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Fig. 1. Typical 2D materials and their bandgap ranges. Figure shows side views of a variety of 2D materials and their crystal struc-
tures, arranged from left to right by bandgap size. The lines below each material indicate the range of bandgap variation from bulk
to monolayer. The black line indicates that the monolayer bandgap is larger than the bulk bandgap, and the red line indicates the
opposite. The gray box on the left is a metal or semimetal material with zero or near-zero bandgap. The bandgap/wavelength co-
ordinate axis below is used to show the spectral response capability of each material. Reproduced from Ref. [11], with the permis-
sion of Springer Nature.
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Fig. 2. Schematic diagrams of composite structures based on two-dimensional materials and examples: (a) Schematic diagram of

two-dimensional materials composited with other materials (Reproduced from Ref. [44], with the permission of Springer Nature);

(b) all two-dimensional material composite structure (Reproduced from Ref. [48], with the permission of John Wiley and Sons);

(¢) two-dimensional material and bulk material composite structure (Reproduced from Ref. [49], with the permission of American

Chemical Society); (d) two-dimensional material and quantum dot material composite system (Reproduced from Ref. [50], with the

permission of American Chemical Society).
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Fig. 3. (a) Schematic diagram of the crystal structure of BP and mid-infrared optical response of pristine BP, arsenic (As) element-
doped, carbon (C) element-doped, and electric field and strain-tuned BP (Reproduced from Ref. [53], with the permission of John
Wiley and Sons); (b) layer dependence of the bandgap of BP (Reproduced from Ref. [54], with the permission of American Physical
Society); (c) photoresponsivity of BP photodetector (Reproduced from Ref. [57], with the permission of Springer Nature);
(d), (e) schematic diagram of arsenic-doped BP photodetector and its photoresponsivity and EQE (Reproduced from Ref. [58], with

the permission of the authors).
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Fig. 4. (a) Schematic diagram of the PdSe, photodetector structure and absorption spectrum of multilayer PdSe, (Reproduced from
Ref. [62], with the permission of John Wiley and Sons); (b) schematic diagram of the In,Se; photodetector structure and its respon-
sivity R at different wavelengths (Reproduced from Ref. [63], with the permission of IOP Publishing); (c¢) schematic diagram of

the SnS photodetector structure and absorption spectrum of SnS film (Reproduced from Ref. [64], with the permission of IOP
Publishing).
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Fig. 5. (a), (b) Schematic diagrams of energy band structures of topological insulator (Reproduced from Ref. [67], with the permis-
sion of Elsevier) and topological semimetals (Dirac semimetal, Weyl semimetal, and nodal line semimetal) (Reproduced from
Ref. [68], with the permission of John Wiley and Somns); (c¢) bandgap values of various topological insulators (TI) and their corres-
ponding detection ranges (Reproduced from Ref. [67], with the permission of Elsevier); (d) detection ranges of some 2D layered to-
pological semimetals (LTSM) (Reproduced from Ref. [68], with the permission of John Wiley and Sons).
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Table 1. Optoelectronic properties of two-dimensional topological materials and their heterostructures.
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SnTe/Si 254—1550 8.4x1012 0.128 [76]
BiyTes/Si 370—118000 2.5x101 11 [77]
Graphene/Bi;Te;/GaAs 405—4500 3.1x10"2 0.67 (78]
PtTe, 0.02—0.3 THz — 1.98 (73]
Ty-MoTe, 325 nm—2.52 THz — 3.8x1073 [74]
TalrTe, 0.1—10 THz — 18 [79]
NbIrTe,/Graphene 0.02—0.3 THz — 264.6 V/W [80]
TalrTe,/WSe, 405—808 3.09x10"2 9.1 [81]
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Fig. 6. (a) Schematic diagram of the structure of two-dimensional perovskite (Reproduced from Ref. [82], with the permission of El-
sevier); (b), (c) in perovskite material (CHz(CH,)3NH3)(CH3NH;),, (Pb, I3, 1, the bandgap can be tuned by varying the Pb content

(n) (Reproduced from Ref. [83], with the permission of Springer Nature); (c) mobility and conductance of perovskite material

(CH¢NHj;),(CH3NH3),, 1Pb, I3, as a function of quantum well thickness, demonstrating its potential for high photoelectric conver-

sion efficiency (Reproduced from Ref. [84], with the permission of American Chemical Society).
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Fig. 7. (a) Schematic diagrams of device structure and energy band structure of MoSe,/WSe, heterostructure (Reproduced from

