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Abstract: In recent years graphene has attracted much interest due to its unique properties of
flexibility, strong light-matter interaction, high carrier mobility and broadband absorption. In
addition, graphene can be deposited on many substrates including silicon with which is able to form
Schottky junctions opening the path to the realization of near-infrared silicon photodetectors based
on the internal photoemission effect where graphene play the role of the metal. In this work, we
review the very recent progress of the near-infrared photodetectors based on Schottky junctions
involving graphene. This new family of device promises to overcome the limitations of the Schottky
photodetectors based on metals showing the potentialities to compare favorably with germanium
photodetectors currently employed in silicon photonics.
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1. Introduction

Silicon photonics is nowadays an emerging market promising to reach a value of $560M at chip
level and $4B at transceiver level in the 2025. Indeed, both switching and interconnects of the existing
data center risk becoming early a bottleneck for the huge increase in internet data traffic driven by
the social network and video contents.
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Figure 1. Silicon photonics 2013-2025 market forecast [1].

This is because in the next future new technologies must necessarily to be introduced. The
research activity in Silicon photonics can be dated back to the 1980s and in the last years more and
more players are going in this industry’s landscape. Nowadays Intel shares with Luxtera the
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leadership in this field with products for 100G data rates already present on the market. Because
Silicon is a mature technology developed in the years of the strong expansion of the microelectronic
industry, the use of Si for the fabrications of photonic components meet the requirements of the data
center in term of low cost, reliability, integration density and power consumption. A key component
in Si photonics is constituted by the photodetectors (PDs), devices that are able to convert the
incoming light into current.

Si PDs are commercial devices in the visible spectrum, however, the employment of Si for the
realization of PD operating at near-infrared (NIR) wavelengths is not a simple task due to Si
transparence at wavelengths above 1.1 um. NIR Si-based PDs take conventionally advantage of
germanium (Ge) integration [2,3] on Si, however, due to a 4.3% lattice mismatch very high leakage
current hinders the device performance. This issue can be mitigated by realizing a buffer layer based
on a two-step epitaxial growth technique [4,5] that minimize but, unfortunately, do not remove the
defect center responsible of the high leakage current. Moreover this buffer layer causes problems in
both planarity and thermal budget [6] preventing the possibility of a monolithic Ge integration on Si.
In addition Ge is characterized by a low absorption at 1550 nm with respect to gallium arsenide
(InGaAs) leading to thick active intrinsic region of the PIN structures and so slow devices.

In this context an all-Si approach is preferred and one option it is offered by the internal
photoemission effect (IPE). IPE occurs in a metal/semiconductor Schottky junction when due to an
incident optical radiation the carriers of the metal are excited to energies above the Schottky barrier
of the junction and transported in the conduction band of the semiconductor [7,8]. IPE has been
widely used in high-performance platinum silicide (PtSi) and palladium silicide (Pd2Si) Schottky
barrier infrared CCD image sensors. The first generation of detectors was based on a Pd2Si/Si
Schottky junctions and was developed for operating in the spectrum from 1 to 2.4 um for satellite
applications and it required an operating temperature of 120 K [9,10]. Subsequently PtSi/Si Shottky
junctions showed the capability to work at longer wavelengths, from 3 to 5 um [11,12]. The 512 x 512
focal plane array based on PtSi require operating temperature of 80 K [13]. In these devices due to the
low Schottky Barrier Height (SBH) the cryogenic temperature were necessary to minimize the noise
current.

