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Silicon-Compatible Photodetectors: Trends to Monolithically 
Integrate Photosensors with Chip Technology
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Encouraged by the increasing requirements of intelligent equipment, silicon 
integrated circuit–compatible photodetectors that support single-chip pho-
tonic–electronic systems have gained considerable progresses. Advanced 
materials have resulted in enhanced device performance based on traditional 
photovoltaic effect and photoconductive effect, and novel device designs 
have catalyzed new working mechanisms combing rapid photoresponse and 
high responsivity gain. Surprising applications are developed using mono-
lithic photonic–electronic platforms, and the developing integration strategies 
keep pace with the developing complementary metal-oxide-semiconductor 
techniques as well as nonsilicon substrates. Here, the recent developments 
in silicon-compatible photodetectors, both in device advances and their 
integration routes, are reviewed. Meanwhile, the progresses, challenges, and 
possible future directions in this field are discussed and concluded.
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which attract more attention among other 
properties in the past.[2] However, the 
boosting advances of miniaturized intel-
ligent devices are expecting novel photo-
detectors with additional compatibility to 
integrated circuits to provide advanced 
functions like logic analysis.[3]

Although numerous semiconducting 
materials have been studied in the past 
few decades, silicon is still the most impor-
tant material with the widest applications. 
Abundant silica resources guarantee large-
scale silicon production and contribute to 
low price. Besides its excellent resistance 
to thermal and oxygen, silicon has goodish 
carrier mobility of 1350 cm2 V−1 s−1 and 
480 cm2 V−1 s−1 for electrons and holes, 
respectively. Controlled doping and epi-

taxial growth have catalyzed mature chip technologies like com-
plementary metal-oxide-semiconductor (CMOS), which gen-
erate powerful silicon integrated circuits (silicon-ICs) that form 
the foundation of smart devices. As demonstrated in Figure 1a, 
traditional photodetectors need additional electronic compo-
nents to get integrated with silicon-ICs and have troubles in 
forming miniaturized smart equipment,[4] which only fits 
normal applications. However, silicon-IC-compatible or silicon-
compatible photodetectors can monolithically integrate silicon 
electronics with optical components. This enables single-chip 
photonic–electronic systems with intrinsic logic calculations, 
memory function, and interconnections (Figure 1b), which is 
getting increasingly important nowadays.

There has been enough theoretical background for the long-
term stable operation of photosensors based on silicon. Mas-
sive silicon-based photodetectors have been reported owing to 
the abundant reserves, high photovoltaic efficiency, and mature 
processing technology.[5] However, only some of them could be 
considered compatible with the current chip fabrication. The 
bulk CMOS chips still dominate the modern chip industry, and 
silicon-IC-compatible devices need to be constructed on bulk 
silicon wafer rather than nanostructured silicon materials in 
order to get full benefit from the silicon chip industry.

Mature p- or n-type doping generates different bulk sil-
icon materials with tunable electrical properties, which have 
strongly facilitated the material choosing in bulk silicon–based 
photodiodes. Thus, plenty of bulk silicon–based photodiodes 
have been achieved with silicon or additional heterogeneous 
nonsilicon materials. Commercial silicon p–i–n photodiode 
is currently the most widely used photosensors for photo-
imaging and spectral analysis, not to mention the advanced 

Photodetectors

1. Introduction

Thanks to the development of “Internet of Things” (IoT) and 
intelligent devices, our lives have been obviously facilitated in 
the past few years. Machines and devices are becoming more 
and more smart with the help of artificial intelligence and 
various sensors, and an exciting glimpse of a bright future has 
been caught. As one of the most important type of sensors, 
photodetectors that can precisely convert incident light into 
electrical signal have been attracting increasing attention. Vast 
applications including photosensors, spectral analysis, environ-
ment monitoring, communication, imaging and so on have 
been realized based on narrowband or broadband photodetec-
tors from ultraviolet to terahertz.[1] Traditionally, “5S” require-
ments are used to evaluate a photodetector, namely, stability, 
signal-to-noise (STN) ratio, sensitivity, speed, and selectivity, 
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photodiodes with improved performance. The epitaxial dielec-
tric or semiconducting layer also plays an important role in 
the device architecture. For example, surface-oxidized silicon 
wafers realize vertical insulation and contribute to gate-tunable 
photodetectors like photo-field-effect transistors (photo-FETs). 
These merits immensely enrich the device structures and the 
material candidates, offering huge potentials to develop high-
performance silicon-compatible photodetectors.

However, silicon materials also suffer obvious shortcomings 
in photosensitivity. The indirect bandgap of silicon makes it 
an insufficient photoconductive material, and the bandgap of 
1.1 eV results in an absorption decrease beyond 800 nm with 
a typical photosensitive cutoff at 1100 nm. Therefore, silicon is 
not considered as an ideal photosensitive material, especially 
beyond the short-wavelength near-infrared (SW-NIR) region. 
The widely used visible light detection prefers a moderate 
device bandgap of around 1.7 eV while UV detection requires 
even larger bandgaps, where silicon materials are less photo-
sensitive and introduce IR noise. It is still of great impor-
tance to solve these problems and pursue higher performance 
enhancement for silicon-compatible photosensors.

Plenty of progresses have been reported in this field over 
the past decade, both in photodetectors and the integration 
strategy with silicon-ICs. Various surface modifications and 
mid-bandgap absorption in silicon materials have effectively 
enhanced the spectral response beyond 1100 nm, expanding 
the application range of silicon-based photodetectors. A lot of 
novel materials were utilized to form photosensors with silicon 
and effectively modulated the spectral response in the UV-to-
NIR region. Also, the rapid development of new materials 
like 2D materials[6] has greatly enriched the candidate mate-
rials of silicon-based van der Waals (vdW) heterojunction and 

successfully resulted in exciting multilayered device structures 
with outstanding photosensitive properties.[7] As for the integra-
tion studies, former researches have reported many successful 
monolithic photonic–electronic platforms based on early sil-
icon-compatible photodetectors, enabling advanced applications 
in high-fidelity light communications chips,[8] high-bandwidth 
light processor and memory chips,[9] and highly parallel photo-
biochemical sensors.[10]

This review covers the basic description and recent pro-
gresses of silicon-compatible photodetectors and the integra-
tion methods into silicon chips. We begin by offering a brief 
introduction about photodetectors. Then, we fully describe the 
advances in silicon-compatible photodetectors with traditional 
working mechanisms (photovoltaic effect and photoconductive 
effect) and a novel mechanism. The widely used photovoltaic-type  
architecture still shows huge potential in high-speed bulk silicon–
based photodetectors. Some important progresses have been 
achieved for high-detectivity silicon-compatible photoconductive 
devices. Moreover, recent novel working mechanism of the pho-
tovoltage and transconductance gain has been proposed to simul-
taneously realize high responsivity gain and ultrafast photore-
sponse. After that, the developments of the integration strategies 
are demonstrated to prepare single-chip photonic–electronic sys-
tems. Finally, we conclude the challenges and discuss the exciting 
avenues enabled by material advances and device designs.

2. Information about Photodetectors

Typically, photodetectors are constructed on the basis of photo-
voltaic effects or photoconductive effects. Photovoltaic effects 
are based on built-in electric fields, where photogenerated 
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Figure 1. Schematic diagrams of a) the typical photonic–electronic system based on traditional photodetectors and b) the monolithic photonic–
electronic system based on silicon-IC-compatible photodetectors.
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carriers are separated and even drifted to form photocurrent. 
Photovoltaic devices or photodiodes can be classified as homo-
junction photodiodes, heterojunction photodiodes, and Schottky 
photodiodes according to their junction types. Photoconduc-
tive effects originate from the increased conductivity of semi-
conductors under illumination. The incident light generates 
photo induced carriers and contributes to extra photoconduc-
tivity when the photon energy is above the bandgap of semicon-
ducting materials. Metal–semiconductor–metal (MSM) device 
and photo-FET are typical photoconductive devices. Recently, 
the photovoltage and transconductance gain has been realized 
using commercial silicon processing, which was reported with 
remarkable device performances (as stated in Section 5). The 
main parameters of photodetectors are described as follows:

The photoelectric conversion ability is often evaluated by 
responsivity R, which is directly defined as the ratio of photo-
current Iph to the incident light power Pin. R is actually deter-
mined by the external quantum efficiency (EQE, i.e., numbers 
of effective electron–hole (e–h) pairs generated per incident 
photon, determined by the light absorption and charge separa-
tion efficiency) and gain ratio G (numbers of carriers detected 
per photogenerated e–h pair). The relationships among these 
parameters are displayed as follows

λ( ) = =AW EQE
ph

in

R
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q

hc
G

 
(1)

where q refers to electron charge, h is the Planck constant, λ is 
the incident wavelength, and c is the speed of light.