Ref. [89], with the permission of John Wiley and Sons); (b) responsivity of MoTe,/ReS, heterostructure at different wavelengths

and schematic diagrams of device structure and energy band structure (Reproduced from Ref. [90], with the permission of Americ-

an Chemical Society); (c¢) schematic diagrams of device structure and energy band structure of graphene and WS,-WSe, superlat-

tice (Reproduced from Ref. [91], with the permission of American Chemical Society).
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Fig. 8. (a)-(c) Schematic diagram of ReS,;/MoS, quantum dot heterostructure and its responsivity at different detection
wavelengths and energy band structure diagram (Reproduced from Ref. [92], with the permission of American Chemical Society);
(d), (e) device diagram of Pbly/Sb,S; nanowires and their responsivity at different detection wavelengths (Reproduced from Ref.
(93], with the permission of Royal Society of Chemistry); (f), (g) schematic diagram of MoS,/GaN heterostructure and its responsiv-
ity at different detection wavelengths (Reproduced from Ref. [94], with the permission of American Chemical Society).
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Fig. 9. (a) Structure and energy band diagram of ultra-broadband WS,/AlO,/Ge heterostructure photodetector and its specific de-
tectivity at different wavelengths (Reproduced from Ref. [100], with the permission of American Chemical Society); (b) schematic
diagram of two-dimensional a-GaySe; device structure and its -V characteristic curves under different detection wavelengths and
dark conditions, along with the corresponding photoresponsivity and on/off ratio (Reproduced from Ref. [101], with the permission
of John Wiley and Sons); (c¢) schematic diagram of two-dimensional LilnP,Se; device structure and its specific detectivity at 532 nm

and photoresponse at other wavelengths (Reproduced from Ref. [102], with the permission of American Chemical Society).
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Fig. 10. (a) Schematic diagram of p-MoS,/n-ZnO heterostructure with incorporated gold nanoparticles and performance enhance-
ment comparison at different response wavelengths (Reproduced from Ref. [106], with the permission of Elsevier); (b) schematic dia-

gram of single-walled carbon nanotube/graphene heterostructure three-dimensional photodetector structure and its responsivity at

different detection wavelengths (Reproduced from Ref. [109], with the permission of RSC Pub).
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Fig. 11. (a), (b) Temporal response of photocurrent changes under different strain conditions and the relationship between photore-

sponsivity and strain under ultraviolet and visible light illumination (Reproduced from Ref. [114], with the permission of IOP Pub-

lishing); (c), (d) schematic diagram of MoS,/Sb,Te; heterostructure and its responsivity variation under different strains (Repro-

duced from Ref. [115], with the permission of MDPI).
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SPECIAL TOPIC—2D materials and future information devices

Research progress of broadband photodetectors
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Abstract

The increasing demands for high-speed imaging, aerospace, and optical communication have driven in-
depth research on broadband photodetectors with high sensitivity and fast response. Two-dimensional (2D)
materials have atomic-scale thickness, tunable bandgaps, and excellent carrier transport properties, making
them ideal candidates for next-generation optoelectronics. However, their limited light absorption and intrinsic
recombination losses remain key challenges. This paper provides an overview of recent progress of 2D-material-
based broadband photodetectors. First, the fundamental optoelectronic properties of 2D materials, including
bandgap modulation, carrier dynamics, and light-matter interactions, are discussed to clarify their broadband
detection potential. Representative material systems, such as narrow-band gap semiconductors, 2D topological
materials, and perovskites, are summarized, showing the detection ability from the ultraviolet to the mid-
infrared regions. To overcome intrinsic limitations, four optimization strategies are highlighted: heterostructure
engineering for efficient charge separation and extended spectral response; defect engineering to introduce mid-
gap states and enhance sub-bandgap absorption; optical field enhancement through plasmonic nanostructures
and optical cavities to improve responsivity; strain engineering for reversible band structure tuning, particularly
suited for flexible devices. These strategies have achieved significant improvements in responsivity, detectivity,
and bandwidth, with some devices implementing ultrabroadband detection and multifunctionality. In summary,
2D materials and their hybrids have shown great potential in broadband photodetection, with progress made in
material innovation and device architecture optimization. The reviewed strategies, including heterostructure
integration, defect modulation, optical field enhancement, and strain engineering, collectively demonstrate the
different ways of overcoming intrinsic limitations and improving device performance. Looking ahead to the
future, the reasonable combination of these methods is expected to further expand the detection window,
improve sensitivity, and achieve multifunctional operations, thereby paving the way for the multifunctional
applications of the next-generation broadband photodetectors in imaging, sensing, and optoelectronic systems.

Keywords: two-dimensional materials, broadband photodetectors, heterostructure integration, regulatory

strategies
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