In the 2006, it was proposed to work with higher SBH in order to use IPE also at room
temperature and to recovery the consequently reduced efficiency by means of Fabry-Perot resonant
structures [14]. Subsequently, not only these devices were realized [15] but many other strategies
were employed in order to increase the efficiency of IPE-based Si PDs at room temperature. Indeed,
IPE was investigated in metallic structures at nanoscale as: Si nanoparticles (NPs) [16], stripes able to
support surface plasmon polaritons (SPPs) [17, 18], gratings [19] and antennas [20]. In any case, by
using metal/silicon junctions, responsivities of only 5mA/W [21] and 30 mA/W [16] were reported for
vertically-illuminated and waveguide PDs, respectively. This low responsivity is mainly due to the
fact that the carriers photo-excited in the metal have a low probability to be emitted over the Schottky
barrier. However it is well-known that the carrier emission probability can be increased by reducing
the metal thickness, or, in other words, that the lower the metal thickness the higher the emission
probability [22,23]. This consideration leads to the idea of replacing the metals with 2D materials and,
in this context, graphene is of course a good candidate. Si-based graphene PDs are typically based on
field effect transistor (FET) structures and many review articles are reported about them in literature
[24,25]. However, graphene PDs based on FET structures are characterized by some drawbacks: a
low photo-conversion area (low efficiency) due to the fact that the internal electric field is formed
only in narrow region (200 nm) close to the source and drain edges [26] and a further high dark
current generated in any case when a bias drops between source and drain. On the contrary IPE-
based graphene/Si PDs promises to overcome these limitations because the photo-conversion area is
linked to the graphene area in contact with Si and because the dark current is the saturation current
of a Schottky diode reversely biased.

In this review article the emerging field of the NIR IPE-based graphene/Si PDs, is presented. In
the first section, IPE theory for junctions involving 2D materials will be elucidated and put in
comparison with the classical theory used for metals. Then, the main both vertically illuminated and
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waveguide NIR IPE-based graphene/Si PDs will be reviewed and discussed, comparing the
performance of structures based on the different approaches. Finally, will be highlighted as these PDs
have the potentialities to compare favorably with the Ge technology in the field of NIR detection, also
offering new advantageous characteristics.

2. Theoretical background

In order to quantify the performance of IPE-based PDs, a very important parameter is the internal
quantum efficiency 1)int, i.e., the numbers of carriers collected per absorbed photons. On the other
hands, the external quantum responsivity next (number of carriers collected per incident photons) is
linked to the internal by 1ext= A nint, being A the active material absorption. A macroscopic magnitude
is the responsivity R, i.e., the ratio between the photogenerated current (Ipn) and the incident optical
power (Pinc). The responsivity R is linked to the external quantum efficiency e« by the following:

= ﬁ = —I[nm] xh
P 1242

inc

)

In the 1931 Fowler derived the first model of carrier photoemission from metal into vacuum [27].
In the 1960s, Cohen, Vims and Archer [28] modified the Fowler’s theory to take into account the
carrier photoemission into a semiconductor. Subsequently, Elabd and Kosonocky reviewed the
previous model and, under the zero temperature approximation, they obtained that the device
internal quantum efficiency 1n°Pint (number of carriers collected per absorbed photons) can be written
as [22]:

2
PP = 1 X(hn"]’;o)
" 8g Ty hn

where the factor 1/8q®so * is very often replaced by a generic factor C (named quantum efficiency
coefficient) used to put in agreement the theory with the experimental data, hv=1242/A0 (nm) is the
photon energy, Ao is the vacuum wavelength, @z is the Schottky barrier height (SBH) under zero
bias, and q is the electron charge. The 3D apex is used to indicate that the formula refers to junctions
involving 3D materials, i.e., metals.

It is worth noting that Eq. 2 was derived for junctions based on metals, i.e., on three-dimensional
materials, however, it has been proved that it fails to correctly describe carrier photoemission
involving Schottky junctions based on two-dimensional materials [29,30], thus IPE theory must be
properly modified in order to be applied to the Graphene/Si junctions whose band diagram is
reported in Fig. 2.

2)

Graphene p-type Si
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Figure 2. Band diagram of a graphene/p-Si Schottky junction: EF is the Fermi energy of the metal, EV is the Si
valence band energy, EC is the Si conduction band energy, q®B is the Schottky barrier height and qVbi is the
built-in energy. NT and N are the total number of possible excited hole states and the number of states from

which hole emission into Si can occur across the barrier height of q®B0, respectively.