The sensitivity can be described as the ability to distinguish 
weak incident signal. The signal-to-noise ratio represents the 
sensitivity of a photodetector, which is defined in Equation (2)
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The noise current IN should comprise all noise sources in a 
photodetector, but only the short noise current ISN = (2qIdark)1/2 
is often considered in the calculation. Thermal noise (Johnson–
Nyquist noise) is also considerable, and flicker noise cannot 
be neglected under low on–off frequency (typically <500 Hz). 
Compared to STN, the lowest detectable power or the noise-
equivalent power (NEP) is more intuitive to evaluate a photo-
detector. NEP is defined as the incident light power when  
STN = 1. However, NEP depends on different device parame-
ters such as device area A and device bandwidth B. In order to 
facilely evaluate photodetectors with different bandwidths and 
sizes, specific detectivity D* has been introduced according to 
Equation (3)
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Response speed is attracting increasing attention due to the 
increasing high-frequency requirements in autonavigation and 
instant interaction. The response time, including rise time τr 
and fall time τf, is defined as

responsetime , s | |r f 90% 10%τ τ( )( ) = −t t  (4)

where t90% and t10% refer to the time to reach 90% and 10% of 
the photocurrent, respectively.

High-selective photodetectors is crucial for many applica-
tions such as machine vision, intelligent surveillance, and color 
photography,[11] and color selectivity is evaluated by the half-
bandwidth in the responsivity–wavelength curves.

Silicon-compatible photodetectors have advantages in devel-
oping smart photosensors, which may lead novel photosensors 
in advanced applications like IoT photosensors.[12] Apart from 
the above-mentioned traditional “5S” requirements, additional 
“3S” requirements (smart, small, and energy saving) are pur-
sued in IoT photosensors.

1. Smart (data-processing ability): Simple photosensors are only 
endowed with the core function to collect light signal and 
generate electric data, while IoT applications prefer smart 
photosensors with additional logic functions. Therefore, both 
data processing and data transmission should be realized 
apart from the core photoelectric properties to get the com-
patibility with IoT networks. Here, silicon-compatible devices 
enable facile single-chip photonic–electronic for facilitated 
and miniaturized data processing and data transmission.

2. Small (low space occupation): Considering the specific working 
condition, physical space is usually highly limited in IoT de-
vices and small photosensors are desired. Here, small photo-
sensors not only refer to the miniaturized photodetectors but 
also include the avoidance or miniaturization of supporting 
components such as power sources, current amplifiers, data 
processors, memorizers, connectivity parts, etc. Thus, prop-
erties such as high photocurrent (avoid current amplifiers), 
self-power (avoid power sources), and silicon-compatibility 
(miniaturize the electronic components and the connectivity 
parts) have become more important in IoT photosensors

3. Energy saving (self-power or low power consumption): The limi-
ted installation space and the ubiquitous requirements make 
IoT photosensors unable to rely on bulk power sources. IoT 
photosensors have to keep a perennial performance with 
small batteries or in a self-powered mode to reduce the main-
tenance frequency.

3. Silicon-Compatible Photovoltaic Photodetectors

3.1. Advances in Traditional Silicon Photovoltaic Devices

Due to the different Fermi energy levels, free carriers sponta-
neously diffuse to the counterparts near the homointerface, 
heterointerface, and Schottky semiconductor/metal interface, 
forming depletion region (or space charge region) in photo-
voltaic devices.[13] Subsequently, the remained charge centers 
generate built-in electric field and suppress leakage current. 
The built-in electric field helps to separate photoinduced e–h 
pairs in the depletion region and contribute to enhanced photo-
current. The charge separation process is much faster than 
carrier diffusion process, thus fully depleted photovoltaic photo-
detector shows obvious advantages in high response speed.

The widely used commercial silicon photovoltaic devices 
are based on silicon homojunctions.[14] Thanks to the excellent 
lattice match, homojunction photodiodes show excellent sta-
bility even in extreme working conditions. Doping introduces 
little lattice deformation and the lattice-matched homojunction 
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interface guarantees highly uniform built-in electric field. So, 
commercial silicon p–i–n photodiode is endowed with goodish 
photosensitive properties.[15] However, silicon homojunction 
photodiodes directly inherit the photoelectric properties of 
silicon materials. They are unsensitive to longer-wavelength 
light and poorly sensitive to UV light.

Forming heterojunctions offers a facile route to adjust the 
spectral response of silicon-compatible photodiodes. Various 
semiconductor materials with different electrical and optical 
parameters can provide enough flexibility for the design of 
photoelectric devices, and the easily controlled doping in sil-
icon further enriches the energy band match. As showed in 
Figure 2a, the spectral response of silicon-based heterojunction 
photodetectors has been expanded to the UV-to-LWNIR (long-
wavelength NIR) region based on various materials with dif-
ferent bandgaps, including n-ZnO,[16] TiO2,[17]γ-In2Se3,[18] Se,[19] 
InGaAs,[20] PEDOT:PSS,[21] CuO,[22] p-WS2,[23] MoS2,[24] SnTe,[25] 
Bi2Se3,[26] reduced graphene oxide,[27] and graphene.[28] How-
ever, the spectral response depends not only on the bandgap 
of the semiconductor material but also on the energy band 
structure of the junction. The energy band structures of het-
erojunctions are more complicated compared to that of homo-
junctions, where junction barrier and type-I energy band match 
possibly exist.[29] This offers additional flexibility for the spectral 
response besides the heterogeneous materials. Figure 2b dis-
plays the relationship between the energy band structure and 
the spectral response. The heterojunction photodiode delivers 
a single-peak spectral response in a finely matched type-II 
p–n heterojunction, where the junction barrier is avoided and 
possible antibarrier is formed (the first situation in Figure 2b). 
In this case, the heterojunction individually confines holes and 
electrons to the two materials, and the photogenerated carriers 
are facilely separated and drifted to the two electrodes when the 
incident photon energy is above the bandgaps of two materials. 
When the incident wavelength is between the two bandgaps, 
only the lower-bandgap material can generate photoinduced 
carriers and no more photoinduced carriers are generated in 
the other side. The photoexcited charges drift to larger-bandgap 
side but few drift back to keep an electric neutrality, resulting 
in a thorough wavelength cutoff corresponding to the larger 

bandgap. The individual carrier confinement can be disturbed 
by the junction barrier (the second situation in Figure 2b), 
and the larger-bandgap wavelength cutoff is weakened then. 
Thereby bicolor or broadband photoresponse is formed above 
the lower bandgap. Moreover, an interesting bias-tunable spec-
tral response is sometimes generated under high junction bar-
rier (the last situation in Figure 2b), which is also observed in 
some silicon-based photodiodes.[17a,30] Here we take Hu and  
co-workers’ work as an example (Figure 2c).[17a] In their 
n-Si(111)/TiO2 type-I n–n heterojunction, the energy barrier 
and the band energy difference naturally prevent the carrier 
transportation across the junction interface. The energy level 
of the photoinduced carriers is determined by the wavelength 
of the absorbed incident light. The high-energy UV-induced 
carriers from the TiO2 side can get across the junction energy 
barrier while the low-energy photocarriers in the silicon side 
are trapped, delivering a UV photosensitivity under small bias. 
Under high reverse bias, the TiO2 energy band is lifted above 
the band bending of silicon and the visible light detection is 
switched on. In this way, the n-Si(111)/TiO2 device is enabled 
with bias-controllable spectral photoresponse.

Apart from adjusting the photosensitive wavelength range of 
silicon materials, the nanostructured composite materials may 
also introduce extra property enhancement due to additional 
mechanisms besides photovoltaic effect. Figure 3a displays a 
silicon-compatible heterojunction photovoltaic photodetector 
based on p-Si/n-ZnO heterojunction.[16a] Wide-bandgap mate-
rials like ZnO strengthen the UV absorption and improve the 
photoresponse to UV light. The nanoarray structure plays a very 
important role here. The increased UV photoresponse is par-
tially ascribed to the enhanced signal absorption by antireflec-
tion effects[31] or light trapping.[32] Moreover, the 1D array mor-
phology endows light-self-induced pyro-phototronic effect[33] to 
further improve the device performances. The incident UV illu-
mination rapidly induces a temperature increase within ZnO 
nanorods and generates negative pyro-polarization charges at 
both ends of the nanowire, leading to a distribution of pyroelec-
tric potentials along ZnO crystals. The conduction and valance 
bands of ZnO increase at the p–n interface,[34] and the carrier 
mobility is highly enhanced to achieve a high output current. 

