) is made by transferring graphene onto a 

Si/SiO2 support substrate with patterned holes, resulting in 

circular drumhead resonators. Some drumheads are 

patterned into trampoline geometries using a focused ion 

beam technique. The most sensitive device has a 6-µm 

diameter trampoline with 200 nm wide tethers. To driver 

motion of the graphene resonators, the AC. voltage 

between the graphene and the backgate was applied. 

Upon absorbing light, the membrane temperature 

increases and the resulting thermomechanical stress shifts 

the resonance frequency by an amount [109] of: 

 Δ𝑓0 =
𝛼𝑌𝑓0

2𝜎0(1−𝜈)
Δ𝑇  () 

where α is the thermal expansion coefficient, n is the 

Poisson ratio, σ0 is the initial in-plane stress, Y is the two-

dimensional elastic modulus, f0 is the initial frequency, and 

ΔT is the temperature change. For typical graphene 

nanomechanical resonators, a ΔT ~ 100 mK will shift the 

frequency by a full linewidth, a sizable amount that is 

readily measured. 

Figure 39 shows the frequency responsivity to the 

absorbed light by a time recording of f0 when the GNB is 

exposed to a sinusoidally modulated light and the absorber 

 

Fig. 38. Design of nanomechanical graphene resonator [after 

Ref. 109]. 
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Fig. 39. Frequency responsivity to the absorbed light of a graphene resonator: (a) mechanical resonance frequency vs. time for an 8-μm diameter 

trampoline with 500-nm wide tethers. The device is subject to 190 nW of incident radiation modulated at 40 Hz; (b) measured resonance shift 

vs. absorbed power, the absorbed power of 4.4 nW causes a frequency shift of Δf0 = 8.5 kHz [after Ref. 109]. 

 

 

 

         

 (a) (b) 

Fig. 37. Quantum dot bolometers: NEP vs. temperature at 0.15 THz for 30 nm and 150 nm quantum dots (a) (adapted after Ref. 107) and 

responsivity vs. absorbed power at different wavelength. Inset: NEP vs. absorbed power at selected wavelengths (b) (adapted after Ref. 108). 
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power of 4.4 nW. A best-fit line to this data yields a 

2.3-kHz/nW resonance shift per incident power. 

The GNB device has achieved a sensitivity of 

2 pW/Hz1/2 and a bandwidth up to 1 MHz, thus 

demonstrating the previously unattainable sensitivity at 

room temperature, and greatly outperforming the speed of 

state-of-the-art room-temperature bolometers [109]. 

3.4. Graphene-based terahertz detectors 

Various detection mechanisms are involved in terahertz 

2D material detectors including bolometric effect, PTE 

effect, plasma wave rectification in FET, and so on. The 

performance of representative detectors [110] is 

summarized in Table 4. Detectivity is estimated from 

equation (AΔf)1/2/NEP , where NEP values are obtained 

from the references.  

THz response can be attributed the PTE effect as a 

result of the asymmetric thermal distribution. Cai et al. 

reported a sensitive graphene PTE THz detector with 

asymmetric electrodes [113]. On account of dissimilar 

metal contacts, the Fermi energy and Seebeck coefficient 

are asymmetric across the device channel which leads to a 

photovoltage under incident radiation. In addition, the gate 

voltage may tune the Fermi energy of graphene, thus 

influencing the photoresponse. The detector response time 

is mainly determined by the thermal time constant of 

graphene which is of about 100 ps. 

Also, Tong et al. have demonstrated a half-edge 

contacted graphene PTE detector with asymmetric 

electrodes - see Fig. 40 [114]. Its sensitivity was enhanced 

by a double-patch antenna and an on-chip silicon lens 

reaching a maximum responsivity of 4.9 V/W and a typical 

D* of  2.2 × 106 Jones. 

Different modifications of a detector design have been 

proposed to improve sensitivity. One of them is a resonant 

structure consisting of two graphene sheets separated by 

Pd
BN

rapheneG
Cr/Au

SiO2

High resisivity Si

 

Fig. 40. Schematic side view of the THz PTE detector design. 

 

 

 

 

 

 

 

 

 

Table 4 

Terahertz detectors based on 2D materials [after Ref. 110]. 

Mechanism Material Frequency Responsivity NEP Detectivity Response 

time 

T Ref. 

Bolometer bP  0.3 THz 7.8 V/W 4 nW/Hz1/2  1.2×107 Jones < 1 ms 300 K 111 

Bolometer Graphene 0.3-1.6 THz - 5.6 pW/Hz1/2  3.3×109 Jones < 100 ms     3 K 112 

Bolometer Graphene 0.15 THz 5×1010 V/W 0.2 fW/Hz1/2  2.2×1012 Jones < 2.5 ns 300 K 107 

PTE Graphene 2.52 THz > 10 V/W 1.1 nW/Hz1/2  1.9×105 Jones < 110 ps 300 K 113 

PTE Graphene 2 THz > 4.9 V/W 1.7 nW/Hz1/2  2.2×106 Jones < 50 ms 300 K 114 

PTE bP  0.3 THz > 0.15 V/W 40 nW/Hz1/2  1.2×106 Jones < 2 ms 300 K 115 

PTE bP  0.3 THz > 1.1 V/W 45 nW/Hz1/2  1.0×106 Jones < 2 ms 300 K 111 

FET Graphene  0.3 THz > 0.15 V/W 30 nW/Hz1/2  1.5×106 Jones < 1 ms 300 K 116 

FET Graphene  0.6 THz > 14 V/W 515 pW/Hz1/2  4.9×107 Jones < 30 ms 300 K 117 

FET Graphene  0.3 THz > 1.2 V/W 2 nW/Hz1/2  2.3×107 Jones < 2.5 ms 300 K 118 

FET Graphene  0.3 THz > 30 V/W 163 pW/Hz1/2  3.0×108 Jones < 5 ms 300 K 119 

FET bP  0.3 THz > 5 V/W 10 nW/Hz1/2  4.8×106 Jones < 10 ms 300 K 111 

FET Graphene 230-375 GHz > 0.25 V/W 10 nW/Hz1/2  5.8×105 Jones < 1.2 ms 300 K 120 

FET Graphene 0.13 GHz > 20 V/W 0.6 nW/Hz1/2  1.9×108 Jones - 300 K 121 

FET bP 0.15 THz > 300 V/W 1 nW/Hz1/2  1.7×106 Jones < 4 ms 300 K 122 

FET Graphene 0.15 THz > 400 V/W 0.5 nW/Hz1/2  3.5×108 Jones < 20 ms 300 K 123 
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a dielectric layer to tune the absorbed wavelength as 

presented in Table 3. The responsivity of that detector 

exhibits the peaks when frequency of inducing THz 

radiation reaches resonant plasma frequencies being tuned 

by the bias [82]. In order to observe the detector resonant 

response, the frequency of electron collisions with 

impurities and acoustic phonons must be sufficiently low. 

Double-graphene layered (DGL) heterostructures 

deploying inter-graphene layer intra-band transitions show 

that such structures can be exploited for efficient and 

tunable THz/IR lasers and photodetectors [124]. 

DGL heterostructure consists of a narrow potential 

barrier like BN and WS2 sandwiched by two layers of 

graphene [Fig. 41(a)]. The voltage (Vtop-bottom) applied 

between the source and drain combined with the gate 

voltage Vg modulates the Fermi levels and forms a P-i-N 

structure [Fig. 41(b)]. The system is in resonance when the 

energies of Dirac points of two layers of graphene are 

exactly the same [110]. The resonant tunnelling between 

two layers of graphene, with conservation of energy and 

momentum, results in a negative differential conductance. 

A photocurrent is generated due to the band-offset (Δ) 

between two Dirac points (ħω), and the transverse-

magnetic (TM) polarized photons with energy of ħω ~ Δ 

can mediate the electron photon assisted resonant 

tunnelling in two layers of graphene. Yadav et al. reported 

the first experimental observation of the double graphene 

layered heterostructure THz detector [124]. 

At room temperature, the length of a plasma wave 

propagation is smaller than the length of the FET channel. 

