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Abstract Surface and interface engineering are e ective methods for tailoring the properties of two-dimensional (2D) van der Wa als
(vdW) materials. These techniques enable ne-tuning of cri tical factors that dictate photoelectric conversion proce sses, including but not
limited to carrier dynamics, built-in electric elds, and i nterface coupling strength. This opens up possibilities to unlock the full potential

of 2D materials for developing high-speed optoelectronic d evices. Such advancements are pivotal for realizing next-g eneration optical
interconnects, which are expected to revolutionize data tr ansmission and optical communication technologies. Howev er, a comprehensive
understanding of surface and interface engineering in 2D vd W materials for high-speed photodetection is lacking. This review endeavors
to delineate the working mechanisms of these materials and p rovide an extensive overview of advances in engineered 2D hi gh-speed
photodetectors, with emphasis on critical aspects such as v ertical channel engineering, band alignment engineering, defect engineering,
hot-carrier engineering, contact engineering, and wavegu ide integration. The review also explores innovative strat egies developed to
surmount the inherent trade-o between response speed and s ensitivity. Furthermore, it highlights the prevailing cha llenges and prospects
in the realm of 2D vdW materials for high-speed photodetecti on.

Keywords two-dimensional materials, surface engineering, interfa ce engineering, heterostructure, high-speed photodetect ion

Citation YuY F, Tang S Y, Yang L J, et al. Two-dimensional van der Waals h igh-speed photodetectors enhanced by surface and
interface engineering. Sci China Inf Sci, 2026, 69(2): 1214 01, https://doi.org/10.1007/s11432-025-4624-x

1 Introduction

As the core module in optoelectronic applications, high-speed phottetectors play a key role in accelerating the
development of optical communication [, 2] and ultrafast imaging [3,4]. For instance, photodetectors act as the
principal devices in the receiver in high-speed optical communicatiorf5{ 8]. With the rapid development of virtual
reality, cloud computing, mobile communication, and Internet of Things, there is a need to transmit and process
massive data at high speeds|developing superior optical communicdion technology is essential for this purpose §{
14]. In the past 30 years, the single-channel rate of optical ber conmunication has increased rapidly from 2.5 Gbit/s
in the 1980s to 400 Gbit/s in the 2010s|an approximately 160-fold inc rease {5]. There is an urgent need for next-
generation 800 Gbit/s optical modules, which require photodetecor operation with a bandwidth beyond 56 GHz
concurrently with a responsivity over 0.5 A/W [ 16]. From the perspectives of realizing higher bandwidths and more
compact devices, traditional photodetectors have some limitatiors, such as the xed photoelectric characteristics
of sensitive semiconductors and lattice mismatching in three-dimerienal (3D) heterojunction interfaces [L7]. The
inherent lattice mismatching of the heterojunction interface of 3D semiconductors severely hampers their on-chip
photoelectric integration [18]. The xed photoelectric properties of 3D semiconductors greatly constrain their
performance and limit the possibility of overcoming the trade-o between responsivity and detection speed for
devices [19]. To address these challenges and meet the demand for the nexégeration data center interconnection,
new photoelectric materials and novel detection strategies are wently required.

As alternative materials, two-dimensional (2D) materials with fascinating properties, such as thickness-dependent
band structures [20], strong light-matter interaction [ 21], and unique quantum con nement e ect [22,23], have shown
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Figure 1 (Color online) Surface and interface engineering in 2D vdW m aterials for high-speed photodetection.

great potential for building high-performance and functional photodetectors [24{33]. Such materials have a wide
band gap distribution, with the absorption spectra spanning an ultrabroadband range from visible to mid-infrared
(MIR) [ 34 37]. The ultrafast carrier relaxation and modulation characteristics of these 2D materials are suitable for
realizing ultrafast optical and data communication components p, 38{40]. In addition, some typical 2D materials
(e.g., graphene) possess high carrier mobility and electrical tunabily, facilitating high-speed responses41, 42).
Furthermore, because of the planar structure of 2D materials wihout dangling bonds, they are compatible with
traditional silicon-based complementary metal oxide semiconducto(CMOS) technologies and can be stacked against
each other by vdW forces without the limitation of lattice mismatches [43{45]. These unique properties have opened
up new opportunities for ultrafast imaging and high-speed optical @mmunication.

The properties of 2D materials can be exibly designed by various appoaches, such as electrical regulationdff],
surface modi cation [47], and electromagnetic coupling #8]. Speci cally, the 2D materials devices can be subtly
endowed with high-speed photodetection capability through surfae and interface engineering. The common ap-
proaches are defect engineering, vertical channel engineeringand alignment engineering, hot-carrier engineering,
contact engineering, and waveguide integration. Defect enginearg tailors the trapping states in 2D materials,
thereby tuning the response time of photoconductors 49,50]. Vertical channel engineering and band alignment
engineering are usually applied to photovoltaic devices. By construing a vertical channel architecture, the con-
ductive channel of a device can be made as small as on the nanoscadeamatically reducing the transit time of
photogenerated carriers and enabling high-speed photodetectio[51,52]. Through band alignment design, a strong
built-in electric eld is induced in the vdW heterostructure, and this eld e ectively separates photogenerated
electron-hole pairs and generates fast responses3. Hot-carrier engineering boosts high-speed photodetection by
realizing ultrafast hot-electron transfer (HET) and avoiding adverse trapping [54 57]. Furthermore, the hot-carrier-
assisted photothermoelectric (PTE) e ect can replace phonon-@minated transport, resulting in a high bandwidth
reaching even hundreds of gigahertz98,59]. Through contact engineering, short extraction pathways, large pro-
portion depletion regions, and fast carrier extraction can be realied [60]. Waveguide-coupled detectors have great
advantages in alleviating the constraints between responsivity andandwidth because light propagates in a direction
perpendicular to the carrier transit direction, facilitating high-spe ed photodetection.

In this review, we present an overview of surface and interface gineering for high-speed photodetection in
2D vdW materials, as shown in Figure1. First, we describe the main working mechanisms of surface and inte
face engineering in 2D photodetectors. Subsequently, we elucidatthe advances in 2D high-speed photodetectors,
emphasizing defect engineering, vertical channel engineering, bd alignment engineering, hot-carrier engineering,
contact engineering, and waveguide integration. Novel strategie for overcoming the trade-o between speed and
sensitivity are highlighted. Advances in on-chip high-speed vdW integated photodetectors for optical communica-
tion and imaging are discussed in detail. Finally, we elaborate on the ch&nges and new prospects for high-speed
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Figure 2 (Color online) Main factors in uencing the response speed a nd the corresponding engineering strategies in 2D vdW photo detectors.
Insets at the bottom left show the typical bandwidth respons e curve and transient response time of a photodetector. The f requency at which
responsivity is reduced to 0.707 times the original value un der constant excitation is de ned as the bandwidth. The rise (fall) time is the time
required for the photoresponse to increase (decrease) from 10% to 90% (90%{10%).

photodetection from the perspective of tailoring 2D vdW materials.

2 Factors inuencing response speed and the corresponding e ngineering strategies
for speci ¢ architectures of 2D vdW photodetectors

Depending on the working mechanisms, 2D photodetectors can bdassi ed into photon and thermal types [38].
Photon-type devices include photovoltaic and photoconductive plotodetectors, whereas thermal-type devices in-
clude PTE detectors, bolometers, and pyroelectric detectors. Mny factors|related to carrier dynamics, electric
eld, and device con guration|in uence the response speed of devices @9,50,61], as shown in Figure2. Specic
strategies are adopted depending on the device architecture tochieve high-speed detection.