Adv. Funct. Mater. 2019, 29, 1808182

Figure 2. a) The photosensitive materials in recent silicon-compatible photodiodes with bandgaps ranging from UV to IR regions. b) Description of 
the typical relationship between the energy band structure and the spectral response. c) The bias-tunable spectral response taking the n-Si(111)/TiO2 
multicolor photodiode as an example. Reproduced with permission.[17a] Copyright 2016, Wiley-VCH.
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After the UV illumination turned off, the temperature within 
ZnO crystals decreases soon and positive pyro-polarization is 
created. The conduction and valance bands of ZnO decrease 
and form a carrier trap. Thus, the carrier transportation is 
severely suppressed, contributing to a low leakage current. In 
this way, Wang and co-workers achieved a high-performance 
silicon-compatible photosensor under small bias, which deliv-
ered ultrafast photoresponse (τr/τf = 19 µs/22 µs at 325 nm; 
τr/τf = 15 µs/12 µs at 442 nm) and enhanced responsivity. The 
response time could be further promoted as the illumination 
power intensity increases, making it potential for ultrafast 
strong light detection.

In addition to the various nanostructured nonsilicon mate-
rials, the surface engineering of silicon materials also shows 
huge potential in promoting device properties. Surface nano-
structures or microstructures on silicon are often endowed with 
enhanced light absorption by increasing the absorption area. 
The light trapping structures can further improve the photo-
electric properties and generate high-efficiency silicon-compat-
ible device. In Islam and co-workers’ research,[35] microscale 
and nanoscale holes with different shapes were introduced to 
silicon p–i–n photodiode to achieve high-efficiency light trap-
ping. As shown in Figure 3b, tapered or cylindrical holes were 
formed on silicon p–i–n photodiode by patterned reactive ion 
etch or deep reactive ion etch, respectively. The light trapping 
strongly improves the light absorption and benefits the pho-
tosensitive properties. These surface-engineered silicon p–i–n 
photodiodes delivered an ultrafast impulse response of 30 ps 
with a high external efficiency of more than 50%, which is 
much higher than that in flat silicon photodiodes (lower than 

16% at the best result). The taper angle of these holes was tai-
lored by adjusting the isotropic etching and deposition process 
and obviously influenced the light trapping effect. The mor-
phology optimization of the introduced holes could further 
improve the external efficiency to more than 70%. Compared 
to the patterned surface ion etching, forming black silicon is 
a much cheaper way to increase the light absorption area of 
silicon wafer. Plenty of researches have been reported on solu-
tion-processed black silicon for photoelectric applications.[36] 
However, black silicon has drawbacks in the traditional device 
structure of p–n homojunction. The extremely nanostructured 
surface in black silicon severely increases carrier combinations 
and limits the device efficiency. In order to make full use of 
the absorption gain, novel structures with stronger built-in 
electric field are in demand for charge separation. Using con-
formal atomic layer deposited alumina was reported as effective 
route to decrease the surface recombination in black silicon.[37] 
Recently, Savin and co-workers deposited alumina to construct 
a conformal layer around the active black silicon area.[38] Thus, 
an inversion layer was formed and generated a collecting junc-
tion with a deep depletion region of 30 µm into the n-type 
silicon. Such a depletion depth can provide a very high resis-
tivity of more than 10 kΩ cm and the surface recombination is 
strongly suppressed due to the built-in electric field. Similarly, 
a uniform alumina layer was fabricated on the bottom side of 
n-type silicon. The intrinsic high negative surface charge[39] of 
bottom alumina layer generates a uniform induced junction 
to avoid the increased dopant-induced recombination inside 
black silicon, which typically comes from the severely irreg-
ular dopant diffusion in silicon nanostructures. Therefore, the 
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Figure 3. Advanced silicon-compatible photodiodes benefiting from nanostructured strategies: a) Silicon-compatible heterojunction photovoltaic pho-
todetector based on p-Si/n-ZnO heterojunction and the light-self-induced pyro-phototronic effect. Reproduced with permission.[16a] Copyright 2016, 
Wiley-VCH. b) Surface engineering on silicon p–i–n photodiode for high-efficiency light trapping. Reproduced with permission.[35] Copyright 2017, 
Springer Nature. c) Silicon-compatible broadband omnidirectional photodetector based on interface engineered Si/ZnO heterojunction. Reproduced 
with permission.[16b] Copyright 2017, Springer.
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device achieved a remarkable EQE of above 96% from 250 to 
950 nm.

Surface-engineered silicon materials also serve as excellent 
substrates to construct heterojunctions and adjust the device 
bandwidth. The built-in electric field near the heterojunction 
interface effectively facilitates the charge separation of the 
photoinduced carriers and generates many high-performance 
silicon-compatible devices.[21,22] Moreover, the surface nano-
structures not only enhance the light absorption but also 
contribute to novel applications like omnidirectional photo-
detection. This has been widely proved in animal eyes and has 
inspired some biomimetic image sensors that imitate human 
eye and arthropod eye with microlens arrays.[40] Apart from the 
microlens arrays, an increasing number of structure designs 
have been suggested for omnidirectional light harvesting, 
including nanopencils,[41] inverted nanocones,[42] antireflective 
multilayer coatings[43] hemispherical geometry,[44] and hier-
archical structures.[45] Inspired by these structure designs, Ko 
and co-workers recently reported a silicon-compatible broad-
band omnidirectional photodetector based on hierarchical 
ZnO/Si heterojunction.[16b] The device combined the excellent 
omnidirectional light absorption from honeycomb-structured 
silicon (H-Si) with the improved UV photosensitivity from ZnO 
nanowires (ZnO NWs). According to the 2D plots of UV–vis–
NIR reflectance data of flat silicon (F-Si), H-Si, ZnO NWs/F-Si,  
and ZnO NWs/H-Si samples in Figure 3c, the reflectance of 
H-Si in the UV-to-NIR region is much lower than that of F-Si. 
The ZnO NWs/H-Si sample inherits the H-Si structure and 
exhibits an extremely low reflectance of ZnO NWs/H-Si sample 
in all the measured wavelength, contributing to the enhanced 
broadband photosensitivity. Furthermore, the ZnO NWs/H-Si  
device remained over 70% of the photocurrent even with a 
very high incident angle of 70°, while the remained photocur-
rent decreased to less than 40% in ZnO NWs/F-Si device. The 
omnidirectional property comes from the hexagonal holes that 
enable light absorptions at both the wall and the bottom of the 
honeycomb structure. According to the experimental results, 
larger hexagonal holes delivered stronger light absorption at 
high incident angles (>60°), and the minimal photocurrent vari-
ation was observed when the hole size was above 8.7 µm.

3.2. van der Waals Silicon Heterostructure

Traditional silicon-compatible heterojunction photodiodes 
have gained remarkable achievements in the enhanced 
optical detection at various wavelengths and omnidirectional 
photo detection. However, many of them suffer Auger com-
binations due to the lattice mismatch of the two composite 
materials and need special attentions to the interface struc-
tures[46] to satisfy the requirement of ultrafast photodetec-
tion. Fortunately, the rapid development of graphene has 
inspired the huge potential of 2D crystals. Many of these 2D 
crystals are endowed with excellent carrier conductivities. The 
most important 2D crystals, graphene, exhibit remarkable 
carrier mobilities of about 106 cm2 V−1 s−1 at low tempera-
ture,[47] and the typical 2D semiconductor, monolayer MoS2, is 
reported with high carrier mobilities of about 100 cm2 V−1 s−1  
with an enhanced bandgap of 1.8 eV.[48] This has inspired a 

large number of novel photosensitive devices including vdW 
heterojunction devices.[49] Compared with traditional hetero-
junctions, atomically sharp 2D vdW heterostructures do not 
need to consider the lattice-match condition due to the weak 
interface bonding, offering fully compatibility with various 
amorphous or crystal substrates.[50] Thus, forming vdW hetero-
junctions with silicon has become a potential route to achieve 
ultrafast silicon-compatible photodetectors regardless of the 
lattice-match. Moreover, even a small depletion region can 
fully deplete the very thin photosensitive 2D crystals and guar-
antee high-speed photoresponse. A rich family of 2D crystals 
has been discovered, covering semimetals (graphenes[51] and 
2D metals[52]), semiconductors (transition metal chalcogenides 
(TMDCs),[53] black phosphorus,[54]etc.), and insulators (hex-
agonal boron nitride[55] and layered oxides[56]). Such abundant 
material candidates have generated plenty of silicon-based vdW 
heterostructures to form Schottky junctions or heterojunctions.

