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Abstract: Graphene/silicon hybrid photodetector operating at communication wavelength has
attracted enormous attention recently due to its potential to realize bandwidth larger than 100 GHz.
However, the responsivity is intrinsically limited by the low absorption from the atomic-thick
graphene monolayer, which imposes significant obstacles towards its practical application. Although
plasmonic structures has been widely applied to enhance the responsivity, it may induce the metallic
absorption thus limit the responsivity lower than 0.6 A/W. Twisted bilayer graphene (TBG) has
been reported to hold the ability to dramatically enhance the optical absorption due to the unique
twist-angle-dependent van Hove singularities. In this article, we present a design of a silicon/TBG
hybrid photodetector with a responsivity higher than 1 A/W and bandwidth exceeding 100 GHz.
The enhanced responsivity is achieved by tuning the twisted angle of TBG to increase the absorption
within the 1550 nm as well as utilizing the silicon slot waveguide to boost the mode overlap with
TBG. The fabrication process of proposed design is also discussed demonstrating the advantages of
low fabrication complexity. The proposed silicon/TBG photodetector could not only exhibit superior
performance compared to previously reported silicon/monolayer graphene photodetector, but also
pave the way for the practical application of graphene-based silicon optoelectronic devices.

Keywords: silicon photodetector; twisted bilayer graphene; silicon photonics

1. Introduction

Owing to the unprecedented development of the data-driven novel technology such as
Cloud Computing, Internet of Things, and Big Data Analytics, the optical communication
systems are expected to feature ultrahigh bandwidth in order to support the transmission
of the explosive amount of data [1,2]. As a key building block of the optical communication
systems, the integrated photodetectors are required to exhibit extraordinary performances
including ultra-large bandwidth above 100 GHz as well as the high responsivity larger than
1 A/W, which remains challenging to be achieved simultaneously within the conventional-
material-based platforms at the communication wavelength [3]. Until recently, a Ge/Si
photodetector with bandwidth up to 265 GHz was demonstrated, but its external responsiv-
ity is only 0.2 A/W [4]. The fastest InP-based photodetector has a bandwidth of 170 GHz
while the responsivity is limited to 0.27 A/W [5]. Because of the unique band linearly
dispersive and gapless band structure, graphene has been considered as an ideal material
to be integrated with silicon photonics circuit, in order to realize ultrafast on-chip photode-
tection [5-10]. The hybrid silicon/graphene photodetectors have been widely reported
to possess a bandwidth higher than 100 GHz. However, most of these photodetectors
suffer from low responsivity due to the weak absorption within the monolayer graphene.
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Although various photonic structures including photonic crystal structures, plasmonic
structures have been proposed to boost the responsivity, the highest value of the respon-
sivity working within the 1550 nm wavelength range is still lower than 0.7 A/W, which
could hardly compete with the commercial photodetectors [8,11-13]. Therefore, the main
motivation of our work is to design a photodetector that holds bandwidth higher than
100 GHz and responsivity larger than 1 A/W simultaneously.

Twisted bilayer graphene (TBG) is non-AB stacked bilayer graphene and has re-
cently attracted numerous interests because of its impressive optical and electronic prop-
erties [14-16]. Specially, the TBG has exhibited a significant enhanced optical absorption
well exceeding the linear-band absorption of two layers of monolayer graphene, due to the
presence of van Hove singularities (vHSs) [17]. This novel property results in graphene
photodetectors with enhanced responsivity operating at visible and mid-infrared wave-
length range [18-20]. In this work, we design a silicon/TBG photodetector operating at the
communication wavelength range, featuring both high responsivity and large bandwidth
simultaneously. We first calculate the specific twist angle that enhances the absorption
within 1550 nm. Afterwards, we optimize the silicon/TBG hybrid waveguide structures
to ensure large mode overlap as well as large bandwidth. Finally, we provide a thorough
discussion about the fabrication process of the potential silicon/TBG photodetector. We
expect the proposed silicon/TBG hybrid photodetector can outperform the reported sili-
con/graphene photodetectors and pave the way for practical applications of TBG in the
optical communication area.