Thus, room temperature FET THz detectors usually operate 

in a resistive self-missing regime. The plasma waves 

excited by THz radiation could be overdamped and, thus, 

the detectors did not operate in the resonant regime as was 

demonstrated by Vicarelli et al. [116]. The first THz FET 

detector based on the monolayer and bilayer graphene was 

exfoliated on Si/SiO2. In order to satisfy the boundary 

condition, the logarithmic antenna ends were gate and 

source, respectively, while the drain was a metal line 

leading to a small pad [110]. The plasma wave FET with a 

top gate antenna coupled configuration are shown in 

Fig. 42(a). These detectors demonstrated a NEP ~ 10-9 

W/Hz1/2 in the range of 0.29-0.38 THz. It was reported that 

during the measurements of a target at room temperature, 

the bilayer graphene based FET at gate voltage, Vg = 3 V 

was mounted on an x-y translation stage having a spatial 

resolution of 0.5 µm [116]. THz image consists of 

200 × 550 scanned points collected by the object raster 

  

 (a) (b) 

Fig. 41. Double-graphene layered (DGL) heterostructure: (a) schematic of the fabricated DGL device, (b) band diagrams of the DGL detector 

structures with photo-absorption-assisted inter-GL transitions. Wavy arrows indicate the inter-GL radiative V−V and C−C transitions. The 

inter-GL transitions work for the TM-mode THz photon radiations in the structure [after Ref. 124]. 

 

 

(a)
                                                                                             

(b)
 

Fig. 42. Plasma wave FET THz detector: THz detection configuration in a FET embedding the optical image of the central area of a 

bilayer graphene-based FET (a) and 0.3 GHz transmission mode image of a leaf (b) [adapted after Ref. 116]. 
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scanning in the beam focus, with an integration time of 

20 ms/point [see Fig. 42(b)]. Further study carried out by 

Spirito et al. [118] revealed influence of the gate 

configuration in a bilayer graphene FET detector. The 

device exhibited better performance by employing wide-

gate geometries or buried gate configurations [Fig. 43(b)], 

where a responsivity of 1.2 V/W was achieved. 

More recently, improvements in THz detection have 

been described by Liu et al. [123,125]. Detector was built 

from a split-finger gated graphene-based FET coupled with 

a logarithmic antenna. Its NEP value determined by the 

Johnson-Nyquist noise was less than 0.1 nW/Hz1/2 at both 

0.04 and 0.14 THz. The achieved performances are 

competitive with those of commercially available detec-

tors, in terms of both sensitivity and NEP. 

In comparison with plasmonic THz detectors fabricated 

by exfoliated graphene [118] or CVD deposited on Si/SiO2 

substrates [116], the epitaxial graphene grown on SiC is 

much more promising [125]. The bilayer graphene 

(deposited on a SiC substrate) FET channel photo-

responsivity and NEP were estimated in the level of 

0.25 V/W and 80 nW/Hz1/2, respectively.  

3.5. Graphene-based detector performance - the present 

status 

Since its discovery, graphene has been extensively 

studied for a potential service as a photodetector in a wide 

range of electromagnetic spectrum, where the majority of 

research has been devoted to visible and NIR photon 

detectors [31,32,60,72,110]. Photodetectors performance is 

mainly dependent on the inherent characteristics of the 

photodetector active layers, such as absorption coefficient, 

e-h pair lifetime and charge mobility. The high dark current 

of conventional graphene materials arising from the gapless 

nature of graphene significantly reduces the photodetector 

sensitivity and restricts further development of graphene-

based photodetectors [18]. Performance of graphene-based 

infrared photodetectors is gathered in Table 5 [32,76]. 

Spectral responsivity of graphene photodetectors 

operating in the visible and NIR spectral ranges is 

compared with a commercially available silicon and 

InGaAs photodiodes in Fig. 44. The experimental results 

are taken with Ref. 126 and many other papers. The highest 

current responsivity, above 107 A/W, has been achieved for 

hybrid GQD photodetectors with enhancement trapped 

charge lifetimes. As is shown, graphene high mobility 

together with the enhanced-trapped charge lifetimes in the 

quantum dots produced a photodetector responsivity, up to 

seven orders of magnitude higher in comparison with 

standard bulk photodiodes, where g  1. Higher respon-

sivity of a Si avalanche photodiode (APD), up to 100 A/W, 

is caused by an avalanche process. The high responsivity 

allows for fabrication of devices suitable for measuring low 

level signals. However, due to the long lifetime of the traps, 

the demonstrated frequency response of 2D material 

photodetectors is very slow (< 10 Hz), what considerably 

limits real detector functions. 

SiO /Si2 SiO /Si2

S S S S
G

G
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Bilayer graphene

 
Fig. 43. Schematic bilayer graphene FET with top (a) and buried (b) gates [after Ref. 118]. 

 

 
Table 5 

Infrared photoresponsivity of graphene-based materials [after Ref. 18]. 

Materials 
Wavelength Responsivity 

(A/W) 

Bias 

(V) 

Gain 

(%) 

Time Detectivity 

(Jones) 

Graphene 1 mm (0.3 THz) 0.07-0.15 V/W 0    

Graphene 30-220 µm (5-10)×10-9 0.1  10 ps, 50 ps  

Graphene 1550 nm 0.5×10-3   0.26 s, 3.3×1013 

Graphene/Si waveguide 2750 nm 0.13 1.5    

PbSe/TiO2/Graphene 350-1700 nm 0.506-0.13 -1  50 ns, 83 ns 3×1013 

Graphene/PbS 350-1700 nm 5×107 5 108 10-20 ms 7×1013 

Graphene/Ti2O3 3-13 µm ~ 100     

 

(a) (b)
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It is interesting to underline the unique electrical and 

optical characteristics of gold patched graphene nanostripe 

photodetectors demonstrated by Cakmakyapan et al. [103]. 

Photodetector has an ultrabroad spectral response from the 

visible to the IR region with high responsivity levels rang-

ing from 0.6 A/W at a wavelength of 800 nm to 11.65 A/W 

at 20 µm and operation speed exceeding 50 GHz. As is 

shown in Fig. 44, its current responsivity (black circles) 

coincides well with a curve (black line) theoretically 

predicted for an ideal photodiode in the NIR spectral range. 

Similar to graphene-based photodetectors, ultrahigh 

responsivity and ultrashort time response cannot be 

obtained in practice in 2D related material photodetectors 

at the same time. 2D layered materials show potential in a 

photodetection covering UV, visible and IR ranges (see 

Fig. 45) [19]. Generally, however, most of them cover the 
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Fig. 44. Spectral responsivity of graphene photodetectors compared with commercial ones. Black line shows 100% 

quantum efficiency. Red and green colours denote ≤ 1 ns response times, while the blue colour denotes ≥ 1 s 
response times. The graphene photodetectors are labelled with their reference as well as a brief description of 

the photodetector style. The commercial photodiodes are shown in green [after Ref. 18]. 

 

 

Graphene
MoS2

bP
Te
GaS
GaTe
InSe

-In Sea 2 3

-In Se 2 3

GeS
GeSe
SnS

2 3

Bi Te2 3

TiS3

ZrS3

HfSe
3

PbI2

Bi O Se2 2

NiPS3

bAsP [127]

0 500 1000 1500 2000 2500 3000 3500 4000

Wavelength (nm)

R
e
s
p

o
n

s
iv

it
y
 (

A
/W

)

10
6

10
4

10
2

10
0

10
-2

10
-4

diodeIdeal photo

g=1=100%,

300 KaAsPD InG
CdTe (Vigo)PD Hg

2

SnSe2

Bi2Se3/Graphene

 

Bi
2
Te

3
/Graphene

 

Bi

 

Se

 

/Si

 

Fig. 45. Summary of spectral responsivities to the layered 2D material photodetectors at room temperature [after Refs. 33 and 127]. Black line 
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visible and NIR spectral range, and only graphene-based, 

b-AsP alloys bismuthene (like Bi2Te3 and Bi2Se3), as well 

as noble transition metal dichalcogenides play the main 

role in the infrared region. In addition, as Figure 45 shows, 

the performance of graphene-based infrared photodetectors 

is inferior in comparison with alternative 2D material 

photodetectors. 

At present, HgCdTe is the most widely used variable 

gap semiconductor for IR photodetectors, including 

uncooled operation, and stands reference for alternative 

technologies. Literature data for longer wavelength 

infrared graphene-based photodetectors, with a cut-off 

wavelength above 3 µm, are limited. Figures 46 and 47 

compare their detectivities with commercially available 
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Fig. 46. Room-temperature spectral detectivity curves of the commercially available photodetectors [PV Si and InGaAs, PC 
PbS and PbSe, HgCdTe photodiodes (solid lines - Ref. 128)]. Also the experimental data for different types of 2D material 

photodetectors are included from literature as marked [46,81,127,129-131]. PC - photoconductor, PV - photodiode. 
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Fig. 47. Dependence of detectivity on a wavelength for the commercially available room-temperature operating infrared 

photodetectors (PV Si and Ge, PV InGaAs, PC PbS and PbSe, PV HgCdTe). There are also included experimental data for 
a different type of 2D material and colloidal quantum dot (CQD) photodetectors taken from literature as marked 

[46,59,73,127-129,131-134]. The theoretical curves are calculated for P-i-N HOT HgCdTe photodiodes assuming the value 

of τSRH = 1 ms, the absorber doping level of 5 × 1013 cm-3 and the thickness of active region t = 5 µm. PC - photoconductor, 

PV - photodiode. 
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HgCdTe photodiodes operating at room temperature 

[128,132]. The upper detectivity of a Gr/FGr photodetector 

in the SWIR range is close to HgCdTe photodiodes. This 

figure also shows experimental data for bAsP 

photodetectors and noble transition metal dichalcogenides 

entering the second atmospheric transmission window. 