Considering the much stronger inner layer bonding force 
than the interlayer vdW interaction, the vdW epitaxy on inert 
substrates has been developed as an important route to obtain 
2D materials. For 2D crystals that are chemically inert to sil-
icon, direct epitaxial fabrications are the most facile route to 
obtain vdW heterostructures with silicon substrates. The con-
tact quality is also guaranteed in the epitaxial growth on thor-
oughly cleaned substrates. Many TMDCs are suitable for the 
epitaxial fabrication processes on silicon substrates, such as 
MoS2,

[57] WSe2,[53c,58] and Bi2Se3.[26] In addition, the optical and 
electrical properties of these 2D crystals vary with the chemical 
composition and the material thickness, contributing to var-
ious epitaxial vdW heterostructures with flexible photoelectric 
properties. Figure 4a shows a typical silicon-compatible vdW 
heterojunction based on the epitaxial MoS2.[24a] The Ar plasma–
treated bare silicon substrate was dip-coated with Mo precursor 
film and got sulfured to finish the in situ fabrication of MoS2 
in sulfur vapor. A photodiode was constructed based on this 
n-MoS2/n-silicon vdW heterojunction and showed excellent 
photosensitivity in the visible-near infrared region. The in situ 
epitaxial growth guaranteed high-quality vdW heterostructure 
and resulted in an ultrafast photoresponse with the capability 
to high-frequency light irradiation of about 100 kHz. Further-
more, the majority carrier transportation in the homotype 
n–n heterostructure contributed to an enhanced photogain 
and delivered a high responsivity of 11.9 A W−1. The epitaxial 
Bi2Se3/silicon heterostructure is likewise endowed with high-
performance photoresponse according to former reports. In Jie 
and co-workers’ research (Figure 4b),[26] Bi2Se3 was epitaxially 
grown on prepatterned silicon to construct high-quality vdW 
photodiode. During the fabrication, Bi2Se3 powder was hot 
evaporated to provide the precursor vapor, and the [001]-ori-
ented layered Bi2Se3 film was grown on the silicon substrate 
via vdW epitaxy. As a topological insulator, Bi2Se3 intrinsically 
forms a thin insulating interface on silicon and strongly dimin-
ishes the dark current, achieving a high detectivity of about  
4.39 × 1012 Jones. The build-in electric field from the vdW heter-
ojunction effectively enhanced the charge separation efficiency 
and generated high light responsivity of 24.28 A W−1. Moreover, 
the device perfectly displayed the superiority of epitaxial vdW 
heterostructures and delivered a remarkable response speed of 
τr/τf = 2.5 µs/5.5 µs.

Adv. Funct. Mater. 2019, 29, 1808182
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Although silicon epitaxial vdW heterostructures have huge 
advantages in ultrafast devices, many important 2D materials 
are incompatible with the epitaxial growth on silicon.[59] For 
example, the large-area fabrication of graphene is typically 
based on the chemical vapor deposition (CVD) on copper, 
nickel or gold foils.[51a,60] In addition to the vapor-based epitaxy, 
nonepitaxial synthesis methods such as exfoliations (mechan-
ical, chemical, and electrochemical exfoliation) and solution-
processed fabrications have produced various 2D crystals with 
different optical and electrical properties. These nonepitaxially 
synthesized 2D materials have effectively broadened the mate-
rial candidates for silicon vdW heterostructures. Unlike the one-
step epitaxial fabrication, the nonepitaxial construction of vdW 
heterostructures is usually composed of the following two steps: 
1) the synthesis process of the object 2D materials through 
nonepitaxial methods or epitaxial growth on nonsilicon sub-
strates; 2) the transfer process to attach the fabricated material 
to the silicon substrate. Figure 4c shows an example of nonepi-
taxially constructed vdW heterostructures.[20] First, the InAs/n+-
InGaAs/InAlAs stack structures were epitaxially grown on the 
InP substrate in a molecular beam epitaxy system, where InAs 
was the protective material and InAlAs was a lattice-matched 
buffer layer. Then the fabricated samples were attached to 
PDMS films and wet-etched to separate n+-InGaAs membranes. 
The object InGaAs layer was finally transferred to p-Si to con-
struct InGaAs/Si vdW heterojunction photodiodes. However, it 
is difficult to thoroughly avoid the air or solvent contamination 
in the transfer process, and nonepitaxial vdW heterostructures 
may contain considerable contact defects in the heterointer-
face. These interface defects may severely deteriorate the device 
properties and delay the response speed. Therefore, the afore-
mentioned InGaAs/Si vdW device only delivered a moderate 
response speed with a rise/fall time of 13.49 ms/16.15 ms, 
and similar delays were also observed in other nonepitaxial 
vdW photodiodes. Unlike the ultrafast epitaxial vdW devices, 
the response speeds of nonepitaxial devices are often limited 
to millisecond level (e.g., reduced graphene oxide/n-Si hetero-
junction device with τr/τf = 2 ms/3.7 ms[27]; graphene-silicon  

Schottky photodiode with τr/τf = 0.32 ms/0.75 ms[28c]).  
Therefore, although the nonepitaxial construction enriches the 
material candidates and has contributed to many devices with 
various device bandwidths, the defective heterointerface may 
deprive the ultrafast photoresponse.

In brief summary, forming high-quality vdW heterostruc-
tures with various 2D materials has offered abundant flexibility 
to reduce the Auger loss in the junction interface and produce 
high-speed silicon-compatible devices. However, there are 
still some questions to fully guarantee the high performance. 
First, the introduced interface defects in no-epitaxial vdW het-
erostructures usually deteriorate the actual performances and 
special attentions should be paid to the contact quality to fully 
inherit the merits of vdW heterostructures. Moreover, the 
chemical stability and thermal resistance of many 2D semi-
conductors drop sharply as the thickness decreases to atomic 
level,[61] suffering a tradeoff between the material stability and 
the wanted bandgap increase from the quantum confinement 
effect.[62] Thus, the current vdW photodiodes mainly focus on 
low-bandwidth devices and further researches should keep on 
developing stable 2D semiconductors with higher bandgap for 
visible light or UV detections.

3.3. Lattice-Matched Silicon Heterojunction

Although forming high-quality vdW heterostructures with sili-
con offers to reduce the carrier loss in silicon-compatible photo-
diodes, the device bandwidths are still limited, as mentioned in 
Section 3.2. Thus, searching for proper materials to form lat-
tice-matched heterojunctions with silicon is also an important 
route to suppress the Auger combinations and develop high-
performance silicon-compatible devices. An ideal case to solve 
the lattice-match problems is to find suitable heterogeneous 
semiconductors with the same lattice structure and similar lat-
tice parameter to that of silicon. Silicon is a typical member 
of group-IV semiconductor materials, and other group-IV 
semiconductors like germanium usually have the same lattice 
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Figure 4. Silicon-compatible vdW heterojunction photodiodes avoiding lattice-match requirements: a) rapid silicon–MoS2 photodiode based on epi-
taxially fabricated vdW heterostructure. Reproduced with permission.[24a] Copyright 2016, Wiley-VCH. b) Ultrafast silicon/Bi2Se3 photodiode based on 
vapor-based deposition. Reproduced with permission.[26] Copyright 2016, American Chemical Society. c) Delayed photoresponse in the nonepitaxially 
prepared silicon–InGaAs vdW heterojunction photodiode. Reproduced with permission.[20] Copyright 2016, American Chemical Society.
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structure but different lattice parameters. Forming controlled 
group-IV alloys may effectively adjust the lattice parameters 
and achieve excellent lattice-match with silicon, and consid-
erable work has been done on this to find proper materials 
that are fully compatible with silicon industry. In Crespi and 
his coauthors research, group-IV direct-bandgap semiconduc-
tors were computationally designed to lattice-match silicon.[63] 
These works have inspired some promising materials for lat-
tice-matched silicon-compatible photodiodes. However, the 
material candidates are still highly limited and their bandgaps 
are usually below 1.2 eV, setting barriers to visible light and UV 
detections.

Thanks to the controlled crystalline orientations in silicon 
materials, [100]-, [111]- or [110]-oriented silicon wafers could be 
facilely obtained, and the surface atom alignments on silicon 
substrates change with the crystal orientations. This provides 
additional choices for silicon lattice match and much more 
potential materials have emerged. For example, as a typical 
wide-bandgap p-type semiconductor, nickel oxide has been 
fully studied to form heterojunction photodiodes with various 
n-type semiconductors including n-Si.[64] However, although 
the p-NiO/n-Si heterojunctions in early studies effectively 
enhanced the UV photosensitivity of silicon,[64c] no lattice 
match was observed between NiO materials and the [100]-ori-
ented silicon (Si(100)) substrates. Recently, NiO nanoflakes was 
reported to have a rough alignment on [111]-oriented silicon 
(Si(111)) wafers, and the fabricated vertical photodiode exhib-
ited obviously enhanced photoelectric properties compared to 
former studies.[65] More systematically, Yang et al. reported the 
lattice match between trigonal selenium (t-Se) and Si(111), and 
proposed a vapor-based route to achieve aligned submicron Se 
crystals on silicon substrate (Figure 5).[19] They studied the lat-
tice match between t-Se(001) and Si(111) through first-principles 
calculations using CASTEP.[66] The optimized structure is put 
in Figure 5a, where the lattice parameter of t-Se fits well with 
the atom spacing on Si(111) substrate. The lattice-matched Se-Si 
reduces the overall energy and diminishes the built-in elec-
tric field variation in the heterointerface (Figure 5b), strongly 
attenuating the Auger scattering effect near the p–n heterojunc-
tions. In this way, the charge separation and charge collection 
are obviously facilitated and the prepared the Se/Si photo-
diode achieved the fastest response speed (τr +τf ≈ 1.975 ms) 
(Figure 5c) among former Se-based photodetectors.[67] The 

response speed of the fabricated Se/Si photodiode is not only 
superior to other Se-based devices but also competitive to 
many recent similar-bandwidth photodetectors (e.g., WS2/
CH3NH3PbI3 with τr/τf ≈ 2.7/7.5 ms[68]; MoS2/h-BN/graphene 
heterostructure with τr/τf ≈ 0.23/0.25 s[50c]). The controlled 
n-typed doped silicon forms excellent energy band match with 
selenium and generates antibarriers on both conduction band 
and valence band. Thus, the Se/Si device delivered a similar 
wavelength cutoff to the selenium bandgap before the IR 
region, resulting in a high-speed UV-to-visible photoresponse 
with excellent sensitivity.

