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Fig. 1 Two-dimensional materials covering broad spectrum. (a) Schematics of structure and bandgap of boron nitride, transition metal

dichalcogenides and graphene; (b) spectrum range from ultraviolet to far-infrared where optical communication waveband is in

near-infrared range
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Table 1 Summary of 2D materials photodetectors for optical communications
Detecting ] i

Category Material wave- R/ D "/(cmi- EQE / Bandwidth / Res-ponse Rt

length /nm (mA/W) Hz"W™) % Hz time
1550 6.1 - - 1.6x10" - [53]
1550 2.62x10" 2.1X10 "% [54]
Graphene 1550 16 - - 4.1X10" - [55]
1550 230 3X10"s [56]
1470 1500 - - - [57]
1550 657 [40]
Phosphorus 1550 5 - - - [41]
Single-element 1550 230 4.8X107%6.8X10 s [58]
750-4000  0-13000 210’ - - [59]
Tellurium 1550 19.2 3. 7X10° [60]
1550 9380 - - - 7X10 °s [61]
Germanium 15301565 620 50 3.3x10" [62]
Bismuth 370-1550 250 0'19. ;f‘:;‘ﬁ?;ig?d [63]
Arsenic 405-4000 10000 10 [64]
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Category Material wave- P } Ref.
(mA/W) Hz"%W ) % Hz time
length /nm
MoS, 500-1550 - - - - [65]
1260-1360 400 - - 5X10° - [66]
2H-MoTe, ;
1550 500 - - 3.5X 107 - [67]
T,-MoTe, 1260-1625 - - - - [68]
1460-1625 20 - - 410" - [69]
PdSe, (
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PtSe, 1550 1.1 - - - [11]
PtTe, 1260-1625 5 - - - [71]
Bi,Se, 1456 2700 3.3X10" - - 0.5s [27]
Bi,Te, 1550 778000 1.4%10" - - [72]
Mo,C 405-1310 10° - - - [73]
Mo,S/BP 1550 153. 4 2.13x10’ - - 1.5X10 °s [74]
WSe,/BP 1550 500 - - - [75]
MoTe,/MoS, 1550 4X10° - - - [76]
GaTe/InSe 400-1600 2000 - - - [77]
Heterostructure
MoSe,/W Se, 1550 127 - - - [78]
ReS,/ReSe, 1310 1.58X10° - - - [79]
MoS,/graphene/WSe,  400-2400 300 4<10° - - 3.03X10 °s [80]
MoTe,/graphene/SnS,  405-1550 11700 1.06x 10’ - - [81]
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Fig. 2 Graphene-based photodetectors for optical communications. (a) Schematic and scanning electron image (inset) of metal/
graphene/metal (MGM) photodetectors with asymmetry metal contacts™™; (b) schematic of graphene-based photodetector
integrated on silicon optical waveguide with asymmetry contact™; (c) structural diagram of graphene-based photodetector on

silicon substrate where silica between electrodes and substrate ensures collected carriers originating only from graphene";

(d) photocurrent and responsivity as functions of power under 1550 nm illumination”™; (e) rising-edge photocurrent response as a
function of time under 632 nm and 1550 nm illuminations, respectively”™; () photocurrent as a function of time on graphene

nanoribbon-based devices covered with and without hafnium oxide under 1470 nm illumination””

(@ ‘ . | ®) Graphene
= - 532nm
g 20| -e- 1550nm .
£
> 15F b
=3
3 10} .
o
@
¢ °f M |
0 ul 1 al
0.1 1 10
Power density (kW/cm2)

Pl 3 TG A5 10 BPOLHL IR ZS . (@) 76 532 nm A1 1550 nm g BT A 2y 5658 BEAR I 09 22 B50% 5 (b) B8 iUAE RE DG B 3 11 BP Y e
TR, Hovb b 2 B4R S To
Fig. 3 BP-based photodetectors for optical communications. (a) Responsivity as a function of power density under 532 nm and

1550 nm illumination, respectively""; (b) BP photodetectors integrated on silicon optical waveguide where few-layer graphene is
40]

as top gate'
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Fig. 4 Tellurium-based photodetectors for optical communications. (a) Structural diagram of tellurium photodetector based on optical

4.4 ETHMBETEZHMPHEBERFERREBER

cavity for short-wave infrared detection ©”; (b) responsivity as a function of wavelength under Al,O, with different thicknesses"™”