In photoconductive photodetectors, defect trapping dominanily determines the response speed of the device
[62,63]. Deep traps in the bandgap of materials can capture free carrierand severely slow the response. Defect
engineering is an e ective approach for tailoring response speed bause of its pivotal role in determining the carrier
lifetime, as shown in Figure 3(a). By introducing passivating layers or extra modi cation, the tr ap states inside

materials can be reduced or passivated, helping to improve the regmse time of the device §4]. The decay process
of photoconductive devices can be expressed by

decay = r t t(1+ ), (1)

where | is the recombination time of excess carriers,; is the time needed for the thermal re-excitation of trapped

carriers into the conduction or valence band, and is the probability that a carrier is retrapped before it is
recombined B5)].

E

t 1= SpNVvth exp W ) (2)
Vin | (KT)¥2; 3)
E=Eyp Ey; 4)

where s, is the capture cross section of the trapping centerN, is the e ective density of states in the valence
bands, Vi is the thermal velocity of the carriers, and E is the energy di erence between trap states and the edge
of the valence band. Trap-assisted Shockley-Read-Hall recombation, which aects ., is an important process
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Figure 3 (Color online) Working mechanisms of engineered high-spee d 2D vdW photodetectors. (a) lllustration of the carrier dyn amics when
applying defect engineering. Disabling the deep trap state s allows reducing the carrier lifetime and response time of t he photoconductors.
(b) lllustration of vertical channel engineering with a ful ly depleted channel. (c) Band alignment engineering by cons tructing a p-i-n junction
in a conductive channel. (d) Schematic diagram of the hot-el ectron-assisted photothermoelectric (PTE) e ect in a half -patterned plasmonic
graphene photodetector, resulting in an electron temperat ure gradient and a large device bandwidth. (e) lllustration of contact engineering in
a photodetector with asymmetrical electrodes. (f) Schemat ic of waveguide-integrated 2D-material photodetectors.

in semiconductors with defects. Under excitation, the defect stées between the quasi-Fermi levels of electrons
and holes can act as recombination centers. The photogeneratazarriers can recombine under the in uence of trap
states. When the energy level of the recombination center coincies with the intrinsic Fermi level, the recombination

e ect reaches its maximum strength. According to the above theay, the detrapping time can be changed by several
orders of magnitude when the energy di erence is altered by only 10{200 meV. However, because of the unavoidable
defect trapping and nite defect-dependent carrier lifetime, the bandwidth of the optimized photoconductive device
is usually less than 10 * GHz.

Vertical channel engineering and band alignment engineering are #able for enhancing photovoltaic photode-
tectors. The vertical channel architecture is conducive to consucting a fully depleted channel [51], which can
e ectively separate and extract photogenerated carriers, astsown in Figure 3(b). In addition, the conductive chan-
nel can be shortened to the atomic level, thereby drastically reduing the transport and transit times. The transit
time of the device can be expressed as followg4:

transit = L2=( V pias); 5)

whereL is the channel length of the device, is the carrier mobility, and VWyias is the applied bias voltage. According
to the above equation, utilizing high-mobility materials and reducing the channel length can reduce the transit time
[66]. Band alignment engineering of photovoltaic devices allows the cre@in of vdW heterostructures with unique
properties by integrating di erent 2D materials (Figure 3(c)). Built-in electric elds can be introduced by forming
p-n or p-i-n junctions, which help to separate photogenerated ceaiers and result in high-speed photoresponses3, 67].
Band alignment can also be tailored by electrical doping and regulationproviding a platform for high-performance
photoelectric conversion.

Phonon-dominated transport in the traditional PTE e ect is not co nducive to fast responses. In recent years,
the hot-electron-assisted PTE e ect has been utilized to avoid phmon-dominated transport [38]|this approach
has ushered in a new era of response speed enhancement of traatial PTE infrared detectors. The hot-electron-
assisted PTE e ect in 2D-material devices has been widely studiedq9,68]. As an example, consider a half-decorated
plasmonic graphene device (Figur&(d)). The conductive channel can be regarded as an area consis of two series-
connected thermoelectric materials with di erent Seebeck coe cients for the undecorated and decorated sections;
these di erences drive the system further into thermoelectric imbalance. The di erent Seebeck coe cients of the
two sides induce a directional PTE current. The resulting potential gradient can be expressed as a function of the
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channel width [59]

Zy,
_ @Te (X) | .

VerE ‘. S(x) @x dx; (6)
where X1 and X, are the positions of the right and left contacts, respectively. Tyg is the temperature of the
plasmon-induced hot electrons. The di erent carrier mobilities of the two areas result in di erential Joule heating
during carrier transport, further enhancing the thermal gradient. To date, hot-electron-assisted PTE e ects have
been observed in numerous graphene hybrid devices, which supparitrahigh bandwidths up to even to hundreds
of gigahertz 41,58, 69].

Interfacial ultrafast HET can also support high-speed responsg. According to the Marcus theory, the total rate
of electron transfer is expressed as the sum of transfer ratesoin the donor state to all possible accepting statesg5].
The transfer rate of hot electrons is substantially enhanced beaase of the large energy di erence between the donor
and acceptor states, facilitating a stronger transfer driving force than common carriers toward the same energy level
of nal states [55]. Under some conditions, the increased density of states of the higenergy nal states facilitates
simultaneous charge transfer 70]. As expected, HET can occur on an ultrafast time scale even belowQD fs [71].
That is, it is su ciently fast to prevail over carrier cooling and trapp ing, enabling high-speed responses in some
plasmonic heterogeneous device37].

In addition to the above schemes, contact engineering has been plied to achieve fast responses. Asymmetrical
electrodes are usually constructed to improve the transport anccollection e ciency of carriers, as shown in Figure
3(e). N- and p-type contact doping, and gradient potential shifts can be introduced by utilizing well-designed
asymmetrical electrodes §0]. The induced eld permits e cient and fast carrier extraction. In ¢ ontact engineering,
interdigital electrodes with short distances are also commonly utilizel, thereby greatly reducing the extraction
pathways [73]. To summarize, these mechanisms can simultaneously improve the sponse speed and e ciency of
the device.

The 3 dB bandwidth of traditional detectors (f 34g) directly determines the upper limit of the operating speed
of the device. The carrier transit time-limited bandwidth (ft) and device resistance-capacitance (RC)-limited
bandwidth (frc) are jointly determined by the 3 dB bandwidth of traditional detectors [74]. Estimates of f r¢
and ft can be obtained according to 75|

1
~ 2 (RL+Rg)C’
s

(7)

fre

1 .
1=f2 +1=f3.’

f aa8 = (8)
where C is the capacitance of the device (including junction capacitance andarasitic capacitance); R, and Rg
are load and series resistors, respectively. To increase the 345 of the detector, it is necessary to increase thérc
and f1 of the device. In traditional photodetectors, the simplest way to increase thef is to reduce the width
of the intrinsic region, while the most common way to increase thef gc is to reduce the device size and junction
capacitance. However, there is a restrictive relationship betweemandwidth and responsivity in photodetectors]|
reducing the width of the intrinsic region of the detector and the siz of the device will lead to insu cient light
absorption by the material, deteriorating the responsivity. Waveguide-coupled detectors can greatly alleviate the
trade-o between responsivity and bandwidth because light propayates perpendicular to the carrier transit direction,
enabling high-speed photodetection (Figure3(f)). Furthermore, the waveguide-coupled photodetector canbe easily
integrated with other optical devices, making it well-suited for on-chip optical interconnection applications. More
importantly, integrating 2D materials with waveguides has high potential to alleviate the abovementioned problems
because of their high carrier mobility, intense light-matter interaction, atomic thickness, and easily customizable
patterning features.

3 Surface and interface engineering of 2D vdW materials towa rd high-speed re-
sponses

Generally, the bandwidth of a photodetector is limited by the RC time constant, relaxation time, and transit time.