2. Device Design and Theoretical Calculation
2.1. The Theoretical Model of the TBG

To realize the responsivity enhancement within the TBG at the wavelength of 1550 nm,
the photon energy of the incident light is expected to be equaled to the energy interval of
the two vases of TBG, as the Equation (1) displays:

he
AEvhs = + M
where / is the Planck constant, c is the speed of light in the vacuum, A is the wavelength
of the incident light, and thus AEyys is the energy interval of the vases within the band
structure of the TBG. Noted that when the rotation angle is small, the mismatch between
the lattice vectors of the two layers gives rise to a Moire” pattern. The value of the AEys is
strongly affected by the twisted Moire” angle € and can be described by Equation (2) for

simplicity [21]: A
AEyps = 2Vph3—z sin(6 /2) — 2t @)

in which Vr = 10° m/s is the proposed Fermi velocity, 7 is the reduced Planck constant,
a=0.246 nm is the lattice constant of the monolayer graphene, and ¢y = 0.1 eV is the
interlayer transition parameter reflecting the coupling strength between the monolayer [21].
The relationship between the 6 and the AEyys is shown in Figure 1. We can find that when
A is set as 1550 nm, 6 is calculated to be 5.2°.

2.2. The Design of Silicon/TBG Hybrid Photodetector

The schematic of the silicon/TBG photodetector is shown in Figure 2. The photode-
tector includes a silicon slot waveguide, two layers of monolayer graphene with a specific
twisted angle 6 covering the slot region, as well as two electrodes collecting the carriers
within the graphene. The photodetector is realized on a commercial Silicon-on-Insulator
(SQOI) platform with the top silicon layer of thickness tg; and the buried oxide layer of
thickness tox. Normally, there are three types of combination (fs;, tox) of tsi and tox available
for the SOI wafer, which are (260 nm, 1 um), (250 nm, 3 um), (220 nm, 2 um) and can
be designated as type-A, type-B, type-C respectively. The performance of silicon/TBG
photodetector based on these three different types of wafers will be discussed later. In
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our design, the light is confined within the silicon slot waveguide with the slot width of
g and slab width of w while the TBG is on top of the slot waveguide. The silicon slot
waveguide is employed to guide light into the absorption region since it could enhance the
light-TBG interaction and thus boosting the performance of the photodetector, as the inset
shows. The filling material of the slot waveguide is 5iO;. A 10 nm aluminum oxide layer is
inserted between the slot waveguide and the TBG, which is not shown in Figure 2 in order
to highlight the TBG. Moreover, two electrodes (100 nm Au/ 5 nm Ti) are deposited on the
top of the TBG with the distance of d.

35 4 45 5 55 6
6(°)

Figure 1. The relationship between the energy interval of VHSs and the twisted angle.

01.5 2 25 3

Input light

Figure 2. The schematic and the mode distribution of the TBG/silicon hybrid photodetector.

2.3. The Responsivity Calculation of the Silicon/TBG Photodetector

To obtain the responsivity of the silicon/TBG structure, the light absorption within the
TBG is first calculated by the following process: The TBG is modelled as a surface current
and its surface conductivity o1 can be described by the equations below [17]:

OTBG = 20mono + O 3)

In which ¢y050 is the conductivity of the monolayer graphene and ¢ is the angle-
dependent conductivity enhancement originated from the twisted bilayer graphene, which
is due to the enhanced density of states (DOS) close to the top of the moiré Dirac bands and
the bottom of the empty bands. The ¢ can be calculated by the following equation [11]:



Photonics 2022, 9, 867 4 0f9

_ —je? ©o(0fa&) 9fa(=0)\ . jlwtj20) fa(=0) — fa(g)
mono = . — g+ 4 ag 4)
7 th?(w +]2F)/() < o of ) th? /0 (w +j2F)2 _ 4(%)2

In Equation (4), the first term represents intraband contributions while the second

term represents interband contributions. f;(g) = |e(¢—#)/KsT 4 1] ' is the Fermi-Dirac
distribution, and w is the angular frequency of the photon. I' represents the scattering rate.
Uc is the chemical potential of graphene. T is the temperature. e is the electron charge and
kg is the Boltzmann constant.

The conductivity enhancement ¢, can be calculated as the Equation (5) shows [17]:

(hw — E,,()Z]

Sa
= ——exp|—
(@) /212 p[ 212

where Sy, E, and I, represents the intensity, energy, and broadening of the conductivity
enhancement respectively. It should be noted that in this work, we mainly focus on the
light absorption property of the TBG with relatively large twist so the modeling of the TBG
is simplified. In fact, plenty of factors including twist angle, doping level as well as the
temperature can significantly impacts the band structure of the TBG [19,22,23]. One should
fully consider all these factors when establishing a more accurate model of TBG.