(c) photocurrent as a function of power under 1550 nm illumination where fitting slope is 19. 2 mA+« W~ """, (d) structural diagram

i

of photodetector based on tellurium”; (e) change rate of photoconductance as a function of time under 1550 nm illumination
with power density of 150 mW-em ™" (f) rising-edge photoconductance response as a function of time under 1550 nm

illumination with falling-edge photoconductance response as a function of time shown in inset™""
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Fig. 5 Germanium-, bismuth-,

and arsenium-based photodetectors for optical communications. (a) Schematic of resonant-photonic

crystal germanium photodetector™; (b) measured EQE as a function of wavelength for 30-pm-diameter patterned photodetectors
with hole-array (hole diameter of 300 nm) period of 520—560 nm™™; (c) 3D schematic of Bi photodetector™; (d) normalized

responsivity for Bi photodetector as a function of wavelen,

gth™; (e) schematic of As-Si photodetector™”; (f) EQE and

responsivity for photodetector as functions of wavelength™™
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Fig. 6 MoS,- and MoTe,-based photodetectors for optical communications. (a) 3D schematic of triple-layer MoS, photodetector™”;

(b) responsivity of MoS, photodetector as a function of excitation wavelength®; (c) schematic of graphene/MoTe,/Au

[66],

photodetector stacked onto silicon waveguide, which is encapsulated by large h-BN flake™; (d) wavelength dependence of
responsivity for 19.5 nm thick and 50 nm thick photodetectors; (e) frequency dependence of responsivity for MoTe,
photodetector with measurement setup shown in inset™; (f) schematic of silicon microring resonator-integrated MoTe,
photodetector (radius of 40 pm, height of 220 nm, width of 500 nm)“"; (g) responsivity and EQE as functions of bias voltage for
two devices (device 1 with thickness of 40 nm and coverage length of 15 pm and device 2 with thickness of 60 nm and coverage
length of 30.7 pm) with magnified responsivity and EQE curves for device 1 shown in inset'"”; (h) photoresponse of type 11

Weyl semimetal MoTe, photodetector under different excitation wavelengths'™’
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Fig. 7 Noble metal dichalcogenides-based photodetectors for optical communications. (a) Schematic of palladium selenide-based

photodetector integrated on silicon optical waveguide™; (b) responsivity as a function of bias voltage under 1550 nm

illumination™; (c) photocurrent as a function of detecting wavelength under light power of 1 mW and bias voltage of 5 V'

(d) schematic of palladium selenide-based photodetector integrated with waveguide™; (e) frequency response curves of three

palladium selenide photodetectors under bias of 3 V"; (f) responsivity and external quantum efficiency of three photodetectors

as functions of bias voltage™; (g) schematic of palladium selenide photodetector on gold/titanium dioxide optical cavity

substrate'"; (h) photocurrent response as a function of time under 532 nm and 1550 nm illuminations, respectively"";

(i) responsivity on platinum telluride photodetector as a function of wavelength™
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Fig. 8 Bismuth selenide-based photodetectors for optical communications””. (a) Schematic of photodetector based on bismuth selenide;

(b) photocurrent as a function of time under bias voltage of 1 V and light power of 142.93 mW/cm” ;

(¢) responsivity and

detectivity as functions of temperature; (d) rising time and decay time as functions of temperature
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Fig. 9 Mo,C-based photodetectors for optical communications”™

. (a) Schematic of photodetectors based on MoS,/p-Mo,C hybrid

structure under light illumination; (b) wavelength dependence of light-to-dark current ratio for MoS, and MoS,/p-Mo,C (P=

1000 nm) photodetectors; (c) wavelength dependences of responsivity and light-to-dark current ratio for MoS, and MoS,/mp-

Mo,C photodetectors
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Abstract

Significance

Photodetectors that convert a light signal into an electrical signal play an important role in optical communications,

displays, and other such applications. Nanoscale photodetectors operating in the optical communication band are one of the most

important research objects in optical chip technology. Optical communication bands contain two spectral ranges. One is called the

850 nm band from 770 nm to 910 nm; the photodetectors in this band mainly use technologically important Si semiconductors as

photoactive materials. The other range includes the original (1260-1360 nm, O), extended-wavelength (1360-1460 nm, E), short-
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wavelength (1460-1530 nm, S), conventional (1530-1565 nm, C), long-wavelength (1565-1625 nm, L), and ultra-long-wavelength

(1625-1675 nm, U) bands. The photodetectors in these bands use indium gallium arsenide (InGaAs) and mercury cadmium telluride
(HgCdTe) as photoactive materials. However, they still suffer from complex and high-cost growth processes, low detection
efficiency, and low operation temperature.