The lattice-matched silicon heterojunctions combine the 
photosensitive bandwidth of heterogeneous materials with fully 
enhanced photoresponse. This has generated some high-speed 
silicon-compatible photosensors with various photosensitive 
wavelengths, and an increasing number of material candidates 
are discovered. However, suitable materials are still highly 
hoped to make full use of the attractive merits. Seeking novel 
material candidates for lattice-matched silicon heterojunctions 
is still the main direction in the future.

As stated above, the photovoltaic photodetectors still attract a 
lot of attention and massive progresses have been made on sil-
icon-compatible photodiodes. Apart from the traditional advan-
tages in ultrafast photoresponse, enhanced properties have 
been achieved due to the developments of material fabrication. 
Various heterogeneous materials provide additional choices to 
extent the detection wavelength of silicon devices and even gen-
erate bias-tunable spectral response from the junction barrier. 
Heterojunction photodiodes often suffer delayed photoresponse 
due to the serious interface Auger combinations, but the van 
der Waals silicon heterostructures and the lattice-matched sil-
icon heterojunctions have avoided this problem, thereby deliv-
ering high-performance photodiodes with ultrafast response.

4. Silicon-Compatible Photoconductive Devices

4.1. Silicon-Compatible Photoconductor and Photo-FETs

Apart from the photodiodes stated in Section 3, photo-
conductors are also one of the two most common photo-
detector types and have the potential to obtain higher 
responsivity than photo diodes. Unlike that in photodiodes, the 

Adv. Funct. Mater. 2019, 29, 1808182

Figure 5. Silicon-compatible heterojunction photodiodes with silicon lattice match: a) the device structure of Se/Si photodiodes with lattice match and 
energy band match. b) First-principles optimizations of the Se/Si heterostructure. c) The fast response time of Se/Si photodiodes. Reproduced with 
permission.[19] Copyright 2018 American Chemical Society.
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signal detection in photoconductors relies on the conductivity 
variations rather than the separated photogenerated carriers 
in the built-in electric field. The conductivity σ of a material is 
determined by the carrier mobilities and the carrier concentra-
tions as Equation (5)[69]

σ µ µ µ µ( )( )= + = + ∆ + + ∆n p 0 n 0 pnq pq n n q p p q  (5)

where n and p are carrier concentrations for electrons and 
holes, respectively. µn and µp refer to the electron mobility 
and hole mobility, respectively, and q is the electron charge. 
In a typical situation, the carrier mobility keeps constant for 
a given material and σ depends on the carrier concentrations. 
When the incident light is induced, photoexcited carriers are 
generated and raise the carrier concentrations to provide extra 
conductivity. It is noteworthy that there are often considerable 
trapping states in semiconductor materials, where free carriers 
may drop in and get captured. The captured carriers have longer 
lifetime and can accumulate the whole carrier concentrations 
if only one type charge carriers are trapped and the other type 
keeps free. In this way, the trapping states introduce additional 
photoconductivity from the residual conductivity effect on the 
sacrifice of the response speed, which is also called the photo-
conductive gain. The photoconductive gain is typically evalu-
ated by the gain ratio G, which is described as Equation (6)[70]
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where τ is the carrier lifetime, L is the drifting distance of the 
free carriers, µ is the carrier mobility, and V is the bias voltage.

The MSM structure is the simplest photoconductive 
architecture, which has been fully studied for photoconductive  

photodetectors.[71] In an MSM structured device, the photo-
sensitive material forms a channel between two electrodes, and 
the photoconductivity is detected by the current variation under 
bias (Figure 6a). Generally, photosensitive materials with high 
carrier mobilities and direct bandgaps are preferred to achieve 
excellent photoconductive properties in an MSM device.[72] 
However, as the foundation of the semiconductor industry, 
silicon materials are indirect-bandgap material with weak 
photoconductive effects. Despite the excellent carrier mobility 
and the mature fabrications of silicon materials, the indirect 
bandgap severely decreases the photoconductivity of silicon. 
Although the absorption enhanced silicon materials like black 
silicon can effective increase the photoconductive current, as 
showed in Figure 6c, the photoelectric properties are still not 
so satisfying.[73] So silicon itself is typically unsuitable to act as 
high-performance photosensitive materials for photoconductive 
devices including MSM structures.

Although silicon can hardly act as goodish photoconductive 
materials due to the indirect bandgap, the facile dielectric epi-
taxy makes it excellent substrate for photo-FETs.[74] The photo-
FET structures are proposed to decrease the dark current of the 
MSM devices and simultaneously inherit the photoconductive 
gain. The high photoconductive gain usually requires high-
mobility photoconductive materials and high-quality Ohmic 
contact, and therefore the typical MSM device suffers a tradeoff 
between the responsivity and the sensitivity. Figure 6b displays 
the device structure of a photo-FET, where a gate electrode (usu-
ally heavily doped silicon) is vertically set to the MSM structure 
and electrically separated from the photoconductive channel 
by a thin epitaxial dielectric layer (typically SiO2). The con-
ductivity of the channel is modulated through the field-effect 
modulation, and simultaneously, light-induced charge carriers 
take the role of activating channel conductance. The field-effect 
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Figure 6. The device architectures and the working mechanisms of traditional photoconductive devices: a) MSM structure and b) photo-FET. The 
silicon-compatible photoconductive samples: c) a bulk-silicon based photoconductor with surface engineering as black silicon. Reproduced with 
permission.[73] Copyright 2016, IEEE. d) A typical field-effect transistor based on black phosphorus. Reproduced with permission.[74a] Copyright 2014, 
Springer Nature.
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modulation comes from the gate voltage, which introduces a 
vertical electric field and depletes the photoconductive channel. 
The depleted channel delivers little lateral dark conductivity 
and limits the leakage current between the source and drain 
electrodes. When the incident light is induced, photoexcited 
carriers accumulate in the channel and generate similar photo-
electric gains to that in MSM devices. In this way, photo-FETs 
inherit the high photo conductive gain and maintain low dark 
current at the same time. High-performance photo-FETs prefer 
thin channel materials with high mobility and large direct 
bandgap. Thin channels decrease the required gate voltage to 
get fully depleted. The high mobility guarantees high photo-
conductive gain and the large bandgap enables enough field-
effect modulation.[70] The above-mentioned atomically thin 2D 
crystals in Section 3.2 can nearly possess all these preferred 
properties for channel materials, and numerous photo-FETs 
have been developed based on various 2D crystals like black 
phosphorus,[74a] SnS2,[75] graphene,[3] and MoS2

[76] (Figure 6d). 
However, although thinner channel materials get depleted 
more easily and obtain lower leakage currents, the responsivity 
is also limited due to the decreased light absorption, setting a 
tradeoff between sensitivity and responsivity in photo-FETs. 
Moreover, the high mobility requires low defect density in 
the channel materials, which also reduces the trap states and 
decrease the photoconductive gain ratio.