The RC time constant and transit time can be optimized by altering the device channel and architecture. The
relaxation time is mainly determined by the intrinsic carrier dynamics of materials. Considering the fast transient
relaxation time of photoexcited carriers, the relaxation time can becharacterized by time-resolved photocurrent
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Figure 4 (Color online) High-speed 2D photodetectors modi ed by def ect engineering. (a) lllustration of the e ect of band struc ture and
trap states on the carrier dynamics of materials. (b) Diere nt stages in the photoresponse decay process. (c) Transient response of a ReS;
device with and without H  » PP modication [ 65] Copyright 2018 Wiley-VCH. Measurement setup (d) and carri er distribution (e) of a MoS >
phototransistor. (f) Photoresponse of the MoS 2 phototransistor with and without passivation by electrica | pulses [ 81] Copyright 2023 American
Chemical Society. Con guration (g) and band structure (h) o f a Re, device. (i) Response time as a function of the estimated e ec tive trap

density in the Re » device [ 82] Copyright 2018 American Chemical Society.

measurement. Therefore, many 2D materials, such as high-mobilitgemimetals, have an ultimate ultrafast response
on the level of picoseconds, which corresponds to a bandwidth orhé gigahertz scale 39, 40, 76{ 78]. However,

in experimental measurements, the response speed of photo@etors is found to have a wide range, from several
picoseconds to minutes. Thus, there is much room for improvemenin the response speed of most devices. In this
section, universal strategies for optimizing the response speed BD material photodetectors are discussed. Since the
working mechanisms of various 2D photodetectors are di erent, he surface and interface engineering strategies must
be customized to realize high-speed photodetection. The commorparoaches are defect engineering, vertical channel
engineering, band alignment engineering, hot-carrier engineering;ontact engineering, and waveguide integration.

3.1 Defect engineering

Defects play a key role in determining the response speed of 2D phmtonductive devices. The introduction of
defects can create trap states within the band gap of 2D materials These states extend the carrier lifetimes and
in uence the response time of devices49,61,62,79,80]. In other words, defect engineering provides a new approach
for modulating the response speed.

Jiang et al. [65] explored defect engineering for modulating the trap states in ReSphotoconductors, as shown in
Figures 4(a){(c). The photoresponse decay process in bPP-sensitized Re$ photodetectors has three components.
The rst component is the recombination of excess charges. Theexond is the empty processes of shallow and deep
traps inside materials, respectively. It is found that most of the deep traps in ReS can be lled by protoporphyrin
molecule modi cation. On this occasion, the decay time of this device isdlominated by shallow traps and carrier
recombination. Then, the response speed of the HPP decorated Re$ photodetector is 3{4 orders of magnitude
faster than that of the bare ReS device. This approach provides the freedom to manipulate the regpmnse time
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and build photodetectors with high responsivity and fast response Beyond molecular modi cation, Chen et al. [8]]
proposed a more amenable method to control the response speed@hey demonstrated that the interfacial traps
of monolayer MoS can be passivated by bipolar electrical pulses, as shown in Figured) and (e). The MoS;
device exhibits a slow photoresponse of 3 s without electrical pulse-assisted passivation. In contrast, tie response
becomes three orders of magnitude faster after bipolar electrid¢gulses are applied, with a rising time of 1.6 ms
and a falling time of 1.7 ms (Figure 4(f)). Thakar et al. [ 82] further demonstrated a gate-tunable device, with
a working mechanism switchable between photogating and photocatuction. The switching working mechanisms
are made possible by the variable trap distributions of the suspend#and supported channels and their occupancy
under di erent gate biases, thereby facilitating photoresponse egulation, as shown in Figures4(g){(i). The response
time can be tuned from 50 ms to 20 s.

Defect engineering has been widely studied from the perspective afchieving fast response and excellent device
performance. It is noteworthy that more e orts must be directed toward maintaining high sensitivity while reducing
the response time. Tsai et al. 83] demonstrated the photogating of WS photodetectors using embedded WSge
charge puddles; the resulting devices exhibited a high responsivityfa300 A/W and a fast response. The high
photogain is attributed to the built-in eld and trapping e ect. The f ast response originates from the ultrafast
intralayer excitonic dynamics in the heterostructure. Such a straegy that realizes both high sensitivity and fast
response is more meaningful. In the eld of defect engineering, thguantitative control, introduction, and precise
passivation of defect states still face major challenges. It is suggted that band structure calculation, spectral
characterization, and device performance characterization mayelp solve these problems.

3.2 \Vertical channel engineering

The carrier transit time plays an important role in determining the res ponse speed of a device. Shortening the device
channel can reduce the carrier transport distance and carrierransit time, especially when using 2D materials. The
device channel is expected to be reduced to the level of severaimometers, which could not be previously achieved
in the case of 3D semiconductor device architectureBg{86]. More importantly, the conductive channel can act as a
fully depleted region via the formation of an atomic vertical heterogructure, which dramatically promotes carrier
extraction [51].

Wu et al. [87] systematically compared the device performance and photogersted charge carrier transport in
2D heterostructures with vertical and lateral transport channels (Figures5(a){(c)). They found that the rise and
decay times increase with extension of the channel length, varyindgpy more than one order of magnitude when
the channel length increases from 13.7 (rise time: 1.74s, decay time: 1.92 s) to 112.3 m (rise time: 19.86 s,
decay time: 42.2 s). In contrast, shortening the channel length of the lateral ctannel device to 1 m reduced
the response time to 436 ns. Furthermore, minimizing the carrier tansit path to tens of nanometers facilitated
e cient and fast carrier transport via the formation of a vertical channel and resulted in an MIR detectivity of
2:38 10! Jones, a fast response time of 10.4 ns at 1550 nm, and an ultrabrdband detection range from the
ultraviolet to MIR wavelengths. It is noted that this performance is outstanding and even superior to that of the
commercial cooled HgCdTe photodetectors. Massicotte et al.5P] demonstrated a high-speed photodetector based
on a graphene/WSe/graphene vertical heterostructure, as shown in Figures5(d) and (e). The response time can
be as short as 5.5 ps (Figures(f)), with tunable characteristics under di erent bias voltages. Wu et al. [88] studied
the spontaneous photovoltaic e ect in 3R-MoS-based heterostructures (Figure5(g)). They successfully developed
a new technique of nondegenerate pump-probe photocurrent sggtroscopy to deconvolute the thermal and charge
transfer processes, revealing the multicomponent nature of thehotocurrent dynamics (Figure 5(h)). They claimed
that the photovoltaic e ect has an external quantum e ciency of 10% for devices at low temperatures. Further-
more, the device shows a high-speed response on the level of sal@icoseconds (Figure5(i)), corresponding to a
bandwidth of 100 GHz. These results are critical for improving our understandig of the photocurrent generation
mechanism. Integration of the vertical channel device con gurdion is not limited to the bare vdW heterostructure;
the con guration can also be integrated with the waveguide to enhace the responsivity dramatically.