As is shown, the detectivity values for selected 2D 

material photodetectors are closed to data presented for 

commercial detectors (PV Si and Ge, PV InGaAs, PC PbS 

and PbSe, PV HgCdTe), and in the case of black 

phosphorus and noble TMD detectors are even higher. The 

enhanced sensitivity of 2D material photodetectors is 

introduced by a bandgap engineering and photogating 

effect. However, the layered-material photodetectors are 

characterized by a limited linear dynamic range of 

operation and slow response time. 

Figure 47 also compares the experimental detectivity 

values published in literature for different types of a single 

element 2D material photodetectors operated at room 

temperature with theoretically predicted curves for P-i-N 

high-operating temperature (HOT) HgCdTe photodiodes.  

At present stage of the HgCdTe technology, the Rule 07 

metric (specified in 2007 [135]) is not a proper approach 

for prediction of the HgCdTe detector and system 

performance and as a reference benchmark for alternative 

technologies. The Rule 07 coincides well with a 

theoretically predicted curve for an Auger-suppressed p-

on-n photodiode with a doping concentration in the active 

region equal to Nd = 1015 cm-3. For a sufficiently long 

Shockley-Read-Hall (SRH) carrier lifetime in a HgCdTe 

ternary alloy, what is experimentally supported at doping 

level below 5 × 1013 cm-3, the internal P-i-N HgCdTe 

photodiode current is suppressed and its performance is 

limited by the background radiation [136]. In Extended 

Abstracts of The 2019 U.S. Workshop on the Physics and 

Chemistry of II-VI Materials [137] it is proposed to replace 

Rule 07 with Law 19. The Law 19 corresponds exactly to 

the background limited curve for room temperature. The 

internal photodiode current can be several orders of 

magnitude below Rule 07 in dependence on a specific cut-

off wavelength and operating temperature. In this context 

the alternative technologies should be considered and 

evaluated. Figure 47 shows that the potential properties of 

HOT HgCdTe photodiodes operated in a longer 

wavelength infrared range (above 3 µm) guarantee 

achieving more than order of magnitude higher detectivity 

(above 1010 Jones) in comparison with the value predicted 

by Rule 07. The above estimations provide a further 

encouragement for achieving low-cost and high 

performance MWIR and LWIR HgCdTe FPAs operated in 

HOT conditions. 

Particular attention in a development of THz imaging 

systems is devoted to the fabrication of sensors with a large 

potential for a real-time imaging while maintaining a high 

dynamic range and room temperature operation. CMOS 

process technology is especially attractive due to their low 

price for industrial, surveillance, scientific, and medical 

applications. With that in mind, much of a recent 

development is directed towards three types of FPAs [18]: 

• Schottky barrier diodes (SBDs) compatible with the 

CMOS process, 

• FETs relying on plasmonic rectification effect, and 

adaptation of IR bolometers to the THz frequency 

range.  

Comparing these two detector types, FETs provide 

some benefits in the THz frequency range, such as inherent 

scalability, and a combination of fast response and high 

frequency operation. In the case of SBDs, their efficiency 

is strongly influenced by parasitic capacities, which usually 

causes a dramatic decrease in sensitivity above 1 THz. 

SBDs respond to the THz electric field and usually 

generate an output current or voltage through a quadratic 

term in their current-voltage characteristics. In general, the 

NEP of SBD and FET detectors is better than that of Golay 

cells and pyroelectric detectors around 300 GHz. Both the 

pyroelectric and the bolometer FPAs with detector 

response times in the millisecond range are not suitable for 

a heterodyne operation. FET detectors are clearly capable 

of a heterodyne detection with improved sensitivity. 

Diffraction aspects predicts FPAs for higher frequencies 

(0.5 THz and above) and in conjunction with large f/# 

optics [18]. 

Due to a high carrier mobility, graphene is a very 

promising material for development of high-performance 

room temperature detectors covering the full THz range 

(0.1-10 THz). At present stage of technology, the most 

effective graphene THz detectors employ the plasma 

rectification effect in FETs, where plasma wave in the 

channel is excited by an incoming THz wave modulating 

the potential difference between gate and source/drain and 

being rectified via non-linear coupling and transfer charac-

teristics in FET [18]. Next, two figures compare NEP 

values of graphene-based FET room temperature detectors 

with existing THz photon detectors (Fig. 48) and thermal 

detectors (Fig. 49) dominating on the market [18]. The 

experimental data are gathered from the world-wide 

literature. 

Most experimental data gathered in literature is given 

for single graphene detectors operating above a wavelength 

of 100 µm (frequency range below 3 THz). Generally, the 

performance of graphene FET detectors is lower in 

comparison with CMOS-based and plasma detectors 

fabricated using silicon, SiGe, and InGaAs-based 

materials. However, in comparison with VOx and 

amorphous silicon microbolometers, the performance of 

graphene detectors is close to the trend line estimated for 

microbolometers in a THz spectral region (see Fig. 49). 

The best quality VOx bolometer arrays are characterized by 

NEP value of about 1 pW/Hz1/2 in the LWIR range 

( ≈ 10 µm). It should be marked here however, that 

microbolometer data are addressed to monolithic arrays. In 

this case an important issue for FPA is pixel uniformity. It 

appears, that the fabrication of monolithically integrated 

THz detector arrays encounters many technological 

problems that the device-to-device performance variations 

and even the percentage of non-functional detectors per 

chip tend to be unacceptably high [18]. Adaptation of IR 

microbolometers to the THz frequency range after the 

successful demonstration of active THz imaging [138] 

entailed that in the period of 2010-2011, three different 

companies/organizations announced cameras optimized for 

the THz frequency range: NEC (Japan) [139], INO 
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(Canada) [140] and Leti (France) [141]. Figure 49 

summarizes the NEP values for bolometer FPAs fabricated 

by three vendors. The FPAs optimized for 2-5 THz exhibit 

impressive NEP values below 100 pW/Hz1/2. It can be seen, 

that the wavelength dependence of NEP is quite flat below 

200 µm. Further improvement of performance is possible 

by increasing number of pixels, modification of antenna 

design while preserving pixel pitch, ROIC, and 

technological stack. 

For FPAs the relevant figure of merit for determining 

the ultimate performance is not the detectivity, D*, but the 

noise equivalent difference temperature (NEDT) and the 

modulation transfer function (MTF) [58]. NEDT, as well as 

MTF are the primary performance metrics to thermal 
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imaging systems: thermal sensitivity and spatial resolution. 

Thermal sensitivity is concerned with the minimum 

temperature difference that can be discerned above the 

noise level. MTF concerns the spatial resolution and 

answers to the question – how small an object can be 

imaged by the system? 

In 2013, the European Union launched the Future and 

Emerging Technology Graphene Flagship program to 

accelerate research into technologies based on graphene 

and related materials. Recently, within the framework of 

this program, the hybrid GQD photodetector arrays fully 

vertically integrated into a CMOS readout chip have been 

demonstrated (see Fig. 50). These 388 × 288 pixel cameras 

are operated in the UV-visible-SWIR range from 300 to 

2000 nm. Pixels of the image sensor (see Table 3, first line) 

are characterized by a high gain of 107 and a responsivity 

above 107 A/W. The size of pixels is large (20 µm, what 

limits spatial resolution) for operation in the visible and 

SWIR range in comparison with present commercial 

CMOS images operated in the visible region with a pixel 

size close to 1 mm [1]. Also, operability of the arrays 

estimated as 95% is poor [142]. The fixed pattern noise 

(spatial noise) has a strong influence on the noise 

equivalent irradiance of the arrays, especially if the array 

pixels are hybrid (like GQDs). It is well known that 

nonuniformity of QDs limits performance of QD 

photodetector arrays [143]. 