We use the Finite Element Method (FEM) to calculate the transvers-electric (TE) mode
distribution of the silicon/TBG hybrid waveguide and the TBG absorption coefficient
a1pe. In the calculation, the refractive indices of the materials are set as below: ng; = 3.47,
ngioz = 1.45, napos = 1.66, ny = 3.43 + 3.12i, nay, = 0.47 + 10.99i. The boundary condition
is set as scattering boundary. arpg is related to the overlap integration of the in-plane
electrical field of the hybrid mode and the TBG conductivity, which can be obtained by the
following relationship [9]:

Q)

2
+

— —
Ex Ez

1
arpe = 4.343 x 107 x 5 X Real(orpg) X (

2) /jf P(x,y)dxdy (6)

where Real (0y) is the real part of the graphene conductivity, E—; and ]::; is the x and z
direction component of the electric fields along the TBG surface of the TE mode. P(x,y)
represents the average power at the coordinate (x,y) of the simulated waveguide.

We optimize the slab width and slot width of the TBG/silicon slot hybrid waveguide
to reach the maximum absorption coefficient with different types of SOI wafers, as shown
in Figure 3. We can find that the highest absorption coefficient apg can be as high as
0.41 dB/pum when the slot width and slab width within the type-C SOI are chosen as
150 nm and 240 nm respectively. Moreover, for type-A and type-B SOI wafers, the highest
atpc are both higher than 0.35 dB/pum.
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Figure 3. The absorption coefficients of TBG as a function of the slot width and slab width with
different types of SOI wafers. (a) 260 nm silicon top layer with 1 pm BOX layer. (b) 250 nm silicon
top layer with 3 um BOX layer. (c) 220 nm silicon top layer with 2 um BOX layer.



Photonics 2022, 9, 867

50f9

Several photodetection mechanism have been reported in monolayer graphene pho-
todetectors including photovoltaic effect, photo-thermoelectric effect, and photo-bolometric
effect [7]. For the photo-thermoelectric effect, the graphene layer requires to be doped
differently. For the photo-bolometric effect, it strongly relies on the heat generation and
accumulation process within the small volume. These conditions are not satisfied within
the proposed photodetector. Therefore, the dominant photodetection mechanism of the
TBG/silicon photodetector is the photovoltaic effect where TBG absorbs light and generates
the electron-hole pairs. The electron-hole pairs are separated by the sum of built-in and
external electric field and thus the photocurrent is generated. The responsivity (R) of the

photodetector is defined as:
R = ot @)
=%
where I, is the photocurrent while P;, is the power of the input light. The photocurrent I,
can be expressed as [5]:

Ipw = qn*ugL ®)

where g is the elementary charge, 7" is the photo-induced carrier density, u is the mobility of
these carriers within graphene, ¢ is the electric field and L is the length of the photodetector,
which can be expressed as:

§=Vext/d )

where V,,; is the external bias voltage applied to the photodetector which is setas 1 V in
the calculation. 4 is the distance of the electrode which is set as 2 um in our design.
The formula for n* can be written as:

n* =M x Py X Tre/(Ep x L X ) (10)

where M is the carrier multiplication factor. Since there is no internal gain within the
proposed photodetector, M is set as 1 in the calculation. T, is the carrier recombination
time, E, is the energy of the incident photon, L is the length of the TBG/silicon slot
waveguide and the g is the gap width. For simplicity, we assume that the photogenerated
carriers are mainly concentrated within the gap region. The power of light P, which is
absorbed by TBG, can be calculated by:

Pap = Py x (1 — 10~ (#786*L)/10) (11)

