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Chapter

Near-Infrared Schottky Silicon
Photodetectors Based on Two
Dimensional Materials
Teresa Crisci, Luigi Moretti, Mariano Gioffrè

and Maurizio Casalino

Abstract

Since its discovery in 2004, graphene has attracted the interest of the scientific
community due to its excellent properties of high carrier mobility, flexibility, strong
light-matter interaction and broadband absorption. Despite of its weak light optical
absorption and zero band gap, graphene has demonstrated impressive results as active
material for optoelectronic devices. This success pushed towards the investigation of
new two-dimensional (2D) materials to be employed in a next generation of optoelec-
tronic devices with particular reference to the photodetectors. Indeed, most of 2D
materials can be transferred on many substrates, including silicon, opening the path to
the development of Schottky junctions to be used for the infrared detection. Although
Schottky near-infrared silicon photodetectors based onmetals are not a new concept in
literature the employment of two-dimensional materials instead of metals is relatively
new and it is leading to silicon-based photodetectors with unprecedented performance
in the infrared regime. This chapter aims, first to elucidate the physical effect and the
working principles of these devices, then to describe the main structures reported in
literature, finally to discuss the most significant results obtained in recent years.

Keywords: graphene, silicon, photodetector, Schottky diode, near-infrared

1. Introduction

In the last few decades, the enormous evolution of social networks and the progress
of the Internet of Things (IoT) has made necessary the management of a huge amount
of data. For this reason, industry and scientific research has been focused on the
development of new technologies to support and to manage the data traffic increase.

Silicon photonics (SP) fits perfectly into this scenario, since it combines the
advantages of the mature silicon technology developed in microelectronics with the
possibility to further reduce costs simultaneously increasing the transmission speed
thanks to the use of light. Hence, SP is currently emerging as an appealing market
promising to reach $4 billion in 2025 (Figure 1) [1]. Nowadays, Intel and Luxtera
play leadership roles in the SP industry, bringing products to market that can
support 100Gb/s of communication throughput.

Silicon photonics is by now a widely consolidated field originating from the
pioneering work of Soref et al. [2, 3] and from the manufacture of silicon on
insulator (SOI) substrates particularly suitable to the realization of guiding
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structures, both in the 1980s. Thus, the possibility to build optoelectronic devices by
using CMOS facilities, would allow not only the low costs advocated by telecom-
munications industry but also the possibility to integrated both electronic and
photonic functionalities on the same chip.

In this context silicon-based photodetectors (Si PDs) are a key component able to
establish a connection between the world of electronics and photonics. Si PDs working
in the visible spectrum can be easily found on the market, however the telecommuni-
cations industry requires components operating in the infrared regime, where, unfor-
tunately, silicon has a negligible absorption due to its indirect bandgap of 1.12 eV.

To overcome this drawback the most common approach is based on the integra-
tion of germanium (Ge) on silicon. Nonetheless, the performances of these devices
are often limited by a relatively high leakage current caused by the lattice mismatch
with silicon of 4,3%. This effect can be mitigated by growing a Ge buffer layer on Si
by a two steps epitaxial method giving rise to problems of thermal budget and
planarity that limit the monolithic Ge integration on Si.

For all these reasons, an all-silicon approach is preferable, and the exploitation of
the absorption phenomena based on the internal photoemission effect (IPE) in a
Schottky diode is among the most promising and innovative.

In a Schottky diode configuration, the photons incident on a Metal-Si interface,
with an energy below the silicon bandgap, can cause the generation of photo-
excited carriers in the metal with energy higher than Schottky barrier. This “hot”
carriers are injected into the silicon, accelerated by the electric field in the depletion
region of the junction and collected as a photocurrent [4–7].

In literature, several examples of IR charged coupled devices (CCDs) based on a
Schottky diode can be easily found. The most common example of this family of
PDs is based on Pd2Si/Si and PtSi/Si Schottky junctions used for aerospace applica-
tions. The main problem with these photodetectors, however, is the requirement of
cryogenic temperatures to minimize the noise current due to the low Schottky
barrier (SBH) necessary to achieve a reasonable device efficiency [8–13].