From the above discussion about the present status of 

single graphene-based detectors, we can conclude that 

[18]: 

• pristine graphene has a broadband absorption and 

fast response dominated by hot-carriers dynamic; in 

consequence due to a low absorption coefficient and 

a fast relaxation time, its responsivity is lower in 

comparison with detectors existing on global 

market, especially HgCdTe, InGaAs, and 

microbolometers, 

• improving the responsivity by combining graphene 

with other materials (hybrid photodetectors) owing 

to the photogating effect causes the limited linear 

dynamic range due to the charge relaxation time, 

leading to drop in sensitivity with incident optical 

power, 

• responsivity of hybrid and chemically function-

nalized graphene detectors is comparable and even 

better in comparison with commercially available 

detectors, however, considerable drop in operating 

speed (bandwidth) is observed; generally, their 

response time (millisecond range and longer) is 

three order of magnitude longer in comparison with 

commercial detectors (microsecond range and 

shorter); above drawbacks limit their practical 

applications, 

• at present stage of technology, the most effective 

graphene-based photodetectors are THz detectors 

which use plasma rectification phenomena in FETs; 

performance of these detectors approximate that of 

commercial detectors, 

• due to the poor graphene-based detector technology, 

development of arrays is in the infancy stage 

(especially very low operability and uniformity). 

Considering fundamental material properties and 

seeing on the present stage of graphene technology, it is 

rather doubtful to predict a stronger position of graphene in 

the future imaging infrared systems. The assumptions that 

graphene is always a perfect 2D crystal in isolation from its 

environment is, in most cases, not valid. There are 

significant challenges faced by materials scientists to 

improve graphene growth techniques [18]. 

Graphene-based detector challenges include limited 

linear dynamic range of operation, lack of efficient 

generation, and extraction of photoexcited charges, 

smearing of photoactive junctions due to hot-carrier 

effects, large-scale fabrication, and, ultimately, 

environmental stability of the constituent materials [18]. 

As is shown in Ref. 144, the ratio of the absorption 

coefficient to the thermal generation rates, a/G, is the main 

figure of merit of any IR materials where the thermal 

generation rate is inversely proportional to the 

recombination lifetime. Due to ultrahigh mobility, it is 

suitable for high-speed communications. However, it 

remains a great challenge to reach high responsivity in 

  

  

   

Fig. 50. Monolithically integrated graphene-quantum dot photodetector array (a) and side view of detector, and the underlying readout 

circuit (b) [after Ref. 142]. 
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graphene detectors because of a weak optical absorption 

(only 2.3% in the monolayer graphene sheet) and a short 

carrier lifetime (< 1 ps). In other words, the applications of 

graphene-based photodetectors are limited in comparison 

to traditionally detectors. Various approaches have been 

proposed to enhance sensitivity by introduction of a 

bandgap, electron trap layers (quantum dot structures), or 

nanoribbons. However, these methods degrade the 

electronic performance including carrier mobility. 

4. Related 2D material detectors 

Graphene is one of a large number of possible 2D 

crystals. Discovery of new 2D materials with direct energy 

gaps in the IR to the visible spectral regions has opened up 

a new perspective for a photodetector fabrication. There are 

hundreds of layered materials that retain their stability 

down to constituent monolayers and whose properties are 

complementary to those of graphene and are treated in 

many review papers; see, e.g., Refs. 10, 12, 32, 33, 35, 59, 

62, and 110. 

4.1. General overview 

Similar for graphene-based detectors, radiation 

detection mechanisms such as photoconductive, 

photovoltaic, photo-thermoelectric, and FET effects have 

also been reported in other 2D material photodetectors. For 

example, Figure 51 shows two types of detectors: MoSe2 

photoconductor and bP-based FET. While 2D TMDs are 

limited to UV-NIR due to their bandgaps, bP can be tuned 

to below 0.3 eV by doping with As. b-AsP has been 

demonstrated for light detection from UV to THz. 

Despite the very high responsivity reported in hybrid 

garphene-based phototransistors, their power consumption, 

electronic readout circuits, and noise are all determined by 

zero bandgap of graphene which leads to a large dark 

current. Alternative 2D materials, especially TMDs, have 

been considered as a potential replacement of graphene for 

transistor channels. The use of 2D TMDs channels with a 

bandgap of 1-2 eV is a particular promise offering a lower 

leakage current during the transistor operation in the 

depletion mode. 

Ultrahigh responsivity and ultrashort time response 

cannot be obtained at the same time in practice 2D related 

materials, as with the graphene-based photodetectors. In 

2D materials and their hybrid systems, the photogating 

effect can be realized in two ways as is described in 

section 3.1.2; by carriers trapping in the localized states or 

(in hybrid photodetectors) by carriers trapping and trans-

ferring one type of carriers to 2D materials. 

In layered detectors, the shot noise generated from the 

dark current is considered as the main factor limiting 

detectivity. In the case of room temperature photodetectors 

in which a photogain is observed, thermal noise and 

generation-recombination (g-r) noise should be considered. 

For various 2D photodetectors, also the low-frequency 

noise (1/f) should be investigated because it is considered 

as an important metric for evaluating the performance [18]. 

Exemplary performance of infrared photodetectors 

based on 2D materials and their hybrid structures, including 

photodetectors with a cut-off wavelength above 1 µm, are 

gathered in Table 6. It was demonstrated also that 

topological insulators can be promising candidate materials 

for a broadband photodetection. Metallic surface state can 

bring a strong optical absorption, what has been 

demonstrated for a Bi2Te3/Si heterojunction. The spectral 

responsivity of this device covers a broadband response 

from 370.6 nm to 118 µm [145]. 

Figure 52 compares the spectral responsivity and detec-

tivity of representative 2D material photodetectors in the 

SWIR spectral range (with the cut-off wavelength range 

below 3 µm) with silicon and InGaAs photodiodes oper-

ated at room temperature [18]. Generally, the responsivity 

and detectivity of 2D material photodetectors are lower in 

comparison with the most popular commercial InGaAs. 

4.2. Middle and long wavelength infrared detectors 

In the spectral region above 3 µm, among the TMDs 

such materials as bP, b-AsP alloys, and layered semi-

conductors with narrow bandgaps and a high carrier 

mobility are of a great importance for the implementation 

of high-performance infrared detectors (see Table 6). 

4.2.1. Black phosphorus photodetectors 

Attention to 2D bP was brought from 2014 as is 

described in section 2.2.2. b-AsP as a monolayer or a few-

layer material has been shown its attractive properties, such 

as high mobility, anisotropic optical properties, and a 

highly tuneable thickness-dependent direct bandgap, 

spanning from 0.3 eV in the bulk case to 1.7 eV of the 

monolayer case. In this context bP appears as a natural 

trade-off between graphene and TMDs. 

The first paper of great significance which recovered 

the potency of bP for practical infrared applications was 

published by Guo et al. in 2016 [146]. Authors of this paper 

Si substrateSi substrate

bPMoSe2

SiO2SiO2

VDS

VG

AuAu AuAu
A

Incident radiation Incident radiation

 
Fig. 51. Cross-section view of 2D material photodetectors: (a) MoSe2 photoconductor and (b) bP-based FET [after Ref. 18]. 
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achieved a bP photoconductor with a room temperature 

responsivity of 82 A/W at a wavelength of 3.39 µm. This 

high responsivity is attributed to the photogating effect and 

the shallow long trap level-induced carrier lifetime. 

Usually, high gain limits the bandwidth. For a light 

chopping frequency over 10 kHz, the responsivity value of 

60 mA/W results from the intrinsic photovoltaic effect. 

Bullock et al. [147] have demonstrated 2D bP/MoS2 

MWIR heterojunction photodiodes (see Fig 53) achieving 

room-temperature external quantum efficiencies of 35% and 

detectivities as high as 1.1 × 1010 cmHz1/2/W at  = 3.8 µm. 

This value is similar to the current state of-the-art room-

temperature photodiodes commercially available (see 

Fig. 46). Furthermore, by leveraging the anisotropic optical 

properties of bP, the first bias-selectable polarization-

resolved photodetector has been demonstrated. 

In the bP/MoS2 heterojunction photodiode, a thin (~ 10-

20 nm) n-type MoS2 layer acts as an electron contact and 

Table 6 

Infrared photoresponsivity of 2D materials at room temperature. 

Materials 
Wavelength 

(mm) 

Responsivity 

(A/W) 

Bias 

(V) 

Gain 

(%) 
Time 

Peak detectivity 

(Jones) 
Ref. 