Based on the optimization process above, the arpg is set as 0.41 dB/pm and the
dependence of the responsivity on the length of the photodetector and the wavelength of
the incident light is also investigated as the blue curve shows in the Figure 4a. We can find
that the responsivity increases with the length of the photodetector which is shorter than
30 pm. When the length continues to increase larger than 30 pm, the responsivity almost
remains unchanged at its maximum value of 1.154 A/W. This phenomenon indicates
that almost all the incident light is absorbed within the 30 um. Moreover, this value
suppresses all the graphene/silicon hybrid photodetector operating at the communication
wavelength range, thanks to the enhancement of the TBG as well as the strong light-TBG
interaction provided by the silicon slot waveguide. As a comparison, we replace the TBG
with the monolayer graphene in the same waveguide structure in Figure 2 and calculate
the corresponding responsivity. We can see that the highest responsivity remains lower
than 0.3 A/W, which is close to the value reported in a similar structure [11]. This also
demonstrates that TBG can significantly enhance the responsivity of the photodetector.
Moreover, the I-V characteristic can be also calculated from the abovementioned model
and the results are shown in Figure 4b. In the calculation, the length of the photodetector is
set as 40 um while the input light power is set as 1 mW. Meanwhile, we can find that the
current increases when the light is injected into the photodetector, which verifies that the
main photodetection mechanism is the photovoltaic effect.
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Figure 4. (a) The responsivity as a function of the length of the photodetector; (b) The I-V characteristic
of the TBG photodetector (c) The responsivity as a function of the wavelength of the incident light.

Besides, the effect of the incident wavelength on the responsivity is also calculated as
the Figure 4c displays. The mechanism of how the wavelength affects the responsivity can
be divided into two parts. On one hand, the mode distribution within the TBG/silicon slot
hybrid waveguide varies with different incident wavelengths, thus leading to the different
absorption coefficient of TBG. On the other hand, since the enhancement of the optical
conductivity of the TBG is dependent on the incident photon energy, which is shown in
Figure 1, the wavelength can change the optical conductivity of the TBG thus affecting
the responsivity of the photodetector. Here we consider both mechanisms above and find
that the responsivity holds a high value and a good uniformity from 1520 nm to 1580 nm,
indicating that the optical bandwidth of the proposed photodetector can cover the entire
C-band of the optical communication systems. To expand the optical bandwidth of the
photodetector to an even larger range such as the infrared wavelength (2 um) or O-band
wavelength (1.3 pm), one should not only tune the twisted angle of the TBG, but also
optimize the structure parameters of the slot waveguide correspondingly to support the
light with different wavelengths to propagate within the slot region waveguide.

2.4. The Electrical-Optical Response Calculation of the Silicon/TBG Photodetector

The electrical-optical bandwidth of the graphene photodetector is jointly determined
by the photo-response time and the electric-circuit response time. Thanks to the ultra-short
lifetime of the photogenerated carriers within twisted bilayer graphene [24], the photo-
response limited bandwidth of the twisted bilayer graphene photodetector can be larger
than 150 GHz. Therefore, the operation bandwidth is mainly limited by the electric-circuit
response time. To analyze the 3-dB bandwidth of the silicon/TBG photodetector, we utilize
the equivalent circuit model method as the Figure 5a displays.

R,
— 0
c£|+|c,, J_

(a’) " = - 1t (b)

d=2 um
d=1.8 um -
d=1.5 um

SI(J 160 L%() 200
Frequency (GHz)

Rg

Figure 5. (a) The equivalent circuit model of the TBG/silicon photodetector. (b) The calculated
electro-optical response 521 curve with different electrode distances.

In the calculation, Ry = 50 Q) represents the load resistance. Cq + Cy, is the total capaci-
tance of the circuit including the graphene capacitance and the metallic pad capacitance,
respectively. C,, is the capacitance of the buried oxide layer. Ry, is the resistance of the
silicon substrate and Ry is the total resistance of the circuit, which can be calculated by:
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d 4
Rg = Re+ 57076 (12)

where R, is the contact resistance, d is the distance between the electrodes, L is the length of
the photodetector and orp¢ is the conductivity of TBG. The theoretical frequency response
curve can be described by the relationships below [9]:

Zin
— _ 1
521 ‘Zin + RL ( 3)
Rq 1
w5 ——(Rgyp + 55— )
27TfRy(Co+C +1( sub T 7 f2C,,
Zio(f) = PR a9