Emerging two-dimensional (2D) materials, including graphene, transition metal dichalcogenides, black phosphorus, and
perovskites, have attracted considerable attention owing to their extraordinary physical and chemical properties. They are atomically
thin, with no surface dangling bonds, good electrostatic tunability of carrier concentration, and strong light-matter interactions.
These advantages make them promising materials for high-efficiency nanoscale photodetectors for optical chips. For instance,

1

monolayer molybdenum disulfide (MoS,) can absorb 10% of light due to a large absorption coefficient of 10" m~'. Platinum diselenide

1

(PtSe,) possesses high mobility of over 10* cm*+V '+s ' and a bandgap of 0.3-2.0 eV, which is promising for wide-band optical
communication photodetectors. Meanwhile, the non-dangling surfaces of 2D materials enable van der Waals (vdWs) integration for
various heterostructures without the constraint of crystal lattice mismatching. 2D material photodetectors for optical communication,
including single-element 2D materials, double-element 2D materials, and 2D heterostructures, have been extensively explored. They
have demonstrated excellent performance, including high responsivity and detectivity, fast response time, and wide bandwidth.
Despite the realization of these great successes, 2D photodetectors operating in optical communication bands still face many

application challenges. Therefore, it is necessary to summarize the research progress and discuss the challenges of this important field.

Progress We first introduced the working principles and important characteristic parameters of photodetectors. The working
principles include the effects of photoconductive, photovoltaic, photogating, and photo-thermoelectric properties. The characteristic
parameters include the photocurrent, ON/OFF ratio, external quantum efficiency (EQE), and detectivity. Next, we discussed the
research progress in photodetectors based on the 2D materials (single-element and double-element) and their heterostructures in optical
communication bands (Table 1). For example, Avouris’s group demonstrated a graphene photodetector with a 10 Gbit/s data
transmission rate using the asymmetric metal contact technique. Xu's group demonstrated a graphene photodetector on silicon with
high responsivity owing to the prolongation of the photon-generated carrier lifetime induced by the built-in field at the heterointerface
between graphene and silicon. Mueller ez a/. demonstrated a graphene photodetector with ultrashort intrinsic response time of 2. 1 ps
using metal-graphene-metal structures. Javey's group designed optical cavity-enhanced tellurium photodetectors exhibiting a high
responsivity (2.5 A/W) within the entire optical communication bands (Fig. 4). Similarly, Song er al. fabricated bismuth-based
photodetectors with high responsivity (0. 62 A/W) and EQE (50% ) at C band using photonic crystal-enhanced structures (Fig. 5).

For double-element 2D material photodetectors, higher responsivities were achieved than those of single-element
photodetectors. For instance, lLeuthold’s group fabricated few-layer MoTe, waveguide photodetectors with high responsivity
(0.4 A/W), broad bandwidth (1 GHz), and fast data transmission rate (1 Gbit/s) using a graphene/MoTe,/Au structure. Zhai's group
achieved Bi,Se, photodetectors with high responsivity (2.7 A/W) and detectivity (3.3>X 10" cm+Hz"*+W ') at the C-band. For 2D
heterostructures, Park’s group demonstrated ReS,/ReSe, photodetectors with ultrahigh responsivity of 1.58X10° A/W at the
O-band. Zhang's group demonstrated GaTe/InSe photodetectors with a broad detection range (400—-1600 nm) and high responsivity
(2 A/W). Furthermore, Miao’s group fabricated photodetectors with a broad detection range (400-1600 nm), high detectivity
(11.7 A/W), and rapid response time (30. 3 ps) using MoS,/graphene/W Se, heterostructures. Finally, the challenges and ongoing
research in this field are discussed, including scalable synthesis, low Schottky barriers for electrical contact, and high absorption.

Conclusion and prospects 2D material photodetectors have shown high responsivity and detectivity, fast response time, and
wide bandwidth. This provides an effective strategy for the development of high-efficiency nanoscale photodetectors for next-
generation optical chips and interconnections. We reviewed the recent progress made in 2D material photodetectors for optical
communications. We focused on two types of material platforms: 1) 2D materials, including single- and double-element 2D materials,
and 2) 2D heterostructures. Despite great progress, some challenges still exist for our ongoing exploration.

Key words detectors; two-dimensional materials; photodetector; optical communication band; heterostructure; van der Waals
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