Consequently, to exploit the IPE at room temperature, new classes of devices
characterized by higher values of SBH, have been proposed. Obviously, this approach
leads to a worsening of the performances of PDs and, therefore, different solutions

Figure 1.
Silicon photonics 2019–2025 market forecast [1].
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have been investigated. Some devices use a Fabry-Perot type resonant geometry for
compensating the reduction in efficiency [14, 15], others use nanometric metallic
structures such as Si nanoparticles (NP) [16], gratings [17] and antennas [18]. Lastly,
PDs based on the IPE at room temperature have also been realized by taking advan-
tage of surface plasmonic polaritons on metal strips of nanometric scale (SPP)
[19, 20]. Despite of these efforts, however, it was possible to obtain a maximum
responsivity of only 30 mA/W for PDs integrated in waveguide configuration [16].

To increase these low responsivity values, deriving from the small probability of
the photo-excited carriers of overcoming the Schottky barrier, the reduction of the
metal thickness has stood out as a good strategy [21, 22], influencing the research
towards the integration of 2D materials with Si. In particular, 2D layered materials
have emerged thanks to their exceptional optical and electronic properties, low cost
and simple fabrication process.

In literature it is possible to find various graphene/Si PDs based on FET struc-
tures [23, 24]; however, such kind of devices suffer of a high dark current needing
of interdigitated electrodes because the electric field in graphene is formed in a
small region within 200 nm from the contact. On the other hand, by taking advan-
tage of an IPE approach, it is possible to minimize the dark current thanks to the
rectifying nature of Schottky diodes that do not need of interdigitated structures.

Graphene has opened the way for the investigation of other 2D layered mate-
rials. Notable attention has been given to transition-metal dichalcogenides
(TMDCs) since their very naturally abundant and possess a tunable bandgap in
addition to most of graphene properties [25–27]. Recently, several heterostructures
TMDCs/Si have been investigated: the formation of a potential barrier at the inter-
face between the two materials has allowed the exploitation of the IPE to realize
high detectivity and ultrafast NIR PDs [28–31].

In this chapter the topic of NIR PDs based on 2D materials/silicon junctions is
discussed. In the first section the theoretical background behind the behavior of
junctions based on 2D materials with particular reference to graphene will be
explored and compared to the classical theory describing the Schottky junctions
using 3D metals. In the second part, several examples of NIR PDs exploiting 2D
materials/silicon junctions reported in literature will be presented and discussed.

2. Theoretical background

The responsivity R of a photodetector can be defined as the ratio between the
photogenerated current (Iph) to the incident optical power (Pinc). It is very impor-

tant for the quantification of the PD performance since it is strictly related to the
efficiency of the device. This relation is explicated by the following formula:

R ¼
Iph
Pinc

¼
λ nm½ �

1242
∙ ηext (1)

where ηext is the external quantum efficiency, that represents the number of
charged carriers generated for each incident photon. The external quantum effi-
ciency depends on the internal quantum efficiency by the equation ηext ¼ Aηint,
where ηintis the ratio of the number of charged carriers generated to the number of
absorbed photons and A is the active material absorption.

The first theoretical model of photoemission from metal to vacuum was
published by Fowler in 1931 [32]. Afterwards, in the 60s, the Fowler’s theory was
extended to the photoemission in the semiconductor by Cohen, Vims and Archer
[33] and Elabd and Kosonocky [21].
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By following the Elabd approach, it is possible to obtain the expression of ηint by
starting with the consideration of the number of excited carriers NT is:

NT ¼

ðhv
0
D Eð ÞdE (2)

where hv is the incident photon energy, E is the carriers energy referred to
Fermi level and the argument function of the integral D Eð Þ is the absorber material
density of state (DOS). On the other hand, not all the excited carriers can be
emitted from the metal into semiconductor, indeed only those localized to energies
higher than Schottky barrier have a certain probability of being emitted. Therefore,
the number of states occupied by charge carriers that have a probability P(E) of
being emitted in the silicon can be written as:

N ¼

ðhv
qϕB0

D Eð ÞP Eð ÞdE (3)

where P(E) is the charge carrier emission probability.
Elabd and Kosonocky formulated, with the zero-temperature approximation,

the internal quantum efficiency in junctions involving 3D materials (metals) by the
following [21]:

η3Dint ¼
N

NT
¼

1

8qϕBo

∙
hv� qϕB0ð Þ2

hv
(4)

being ϕB0 the Schottky barrier height (SBH) at zero bias, hv ¼ 1242=λ0[nm] the
photon energy (λ0 is the wavelength in vacuum condition) and q the electron
charge. Very often a generic factor C (named quantum efficiency coefficient)
replaces the factor 1=8qϕB0 in order to achieve a better agreement between the
theory and the experimental data. In order to achieve the expression (4) it is
necessary to take P Eð Þ ¼ 1� cos ϑð Þ=2, where ϑ is named carrier escape angle [21].
Elabd and Kosonocky in their work outline also as the diminishing of the thickness
of the metal causes an enhancement of the efficiency due to the increased emission
probability P(E).

The 3D apex in the Elabd and Kosonocky Eq. (4) indicates the internal quantum
efficiency for a metal-based junction, i.e. for a 3D material, but this equation fails to
correctly describe the behavior of a junction based on 2D materials [34, 35] due to
the different expressions to use for both the density of state D(E) and the emission
probability P(E).

This issue has been discussed in detail for graphene [34, 36]. Graphene has a
band structure characterized by valence and conduction bands which touch in six
points of the Brillouin zone. These points are termed Dirac points and represent the
zero level of energy. In the graphic representation of the band diagram of a
graphene/n-Si Schottky junction (Figure 2) one of these Dirac points is represented
with a conical surface [37].

Unlike metals, Graphene shows a density-of-state function D(E) linearly

dependent on the energy according to the formula: D Eð Þ ¼ 2∣E∣
nℏ2v2

F

[38], where ℏ is the

reduced Plank constant and vF is the Fermi velocity. On the other hand, as discussed
in Ref. [27], the emission probability P(E) simply can be taken equal to 1/2 because
the graphene π orbital are always perpendicular to graphene/Si interface and
therefore the momenta of the photo-excited carriers can only have two directions:
towards the Si semiconductor or in the opposite direction [34].
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Downstream of all these considerations and taking advantage of Eqs. (2–3), the
graphene quantum efficiency can be written:

η2Dint ¼
N

NT
¼

1

2
∙

hvð Þ2 � qϕB0ð Þ2

hvð Þ2
(5)

where the apex 2D indicates that the formula is referred to a bi-dimensional
material [34, 35].

From the plot of the (5) and (4) it is evident that the IPE effect is enhanced by
using graphene material, as showed in the Figure 3 where the trend of the internal
quantum efficiency versus the wavelength is reported for three different SBHs.

Figure 2.
Energy band diagram of a graphene/n-Si Schottky junction with the conical representation of a Dirac point. EV

(EC): Silicon valence (conduction) band; EF: Metal Fermi level; qΦB: Schottky barrier.

Figure 3.

Comparison between η
3D
int and η2Dint at vary wavelengths for three different value of Schottky barriers: 0.4, 0.5

and 0.6 eV.
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3. Schottky silicon photodetectors based on 2D materials

In last years, graphene has revolutionized the world of photonics and electronics
thanks to its exceptional properties. Since its discovery, many researchers have
concentrated their efforts on the possibility to integrate the graphene into opto-
electronic devices. Notably, its zero direct bandgap make it very attractive for
photodetection on a wide range from UV to IR. In particular, the demonstration of
the graphene/silicon Schottky junction [39] has opened the path to realize more
efficient NIR photodetectors exploiting the IPE.