4.2. Hybrid Photo-FETs

Considering the tradeoffs in traditional photo-FETs, Kufer 
et al. introduced the sensitizer layer above the channel mate-
rials to separate the carrier transportation and the light absorp-
tion. Here, we take their hybrid 2D–0D MoS2–PbS quantum 
dot (QD) phototransistors as an example.[77] As showed in 
Figure 7a, colloidal p-type PbS QDs were utilized as the sen-
sitizer and a hybrid FET was fabricated on a Si/SiO2 substrate. 
The PbS QDs act as excellent absorption layer and the MoS2 

serves as high mobility thin channel. Unlike that in tradi-
tional photo-FETs, the photoinduced carriers generate in the 
high-absorption sensitizer layer and transport in the depleted 
channel (2D n-type MoS2 (≥2 layers) here) due to the vertical 
gate voltage. The separated carrier transportation and light 
absorption enable individual modulation of the sensitizer and 
channel materials regardless of the aforementioned tradeoff 
between sensitivity and responsivity. The ultrathin 2D mate-
rials guarantee fully depleted channels and diminish the lateral 
leakage current in the dark through field-effect modulation, 
while the sensitizer offers high absorption to generate abun-
dant photoinduced carriers. The built-in electric field drives the 
photoinduced carrier to the high-mobility channel and finally 
forms high photocurrent. Benefited from QDs’ efficient light 
absorption and the high carrier mobility of MoS2, high respon-
sivity and low dark current were obtained when operated in the 
depletion mode. Therefore, the synergism of the hybrid struc-
ture provided a high photoconductive gain and the responsivity 
reached 105–106 A W−1. The shot noise determined detectivity 
reached 7 × 1014 Jones under −100 V back-gate voltage due 
to the reduced dark current. The dark current could be fur-
ther modulated by the back-gate voltage for higher sensitivity. 
These results show obvious superiority of the hybrid photo-FET 
structure. Moreover, the hybrid structure provides a universal 
route to improve the photoelectric performance and modulate 
the spectral response of photo-FETs. The carrier transporta-
tion is independent of the carrier mobility of the absorption 
layer and massive trap states are allowed in the sensitizer to 
achieve high photoconductive gain. The spectral response of 
the hybrid structure is actually determined by the bandgap of 
the sensitizer material, and tunable spectral response is offered 
by adjusting the absorption spectra of the sensitizer. Decorated 
with QDs with tunable absorption cutoff from the quantum 
confinement effect and material variations, the spectral 
response can be extended to the NIR region[78] regardless of the 
channel materials. The initiative of combining 2D crystal chan-
nels and colloidal QDs provides larger carrier multiplication 
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Figure 7. The reported hybrid photo-FETs combing high detectivity with photoconductive responsivity gain: a) hybrid 2D–0D MoS2–PbS QDs 
phototransistor Reproduced with permission.[77] Copyright 2015, Wiley-VCH. b) MoS2 photo-FET with n-type HfO2 encapsulation as channel protec-
tion. Reproduced with permission.[82] Copyright 2015, American Chemical Society. c) Hybrid 2D–0D phototransistor with n-type TiO2 interlayer as the 
interface passivation. Reproduced with permission.[83] Copyright 2016, American Chemical Society.
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and broader spectra absorption,[79] which paves the way in the 
quest to achieve high responsivity and low dark current in sil-
icon-compatible photoconductive devices.

Ideally, ultrathin 2D semiconductors serve as excellent 
channel materials for high sensitivities in the aforementioned 
hybrid photo-FETs. However, atomically thin 2D crystals like 
monolayer and bilayer MoS2 are highly sensitive to the envi-
ronmental adsorbates owing to the extremely large surface to 
volume ratio. The environmental adsorbates introduce detri-
mental and uncontrollable effects to the optoelectrical proper-
ties and early FETs showed strong variations in their device 
performances. The adsorbate molecules such as O2 and H2O 
introduce the photogating effect apart from the photoconduc-
tive effect,[80] which provides very long-lived charge trapping 
processes in the channel materials. The photogating effect may 
enhance the gain effect but usually dominates an extremely 
slow response speed, undermining the device performances.[81] 
Encapsulation offers a reasonable route to avoid the environ-
mental adsorbate. Former research proved that the photogating 
effect is restrained and the whole photoelectric performances 
were improved through HfO2 encapsulation, where HfO2 not 
only isolated the FET channel from ambient air but also acted 
as strong n-type doping (Figure 7b).[82] Therefore, the encapsu-
lation process also solved the drifting problem and significantly 
promoted the decay speed. Here, the MoS2/HfO2 device deliv-
ered a controllable responsivity of 10–104 A W−1 and a response 
time ranging from ≈10 ms to 10 s. The transfer plots depicted 
that the on/off ratios of MoS2/HfO2 devices reached up to 108. 
Taking predominant 1/f-noise component into account, the 
device displayed a maximum measured value of 7.7 × 1011 
Jones at moderate gate voltage of −32 V, which was reported 
as the highest MoS2 detectivity till then. The vanishing hys-
teresis presented in the modulation curve and strong n-type 
doping demonstrated that positive charges from the environ-
mental adsorbates were removed, which mainly comes from 
the annealing process and the quenching of homopolar phonon 
modes from the dielectric screening. It was considered that the 
removed charge trapping adsorbates and the positively fixed 
charges which induced electrons into the channel gave further 
explanation for the strong n-type doping. By introducing this 
thin oxide protection, 2D crystal–based FETs achieved improved 
photoresponse with enhanced response speed.

Similarly, a thin TiO2 interlayer was introduced to the 
MoS2/PbS QD device to reduce the surface defects of the MoS2 
channel (Figure 7c). Although the QD sensitizer effectively 
combines high responsivity with high sensitivity, as stated 
above, QDs also introduce considerable surface defects to the 
MoS2 channel. These surface defects act as dopants and trap-
ping states, resulting in a reduced channel 
resistance and leading to the loss of high 
gate-tunable on/off ratios of pristine MoS2. 
In order to solve the uncontrolled doping 
brought by the direct cross-linking of sensi-
tizers at interlayer, a TiO2 buffer layer was 
added between TMDCs and colloidal QDs to 
form well-aligned energy levels to passivate 
the defect sites.[83] The doping effect of TiO2 
layer is similar to that of the HfO2 encapsu-
lation. The doping compensation from the 

MoS2/TiO2 interface reduced the dark current to picoampere 
range. Additionally, the Fermi-level pinning from the large 
density of localized states in MoS2 band gap could be intrac-
table for the Ohmic contacts in low-dimensional semiconduc-
tors, and the TiO2 buffer effective solved the contact problems. 
Compared with the device without TiO2 layer, the on/off ratio 
increased two orders of magnitude. The TiO2 interlayer not 
only suppressed the interface recombination from the hole 
injection into MoS2, but also lowered the contact resistance 
and contributed to higher photoconductive gain. Thus, excel-
lent charge separation and transportation resulted in an ultra-
high quantum efficiency of 28%. In terms of the sensitivity, the 
shot-noise limit detectivity was reported above 1014 Jones, and 
the experimentally determined detectivity was 5 × 1012 Jones, 
which indicated further noise reduction in the future.

In summary, we discussed different silicon-compatible  
photoconductive photodetectors including silicon MSM photo-
conductors and silicon-compatible FETs. The intrinsic photo-
conductive effect of silicon is severely limited by the indirect 
bandgap even with obvious absorption enhancement, and 
the photoconductive response of silicon MSM devices almost 
reaches the ceiling. Fortunately, the facile dielectric epitaxy 
and doping make silicon materials excellent substrates for 
phototransistors, which is also compatible with the silicon 
IC technology. These silicon-compatible FETs suffer tradeoff 
between responsivity and sensitivity in the traditional structure, 
but the introduced sensitizers in hybrid FET structures effec-
tively solved this problem by separating light absorption from 
the carrier transportation region. For a better comparison and 
comprehension, the typical reports of these device architectures 
are listed Table 1. The hybrid FET structures could be further 
optimized and have presented an unfolding propulsion for 
silicon compatible photodetectors with high responsivity, high 
responsivity as well as goodish response speed.

5. Photovoltage Field-Effect Transistors

As stated above in Section 4.1, photoconductive devices offer 
responsivity gains and the optimized photo-FETs combine high 
sensitivity with high responsivity. However, the responsivity 
gain of photoconductor and photo-FETs originates from the car-
rier trapping, and high gain value prefers a large lifetime τtrap 
of the trapped carriers on the sacrifice of the response speed. 
Thus, the response time of these photo-FETs is typically limited 
to at least 1 ms (see Table 1). Although photodiodes have huger 
potential in high speed photodetection, the photovoltaic effect 
does not produce any responsivity gain. Therefore, traditional 
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Table 1. Typical reports of the hybrid photo-FETs.

Architecture Wavelength [nm] Idark [A] R [A W−1] τf [s] D* [Jones] Ref.

MoS2/PbS 400–1500 2.6 × 10−7 6 × 105 0.3–0.4 2 × 1011 /5 × 1011 [77]

VG −100 V

HfO2/MoS2 550–800 ≈10−12 10–104 0.01–10 7.7 × 1011 [82]

VG −40 V

MoS2/TiO2/PbS 600–1050 – 103–105 0.012 5 × 1012 [83]
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working mechanisms cannot meet the requirements of high 
response speed and high responsivity simultaneously.