MoS2 0.5-1.1 0.1 -10 25% < 15 ms  33 

WS2 (CVD) 0.5-0.9 3.5×105 2 1×105 23 ms 1014 33 

In2Se3 0.4-0.94 9.8×104 0.05  9 s 3.3×1013 33 

GeAs 1.6 6   3 s  33 

MoS2/PbS 0.4-1.5 6×105 1  0.35 s 7×1014 33 

MoS2/Si 0.4-1.0 0.9082 -2  56 ns; 825 ns 1.889×1013 33 

MoS2/bP 0.5-1.6 22.3 3 50 15 ms; 70 ms 3.1×1013 33 

MoS2/G/WS2 0.4-2.4 1×104 1 106 53.6 ms; 30.3 ms 1×1015 33 

bP (gated-photocon.) 3.5 10 0.5 270  6×1010 131 

bP/MoS2 (p-n hetero) 4.3  0.5  ~ 1ms 2×109 127 

bAsP (phototransitor) 2-8 (30-10)×10-3 0   3×108 127 

PtSe2 (phototransitor) 0.6-10 4.5   1.1, 1.2 ms 7×108 46 

PdSe2 (phototransitor) 1-10.6 ~ 45 1 103-49 74.5, 93.1 ms 1×109 129 

PdSe2/MoS2 (p-n hetero) 1-10.6 ~ 4 1  65.3, 62.4 ms 8×109 129 

Gr/Ti2O3 10 300 0.1  1.2, 2.6 ms 7×108 80 

Bi2Te3/Si UV-THz 1 -5  0.1 s 2.5×1011 (635 nm) 145 
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also constitutes a window for the MWIR radiation. A back 

reflector Au pad is a contact for holes. As is shown in the 

band diagram [see Fig. 53(b)], the band offset at the MoS2 

and bP heterojunction allows the flow of electrons to the 

MoS2 contact and blocks the flow of holes. 

The polarized-resolved device uses two bP/MoS2 

heterojunctions with orthogonal bP crystal orientations 

separated by a common MoS2 electron contact. Each bP 

layer has an isolated hole contact. This configuration is 

similar to the two-colour back-to-back photodiodes that 

have been previously demonstrated in two-colour HgCdTe 

and III-V semiconductor photodiodes [58]. The top 

MoOx/Pd stack is an effective hole contact because of its 

large work function. 

By varying the composition of arsenic, x, in the AsxP1-x, 

the band gap correspondingly changes from 0.3 to 0.15 eV. 

This change in the energy gap suggests that b-AsP may 

interact with light whose wavelength is as long as 8.3 µm. 

Long et al. [127] have reported about bAs0.83P0.17 long-

wavelength IR photodetectors, with a room temperature 

operation to 8.2 µm. The design of a phototransistor is 

similar to the one shown in Fig. 51(b). The b-AsP thin film 

flakes of b-AsP ranging from 5 to 20 nm thick were 

mechanically exfoliated from bulk b-AsP samples onto a 

highly doped silicon substrate covered by a 300-nm SiO2 in 

a glove box. After device fabrication by a standard 

electron-beam lithography, metallization, and a lift-off 

process, the spin-coated thin layer of polymethyl 

methacrylate (PMMA) was deposited to protect the 

samples from oxidation in the air. 

Figure 54 schematically shows the operation principle 

of b-AsP devices with a different doping type. If the 

channel is p-type doped, the electron-hole pair is mainly 

generated at the reverse-biased b-AsP/drain junction. In the 

case of a slightly n-type doped channel, the photo-

generation takes place at the reverse-biased b-AsP/source 

junction. Photogenerated electron-hole pairs are separated 

by the electric field. Due to the opposite junction bias 

direction, the photocurrent has an opposite polarity at two 

contacts. Detailed studies of a photoresponse mechanism 

revealed a more complex phenomenon with contribution of 

the photogating and PFE effects. The photocurrent is a 

negative relative to Vds and shows a very weak gate 

dependence in the highly doped regime with a dominant 

contribution of PTE and bolometric effects.  

Well known strategy to suppress dark current is using 

heterojunctions; in the considered case using 2D vdW 

heterojunctions. Integrability is an inherent merit of 2D 

materials by which different 2D flakes can be sequentially 

stacked into vdW heterojunctions. Following this idea, 

Long et al. [127] fabricated photodetectors based on a 

b-AsP/MoS2 heterostructure with a room-temperature 

detectivity of about 5 × 109 cmHz1/2/W at 4.3 µm. Spectral 

detectivity curves of two types of bAs0.83P0.17 

photodetectors (phototransistor and vdW heterojunction) 

comparable with commercially available ones are 

compared in Fig. 46. More recently, Tan et al. [148] have 

demonstrated that doping bP with carbon to form a black 

phosphorus-carbon (bPC) can extend the detectable 

wavelength to 8 µm and a peak responsivity of 2163 A/W 

was achieved from a bPC-based phototransistor at 2 µm.  

Amani et al. [131] studied the response spectrum and 

responsivity of bP and b-AsP alloys (composition range 

0-91% of As) as the active regions of phototransistors. 
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Fig. 53. Two-terminal bP/MoS2 MWIR heterojunction photodiodes: (a) schematic of a device configuration, (b) energy band diagram of the 

device (a) under equilibrium, and (c) schematic of polarization-resolved bP/MoS2 heterojunction photodiode [after Ref. 147]. 
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Fig. 54. Schematic diagrams of an energy band structure for an MWIR b-AsP photovoltaic detector at different doping types under the bias voltage 

Vds: (a) the sample of b-AsP working at the p-type region and (b) the device working at the n-type region. The black horizontal arrows indicate 

the direction of the photocurrent [after Ref. 127]. 
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Figure 46 shows spectral dependence of detectivity for 

b-AsP gated photoconductors (phototransistor) with the 

cut-off wavelength tuned from 3.9 µm to 4.6 µm. It is 

shown that for optimized devices with a thickness of 

 28 nm, the peak detectivity is of 6 × 1010 cmHz1/2/W for 

bP and 2.4 × 1010 cmHz1/2/W for bP0.91As0.09 at room 

temperature with a bandwidth of 117 kHz [131]. This 

detectivity is a record achievement for b-AsP 2D material 

photodetectors in the MWIR spectral range which is almost 

one order of magnitude greater than commercially 

available HgCdTe photodiodes. 

In Fig. 55 are compared peak detectivity of HgCdTe 

photodiodes [128] and InAs/GaSb type-II superlattice 

(T2SL) interband quantum cascade infrared photodetectors 

(IB QCIP) [149] operating at room temperature with b-AsP 

and noble metal dichalcogenide photodetectors. We can see 

that in the MWIR spectral range the performance of b-AsP 

detectors outperforms commercially available uncooled 

HgCdTe photodiodes, instead in LWIR the detectivity of 

noble transition metal dichalcogenide photodetectors is the 

best. Due to a strong covalent bonding of III-V 

semiconductors, IB QCIPs can be operated at a temperature 

up to 400C, what is not possible to achieve for a HgCdTe 

counterpart and especially b-AsP due to its fatal problem of 

a structural instability. Also, response time of HgCdTe IB 

QCIPs detectors operated at room temperature, typically in 

the order of nanoseconds, is considerably shorter in 

comparison with b-AsP photodetectors [18]. 

4.2.2. Noble transition metal dichalcogenide photodetectors 

Narrow-bandgap 2D noble metal dichalcogenides could 

be a novel platform for room temperature LWIR 

photodetectors. Theoretical simulations predict that group 

X TMDs (Ni, Pd, Pt) are the promising narrow bandgap 

semiconductors with ~ 0-0.25 eV [39,46,47,150]. The 

room-temperature mobility of bulk materials is greater than 

1000 cm2/Vs. For 2D materials, the carrier mobility larger 

than 200 cm2/Vs and air-stable properties have been 

demonstrated in recent years [150,151]. 

The first few-layered PtS2 phototransistor on an hBN 

substrate operating in the visible range was demonstrated 

in 2017 [152]. A high photoresponsivity up to 

1.56 × 103 A/W and an ultrahigh photogain of 2 × 106 were 

achieved benefiting from the short channel and hole trap 

states. Yu et al. reported an Ar-plasmon-treated bilayer 

PtSe2 with a responsivity and response time of 4.5 A/W and 

1 ms at a wavelength of 10 µm [46]. The detectivity 

approaches 7 × 108 cm Hz1/2/W which is higher than that of 

commercial bolometers operated in this wavelength range. 

bP photodetectors are challenging because of their 

instability in the air. As an alternative, investigations of air-

stable group X TMD materials for long wavelength 

infrared (LWIR) applications have been just started. New 

step in their development has been provided by Long et al. 

in the recently published paper [129]. This paper is 

dedicated to two types of PdSe2 photodetectors based on 

the phototransistor and its heterostructure. 
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Fig. 55. Peak detectivity comparison between HgCdTe photodiodes, InAs/GaSb type-II superlattice IB 

QCIPs and representative 2D material photodetectors operated at room temperatures. Experimental 
data for HgCdTe photodiodes is taken according to VIGO catalogue [128]. Data for cascade 

infrared detectors are taken from many papers including Ref. 149. 