3.3 Band alignment engineering

Band alignment engineering is usually applied to drive e cient photogenerated electron-hole pair separation and
to enable fast photoresponse. This usually involves constructing 2 vdW heterostructures with a built-in electric
eld [ 89{92]. The typical device architecture is based on a p-n or p-i-n junction Owing to the built-in electric eld,
these photovoltaic detectors can operate under zero bias voltag. Furthermore, compared with photoconductors,
the formation of an interface potential barrier in the heterostructure blocks the dark current, thereby achieving
high speci ¢ detectivity [ 53]. Varghese et al. P3] demonstrated a near-direct bandgap WSg/ReS, heterostructure



YuY F , etal Sci China Inf Sci February 2026, Vol. 69, Iss. 2, 121401:8

(a ) ( b \ Lateral channel (tens of micrometers) (C) ;
Top electrode Au 7 r—— >
B \ \\ 2 = = BP "o Dh‘ene’ . Vertical channel Vertical

(tens of nanometers)

Mos,

Graphene

o
p-n junction
— Lg500 nm i
— Lg5um 02
— LgS0um

_2 L " " L
_ %0 02 04 06 08 10
T otm " oum Time (us)

Photocurrent (arb. units)

s &
carrier concentration (xn;)

Graphene
Bottom electrode Au

Photocurrent (normalized)

T
-10 0 10 20 30

Time delay At (ps)
Thermal process Photocurrent generation

IR-pulse VIS-pulse

B
Graphene heating

. 0 10 20
MoS, heating With heating Time (ps)

Figure 5 (Color online) High-speed 2D photodetectors with vertical channel engineering. (a) Schematic of the graphene/BP/MoS 2/graphene
vertical channel device. (b) The top panel illustrates phot ogenerated carrier diusion in vertical and lateral channe | devices. The bot-
tom panel shows the steady-state photogenerated carrier di stribution as a function of distance from the p-n junction. ( c) Photoresponse
of the vertical hetero-structured device [ 87] Copyright 2025 Springer Nature. (d) Schematic of photoexc ited charge carrier dynamics in a
hBN/graphene/WSe ,/graphene/hBN heterostructure. (e) Schematic of the exper imental time-resolved photocurrent con guration and the d e-
vice structure. (f) Photocurrent as a function of time delay between two laser pulses [ 52] Copyright 2016 Springer Nature. (g) Schematic of the
graphene/3R-MoS ,/graphene device and ultrafast time-resolved photocurren t measurement. (h) Heating dynamics under sub-bandgap puls e
excitation. (i) Transient photocurrent responses of a grap hene/3R-MoS ,/graphene device [ 88] Copyright 2022 American Association for the

Advancement of Science.

for enhanced ultrafast photodetection, with a response time of 5 s and a high responsivity of 3 A/W. So far, many
similar vdW heterostructure photodetectors have been explored However, the fabrication of these devices usually
involves dry transfer or wet transfer technology. Controlling the interface coupling and cleanliness is a formidable
challenge, and inadequate control of these factors may result in amy uncertain e ects on device performance.
Homojunction formation in a single material can subtly circumvent this problem. Zhang et al. P4] built a lateral
p-i-n WSe, homojunction by selective doping. Speci cally, they constructed astructure by utilizing self-aligning
surface plasma treatment at the contact regions, while the WSg channel remained intrinsic (Figures6(a) and (b)).
In the lateral p-i-n con guration, the slow photocarrier di usion is suppressed by avoiding photon absorption at the
undepleted regions with intentional doping, thereby reducing the alverse doping and trapping e ects. Consequently,
the WSe, p-i-n photodetector exhibits an outstanding response time of 26s (Figure 6(c)). It is worth noting
that the device still maintains a responsivity of 0.1 A/W and a high sped c detectivity of 2 :2 10" Jones. Wu
et al. [95] developed a high-performance MoSAsP photodiode with a unilateral depletion region (Figures 6(d)
and (e)). Its unilateral depletion region results in a weakened inteface-trapping e ect, leading to a fast response.
The rise and fall times are 9 and 5 s, respectively (Figure 6(f)). This device design also plays an important
role in improving device sensitivity by evading tunneling-assisted inteface charge recombination. In addition, the
unipolar barrier device con guration suppresses the dark currebhand enhances the speci ¢ detectivity of infrared
photodetection, without introducing any adverse defect trapping. Chen et al. P1] developed a BP/MoS;/graphene
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Figure 6 (Color online) High-speed 2D photodetectors designed with band alignment engineering. Schematic illustration of the (a) doping
distribution, (b) band structure, and (c) transient respon se of lateral a WSe » p-i-n junction diode [ 94] Copyright 2021 American Chemical
Society. (d) Schematic structure, (e) working mechanism, a nd (f) transient response of MoS  ,/AsP photodiodes [ 95] Copyright 2019 Springer
Nature. (g) Schematic diagram, (h) cross-sectional transm ission electron microscopy images of the overlapped hetero structure region, and
(i) frequency-dependent normalized photoresponse of the B P/MoS ;/graphene pBp vdW unipolar barrier photodetector [ 91] Copyright 2021

Springer Nature.

pBp vdW unipolar barrier photodetector, which simultaneously realized a high detectivity of 2:3  10'° Jones and
a response time of 23 s, as shown in Figuress(g){(i).

3.4 Hot-carrier engineering

Defect-induced trap states play a key role in determining the respose time of photoconductive detectors. The de-
trapping process of carriers from trap states prolongs the degatime of the device. It is worth noting that this adverse
trapping process can be avoided by ultrafast HET 55]. If the highly energetic hot electrons are extracted in a timely
manner, the competitive cooling, trapping, and recombination pro@sses will be quelled. Thus, high-speed and high-
sensitivity photodetection can be achieved. Furthermore, the no@equilibrium hot carriers can circumvent the slow
response induced by phonon-dominated transport. Numerous stlies have shown that the hot-carrier-assisted PTE
e ect can result in a wide bandwidth of tens to hundreds of gigahertz [41,96]. The energy relaxation pathways of
hot carriers involve electron-electron, electron-phonon, and pbnon-phonon scattering. Under the pulsed laser exci-
tation, high-density carriers with a localized carrier distribution in sp ace can be excited within an extremely short
time. The scattering and di usion processes of carriers dominantlycontrol the response speed of devices. A faster
scattering process is more conducive to achieving a rapid photorpsnse. Hot-carrier engineering has been widely
utilized for building high-speed photodetectors based on 2D vdW magrials [97]. Safaei et al. P8 demonstrated
an asymmetric plasmon-induced hot-carrier Seebeck photodetéar (Figures 7(a){(c)). The device shows a fast
response of 100 ns in the technologically relevant 8{12 m band. By engineering the asymmetric electronic envi-
ronment of the generated hot carriers on nanopatterned grapéne, a temperature gradient of 4.7 K was established
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Figure 7 (Color online) High-speed 2D photodetectors designed by ho t-carrier engineering. (a) Schematic of an asymmetrically nanopat-
terned graphene device with plasmon-assisted hot-carrier generation. (b) Simulated temperature (top) and potential (bottom) cross-section
of the graphene detector. (c) Responsivity as a function of f requency in the graphene photodetector [ 98] Copyright 2019 Springer Nature.
(d) Measurement setup, (e) Fermi energy-dependent respons e time, and (f) frequency-dependent current of the hBN-enca psulated graphene
detector [ 99] Copyright 2022 Springer Nature. (g) Schematic (scale bar = 200 nm), (h) carrier dynamics, and (i) photoresponse of a WO 2:9-

decorated graphene hot-electron device [  55] Copyright 2019 Wiley-VCH.

across the device terminals for an incident power of 155 nW, dramatally enhancing the PTE voltage by many
folds compared to previous reports. The device also had a high respsivity of 2900 V/W and a detectivity of 1.1

10° Jones. Yoshioka et al. 99 demonstrated ultrafast intrinsic optical-to-electrical conversion dynamics in a
graphene photodetector (Figure 7(d)). They constructed a resistive zinc oxide top gate in the device which
e ectively suppressed the time constant of an RC circuit. To undeistand the e ects of intraband scattering on
thermalization dynamics, from the exponential tting of the rise tim e of the photocurrent, the rise and decay times
were extracted (Figure 7(e)). The rise time was on the scale of several picoseconds, andetdevice had a high
bandwidth of 220 GHz (Figure 7(f)). Besides the hot-carrier-assisted PTE e ect, HET can achieve a high-speed
photoresponse. Yu et al. 5] studied hot electron dynamics in a plasmonic tungsten suboxide/gaphene heterostruc-
ture. It is demonstrated that the plasmon-induced HET is su cient ly fast to prevent trapping, thereby greatly
improving the device response speed. Compared with the common hd-edge electron transfer, the HET-based
WO ,.9/graphene hot-electron photodetector has a response time thee orders of magnitude faster, as shown in
Figures 7(g){(i). Hot-carrier-assisted PTE e ect and HET provide new dire ctions for realizing high-speed photode-
tection. In this eld, it is suggested that more e orts are required to improve photoelectric conversion e ciency.
Moreover, overcoming the trade-o between responsivity and sged is an important topic. In addition, understand-
ing the carrier dynamics, spatial distribution, and evolution process of hot electrons remains a challenge. Ultrafast
spectroscopy and in situ analysis may show great potential in this dd.