The photovoltage and transconductance gain enables high 
responsivity and rapid responsivity at the same time,[69] which 
offers a solution for the speed limitation of photoconductive 
gain in high-frequency applications. Recently, Adinolfi and Sar-
gent proposed and developed photovoltage field-effect transis-
tors (PVFETs) and realized the photovoltage and transconduct-
ance gain in silicon-compatible architecture.[84] As displayed in 
Figure 8, the fabrication of PVFET devices is based on the com-
mercial silicon techniques in today's chip industry. A heavily 
n-type doped silicon substrate is utilized as the bottom gate 
electrode and a lightly p-type doped silicon layer is epitaxially 
deposited on the n+ silicon wafer as the channel material. The 
p− silicon channel is contacted with Ohmic source and drain 
electrodes and an n-type doped QD film is fabricated on the 
top of the silicon channel as the top photosensitive gate. The 
photosensitive gate is isolated from the source and drain and 
an insulating coat further prevents the electric contact. The sur-
face traps in the Si/QD junction interface may strongly deterio-
rate the rectifying effect of the heterojunctions,[85] and special 
attentions should be paid on the passivation of surface traps to 
generate proper band alignment between QDs and the silicon 
channel. Owing to the top photosensitive gate and the heavily 
n-type doped bottom gate, the sandwiched p− silicon channel 
gets fully depleted and delivers high dark resistance at equilib-
rium. When the incident illumination turns on, photoinduced 
carriers are exclusively generated beyond the silicon channel in 
the photosensitive QD gate. The photoexcited carriers get sep-
arated in the Si/QD heterojunction, producing a photovoltaic 
voltage at the interface. The simulation results are displayed in 
Figure 8a, where the photoinduced bias effectively shrinks the 
depletion region and the photoinduced carriers are introduced 
to the silicon channel. Thereby the lateral conductivity of the 
channel switches on under the incident illumination, delivering 
a lateral photocurrent output at the source and drain bias (VDS). 

The gate effect realizes high responsivity gain with high dark 
resistance while the gain value in the PVFET is related to the 
doping of the silicon channel. The photovoltage and transcon-
ductance gain in PVFETs is formulated as follows[84]
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where h refers to the Planck constant, ν is the light frequency,  
q is the elemental charge, Vph is the photovoltage, Pin is the inci-
dent photopower, gm is the transconductance, and IDS is the lat-
eral drain–source current. Simulation results showed obvious 
gain advantages of the PVFET over photoconductors and photo-
FETs under the same dark current requirement (Figure 8b).

Unlike the photoconductive gain, high gain value no longer 
requires large τtrap at the cost of the response speed in PVFET. 
The total capacitance CTOT determines the operating frequency 
f as gm/CTOT. Thus, high gain ratio is obtained in PVFET in 
high-frequency applications, resulting in an increasing respon-
sivity as the response speed increases (Figure 8b). High photo-
voltage and transconductance gain actually leads to rapid  
photoresponse and thereby PVFET is endowed with remarkable 
device performance. The experimental corner frequency was 
reported as 100 kHz with a gain ratio of 104–106 in the vis–NIR 
region under small VDS bias. The sandwiched depletion region 
effectively separates the carrier generation beyond the silicon 
channel even without bias voltage. Therefore, PVFET inherits 
the tunable spectral response of the photosensitive QD gate 
owing to the quantum confinement effect, which is very similar 
to that in the aforementioned 2D–0D hybrid photo-FETs. The 
Si/QD PVFET maintained excellent photoelectric performances 
beyond the absorption edge of silicon (>1500 nm) with high 
gain (>104), ultrafast response speed (100 kHz) and limited 
dark current of 10−1 to 101A cm−2. The device property could 
be further improved by utilizing advanced silicon processing 
to approach the theoretical limitation (105 gain at 100 mHz). 
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Figure 8. a) The silicon-compatible PVFET realizing ultrafast responsivity gain on the basis of the photovoltage and transconductance gain. b) The 
performance comparison among photodiodes, photoconductive devices and PVFETs. Reproduced with permission.[84] Copyright 2017, Springer Nature.
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The architecture design of PVFET leverages a novel detection 
mechanism combining photovoltaic effect and photoconduc-
tive effect. The highly advanced performance benefits from the 
silicon techniques along with the developing colloidal QDs, 
leading a promising route to achieve ultrafast silicon-compat-
ible photodetectors with high responsivity gain.

The emergence of photovoltaic field-effect transistors theo-
retically spearheads a novel direction for high-performance 
photodetectors combining excellent responsivity gain, high 
dark resistance and ultrafast response speed. However, the 
experimental results are still far from the theoretically simu-
lation, which is possibly ascribed to the defect states in the 
QD–silicon interface. Defective QDs are necessary to obtain 
high absorption, while the defect states can also act as interface 
dopants into the silicon channel. Special interface treatments 
may effectively decrease the property deterioration.[86] Advanced 
silicon processing may further contribute to the enhancement 
of PVFETs.

6. Advances in Monolithic Photonic–Electronic 
System

6.1. Photonic–Electronic System on Traditional Silicon Chips

Silicon techniques on bulk single-crystal silicon materials 
have formed the foundation of today's integrated circuit chips, 
which still serves as the key component of most electronic plat-
forms including photonic–electronic systems. The photonic–
electronic systems combine photosensitive devices with 
electronic components to provide memory and logic functions 
for the incident signal, realizing smart photodetection for 
advanced applications. Communication is one of the most 
important applications of silicon-compatible photodetectors, 
where advanced logic functions are highly desired for signal 
treatments. Benefiting from the rapidly developing techniques, 
IR or even visible light communication has played important 
roles in short-distance IoT controlling, directly supporting the 
required data transmission. As for the long-distance microwave 
communication, IR photodetectors also act as the core com-
ponent of microwave signal receivers, where radio-frequency  
(RF) signals are accepted and then treated. Nearly all the 

communication applications rely on the CMOS-based data 
processing, and the compatibility with CMOS effectively min-
iaturizes the structure. Moreover, the fully miniaturized optical 
communication has enabled in-chip data transmission to 
gradually replace the traditional electric connection, forming 
single-chip photonic–electronic microprocessor for the next-
generation supercomputers. As stated in Sections 3, 4, 5, owing 
to the excellent carrier mobility as well as the facile doping 
and epitaxy, bulk single-crystal silicon materials have enabled 
plenty of high-performance photodetectors based on various 
device architectures and different working mechanisms. These 
advances have offered potential compatibility with current sil-
icon chip electronics and inspired monolithic photonic–elec-
tronic systems with advanced properties

Most of former researches focused on the compatibility with 
bulk CMOS integrated circuits, which dominates the current 
chip industry. Early study integrated patterned ring-like silicon 
p–i–n photodiodes into small electronic circuits and developed 
small-sized electro-optic modulator that are suitable for further 
chip-scale integration.[87] The ring-like silicon resonant light-
confining structure effectively enhances the light sensitivity 
and enables rapid photosensitivity to small refractive index 
changes of the silicon material. The total diameter of the mod-
ulator reached merely 12 µm then, and a number of studies 
have been reported to realize more complicated monolithic 
photonic–electronic networks based on similar silicon resonant 
light-confining structures.[88] Total silicon photonics like silicon 
homojunction photodiodes have excellent compatibility with 
silicon architectures and achieve high integration levels more 
easily, but the limited wavelength flexibility actually reduces 
the application. The weak IR photosensitivity of silicon homo-
junction device cannot satisfy the requirements of fiber-optic 
communication (1310 or 1550 nm). The introduction of het-
erogeneous photosensitive materials offers additional choices 
for silicon-compatible photonics,[89] which has enabled high-
performance applications in communication field.[90] Figure 9a 
describes a typical optical channelizer slice using Si/Ge photo-
detector, which acts as a microwave signal receiver in radio- 
frequency communication.[91] The RF signals are captured by an 
antenna and the laser converts the signal to 1550 nm IR pulse. 
Then, the IR light is treated by the optical accessories to get 
split and filtered. The Si/Ge photodetector is directly integrated  
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Figure 9. a) The description of a typical optical channelizer using Si-CMOS photodetectors for microwave signal receiving. Reproduced with  
permission.[91] Copyright 2006, The International Society for Optical Engineering. b) A monolithic photonic–electronic system serving as optical micro-
processor using zero-change commercial 45 nm CMOS microelectronics foundry process. Reproduced with permission.[9] Copyright 2015, Springer 
Nature. c) A SiO2 island–based integration strategy that is compatible with the leading CMOS techniques to provide superlarge-scale integrated 
photonic–electronic chips. Reproduced with permission.[95] Copyright 2018, Springer Nature.
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to a CMOS chip and they work together to electrically read out 
the incident information. These works have satisfied basic com-
munication applications. However, the heterogeneous structure 
but complicates the large-scale integration to provide advanced 
logic functions in a custom process.[92] Therefore, early mon-
olithic photonic–electronic systems[93] only contained a few 
photonics with simple circuits and complicated functions had 
to rely on external equipment.