1
T R (Cor Gyt T Rsub + prpacy,

The 521 curves of the TBG/silicon photodetector with different electrode distances d
are shown in Figure 5b. The calculated 3-dB bandwidth of the photodetector with d of 2 um
is 139.2 GHz, which indicates that the TBG/silicon photodetector also holds the advantages
of ultrahigh operation bandwidth, comparing to the silicon slot waveguide photodetector
with monolayer graphene exhibiting 3-dB bandwidth lower than 100 GHz [11,25]. More-
over, we could see that the 3-dB bandwidth of the proposed silicon/TBG increases with
narrower electrode distance, owing to the smaller channel resistance. It should be pointed
out that highest experimentally verified responsivity and bandwidth of the monolayer
graphene/silicon hybrid photodetector operating at 1550 nm are 0.6 A/W and 110 GHz re-
spectively [25,26]. However, these values are lower than their theoretical calculated values.
The main factors that lead to the discrepancy in simulations and the experiments includes
the quality of the graphene sheet, the coupling and propagation loss of the waveguide, the
contaminations induced during the fabrication process as well as the fabrication error. Same
situations could be expected in the proposed TBG/silicon slot waveguide photodetector.

3. Discussion

The fabrication process of the TBG/silicon slot hybrid photodetector starts with the
electron beam lithography (EBL) and ICP etch to fabricate the passive opponents of the
photodetector including the grating coupler, the strip waveguide, the coupler between the
strip waveguide and the slot waveguide as well as the slot waveguide. Afterwards, SiO; is
deposited onto the chip using the plasma enhanced chemical vapor deposition (PECVD).
Next the chemical mechanical polish (CMP) process is employed to planarize the chip
before completing the transfer process of the TBG. Since the quality of the TBG is sensitive
to the surface condition of the waveguide, unplanarized waveguide surface may lead to the
crack of the TBG, thus causing the poor performance of the photodetector. Several methods
have been proposed to transfer the TBG with the specific angle onto the substrate, including
the stacking method, the selective pick-up and transfer method and the controlled folding
method. After the TBG transfer, the UV lithography process is used to pattern the TBG
exposure and O, plasma etch to remove the useless part of the TBG. The final step is to
fabricate the metal contact as well as the electrodes through the photoresist deposition, UV
exposure, electron beam evaporation and lift-off process subsequently. In the proposed
device, the large-area growth of twisted bilayer graphene acts as a crucial step. Several
methods have been reported to obtain high-quality A-B stacked bilayer graphene with
accurate twist angle including the hetero-site nucleation [20], CVD growth on Cu/Ni(111)
foil [27] and the angle replication method [28].

To investigate the fabrication tolerance of the TBG/silicon hybrid photodetector, we
first calculate the TBG conductivity under different twisted angle is first calculated using
Equations (3)—(5). Afterwards, the TBG absorption coefficient (x7pc) as a function of the
deviation angle is calculated through Equation (6) combining the mode distribution withing
the absorption region. With the «TBG, one can obtain the responsivity as a function of
the deviation angle based on the Equations (7)—(11). as Figure 6 shows. We could see
that the responsivity remains higher than 1 A/W when the twisted angle deviation from



Photonics 2022, 9, 867

8of9

References

the designed twisted angle is 1°, which indicates that good fabrication tolerance of the
proposed device. Moreover, we can also conclude that the accuracy control of the twisted
angle significantly affects the responsivity of the graphene photodetector and one should
ensure that the twisted angle is identical to the designed value in the fabrication process.

1.16 T T T T T T T

Responsivity (A/W)

1.06

T —08 =06 —04 =02 0 02 04 06 08
Twisted angle deviation (°)

Figure 6. The responsivity as a function of the twisted angle deviation.

4. Conclusions

In this work, we theoretically demonstrated a high-performance silicon/TBG hybrid
integrated photodetector operating at 1550 nm. Thanks to the significantly enhanced ab-
sorption of TBG as well as the comprehensive optimization of the TBG/silicon hybrid
waveguide, the highest responsivity of the photodetector reaches 1.154 A/W, featuring
the highest responsivity compared to the reported graphene photodetector operating at
communication wavelength range. The silicon/TBG photodetector also holds an ultrahigh
bandwidth of 139.2 GHz, ensuring its ability to be operated in the ultrafast optical commu-
nication systems. Besides, the fabrication process of the photodetector and its fabrication
error tolerance are also discussed, indicating a good CMOS compatibility and fabrication
error tolerance. This work paves the way for the practical applications of the TBG in the

optical communication field and provides valuable theoretical basis for its future design
and fabrication.
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