By following Elabd’s approach [22] the total number of possible excited states for holes is given
by:
\ hn
N, =, D(E)dE )
2F
where D(E) is the density of states (DOS) of graphene that can be written as D(E) = ? [31], E
Th'v;
is the hole energy with reference to the Fermi level, vr is the Fermi velocity, fi is the reduced Planck
constant, and /v is the photon energy. In addition, the number of states N from which the hole can
be emitted over the SBH q®so, is:

hn

N=( D(E)tP(E)dE @)
aTso

where P(E) is the carrier emission probability.
In three-dimensional materials, P(E) can be expressed as P(E)=(1-cos8)/2 [22], where & is the so
defined carrier escape angle [22]. On the contrary, P(E) in graphene assumes a very simple value of
4 because the 7t orbitals are always normal to the graphene/Si interface, thus the photo-excited hole
momenta can have two directions: one pointing towards Si and the other in the opposite direction
[29]. Therefore, the graphene internal quantum efficiency n?Pint can be derived as [29,30]:
2 2

2D :ﬂzlx(hn) _(Q’Zzo)

int NT 2 (hn)z
The 2D apex is used to indicate that the formula refers to junctions involving 3D materials, i.e.,
graphene.

©)

In Fig. 3 is reported the internal quantum efficiency versus the SBH for three different wavelengths
of 0.85um. 1.3pum and 1.55um in order to show that in any case the IPE effect is enhanced in junctions

involving 2D materials.
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Figure 3. Comparison between internal quantum efficiency of 3D (Eq. 2) and 2D (Eq. 5) materials for three
different wavelengths of 0.85, 1.3 and 1.55 um.

3. IPE-based silicon photodetectors based on graphene Schottky junctions

Since its discovery in 2004, graphene has been deeply investigated [32]. Indeed, electrons move
in graphene as massless particles making it suitable for fast electronics while the wide absorption
(from the ultraviolet to the infrared) due to both intra-band and inter-band transitions [33, 34] makes
the material very useful in the photodetection field in particular for operation at NIR wavelengths.
In the 2011, C.-C. Chen et al. have demonstrated that graphene is able to form a Schottky junction
with Si [35] and this result opened the path to the investigation of IPE in the graphene/silicon
junctions for NIR detection.
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Figure 4. (a) Sketch describing the graphene-Si Schottky diode. (b) I-V curve at reverse bias (from -16 to —15 V).

This figure demonstrates the change in diode current by switching on and off the laser at 1550 nm.

NIR vertically illuminated IPE-based graphene/Si PDs were reported by M. Amirmazlaghani et
al. in the 2013 [29]. These devices are based on exfoliated graphene and show a maximum
experimental responsivity of 9.9 mA/W at 1550 nm and -16 V of reverse bias applied. Indeed, as
shown in Fig. 4(b), the difference between the photogenerated and dark current is about 51.5nA under
52uW.

In addition, a 2.4 uA of dark current was measured while a SBH and ideality factor of 0.44-0.47
eV and 1.3-2.1 were extracted from the IV Schottky characteristic, respectively. In this paper the
authors point out the experimental responsivity is higher than that one predicted by the traditional
theory. This discrepancy has been explained by claiming that a new modified IPE theory should be
derived if two-dimensional materials are involved in the junction. Indeed, they propose an
alternative model (Eq. 5) resulting in a good agreement with the experiments. It is worth mentioning
that very recently U. Levy at al. have proposed an alternative phenomenological model to explain
physics behind the IPE enhancement in junctions involving 2D materials [36]. Subsequently,
Goykhman et al. demonstrated a NIR graphene/silicon Schottky PD integrated with a waveguide
realized starting from a silicon-on-insulator (SOI) substrate. In this device the single graphene layer
(SLG) is grown by chemical vapour deposition CVD system [37] and the structure is shown in Figure
5.
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Figure 5. (a) Schematic Metal-SLG-Si Schottky PD proposed in [37]. (b) Responsivity of Metal-SLG-Si and
reference Metal-Si PDs for a reverse bias ranging from 0 to -3V (reference Metal-Si device is used to demonstrate
the key role of graphene). Solid lines show a fit of the bias dependent responsivity based on combined TFE and

avalanche multiplication processes.