 



  A. Rogalski et al. / Opto-Electronics Review 28 (2020) 107-154 143 

PdSe2 FETs were fabricated by a conventional electron-

beam lithography process using flakes with a thickness of 

5-20 nm to assure a high carrier mobility and a relatively 

high absorption. Figure 56 shows the long wavelength 

infrared photoresponse characteristics of a typical PdSe2 

phototransistor at room temperature. The responsivity 

decreases from 42.1 to 13.8 A/W at Vds = 1 V under a laser 

illumination of 10.6 µm when the light power is increased 

from 1.42 to 5.67 nW. The photogating effect plays a 

crucial role in a high photoconductive gain due to the long 

lifetime of a combination induced by trap states and a short 

carrier transit time. As is shown, it decreases from 49 to 16 

as the illumination power increases. This effect is 

especially emphasized, if we compare responsivities of 

HgCdTe photodiodes, where g = 1, with these for PdSe2 

phototransistors - see Fig. 56(b). In the last case, the 

responsivity is about one order of magnitude higher in the 

wide infrared spectral range. The photoresponse speed, one 

of  the  most  important  figures  of  merit,  is  rather  slow. 

The rise/delay time defined as the time required to transi-

tion from 10/90% of the stable photocurrent during the 

illumination on/off cycle, is of 74.5 ms/93.1 ms under 

10.6 µm laser illumination. The response time under a 

shorter light wavelength is much faster, about two orders 

of magnitude. 

To decrease dark current density, usually a 

heterojunction device is used. The p-n heterojunction could 

be fabricated by stacking a p-type PdSe2 with other n-type 

2D material. Long et al. [129] have chosen n-type MoS2 

deposited on p-type PdSe2 to form a vdW heterojunction. 

A schematic structure of this device is shown in Fig. 57(a). 

Standard electron-beam evaporation was used for 

fabricating metals electrodes (5 nm Ti and 50 nm Au).  

Figure 57(b) shows a satisfactory device rectification 

effect of the output curve under dark conditions. The 

rectification ratio is typically of about 100 at 2 V bias 

which indicates that a built-in electrical field exists  

at  the  interface. This  is  characterized  by  a  broadband 
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Fig. 57. PdSe2/MoS2 heterostructure device: (a) schematic structure of the heterojunction, (b) Ids(Vds) dark and illumination 

characteristics at room temperature [after Ref. 129]. 
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Fig. 56. Long wavelength infrared photoresponse of a typical PdSe2 phototransistor at room temperature: (a) power dependence responsivity and 

gain at Vds  = 1 V, (b) responsivity and photocurrent gain as a function of a wavelength at 1 V bias voltage [after Ref. 129]. 
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photoresponse from 450 nm to 10.6 µm what is shown in 

Fig. 56(b). In the spectral range between 1 and 10.6 µm, the 

responsivity becomes stable at ~ 4 A/W.  

The current noise of the PdSe2/MoS2 heterostructure is 

a significantly depressed relative to that of the PdSe2 FET. 

At the low-frequency range, 1/f noise dominates the noise 

current contribution. It is well known that the low 

frequency flicker noise originates from the fluctuation of 

carriers being trapped and de-trapped by defects and 

disorder and exists widely in 2D materials [153]. If the 

frequency increases beyond 1 kHz, the noise current of the 

PdSe2/MoS2 heterostructure decreases to the Johnson noise 

level, while for the PdSe2 FET devices, the current noise is 

3 orders of magnitude higher than the Johnson noise level. 

This result indicates that the built-in electric field at the 

heterojunction effectively depresses the noise level and is 

highly desired. In consequence, in spite of a higher 

responsivity of PdSe2 FET in comparison with the 

heterostructure [see Fig. 56(b)], the detectivity of the 

PdSe2/MoS2 heterojunction is higher - 8 × 109 cmHz1/2/W 

at  = 10.6 µm and T = 300 K - see Figs. 46 and 55. This is 

a record achievement because this value of detectivity is 

even more than one order of magnitude larger than that of 

commercial HgCdTe photodiodes. 

4.3. Terahertz detectors 

Diverse optoelectronic properties of 2D materials cover 

the wide range of the electromagnetic spectrum. Recently, 

efforts have increased in developing a proof-of-concept, 

also THz photodetectors. bP with a finite and direct 

bandgap in both bulk (Eg  0.35 eV) and monolayer 

(Eg  2 eV) phase, considerably high mobility 

(>1000 cm2/Vs), makes it a good trade-off between 

graphene and TMDs. Furthermore, the achievable superb 

an on-off transistor ratio of above 105, makes bP a suitable 

candidate for detection of the THz-frequency light. 

Vitti et al. first demonstrated the bP THz photodetectors 

operated at room temperature in 2015 [115]. They 

exploited the integration of a mechanically SiO2-en-

capsulated bP flake in an antenna-coupled top-gate FET, as 

is shown in Fig. 58. A standard adhesive tape technique 

was used to transfer flake on a 300-nm thick SiO2 layer on 

the top of a 300-µm intrinsic silicon wafer. The selected bP 

flakes with a thickness of about 10 nm coincide with the 

out-of-plane screening length and correspond to ≈16 layers 

of phosphorene. This choice ensures an ideal trade-off 

condition between high mobility and large carrier density 

tunability. 

THz FET detectors have been fabricated by exploiting 

a combination of electron beam lithography and metal 

evaporation. The source (S) and gate (G) electrodes were 

patterned in the shape of two halves of a planar bow-tie 

antenna having a total length 2L = 500 µm and a flare angle 

of 90°, in resonance with a 0.3-THz radiation. Figure 59 

shows the device layout. 

The photodetection mechanism in bP-based THz FETs 

was identified as a result of three mechanisms including 

 

   

    

 

 

Fig. 59. Fabrication of the bP-FET structure: (a) false colours SEM image of the device [the channel length (Lc) is of 2.7 μm and the       

gate length (Lg) is of  530 nm], (b) S and G electrodes are designed to form a 500-μm, 90° flare angle, planar bow-tie, antenna; 

D electrode is connected to a rectangular bonding pad [after Ref. 115]. 

 

 

Fig. 58. Vertical sketch of the bP-FET structure [after Ref. 115]. 
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photothermoelectric, bolometric and plasma-wave recti-

fication effects [115], and the anisotropy of bP [111]. For 

example, Figure 60 shows the extrapolated NEP curves for 

above three mechanisms which minimum reaches 

7 nW/Hz1/2, 10 nW/Hz1/2, and 45 nW/Hz1/2 for the 

bP-bolometer, plasma-wave and thermoelectric detector, 

respectively. The responsivity value of ~5-8 A/W at about 

0.3 THz allows to use a bP FET device in application for a 

real-time pharmaceutical and quality control imaging 

[111]. 

To prevent fast degradation of the exfoliated bP flake to 

ambient temperature, Viti et al. embedded a bP flake within 

a natural semiconductor heterostructure formed by 

multilayered h-BN crystals to devise hBN/bP/hBN 

heterostucture THz FET detectors shown in Fig. 61. The 

heterostructure was fabricated as previously (see Fig. 58) 

over a high resistivity silicon substrate covered with a SiO2 

cap layer. A 40-nm thick hBN flake with lateral dimensions 

of 20 × 20 mm2 was put on the SiO2/Si substrate to facilitate 

subsequent alignment step - transferring a bP flake onto the 

lower hBN layer. Before the deposition of the hBN top 

layer, the source (S) and drain (D) contacts were defined 

through a combination of electron beam lithography and 

metal deposition on the bP flake. 

The FET hBN/bP/hBN heterostucture operated at 

295 GHz is characterized by the minimum NEP of 

100 pW/Hz1/2 and the maximum Rv = 38 V/W at 4 K, 

whereas at room temperature ~10 nW/Hz1/2 and ~2 V/W, 

respectively. hBN as an atomic dielectric constitutes a good 

encapsulating material for bP. In addition, hBN is a 

valuable gate dielectric which, in turn, allows the high gate-

to-channel capacitance for tuning the device transport and 

optical properties. Viti et al. [154,155] have reviewed a 

recent research on bP detectors operating in the wider 

spectral range from 0.26 THz to 3.4 THz with emphasis on 

the future challenges in fabrication of stable and reliable 

optical and electronic technologies. 

Recently, it was demonstrated that also topological 

insulators can be promising candidate materials for a 

broadband photodetection including THz range. 

Topological insulators (TIs) represent a novel quantum 

phase of matter, characterized by a semiconducting bulk 

and topologically protected surface states with a spin and 

momentum helical locking and the Dirac-like band 

structure [156,157]. 2D TIs are associated with gapless 

edge states and 3D insulators with gapless topological 

surface states (TSS) [158]. 