3.5 Contact engineering

Contact engineering is an e ective strategy for tailoring the respmse speed of 2D photodetectors7B, 100. In
2D-material photodetectors, the architectures of the interdigtated and asymmetric electrodes are utilized to op-
timize contact characteristics and device performance. An interdbitated electrode with a plasmon-induced highly
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Figure 8 (Color online) High-speed 2D photodetectors designed with contact engineering. (a) Schematic of a gold-patched graph ene device.
The inset in the top right panel shows the transmitted optica | eld, while that in the bottom right panel shows the numeric al estimates
for the wavelength-dependent optical coupling and light ab sorption in the graphene nanostripes. (b) Frequency respon se of the graphene
photodetector [ 101] Copyright 2018 Springer Nature. (c) Schematic and (d) freq uency response of the metamaterial graphene photodetector [60]
Copyright 2023 American Association for the Advancement of Science. (e) lllustration of defect creation during direct contact. (f) Band
structures of the direct metal contact and vdW metal contact on WSe ; [104] Copyright 2022 Springer Nature.

localized electromagnetic eld can create an extremely wide light-degction region in the conductive channel of the
2D material. Such a wide light-detection region can remarkably improwe the carrier generation and extraction e -
ciencies. Meanwhile, an asymmetric electrode induces a monotonic famtial gradient and a strong built-in electric
eld in the conductive channel of the 2D material, e ectively facilitat ing the transportation and collection of pho-
togenerated carriers. Cakmakyapan et al. 101] demonstrated an ultrafast photodetector based on a gold-pathed
graphene nanostripe structure, with operation speeds exceedinb0 GHz (Figures8(a) and (b)). The nanostructures
enable broadband optical absorption, ultrafast photocarrier transport, and carrier multiplication within graphene
nanostripes with the ultrafast transport of photocarriers to gold patches before recombination. The hybrid de-
vice produces a broadband, high-speed photoresponse and exitébhigh-sensitivity characteristics. The response
ranges from the visible to infrared regime, with high responsivities of0.6 A/W at 0.8 m and 11.5 A/W at
20 m. Koepi et al. [ 60] developed a graphene broadband photodetector with an ultrafat photoresponse exceed-
ing 500 GHz. This detector combines graphene with metamaterial pdect absorbers that are directly illuminated
by light from a single-mode ber. A metamaterial perfect absorber layer stack causes the resonance enhancement
of the electromagnetic eld. Meanwhile, the asymmetric electrode imluces p-type and n-type doping, shortened
extraction pathways, a potential gradient, and a strong driving eld|these e ects promote the rapid and e -
cient extraction of photogenerated carriers. This device potenlly can operate in the wavelength region of 1400{
4200 nm. These results demonstrate that graphene photodetéars have great potential to realize high performance
in terms of speed, bandwidth, and operation across a broad speel range (Figures 8(c) and (d)). Contact engi-
neering can also be utilized for tailoring the photoresponse and polé@ation response features of devices, opening
up new possibilities in high-speed optical signal processind.(0Z].

It is worth noting that the conventional direct electrode deposition techniques, such as thermal evaporation,
electron beam evaporation, and magnetron sputtering, may intraluce numerous defects in 2D materials. Such
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defects may generate a Fermi-level pinning e ect and impede the mgulation of the Schottky barrier at the metal-
semiconductor heterojunctions (Figures8(e) and (f)). As a result, the performance of electronic and opt@lectronic
devices may be degradedl1D3 104. Moreover, the creation of excessive defects can a ect the ceer dynamics.
The response time will be a ected if carriers are trapped in these dfect states. Many novel strategies have been
proposed to solve these intractable problems. Some of these stegies are forming vdW contacts by using direct
transfer electrodes, introducing 2D semiconductors as electras$, and heavily doping the 2D semiconductors near
contacts. Despite these strategies, the introduced defects oaot be quantitatively characterized. In the future,
more e orts must be directed toward research on this topic.

3.6 Novel strategies for achieving a high-speed response

Exploring new mechanisms to achieve high-speed detection is crucial this eld since achieving ultrafast response
along with high sensitivity is vital to commercial applications. However, conventional photoconductive devices
cannot e ectively balance speed and sensitivity. Photovoltaic devies have low responsivity because of the absence of
photogain. In recent years, some novel strategies have beenwddoped to achieve high-speed responses with excellent
performance. The enhancement of light absorption is an importantway to improve device performance. However,
the main challenge is to funnel the light into an ultrasmall area and redize e cient photoelectric conversion. To
solve this problem, Castilla et al. [L05 transmitted highly concentrated MIR light into a graphene p-n jun ction
by plasmonic antenna coupling to hyperbolic phonon-polaritons, as lsown in Figures 9(a) and (b). This method
yields outstanding device performance with high sensitivity and a fasrise time of 17 ns. It is noted that the device
shows broadband photoresponse (6{10m) in the MIR range. In addition, some well-designed speci ¢ photogaing
e ects, such as photogating-assisted tunneling synergistical eect and interfacial gating mechanism, were utilized
to overcome the sensitivity-speed trade-o in photodetectors. Liu et al. [106] demonstrated a photogating-assisted
tunneling synergistical e ect in a WSe,/Ta 2NiSes hybrid detector (Figure 9(c)). This e ect permits photocarrier
multiplication and carrier acceleration through tunneling in an electrical eld. Under a negative bias, the direction
of external bias is the same as that of the built-in electric eld, thus enhancing the electric eld and enabling e ective
carrier separation; meanwhile, a forward bias introduces an oppdte external electric eld. Photogenerated electrons
in the Ta,NiSes drift toward the heterostructure interface and accumulate at the heterojunction interface because
of the large interfacial barrier. This results in a negative gate with a prominent photogating e ect. This induces
further p-type doping of WSe;, leading to the tunneling of holes from the drain electrode to the WSe layer and
later transporting them to the source electrode, as shown in Figue 9(d). The 3 dB cuto frequency reaches
as high as 195 kHz at a bias voltage of 1 V, as shown in Figure9(e). Meanwhile, the responsivity reaches
7:3 10° A/W at a bias voltage of 1 V. These results provide a solution for solvirg the sensitivity-speed trade-o ,
0 ering promising possibilities for novel on-chip optoelectronic applications. The interfacial gating e ect is also
a promising strategy to improve photodetector performance 04 111. Guo et al. [112 introduced an interfacial
gating e ect in a graphene/SiO»/lightly doped Si device con guration. In this architecture, the ph otogenerated
electron-hole pairs are separated by an intrinsic self-built electric eld at the Si/SiO interface. The accumulated
charges at the interface then gate the graphene channel and imiduce a high gain. The device shows a high
responsivity of 1000 A/W and a response time of 400 ns. Similarly, Liu et al. [113 demonstrated graphene
charge-injection photodetection in a graphene/SiQ/Si/multilayer graphene architecture (Figure 9(f)). The devices
have a deep-depletion silicon well for carrier integration, as shown irFigure 9(g). The top monolayer graphene
facilitates nondestructive direct readout, and the lower multilayer graphene enables infrared photocarrier injection.
The photodetectors o er broadband imaging from ultraviolet to MI R range, a responsivity greater than 0.1 A/W,
and a fast response time of approximately 1 s (Figure 9(h)). This device architecture provides a new direction
toward achieving high-performance photodetection and imaging. Eng et al. [L14] demonstrated a high-performance
molybdenum-based phototransistor based on the photo-inducetarrier-lowering (PIBL) mechanism. In the device,
MoS, acts as a conductive channel and -MoO3 4 as the contact electrodes. Because of the PIBL mechanism, the
phototransistor has a high detectivity of 9:8 10'® cm Hz'*> W 1. Moreover, the response time is 95 s. The
detectivity of this device is higher than that of most comparable devces, implying that it has great potential in
high-quality imaging applications.