The PD is constituted by a Si rib waveguide on which has been deposited a SLG/Au layer acting as
Schottky contact. The collecting Ohmic contact is realized in alluminum (Al) and deposited on the Si
substrate as shown on Fig 7(a). The optical beam propagating along the Si waveguide is able to excite
the plasmonic modes at SLG/Si interface. The PD length and width are ~5 pm and 310 nm,
respectively. At 1V of reverse bias applied, a responsivity at 1550 nm and dark current of 0.085 A/W
and 20 nA were reported, respectively. Finally, the authors show that responsivity abruptly increases
up to 0.37 A/W at — 3V. The authors explain this abruptly increase by the combined effect of two
processes: avalanche multiplication within the Si depletion region and thermionic-field emission, TFE
[38] through the graphene/Si Schottky junction. Under avalanche conditions, the dark current also
increases up to 3 pum. The SBH extracted by the electrical measurement is 0.34 eV.

In the 2015, Vabbina et al. have reported on the fabrication and characterization of two-dimensional
PD based on graphene/molybdene disulfide (MoS2) Schottky junction deposited on a SiO2/Si bulk
substrate [39]. MoS2 has been deposited by a sputtering-CVD technique, while graphene by a CVD
process. MoS2 is a 2D material having semiconductor characteristic with an indirect bandgap of 1.8
eV. The graphene/MoS2 SBH is 0.139 eV and at wavelengths higher than 670nm the devices show a
response that can be ascribed to IPE from the graphene to the MoS2. In particular, under an
illumination of 1440 nm a NEP and a maximum responsivity of 7.8 x 10-12 W/Hz amd 1.26 A/W at
— 2V, were reported. Dark current was measured as 300 pA at -2 V. Finally the authors show that
their device can also work in the visible spectrum taking advantage of the MoS2 linear absorption

(energy gap excitation) reporting a maximum responsivity at -2V of 0.52 A/W at 590 nm.
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Figure 6. MoS: /graphene Schottky PD described in Ref. [39]. (b) Device spectral response.

More recently, in 2017, Casalino et al. have reported on vertically-illuminated graphene/Si Schottky
PDs incorporated into a Fabry—Perot optical microcavity [40]. The resonant cavity consists of a A/2 Si
slab layer surrounded between graphene/Si top and Au bottom mirrors as shown in Fig.7a. The
optical cavity is able to enhance the interaction of the light with graphene in order to increase its
absorption. In this work the authors prove that the device responsivity peaks coincide with the
resonances of the Fabry-Perot microcavity and that the responsivity increases with the number of
light round trips of the cavity. Thanks to the multiple reflections in the cavity, the graphene
absorption increases up to 8% leading to a maximum external (internal) responsivity increasing with
the reverse voltage applied and reaching a maximum of ~20 mA/W (0.25A/W) at -10V (Fig. 7(b)); this
value is the highest reported so far for free-space illuminated Si PDs at 1550 nm. In addition, the
authors prove the SBH dependence on applied reverse voltage. Finally, the dark current at -10V have
been measured as 147 pA while the device bandwidth has been estimated in 120MHz.
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Figure 7. (a) Optical image of fabricated device investigated in Ref. 40. (b) External responsivity as a