In 2013, Amirmazlaghani et al. investigated a NIR PD based on exfoliated
graphite on the top of a silicon substrate [34]. The Schottky barrier at the interface
between the two materials resulted 0.44–0.47 eV and the ideality factor was 1.3–2.1.
When a reverse bias of 16 V was applied, the device exhibited a dark current of the
order of μA and, under a 1.55 μm illumination, a maximum responsivity of 9.9
mAW�1. This value, higher than the one predicted by the Eq. (4), was explained by
the authors as a consequence of the of the linear dispersion in graphene that
requires a correction of the modified Fowler theory. By taking into account the two-
dimensional nature of the graphene they derived the Eq. (5) able to provide a better
agreement with the experimental data. This issue was confirmed by Goykhman
et al. who in 2016 demonstrated an increase in efficiency of 7% with respect to the
values predicted by the Eq. (4). The device investigated in [4] is a 5 μm silicon
waveguide covered by a layer of graphene. The plasmonic enhancement was
obtained thanks to a film of Au on the top of the graphene. At 1 V reverse bias the
authors reported a responsivity of 85mAW�1, that could grow up to 0.37AW�1 at a
reverse voltage of -3 V. This happens thanks to an avalanche multiplication effect
that unfortunately caused an abrupt increment of the dark current from 20 nA to
3 μA. Recently, Levy et al. [36] have proposed a phenomenological theory to explain
the enhancement of internal photoemission in gold/graphene/silicon plasmonic
structures.

In 2017 Casalino et al. realized vertically illuminated resonant cavity enhanced
PDs exploiting the IPE through a CVD grown Single Layer Graphene (SLG) placed
on top of a silicon substrate provided of a gold mirror on the back which acted as an
optical cavity (Figure 4a) [40]. This optical microcavity allowed to trap the radia-
tion increasing the light round-trips in the cavity and enhancing the SLG optical
absorption. A wavelength-dependent photoresponse was achieved (Figure 4b)

Figure 4.
Sketch (a) and PDs spectral photoresponse (b) of the resonant cavity enhanced PDs investigated by Casalino
et al. [40]. Reprinted with permission from ACS Nano 2017, 11, 11, 10955–10963. Copyright 2017
American Chemical Society.
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with a peak value of the responsivity at 1.55 μm of 20mAW�1at -10 V applied
voltage. At such bias the dark current was 147 μA. The authors also evaluated the
NEP and the bandwidth of the devices, that resulted 3.5 x 10�10 WHz�1 and
120 MHz, respectively. Furthermore, it is worth noting that the Fabry-Perot cavity
with a finesse of 5.4 determined a high spectral selectivity that could be easily tuned
by changing the length of the resonant structure. The same author has devised
another device, theoretically investigated in [41, 42], where the SLG was situated in
the centre of c-Si/a-Si:H optical cavity. The photodetection mechanism is based on
IPE through the SLG/c-Si junction. The resonant structure, embedded between two
high reflectivity dielectric mirrors, enabled an increased number of round-trips of
the radiation that crossed multiple times the graphene layer strongly increasing its
absorption. This not only provides a 100% maximum SLG absorption but also a
responsivity and a finesse of 0.43 A/W and 172 in a correctly designed PD. Fur-
ther, in this work the bandwidth and the noise of the device were discussed. In
addition, a similar device taking advantage of a double silicon on insulator
substrate working as a high-reflectivity mirror has been recently proposed and
theoretically discussed [43].

In 2016 Chen et al. [44] demonstrated graphene short-wave SWIR PDs with a
very high responsivity of 83A/W at 1.55 μm thanks to the combination of two
different mechanisms that allow the improvement of the performances of their
devices. Indeed, they overcome the problems of the low optical absorption and the
short lifetime of the photogenerated charge carriers by exploiting plasmonic effects
and a vertical built-in field at the graphene/silicon interface. The exploitation of the
plasmonic effects occurs through a gold nanoparticles (Au NPs) array on the
graphene channel (Figure 5a). By tuning their shape and size, the gold NPs traps
and absorbs the light at the resonance wavelength, resulting in a very high absorp-
tion that allows a greater photogeneration of charge carriers in the graphene
(Figure 5b). Then, the vertical built-in potential at the interface between the
graphene and the silicon induces a sort of carrier-trapping effect, by guiding the
electrons away of the graphene and thus by generating holes with a consequent
longer carrier lifetime. Indeed, the extension of the built- in field along all the large
heterojunction produces a diminishing of the carrier recombination. This work
shows how the Schottky junctions can play a relevant role in the field of SP in the
context of NIR detection and demonstrates the need to exploit new structures to
enhance the graphene absorption.