4 On-chip high-speed waveguide-integrated 2D-material ph otodetectors
Through interfacial vdW contact, high-mobility 2D materials can be in tegrated with waveguide-integrated photonics

platforms. Such integrated devices are promising for optical commnication because of their large bandwidth,
remarkable compatibility with silicon-based technology, and compactfootprint [ 115.
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Figure 9 (Color online) Novel strategies for balancing speed and sen sitivity in 2D photodetectors. (a) Schematic and (b) cross- section
(scale bar = 250 nm) of the simulated total electric eld of th e graphene-antenna hybrid photodetector [ 105] Copyright 2020 Springer Nature.
(c) Schematic, (d) band structure, and (e) frequency respon se of the WSe »/Ta »NiSes hybrid detector [ 106] Copyright 2023 Springer Nature.
(f) Schematic, (g) band structure, and (h) frequency respon se of the graphene charge-injection photodetector [ 113] Copyright 2022 Springer
Nature.

4.1 High-speed waveguide-integrated graphene photodetec tors

Guo et al. [116 demonstrated a plasmonic waveguide photodetector based on dison-graphene heterostructure, as
shown in Figure 10(a). Bolometric and photoconductive e ects are introduced by enploying ultrathin wide silicon-
graphene hybrid plasmonic waveguides. These e ects enable e cienlight absorption in the near-infrared region.
The 3 dB bandwidth of the device exceeds 40 GHz at 1550 nm. In high-spd interconnects, the eye diagram is a
key metric in signal integrity analysis, which is commonly produced by he superposition of the received waveform.
This silicon-graphene heterostructure device can be used for retving high-bit-rate data, the eye diagram for the
photodetector operating at 30 Gbit/s. Wu et al. [ 117] further constructed a high-performance photodetector with
3 dB bandwidth of >65 GHz and a high data stream rate of 50 Gbit/s by integrating twisted bilayer graphene
(twist angle: 4.1 ) with silicon photonics, as shown in Figure 10(b). Because of van Hove singularities in the band
structure of the high-mobility twisted bilayer graphene, the light ab sorption is greatly enhanced. This e ect endows
the device with a responsivity of 0.65 A/W at 1550 nm. Marconi et al. [11§ further improved the performance
of graphene-integrated silicon photonics by introducing the PTE e ect. As shown in Figure 10(c), their device
shows a high-frequency response 65 GHz; the measured direct detection of 105 Ghit/s does not rettn to zero,
and 120 Ghit/s four-level pulse amplitude modulation optical signals ae seen. Wang et al. ] demonstrated
an ultrahigh-speed graphene-based optical coherent receiveas shown in Figure10(d). They also achieved the
reception of 200 Gbit/s quadrature phase-shift keying and 240 Gh/s 16 quadrature amplitude modulation signals
on a single-polarization carrier. These studies prove that grapheerintegrated silicon photonics is promising for
developing high-speed optical communication networks119. However, it is noted that the waveguide-integrated
photodetectors are constrained by the limited bandwidth of the integrated optical circuit elements, such as grating
couplers and splitters. Therefore, other optical modules should lao be optimized for achieving high-bandwidth
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Figure 10 (Color online) On-chip waveguide-integrated graphene pho todetector for optical communication. (a) Schematic con g uration and
eye diagram of silicon-graphene hybrid plasmonic waveguid e photodetectors [ 116] Copyright 2020 Springer Nature. (b) Con guration and eye
diagram of a waveguide-integrated twisted bilayer graphen e photodetector [ 117] Copyright 2024 Springer Nature. (c) Schematic con gurati on of
the designed PTE graphene photodetector [ 118] Copyright 2021 Springer Nature. (d) Schematic diagram of t he proposed graphene-based optical
coherent receiver. The right panel shows constellation dia grams for 40 Gbaud and 60 Gbaud 16-quadrature amplitude modu lation signals [ 5]
Copyright 2021 Springer Nature.

photodetection. Time-resolved spectroscopy measurements @fraphene indicate that the carrier dynamics allow
the development of graphene photodetectors that operate beynd 250 GHz [r6,120. Hence, waveguide-integrated
graphene photodetectors remain far from achieving their theorgcally predicted large bandwidths.

4.2 High-speed waveguide-integrated TMD photodetectors

Although the carrier mobility in TMDs is not as high as that in graphene, waveguide-integrated TMD photodetectors
with a sophisticated band alignment design still demonstrate extrenely fast responses. Li et al. 121] integrated
an MoTe, p-i-n homojunction on a waveguide to enhance light absorption and potoresponsivity (Figures 11(a)
and (b)). The device shows the competitive responsivity of 0.4 A/W and a light-on/o current ratio exceeding
10*. Owing to the high carrier mobility of MoTe » and e cient carrier extraction, the device bandwidth can reach
34 GHz. Owing to the lack of instruments for measuring fast resposes, Li et al. [L21] only reported the common
photoresponse, as shown in Figurd1(c). Tian et al. [122 demonstrated a chip-integrated BP/MoTe, vdW p-n
heterojunction photodetector. The photodetector shows a reponse bandwidth of 1.0 GHz and a wide spectral
range from 1500 to 1630 nm (Figuresl1(d){(f)). Thus, band alignment engineering is an e ective approach for
realizing high-speed responses. However, these devices generhllye very low responsivity. Hence, in future studies,
more e orts should be made to improve their sensitivity. Flery et al. [123 developed a waveguide-integrated vertical
vdW heterostructure photodetector, as shown in Figures11(g) and (h). The optimized bandwidth reached up to
50 GHz with modulation of the bias voltage and material thickness (Figure 11(i)). Because of waveguide integration,
the responsivity of the device reached 0.2 A/W at 1300 nm.

5 On-chip high-speed vdW integrated photodetectors for ima ging

High-speed vdW integrated photodetection technologies, includingsingle-pixel, linear array, and area array pho-
todetectors, have advanced rapidly in recent years. Liu et al.124] proposed a high-speed trajectory tracking system
based on a time-division position-sensitive graphene/silicon Schottk detector. As shown in Figure12(a), the max-

imum image output frame rate reaches 62000 frames per second high is higher than most of the commercial



YuY F , etal Sci China Inf Sci February 2026, Vol. 69, Iss. 2, 121401:15

Figure 11 (Color online) (a) Schematic of the MoTe 2 p-i-n device. (b) Electrostatic doping on the few-layer MoT e, and the band structure of
the lateral MoTe » homojunction at equilibrium. (c) Photoresponse of the MoTe 2 p-i-n device [ 121] Copyright 2022 American Chemical Society.