Recently, Sun et al. directly adopted the commercial 45 nm 
complementary CMOS microelectronics foundry process to 
obtain a highly integrated single-chip electronic–photonic 
system with 850 photonic components and over 70 million 
transistors that work together to serve as a light-communication 
microprocessor (Figure 9b).[9] The light-communication system 
contains a dual-core RISC-V ISA microprocessor and a static 
random-access memory of 1 MB, providing the advanced logi-
cal operation and the signal memory, respectively. The photo-
detection component is based on waveguide-coupled FETs 
using silicon–germanium stressor, which has been reported to 
be directly compatible with the zero-change standard CMOS 
foundry.[94] In order to diminish the vertical current leakage, 
an etching treatment was developed to selectively remove the 
bottom silicon layer of the silicon-on-insulator (SOI) substrate 
within the photosensitive area. A receiver circuit was intro-
duced to primarily resolve the photocurrent from the photode-
tectors and further logic calculation was accomplished in the 
microprocessor. Therefore, a direct chip-to-chip photocom-
munication was surprisingly realized and verified, indicating 
a potential route to break the limitation of electric connection 
and achieve more powerful computers.

6.2. Integrating Photonics with Advanced Silicon 
Nanoelectronics

Former monolithic photonic–electronic systems mostly relied 
on bulk SOI wafers, which serve as the traditional substrates of 
CMOS chips. Although traditional CMOS chips dominate the 
microprocessor architecture due to the abundant supply chain, 
the bulk silicon actually sets limitations to the superlarge-
scale integration of photonic components into the chip tech-
nique. The biggest problem comes from the lack of the optical 
semiconductor materials in superlarge-scale integrations. The 
leading CMOS fabrication technologies like fin field effect tran-
sistor (Fin-FET) and thin-body fully depleted SOI (TBFD-SOI) 
pursue ultrathin etching process to achieve powerful integrated 
circuits, while too thin silicon materials are unable to support 
the photonic architectures, especially with the below 28 nm 
transistor nodes. An innovative route was proposed recently to 
fully resolve this problem, where thin film polycrystal-silicon 
photonics were stereoscopically fabricated on the ubiquitous 
SiO2 island of CMOS chips and connected with metal intercon-
nections (Figure 9c).[95] Thereby the photonic platform is inte-
grated with a 65 nm CMOS process technology, which also suits 
the leading CMOS technologies (Fin-FET, TBFD-SOI, etc.). 
Additionally, this method offers potential monolithic photonic–
electronic systems to get rid of the bulk SOI substrates. Massive 
low-cost large-area substrates such as transparent glass, metal 
foils or even flexible substrates are suitable for the integration 

as long as they are covered with a glass layer. Apart from the 
polycrystal silicon photonics, other thin-film photodetectors 
with glass substrates also become promising candidates to 
form monolithic photonic–electronic systems on a chip by this 
means, providing a universal integration strategy for the next-
generation electronic–photonic platforms.

In brief summary, important studies have been reported to 
monolithically integrate photodetectors with electronic com-
ponents, providing miniaturized single-chip photonic–elec-
tronic system with advanced logic and memory functions. Bulk 
CMOS chips still attract dominant attentions and zero-change 
commercial CMOS foundry process have been introduced to 
produce large-scale single-chip photonic–electronic systems 
with hundreds of photonics and millions of transistors. Addi-
tionally, the superlarge-scale photonic–electronic integration is 
enabled by a novel stereoscopic integration, which accommo-
dates to the leading CMOS techniques as well as nonsilicon 
substrates. However, the integrated photodetectors in current 
reports are mainly traditional silicon photosensors with simple 
structures. In order to solve the integration problems with 
complicated silicon-compatible photodetectors, more attempts 
should be taken on both novel integration strategies and more 
silicon-compatible photodetectors that are directly compatible 
with the current IC technologies to achieve better properties.

7. Conclusion

As the foundational materials of the current semiconductor 
industry, bulk silicon has catalyzed powerful integrated cir-
cuits based on mature chip techniques like CMOS, forming the 
basis of smart equipment with advanced functions. Tradition-
ally, photodetectors rely on external components to accomplish 
the signal memory and data analysis for smart photodetection. 
The introduction of additional circuits and external micropro-
cessors causes considerable signal loss and seriously increases 
the size of the photonic–electronic system. As the development 
of IoT networks and the artificial intelligence, the oversized 
equipment no longer meets the requirements of smart sensors 
in modern miniaturized hardware. Developing photodetectors 
that are compatible with bulk silicon offers promising route to 
monolithically integrate photonics into silicon microchips, and 
many important progresses have been made to date. Numerous 
bulk silicon–based photodetectors have provided abundant 
candidates with various photoelectric properties to realize a 
photonic–electronic system on a chip as miniaturized smart 
photodetectors. As demonstrated in this review, plenty of signif-
icant advances have emerged in the device fabrication and the 
mechanism innovation of silicon-compatible devices. Silicon-
compatible photodiodes inherit the merits of photovoltaic effect 
with rapid photoresponse and potential self-powered properties. 
Additionally, the material progresses in heterojunction silicon 
photodiodes have enabled sufficient spectral flexibility ranging 
from the UV-to-NIR region, where the junction barrier can even 
generate bias-tunable spectral response (typically in n–n or p–p 
hetero-photodiodes). Although the photoconductivity of silicon 
materials is limited due to the indirect bandgap, bulk silicon 
wafers serve as excellent substrates for photo-FETs. Former 
photo-FETs suffered tradeoff between low leakage current and 
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high photocurrent, while sensitizer-modified hybrid photo-
FETs have successfully solved this problem by excluding the 
photocarrier generation region from the channel material. The 
advanced hybrid photo-FETs effectively maintain the enhanced 
responsivity from the photoconductive gain and obtain a low 
leakage current from the fully depleted channel, achieving 
remarkable high sensitivity with high responsivity. Traditional 
working mechanisms (photo voltaic effect and photoconductive 
effect) are not able to achieve high speed and high responsivity 
simultaneously. However, the emergence of silicon-compatible 
PVFET has successfully solved this problem based on photo-
voltage and transconductance gain. These advances have 
provided sufficient choices for the monolithic integration of 
photodetectors into electronic components.

Common fabrication methods like photolithography are suf-
ficient to meet the requirements of simple photonic–electronic 
platforms with a few photonics and electronic circuits, which 
have gained some primary applications in advanced radar 
system and direct light sensing. More complicated photonic–
electronic systems rely on higher integration levels and require 
advanced fabrication process. Fortunately, the zero-change 
commercial CMOS microelectronics foundry process is able 
to fit the integration requirements of monolithic photonic–
electronic systems above the 45 nm geometries. Therefore, 
large-integration photonic–electronic microsystems have been 
developed with logic, memory, and interconnection functions. 
This enables a remarkable single-chip microprocessor that 
communicates directly using light and reveals a revolutionary 
future direction of powerful light-communication computers. 
Although the oversmall silicon regions in the leading ultrathin 
CMOS technologies like Fin-FET and TBFD-SOI are unable 
to support the photonic structures, a stereoscopic integration 
strategy has been proposed to achieve the monolithic integra-
tion of photonics with superlarge-scale integrated circuits. The 
stereoscopic integration strategy proposed and developed a 
universal route to utilize SiO2 islands, which is ubiquitous in 
CMOS chips, as substrates for thin-film photonic structures. 
This integration strategy is not only fully compatible with 
the latest leading CMOS techniques but also suitable for var-
ious substrates such as metal, transparent glass, and flexible 
polymer film after coating SiO2, making many nonsilicon-based 
photodetectors possible to form the next-generation monolithic 
photonic–electronic platforms.

Although massive researches have generally developed a 
complete system, challenges still exist to date. On the one 
hand, current silicon-compatible devices still have some short-
comings: the detection wavelength is typically limited to the 
UV-to-NIR region, and the device performances are far from 
the theoretical limits due to the interface quality and material 
defects. More work should be done to break the wavelength lim-
itation and enhance the device fabrication. On the other hand, 
nearly all attempts in monolithic photonic–electronic integra-
tion are based on early silicon-compatible photodetectors with 
simple architectures such as silicon homojunction photodiodes 
and typical phototransistors. Although the fundamental prob-
lems have been solved, the integration of complicated silicon-
compatible photodetector architectures with CMOS may lead 
to new technological problems. Moreover, the development of 
embedded systems and relevant control software on single-chip 

photonic–electronic systems may further upgrade the func-
tions. Therefore, further researches and commercial studies are 
necessary to make full use of the developing silicon-compat-
ible photodetectors. Despite the unsolved challenges, a bright 
future has been revealed to achieve fully advanced intelligent 
monolithic photonic–electronic systems with surprising appli-
cations, which may eventually lead the future life.
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