Recently, it has been proved that graphene/Si PDs based on the IPE can operate
also at wavelengths greater than 1.55um. In [40] Casalino et al. reported the first

Figure 5.
a) Schematic illustration of the graphene SWIR PD reported in [44]. In b) the comparison between the
photoresponse of the devices with and without gold nanoparticles at vary illumination powers. Reprinted with
permission from ACS Nano 2017, 11, 1, 430–437. Copyright 2017 American Chemical Society.
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demonstration of free-space vertically-illuminated PDs operating under a 2 μm
radiation. Through an electrical analysis in a range of temperature from 280 to
315°C, they extracted the value of the SBH resulted to be 0.62 eV at 300 K. From the
analysis it emerged a temperature dependence of the SBH which has been ascribed
to the presence of defect at the interface between graphene and silicon. The
proposed devices show at zero bias an internal responsivity of 10.3 mA/W,
corresponding to an external one of 0.16 mA/W, accordingly to the theorical
predictions.

In last years, there has been increasing interest in others 2D layered materials. In
particular, TMDCs have emerged thanks to the attractive possibility to tune their
bandgaps through the quantity of layers as well as their exceptional electronic and
optical properties.

Molybdenum disulfide (MoS2) is characterized by an indirect bandgap of about
1.3 eV that increases up to 1.8 eV and changes into a direct one in the monolayer.

In 2015, Wang et al. presented a MoS2/Si heterojunction based on vertically
standing layered configuration for the realization of ultrafast photodetectors [28].
The deposition of MoS2 via sputtering allowed the growth of a policrystalline film
with a vertical structure, from the p-silicon substrate up to the Ag electrode,
enabling the exploitation of the high in-plane mobility of the MoS2. The electrical
analysis of the junctions showed a potential barrier at the interface between the two
materials of 0.33 eV while the good quality of the junction was proved by an ideality
factor of 1.83 and a rectification ratio of about 5000. The PD worked over a
broadband spectrum, from visible to near infrared, with a maximum responsivity of
300mAW�1 at 808 nm. The low dark current of the junction ensured a high
detectivity up to 1013Jones and a fast response of 2 μs. Furthermore, the PD
exhibited a photovoltaic behavior by producing a photovoltage and a photocurrent
of 210 mV and 100 μA, respectively, at open circuit and zero bias.

Subsequently, Kim et al. have proposed a similar PD based on a tungsten
disulphite active layer [29]. Thanks to a bottom-up approach, by using a magnetron
sputtering, they were able to grow vertical WS2 layers onto a p-Si wafer at different
temperatures Figure 6a. Through the X-Rays Diffraction (XRD) analysis they
found a highly crystalline structure in the layers deposited at 400°C.

The I-V curves demonstrated the formation of the heterojunction and the recti-
fying behavior within �2 V where the rectification ratio was about 20000. The
ideality factor and the dark saturation current IS were estimated to be 1.43 and
0.1 μA, respectively. The WS2/Si junction exhibited a zero-bias photoresponse and

Figure 6.
a) Sketch and photograph of the WS2/p-Si based PD investigated by [29] et al. and b) spectral photoresponse of
the device. Reprinted with permission from ACS Appl. Mater. Interfaces 2018, 10, 4, 3964–3974. Copyright
2018 American Chemical Society.
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an open-circuit voltage of 210 mV together with a remarkable signal-to-noise ratio
greater than 9000 for an incident radiation of 850 nm.

As shown in Figure 6b, the photoresponse of the device spanned the range of
wavelengths from UV to NIR with peak responsivity values of 5-6mAW�1 at 420,
680, 800 and 1000 nm suggesting a an excitonic absorption of the WS2. In addition,
Kim et al. analyzed the transient photocurrent at various wavelengths allowing to
evaluate the photoresponse speed of the photodetectors that results to be about
1.1 μs for a 10 kHz modulated signal, very higher than the conventional Si UV
photodetectors. This impressive performance can be attributed to the large in-plane
charge WS2 carrier mobility.

Very interestingly, in 2019 Ahmad et al. reported a photodetector based on a
WS2 monolayer/Si junction [30]. The WS2 monolayer was characterized by a lower
bandgap with respect to the bulk material enabling higher responsivity of 10.46
mAW�1 at 785 nm. On the other hand, such configuration did not permit to take
advantage of the in-plane conductivity of the absorber medium, resulting in a
slower response of 186.7 ms for a 20 kHz modulated signal.