function of increased reverse voltage.
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In order to increase the low graphene absorption of the previous device (only 8%), the same author
has theoretically proposed a new concept of resonant cavity-enhanced (RCE) graphene/silicon
Schottky PD working at 1550 nm [41]. Device is essentially a Fabry—Perot interferometer constituted
by an optical cavity of hydrogenated amorphous silicon, graphene and crystalline silicon,
surrounded by two high-reflectivity distributed Bragg reflectors as shown in Fig. 8(a). The optical
field enhancement allows increasing the single-layer graphene optical absorption up to 100%. The
optoelectronic transduction mechanism is based on IPE through the crystalline silicon/graphene
Schottky junction. In this work it has been theoretically proved that in an optimized device, an
external quantum efficiency, and responsivity of 35%, and 0.43 A/W could be achieved, respectively,
as shown in Fig. 8(b). Finally, device bandwidth and noise, in terms of dark current and normalized

photocurrent-to-dark current ratio, have been discussed.
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Figure 8. (a) Section sketch and (b) theoretical external quantum efficiency and responsivity of the

high-finesse resonant cavity enhanced PD proposed in Ref. [41].

Very recently IPE through a graphene/silicon Schottky junction has demonstrated the capability to
work also at wavelengths longer than 1550 nm [30]. Indeed, in Ref. 30 has been reported the first free-
space Si-based PD able to work at 2 um. The sketch of the proposed is shown in Fig. 9(a), they are
based on graphene/Si Schottky junctions whose electrical parameters are carefully characterized at
temperatures within the range from 280 to 315 K. The Schottky barrier is 0.62eV at 300K and shows a
dependence on temperature ascribed to interface defects. Devices are characterized by an external
responsivity of 0.16 mA/W (Fig. 9(b)) under zero bias conditions corresponding to an internal
maximum responsivities of at least 7.2 mA/W. Measured dark current is ~3 pA at -6V while the
estimated bandwidth is in the KHz regime due to the very high series resistance. The proposed
devices show the potentialities to work also at wavelength longer than 2 micron.

A summary of all the aforementioned devices are reported in Table 1 for comparison.
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Figure 9. (a) Schematic cross-sectional view of the graphene/Si Schottky PD reported in Ref. 30, (b) Measured

2 um

photocurrent vs incident optical power.

Table 1. Summary of selected near-infrared silicon Schottky photodetectors based on graphene.

Ref External Dark Bandwidth SBH Type Configuration
) Responsivity current (eV)
9.9 mA/W at 1550 nm - 0.44-0.46 Exfol. Free-space
[29] and -16V 2.4 pA at-16V
370 mA/W at 1550 nm - 0.34 CVD Waveguide
[37] and -3V 3 uA at -3V
[39] 1.26A/W at 1440nm ~300 at pA at -2V - 0.136 CVD Free-space
and at -2V
20 mA/W at 1550 nm 120MHz 0.46 CVD Free-space
[40] and at -10V 147 atuA at-10V (Estimated)
0.43 A/W at 1550 nm 561 nA if graphene GHz regime 0.45 - Free-space
[41]* .
and at OV radius (gr) < 15um (gr <15pm)
0.16mA/W at 2000nm KHz regime 0.62 CVD Free-space
[42] and 0V SpAat-6v (Estimated)

“Theoretical work.

4. Conclusions

In this work an overview of near-infrared Si PDs based on IPE occurring in graphene, has been
presented. Firstly, we have described as IPE theory needs to be properly modified in junctions
involving two-dimensional material, showing as this effect is intrinsically enhanced with respect to
classical device based on 3D materials (metals). Then we have described and discussed in details the
most common configurations reported in recent literature including both vertically-illuminated and
waveguide structures. Finally a quantitative comparison of selected device has been given and
summarized in Table L

In some cases, this new family of devices shows performance that are already comparable to the state-
of-the-art Ge devices currently employed in Si photonics promising to play a key role in both telecom
and datacom applications. In addition, these devices show the potentialities for operation at longer

wavelengths in the region of 2 um, opening new perspectives for new application including free-
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space optical communications, light-radars and optical coherence tomography. However the
possibility to integrate 2D materials like graphene in Si technology for high-volume production

remains a crucial point that needs to be properly addressed in the next future.
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