Intriguing properties of TIs result from: 

• gapless of TSS what enables carrier generation by 

light absorption over a very wide energy spectrum 

including the THz range, 

• optoelectronic properties which can be engineered 

by the material stoichiometry [159], 

• high TSS mobility, even higher than graphene due 

to the topological protection that prevents 

backscattering effects [160], and 

• 2D TSS electron gas of 3D TIs supports a collective 

excitation (Dirac plasmons) in the THz range [161]. 

Most of the published papers concern visible and short 

wavelength infrared TIs photodetectors [162]. The promis-

ing application of THz plasmonics with TIs is related to the 

rectification of THz radiation via excitation of plasma 

waves in the active channel of antenna-coupled FETs. 

The first demonstration of THz detection mediated by 

TSS in top-gated nanometer FETs exploiting thin 

Bi2Te3−xSex flakes was demonstrated by Viti et al. in 2016 

[163] (Fig. 62). Flakes having total length of <2 µm have 

been selected as active nonlinear elements of FETs, in order 

to reduce both the parasitic capacitance and the resistances 

in the ungated transistor regions. By engineering the 

Bi2Te3−xSex stoichiometry and mediating the RT THz 
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Fig. 60. Noise equivalent power as a function of gate voltage (Vg) 

for plasma-wave sample (0.29 THz), thermoelectric sample 

(0.32 THz), and bolometric sample detectors [after Ref. 111]. 

 

  

   

Fig. 61. hBN/bP/hBN heterostucture THz FET detectors: (a) AFM tomographic image of the top-gate FET, (b) optical microscopy image of the 

fabricated device. The bow arm length is L = 250 mm (after Ref. 154). 
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detection with overdamped plasma-wave oscillations, the 

maximum responsivity of 3.0 V/W and the minimum NEP 

of ~10 nW/Hz1/2 has been achieved for a 292.7 GHz 

impinging radiation frequency. Using this detector, the 

400 × 700 pixel image of a target object was acquired with 

a time constant of 20 ms. This experiment gives a realistic 

impact on the exploitation of TSS for a large-area, fast THz 

imaging. 

Also, another structure of TI THz photodetectors has 

been proposed. Yao et al. [145] proposed a Bi2Te3-Si 

heterojunction detector schematically shown in Fig. 63(a). 

The Bi2Te3 film, 300 µm in diameter and 100 nm in 

thickness, was grown onto the Si wafer by a pulsed laser 

deposition. Pt and Ag electrode contacts were then 

deposited on the top surface of the Bi2Te3 and bottom 

surface of Si, respectively. The device demonstrated 

photoresponse at room-temperature in the range from 

ultraviolet (370.6 nm) to terahertz (118 µm). 

An innovative strategy for a direct detection of THz 

photons at room temperature based on a subwavelength 

metal-Bi2Se3-metal structure has been proposed in Ref. 164 

[see Fig. 63(b)]. In this device the contact metal converts 

incident radiation into a localized surface-plasmon field 

which drives back and forth the TSS. The measured room-

temperature responsivity of a device working in the self-

powered and bias modes at 0.3 THz was of 75 and 

475 A/W, respectively. NEP value of 3.6 × 10−13 W/Hz1/2 

and detectivity of 2.17 × 1011 cmHz1/2/W have been 

achieved for a device working under a bias current of 

50 mV. These results are crucial in fruition of TIs in the 

field of THz imaging applications. 

4.4. 2D material detector performance - the present 

status 

Development of pristine 2D material high sensitivity 

photodetectors is determined by two major challenges: low 

optical absorption in thin active region (~100–200 nm) and 

short photocarrier lifetime. Similar to graphene-based 

detectors, the remaining 2D photodetectors are limited by 

a trade-off between high responsivity, ultrafast response 

time, and broadband operation. Photodetectors based on 2D 

materials display a large variation in their current 

responsivity and response time [29-31] - about 9 orders of 

magnitudes as is shown in Fig. 64. The current studies are 

mostly limited to exfoliated materials from bulk layered 

crystals, with very limited yields, reproducibility and 

scalability. In consequence, the divergence in responsivity 

values is large. Moreover, a strong influence on relation 

between current responsivity and response time has the 

photogating effect what is shown in Fig. 64(b).  

To enhance the infrared absorption, multiple layers 

instead of the single layer are selected. High photogain is 

often realized by using 2D material as the fast transfer 
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(a) (b) (c)

Fig. 62. Top-gated nanometer FET exploiting thin Bi2Te3−xSex flake: (a) schematics of the THz detection principle, where photovoltage and

photocurrent modes are depicted in black and purple, respectively; (b) false colours SEM image of the top-gated FET; S, G, and D stand 
for  source,  gate, and  drain,  respectively;  and  (c) experimental  responsivity  measured  at  room-temperature  at  a  fixed  frequency  ν  = 
292.7 GHz while sweeping the gate bias Vg in the range (−10 V, + 10 V) [after Ref. 163].  
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Fig. 63. Structures of THz photodetectors with topological insulators: (a) Bi2Te3-Si heterojunction in a two pole structure (the forward bias is defined 

as applying a positive bias on the Bi2Te3 side) [after Ref. 145], (b) metal-Bi2Se3-metal structure (the spacing distance L between the two gold 

contacts is much shorter than the wavelength radiation) [after Ref. 164]. 
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channel for charge carriers. However, as is mentioned in 

section 3, their general drawback is a very slow response 

time attributed to traps and enhanced capacitance (up to 

104 ms). The response time at room temperature is typically 

longer than ~0.1 ms, what indicates a considerably longer 

response time in comparison with commercial silicon, 

InGaAs, and HgCdTe photodiodes; for HOT photodiodes 

it is typically between 1 and 10 ns. The up-left blank panel 

of Fig. 64(a) indicates the lack of photodetectors with both 

ultrahigh responsivity and ultrafast response speed. This 

observation is also supported by Fig. 64(b). It is also well 

known that the high gain induced by a long carrier lifetime 

can also cause both large generation-recombination noise 

and slow speed which is adverse to improve the device 

detectivity. In detector focal plane arrays, the suitable 

response time depends on pixel number, signal readout 

mode, driving integrated circuit design rules, and others. 

The photoresponsivity and response time of different 

2D material photodetectors are summerized in Fig. 65. It is 

shown that bP falls into a region between graphene and 

TMDs. However, degradation in air and other 

environments is an unresolved issue that may limit bP 

future applications [165]. bP degrades rapidly under room 

conditions, affecting its structure and properties. In 

particular the role of different ambient species has 

remained controversial. A considerably better stability is 

observed for noble transition metal dichalcogenides with a 

record room-temperature detectivity measured for a 

PdSe2/MoS2 heterostructure, of about 1010 Jones, in a long 

wavelength infrared range [129]. 

Another look on the 2D material gives the experimen-

tally measured relation between detectivity and response 

time shown in Fig. 66 for photodetectors operated mainly 

in the visible and SWIR spectral regions [166]. The large 

variation in responsivity and response time (Fig. 64) 

influences about 10 orders of magnitude change in the D*f 

product - between 107 and 1017 Jones·Hz.   
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Fig. 65. Summary of the responsivity and response time of photo-
detectors based on different groups of 2D materials - graphene-

based, black phosphorus (bP) and transition metal dichalco-

genides (TMDs) (after Ref. 32) 
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Fig. 64. Room-temperature current responsivity against response time for 2D material photodetectors: (a) in comparison with commercial silicon, 

InGaAs and HgCdTe photodiodes (many data are taken from Ref. 29), and (b) for part low-dimensional photodetectors (after Ref. 61); the 

blue line represents a typical magnitude order of gain-bandwidth product for traditional high-performance thin-film photodetectors, red 

symbol indicates that this is a photogaiting enhanced photodetector. 
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Fig. 66. The state-of-the-art graphene heterojunction devices (after 

Ref. 166). 
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Although a photodetection platform based on 2D mate-

rials has demonstrated a variety of potential applications, 

outstanding challenges remain to be implemented in order 

to exploit distinct advantages of these new materials. 

Prospects for commercialization will not just depend on the 

detector performance, but on distinct advantages in the 

ability for fabrication of large scale high quality 2D 

materials at a low cost. The final goal is to establish a large 

scale integration of 2D crystals with existing photonic and 

electronic platforms, such as CMOS technologies [18]. 

Most of 2D material photodetectors obtaining a high-

performance are based on thin layers or heterostructures. 