Another emerging 2D TMDC is the platinum diselenide (PtSe2). Its bandgap,
ranging from zero in the monolayer to 1.2 eV in the bulk, make it very promising for
the NIR photodetection. Recently, Xie et al. investigated PDs exploiting a multilay-
ered PtSe2/silicon heterojunction [31]. In their work a thermally assisted conversion
was used in order to have the in situ preparation of the PtSe2 on the silicon substrate.
Such technique permitted to realize interfaces with a small number of defects that
would trap the photogenerated carriers. The XRD patterns displayed a
policrystalline structure with nanometer-sized crystalline domains. The as-
deposited 14.5 nm-thick film, corresponding to about 17 layers of PtS2, can be
accordingly considered as a semimetal. The I-V curves confirmed the rectifying
nature of the heterojunction in the range within �5 V and the ideality factor was
estimated to be about 1.64. The PDs could operate in a wide spectrum ranging from
200 to 1550 nm with a maximum responsivity of 520mAW�1 at 808 nm. This device
showed also the capability to detect the telecommunication wavelengths of 1310
and 1550 nm with a responsivity of 33.25 and 0.57mAW�1, respectively. Such
results were attributed to the high NIR radiation optical absorption of the PtSe2
layer. It is worth mentioning that these PDs showed a fast response, indeed, the rise
time and fall time were 55.3 and 170.5 μs, respectively. The clean interfaces obtained
thanks to the in situ preparation strongly influenced the performance of the device
that exhibited a response speed comparable to the above mentioned works on
TMDC PDs based on vertical structure.

4. Conclusions

In this chapter the physical principles of NIR Schottky PDs based on 2D mate-
rials have been elucidated and the main devices reported in literature have been
discussed. In particular, PDs exploiting the IPE among 2D layered materials and
silicon are deepened since to date they represent the most promising approach for
the realization of high performances Si-based PDs. Devices discussed along this
chapter have been summarized in Table 1 to allow an immediate comparison of
their performance. It emerges that the low absorption coefficient of the graphene
makes indispensable the use of structures enabling the light trapping for enhancing
the light-matter interaction. Indeed, devices exploiting resonant cavities, wave-
guides and plasmonic effects result to have best performances in terms of
responsivity. These structures show performance comparable with the well-
established germanium technology adding the potentialities to detect wavelength
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longer than 1550 nm. Although most of the Schottky PDs are based on graphene,
more recently others 2D materials have stood out showing promising outcomes in
the NIR spectrum.

Thanks to the easy fabrication processes and the low cost of production, this new
family of PDs represents a breakthrough, opening the way towards the commercial
integration of silicon in photonics.
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Ref. Type R λ(μm) Id SBH

(eV)

Config.

[34] Exfoliated

graphite/ p-Si

9.9mAW�1 at -

16 V

1550 �2.4 μA at -16 V 0.44–

0.46

Free-space

[4] SLG/p-Si 370mAW�1 at

�3 V

1550 �3 μA at �3 V 0.34 WG

[40] SLG/p-Si 20mAW�1 at

�10 V

1550 �147 μA at �10 V 0.46 Free-space

[41]* SLG/p-Si 0.43AW�1 at 0 V 1550 561 nA if SLG

radius < 15 μm

0.45 Free-space

[44] SLG/n-Si 83AW�1 1550 �0.1 μA at -1.5 V 0.5 Free-space

[35] SLG/p-Si 0.16mAW�1 at

0 V

2000 �3 μA at �6 V 0.62 Free-space

[28] MoS2/p-Si 300mAW�1 808 — 0.33 Free-space

[29] n-WS2/p-Si 5-6mAW�1 420, 680,

800, 1000

0.1 μA (saturation

current)

— Free-space

[30] WS2/n-Si 10.46mAW�1 785 0.1 μA at �6 V — Free-space

[31] PtSe2/p-Si 520mAW�1/

0.57mAW�1

808/ 1550 1.1 nA at -1 V — Free-space

*Theoretical work.

Table 1.
Comparison of the main electrical and optical parameters of the 2D materials/Si NIR PDs reported in this
chapter.
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