(d), (e) Schematic and (f) transient responses of the wavegu ide-integrated BP/MoTe  , vdW p-n heterostructure photodetector [ 122] Copyright
2022 Springer Nature. (g) Schematic of the waveguide-integ rated MoTe »/graphene heterostructure photodetector. (h) Schematic b and diagrams
of the vertical MoTe ,/graphene heterostructure. (i) Roll-o frequency as a func tion of the applied bias voltage with dierent thicknesses o f
MoTe , [123] Copyright 2020 Springer Nature.

optical high-speed motion capture systems (below 1000 framesXu et al. [125 developed a vdW MIR MoS,/BP
photodetector linear array for passive imaging, as shown in Figurd2(b). They used a temperature-assisted sloping
transfer method for transferring 2D materials, resulting in a high-quality interface. The devices show an average
peak detectivity of 2.34 10° Jones in the MIR wavelengths. On the application of mean ltering, the linear array
detectors exhibit excellent imaging ability. Besides single-pixel and linar array, area array photodetectors based
on vdW integration have been studied. Goossens et al1P6 demonstrated a broadband image sensor array based
on graphene/CMOS integration with a sensitive wavelength range of300{2000 nm (Figure 12(c)). Their work
demonstrated that graphene/CMOS integration is pivotal for incorporating 2D materials into the next-generation
microelectronics, sensor arrays, low-power integrated photong; and imaging systems. In recent years, an active
pixel image sensor array driven by large-area TMD transistor circitry has been developed 127,128. Hong et
al. [129 proposed a bilayer Mo$-based image sensor (Figurd2(d)). The maximum responsivity of the bilayer
MoS, phototransistors in an 8 8 active pixel image sensor array can reach 119.16 A/W.

Conventional detectors, too, have progressed well in terms ofakt response and imaging systems. The temporal
resolution of commercial equipment can reach tens of femtosecda. However, although the 2D-material photode-
tectors have a remarkable ability for high-speed detection, therestill remains a gap between 2D materials and
traditional commercial systems in terms of ultrafast imaging. Devdoping new methods to grow high-quality 2D
materials and realizing device integration remains a challenge.
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Figure 12 (Color online) On-chip high-speed vdW integrated photodet ectors for imaging. (a) lllustration of a time-division pos ition-sensitive
graphene/silicon Schottky detector and multitarget track ing [124] Copyright 2022 Wiley-VCH. (b) Schematic diagram of MoS 2/BP linear
array photodetectors, push-broom scanning process, and im aging [ 125] Copyright 2024 American Association for the Advancement o f Science.
(c) Graphene/complementary metal oxide semiconductor (CM 0OS) integrated image sensor [ 126] Copyright 2017 Springer Nature. (d) Bilayer

MoS, 8 8 image sensor array [ 129] Copyright 2021 Springer Nature.

6 Summary and outlook

This review provides a comprehensive discussion on surface and infece engineering for high-speed 2D vdW
photodetection. The working mechanisms are elaborated. Advares in surface and interface engineering for 2D
high-speed photodetectors are summarized. Figure 13 and Table dompare the performances achieved by di erent
engineering strategies and commercial device2,p,50{52,54,55,59,60,65,73,80{84,86{ 90,93,94,96,100,101,105,106,
112(117,119121{123 130{138. Vertical channel engineering, contact engineering, and wavedde integration are
preferable from the viewpoint of rapid response among the generapproaches. It is worth noting that the bandwidth
of an on-chip waveguide-integrated graphene device is comparabie that of the state-of-the-art traditional devices|
this result indicates the great potential for the current 400 Gbit/ s optical modules in optical communication systems.
In addition, the hot-carrier-assisted PTE e ect also facilitates the development of ultrahigh bandwidth devices.
Some novel strategies, such as photogating-assisted tunnelingreergistic e ect and interfacial gating mechanisms,
have shown great potential in overcoming the responsivity-respoese time trade-o . Although defect engineering
in photoconductors is promising for implementing high-sensitivity detection, there is room for improvement in
terms of the response speed. Among the explored strategies, rtieal channel engineering, contact engineering,
and waveguide-integrated graphene devices are more likely to be e@d in the next-generation 800 Gbit/s optical
module as they have the advantage of balancing the sensitivity andesponse speed. Furthermore, multistrategy
collaboration is a good approach to achieve high-performance det&on.

Evaluation methods for the response speed of photodetectorsan be classi ed into two major categories: one is
based on the time domain (for the response time) and the one on th&equency domain (for the bandwidth). In
time-domain methods, a pulsed laser is used for excitation, and theudput electrical signal can be captured with
an oscilloscope. The light source should be chosen considering thesponse speed of the device. As the response
speed of a photodetector is smaller than microseconds, we prefegmtosecond lasers, high-speed laser diodes, high-
speed LEDs, and electro-optic modulator-modulated lasers. Chqper-modulated lasers are suitable for devices with
response times greater than microseconds because of their slovesvitching frequency. The time-domain method is
suitable for quickly assessing the response speed and physical hanism of devices. Frequency-domain methods
can be used for measuring the bandwidth of photodetectors, whit are suitable for practical high-frequency and
communication application scenarios. Lastly, we elaborate on the chllenges faced and new prospects for high-speed
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Figure 13 (Color online) Comparison of the performances of the state- of-the-art traditional devices and engineered 2D vdW photo detectors.
The data points with di erent colors indicate di erent meth ods: band alignment engineering (orange), vertical channe | engineering (pink), defect
engineering (purple), hot-carrier engineering (light blu e), and contact engineering (blue). The red, light purple, a nd green points indicate the
high-speed photodetectors developed with new engineering strategies, waveguide-integrated 2D materials, and tradi tional device architectures,
respectively.

photodetection in customized 2D vdW materials.

(1) Quantitatively customizing the photoelectric propert ies of 2D materials.  Most of the existing
methods for customizing the photoelectric properties of 2D mateials are qualitative|examples are plasma treating,
annealing, ozone treatment, laser modi cation, and wet modi cation [139[143. This greatly hinders the use of 2D
materials in the physical theory exploration and optoelectronic apgications. Electron beam lithography is e ective
for patterning and quantitatively doping 2D materials [ 144, 145, but this approach is limited by its low yield.
Therefore, more exploration is urgently needed to address this vél issue. In addition, machine learning may bridge
the gaps among treatment conditions, material properties, and @vice performance 146{149, thereby providing
feedback for customizing the photoelectric properties of 2D mateals.

(2) In situ evaluation of carrier dynamics evolution under w orking conditions. Carrier dynamics
is the basic element in customizing photoelectric conversionlp(. The generation, transfer, and extraction of
carriers can strongly in uence the e ciency of photoelectric conversion. Scattering, trapping, and transportation
greatly a ect the response speed. However, in situ methods thatan accurately analyze the carrier dynamics during
device operation are rare. More e orts can be made to explore newquipment with ultrafast lasers, high-resolution
spectroscopy, and high-precision detection.

(3) Deciphering the distinct response mechanisms under pul se and continuous wave (CW) lasers.

The response speed may di er by several orders of magnitude whephotodetectors are characterized under pulsed
and CW lasers. An ultrafast laser pulse can excite high-density caiers with a localized carrier distribution in
space within a short time. Thus, the scattering and di usion of carriers under pulse lasers will di er greatly from
that under CW laser illumination. The scattering and di usion processes of photogenerated carriers a ect the
carrier-trapping process, changing the response speed of deg& However, the distinct response mechanisms under
pulse and CW lasers remain unclear. There is still a long way to go to unerstand well the di erences between the
two scenarios.