Such devices are achieved by mechanical exfoliation which 

is not a repeatable process. For this reason, there is still a 

significant need for a 2D material technology improvement 

in order to obtain well-developed industrially applicable 

devices. One of the critically important issues is the 

stability and quality of 2D materials. Although many 

efforts have been devoted to synthesizing large-size single-

crystal 2D materials, it is still hard to obtain single-crystals 

larger than millimetre size and grain size and sample size 

of TMDs are even smaller. Using a CVD grown technique, 

relatively large size samples can be obtained, but they have 

defects and contaminations which can cause sample 

degradation with time and, in consequence, make not stable 

devices [167]. 

Generally, TMD layered semiconducting material 

photodetectors operate at the visible and near-infrared 

regions and generally their high sensitivity does not 

coincide with the fast response time. In comparison with a 

response time in the nanosecond range of HgCdTe 

photodiodes and T2SL IB QCIPs operated at room 

temperature, the response time of TMD is typically in the 

millisecond range. This indicates that 2D infrared 

photodetectors operated at room temperature are not ready 

for real applications. b-AsP alloys have emerged as 

candidate 2D materials for detection of a long wavelength 

infrared radiation with performance comparable to 

commercial HgCdTe photodiodes. However, instability of 

the surface due to chemical degradation in ambient 

conditions remains a major impediment to its prospective 

applications [18]. More promising are stable noble TMD 

photodetectors like a PdSe2/MoS2 heterojunction with a 

record detectivity in the LWIR range at room temperature. 

However, their practical application lies in a perfect 

material synthesis and processing. To achieve it, 2D 

material photodetectors have a long way to go. 

5. Conclusions 

There are many critical challenges for future civilian 

and military infrared and terahertz detector applications. 

The main efforts are directed to decrease infrared imaging 

systems size, weight, and power consumption (SWaP) by 

increasing the detector arrays operating temperature. 

Nowadays, HgCdTe is the most widely used variable gap 

semiconductor for IR photodetectors, including uncooled 

operation, and stands reference for alternative techno-

logies. However, in spite of a sixty year development 

history of the HgCdTe ternary alloy system, its ultimate 

HOT performance limit has not been achieved. 

At present, the Rule 07 metric is not a proper approach 

for prediction of the HgCdTe detector and system 

performance, and also as a reference benchmark for 

alternative technologies (often used especially for T2SLs 

and CQD). It is shown [136], that for a sufficiently long 

SRH carrier lifetime in HgCdTe ternary alloy, what is 

experimentally supported by Teledyne at doping level 

below 5 × 1013 cm-3, the internal P-i-N HgCdTe photodiode 

current is suppressed and the detector performance is 

limited by the background radiation. HgCdTe photodiodes 

operated in the longer wavelength infrared range (above 3 

µm) guarantee achieving more than one order of magnitude 

higher detectivity (above 1010 Jones) in comparison with 

the value predicted by Rule 07. This new benchmark, Law 

19, corresponds exactly to the detector background limited 

performance curve for room temperature. In this context 

our paper evaluates new class of emerging 2D material 

technologies for HOT infrared photodetectors. 

The future applications of imaging infrared systems 

require [58]: 

• higher pixel sensitivity, 

• further increases in pixel count to above 108 pixels 

(mosaicking may be used) with a pixel size 

decreasing to about 5 µm for both cooled and 

uncooled LWIR applications, 

• cost reduction in imaging array systems through the 

use of integration of detectors and signal processing 

functions (with much more on-chip signal 

processing) and less cooling sensor technology, 

• improvement in the functionality of imaging arrays 

through development of multispectral sensors. 

Small-pitch IR FPAs will require the development of 

larger effective ROIC well capacities per unit area, possibly 

faster optics than f/1, and improved hybridization 

technologies [58] dominated currently in IR arrays 

fabrication. Leveraging deeply scaled CMOS process 

technology enables designers to miniaturize pixel pitch 

and/or increase on-chip processing capability depending on 

application-specific needs. Array sizes will continue to 

increase but perhaps at a rate that falls below the Moore’s 

Law curve. An increase in array size is already technically 

feasible. However, the market forces that have demanded 

larger arrays are not as strong now that the megapixel 

barrier has been broken [1]. 

At present, the performance of single room-

temperature 2D material photodetectors operated in the 

infrared and terahertz spectral ranges is comparable to that 

of standard commercial photodetectors (InGaAs and 

HgCdTe). b-AsP alloys and noble TMD photodetectors 

have emerged as candidates for detection of a long 

wavelength infrared radiation with higher detectivities in 

comparison with commercial HgCdTe photodiodes. 

However, black phosphorus instability remains a major 

impediment to its prospective applications. More 

promising are stable noble TMD photodetectors like a 

PdSe2/MoS2 heterojunction with record detectivity in the 

LWIR range at room temperature. However, their practical 

application lies in a perfect material synthesis and 

processing. Due to the mature HgCdTe technology, it is 

rather difficult to compete 2D material with HgCdTe 

photodiodes.  

First 2D material based imaging sensors operated in  

the visible and short wavelength infrared region have been 

demonstrated [32]. A dual band vertical GaSe/GaSb hetero-  
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structure linear array (16 × 1) was fabricated by a MBE 

growth technique in 2017 [168]. Also, small 388 × 288 20-

mm pixel GQDs based CMOS integrated sensor has been 

later demonstrated [142]. Graphene is particularly 

attractive due to its compatibility with silicon and 

monolithic integration with CMOS integrated circuit. In a 

way, graphene has been a victim of its own success, getting 

people overly excited about it and producing unrealistic 

expectations. Development of photodetectors toward high 

performance, high integration, and large focal plane arrays 

is particularly critical for practical applications of 2D 

photodetectors in industrialization. It will take several 

decades of research, development and most importantly 

billions of dollars of investment at the national and 

international level to become the ultimate benchmark for 

standard electronic materials and devices. 

Next, we follow after Ref. 169 in order to compare 

different detector technologies existed on global market 

with emerging 2D photodetectors. Table 7 provides a 

snapshot of the current state of development of LWIR 

detectors fabricated from different material systems. Note 

that TRL means technology readiness level. The highest 

level of TRL (ideal maturity) achieves the value of 10. The 

highest level of maturity (TRL = 9) is credited to HgCdTe 

photodiodes and microbolometers. A little less, TRL = 8, for 

QWPs. The AIIIBV T2SL structures have great potential for 

the LWIR spectral range application with performance com-

parable to HgCdTe for the same cut-off wavelength. Strong 

progress toward mature superlattice and barrier detector 

technologies, including their commercialization, has been 

observed in the last decade. 2D material detector technology 

is at a very early stage of development (TRL = 1-2). 

Table 7 

Comparison of LWIR existing state-of-the-art device systems for LWIR detectors 

Note: TRL - technology readiness level [after Ref. 170 and 171]. 

 Bolometer HgCdTe QWIP Type-II SLs 2D materials 

Maturity level TRL 9 TRL 9 TRL 9 TRL 6-7 TRL 1-2 

Status Material of choice 

for application 

requiring medium 

to low performance 

Material of choice 

for application 

requiring high 

performance 

Commercial Research and 

development 

Research 

Operating temp. Un-cooled Cooled Cooled Cooled Un-cooled 

Manufacturability Excellent Poor Excellent Very good Very poor 

Cost Low High Medium Medium ? 

Prospect for large 

format 

Excellent Very good Excellent Excellent ? 

Availability of 

large substrate 

Excellent Poor Excellent Very good Very good 

Military system 

examples 

Weapon sight, 

night vision 

goggles, missile 

seekers, small UAV 

sensors, unattended 

ground sensors 

Missile intercept, 

tactical ground 

and air born 

imaging, hyper 

spectral, missile 

seeker, missile 

tracking, space 

based sensing 

Being evaluated 

for some military 

applications and 

astronomy sensing 

Being developed 

in university and 

evaluated 

industry research 

environment 

Military wearable 

devices 

Limitations Low sensitivity and 

long-time constants 

Performance 

susceptible to 

manufacturing 

variations. 

Difficult to extend 

to >14-mm cut-off 

Narrow bandwith 

and low sensitivity 

Requires a 

significant 

investment and 

fundamental 

material 

breakthrough to 

mature 

Very limited 

yields, reproduci-

bility and 

scalability; 

requires radical 

breakthrough to 

mature 

technology 

Advantages Low cost and 

requires no active 

cooling, leverages 

standard Si 

manufacturing 

equipment 

Near theoretical 

performance, will 

remain material of 

choice for 

minimum of the 

next several years 

Low cost 

applications. 

Leverages 

commercial 

manufacturing 

processes. Very 

uniform material 

Theoretically 

better then 

HgCdTe, 

leverages 

commercial III-V 

fabrication 

techniques 

Performance of 

single devices 

comparable with 

standard devices 
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