(4) Balancing the response speed and responsivity of photod etectors. A fundamental challenge in
photodetector design is the inherent responsivity-response spd trade-o. Although high-performance devices
have been developed, many devices do not realize high responsivitpé high-speed response simultaneously under
the same conditions. In future studies, more e orts should be talen to address this issue. E ective solutions,
including material selection, carrier dynamics modulation, and devicestructure optimization, should be considered.
Multistrategy collaboration o ers promising avenues for co-optimizing responsivity and speed in next-generation
photodetectors.

(5) Wafer-scale 2D material growth and CMOS compatibility. Developing universal technologies that suit
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Table 1 Comparison of the performances of the state-of-the-art tra ditional devices and engineered 2D vdW photodetectors.
Strategy Device architecture Spectral range Response time Detectiv ity Responsivity Ref.
WSe 5 p-i-n diode 450 nm 264 ns/1.9 MHz 2 2 1013 Jones 0.1 AW [ 94]
WSe 3 /ReS ; heterojunction { 5 s 8:39 1010 Jones 3 AW [ 93]

Band alignment engineering

MoTe 2/MoS 5 vertical . 8
heterojunctions 550{1550 nm 60 s 1:06 108 Jones  0.046 AW [ 90]
BP/MoS 5 heterojunction 1.25{4.25 m 3.7 /100 kHz 1 :1 100 jones 0.9 AW [ 89]
hBN/Graphene/WSe 2 /Graphene
BN heterastructure 520{800 nm 5.5 ps/100 GHz { 20 mAW [ 52]
Graphene/MoS 2 IGraphene { 100 GHz { 50 mA/W [ 88]
. . . Graphene/MoS 2/Wse 3 450{800 nm 35 MHz { 8.67 A/W [ 86]
Vertical channel engineering
Pt/n-MoSe 5 /graphene/Au { 200 GHz { 22.7 AW [ 84]
MoS 5 /BP/MoS o 405{3951 nm 0.23 MHz 8 61 1010 Jones 0.77 AW [ 51]
Graphene/BP/MoS 2 /Graphene 14 m 0.053 GHz 2 138 1011 Jones 0.66 AW [ 87]
H2PP decorated ReS 2 500{1500 nm 03s 1 189 1013 Jones 1000 A/W [ 65]
MoS » 633 nm 1.6 ms { 9300 AW [ 81]
» ReS » 633 nm 20 s { 4 AW [ 82]
Defect engineering
Suspended WSe 532 nm 30 ms 8 6 109 Jones 30.44 AW [ 80]
InSe 405 nm/530 nm 0.1's 1013 Jones 1000 AW [ 50]
WSe /WS 5 heterojunctions 532 nm 1.4 ms 4 :3 1010 Jones 300 AW [ 83]
WO2.9-graphene 633{1600 nm 35 s { 202.3 AW [ 55]
Hot-carrier engineering MoO 3 /Bi 20pSe 800{1600 nm 453 ns/1.2 MHz 6 4 109 Jones 24 AW [ 54]
Au-graphene-Au 550{900 nm 2 ps { 0.125 mA/W [ 59]
Gold-patched graphene
nano-stripes 0820 m 50 GHz { 11.5 AW [ 101]
. . Metal-graphene-metal 300 nm to 6 m 16 GHz { 6.1 mA/W [ 73]
Contact engineering
Graphene-metamaterial 1400{4200 nm 500 GHz { 1.57 mA/W [ 60]
Ultra-compact integrated 1540 nm 110 GHz { 360 MAW [ 130
graphene
MO0 3 x/MoS 2/ -MoO 3 405 nm % s 9:8 1010 Jones 1 :9 10° Aw [ 114]
Graphene/SiO 2 llightly doped Si 450{1150 nm 400 ns 1 11 1010 Jones 1000 AW [ 112 ]
Novel strategies for Heterogeneous WSe 2/Ta pNiSe 5 532{2200 nm 195 kHz { 2 2 104 AW [ 106]
implementing high-speed response - -
pl g nigh-sp P hBN-encapsulated H-shaped 6.1{10 m 22 MHz { 65 MAW [ 105 ]
graphene
Graphene charge-injection 375 nm{3.8 m 0.55 MHz { 0.1 AW [ 113 ]
Graphene with WS 5-WSe > 405(3000 nm 3 s { 1:7 104 AW [ 131]
strip_superstructure
Graphene-on-plasmomc { 67 GHz { 01 AW [ 5]
slot waveguides
Waveguide-integrated twisted 1510{1630 nm 65 GHz { 0.65 AW [ 117]
bilayer graphene
LJ"[;Z"?'”IW'“ s,"'°°”'gra’.’ge“e 1550 nm, 2 m 40 GHz { 0.4 AW [ 116]
Waveguide-integrated ybri p.asmonlc waveguide .
graphene photodetectors _Plasmonlca\ly enhanced waveguide- 1480{1620 nm 110 GHz { 0.5 AW [ 119]
integrated graphene
Plasmonic graphene hot electron . .
bolometric photodetector 1550 nm 500 GHz Simulation { 1100 A/W [ 96]
Graphene-Boron nitride 1510{1570 nm 42 GHz { 0.36 AW [ 115]
G‘raphene—_oﬁ—slllcon nitride waveguide 1550 nm 33 GHz { 236 AW [ 100]
with interdigital contacts
MoTe 5 p-i-n homojunction 1260{1340 nm 34.0 GHz { 0.4 AW [ 121]
Waveguide-integrated TMDs BP/MoTe 1500{1630 nm 1.0 GHz { 709 mA/W [ 122]
hotodetectors i -
p vertical MoTe 2 -graphene van der 1265{1340 nm 50 GHz { 0.2 AW I 123]
Waals heterostructure
Au/MoS o 1530{1570 nm 1.37 GHz { 15.7 mA/W [ 132 ]
MUTC 1550 nm 220 GHz { 0.237 AIW [ 133]
Vertical Ge PIN PD 1550 nm 103 GHz 2 195 1010 Jones 0.95 AW [ 134 ]
Lateral Ge PIN PD 1550 nm 80 GHz { 1 AW [ 135]
Traditional devices uTC 1550 nm 110 GHz { 0.35 AW [ 136 ]
AlAsSb 1310 nm, 1550 nm 20 GHz (theoretical) { 0.69 A/W [ 137]
INAIAS 1300 nm 35 GHz { 0.7 AW [ 138 ]
GelSi APDs 1550 nm 53 GHz { 0.87 AW [ 2]

the large-scale single-crystal growth of wafer-scale 2D materialsas always been a huge challenge. The crystallinity,
defect distribution, thickness, uniformity, and repeatability should be well controlled [151{153. Furthermore, for
anisotropic materials, the consistency of the lattice direction shold be taken into account. Therefore, there is an
urgent need to visualize the growth process and growth kinetics 02D materials. Several core challenges need to
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be addressed when integrating wafer-scale 2D materials with CMOShondestructive transfer, process compatibility
(high-temperature decomposition, chemical/plasma damage, and l etch selectivity), high contact resistance, poor
large-area uniformity (defects and uneven doping), and surfacdamage during the integration of the gate dielectric.

(6) On-chip integration of 2D materials with commercial opt oelectronic systems. Compared with mi-
croelectronic chips, photonic chips using light waves as information arriers have the advantages of large bandwidth,
high speed, and low-power consumption. These devices are expedtto solve the bottlenecks in power consumption,
bandwidth, and the size of the existing electrical interconnection. The planar structure of 2D materials without
any dangling bonds makes them compatible with the traditional siliconbased CMOS technology; in addition, they
are not limited by lattice mismatches due to vdW forces stacking. Thegeneral methods for large-area integration
and strong interface coupling are still in the early laboratory stages. To accelerate industrialization, high-quality,
large-area growth methods, as well as ultraclean, nondestructi transfer methods that are compatible with the
existing semiconductor processes, are urgently required.
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