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Abstract: Silicon photonics with the advantages of low
power consumption and low fabrication cost is a crucial
technology for facilitating high-capacity optical communi-
cations and interconnects. The graphene photodetectors
(GPDs) featuring broadband operation, high speed, and low
integration cost can be good additions to the SiGe pho-
todetectors, supporting high-speed photodetection in wave-
length bands beyond 1.6 pm on silicon. Here we realize a
silicon-integrated four-channel wavelength division multi-
plexing (WDM) optical receiver based on a micro-ring res-
onator (MRR) array and four p-n homojunction GPDs. These
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photo-thermoelectric (PTE) GPDs exhibit zero-bias respon-
sivities of ~1.1VW~! and set-up limited 3 dB-bandwidth
>67 GHz. The GPDs show good consistence benefiting from
the compact active region array (0.006 mm?) covered by
a single mechanically exfoliated hBN/graphene/hBN stack.
Moreover, the WDM graphene optical receiver realized 4 X
16 Gbps non-return-to-zero optical signal transmission. To
the best of our knowledge, it is the first GPD-array-based
optical receiver using high-quality mechanically exfoliated
graphene and edge graphene-metal contacts with low resis-
tances. Apparently, our design is also compatible with CVD-
grown graphene. This work sheds light on the large-scale
integration of GPDs with high consistency and uniformity,
enabling the application of high-quality mechanically exfo-
liated graphene, and promoting the development of the
graphene photonic integrated circuits.

Keywords: silicon photonics; graphene photodetectors;
photo-thermoelectric effect; optical receiver; wavelength
division multiplexing

1 Introduction

The ever-growing demand of global data traffic is driving
the development of next-generation optical communication
and interconnection technologies, standards and modules
such as transmitters and receivers [1], [2]. Silicon photon-
ics has attracted great interests due to its high integration
density and low cost benefiting from the complementary
metal-oxide-semiconductor (CMOS) fabrication process [2].
With the help of wavelength division multiplexing (WDM)
technology, the silicon photonic transmitters and receivers
have been widely used in optical interconnect in data cen-
ters and optical communications [2], [3]. Currently, the sil-
icon photonic optical receivers mainly working at O-band
or C + L-bands, and typically use the SiGe photodetectors
(PDs) [4]. Extending the optical communication bands is
a direct and effective solution for capacity improvement
[5], e.g., the U-band (1.625 pm-1.675 pm) communication has
received extensive attention currently [6]. However, Ge usu-
ally has a cut-off wavelength of ~1.6 um for efficient optical
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absorption [4], when no special process is used. Meanwhile,
the integration of III-V PDs on Si needs bonding fabrication
technology [7] or special integration technology [8] in cost
oflarger cost and lower yield. Therefore, the high-speed and
CMOS-compatible silicon integrated PDs operating in a wide
band (e.g., from near-infrared to mid-infrared) are in urgent
demand. Fortunately, graphene can provide a promising
solution for its ultrafast carrier dynamics [9], high carrier
mobility [10], and broadband photoresponse [11]. Moreover,
as a two-dimensional material, graphene can be integrated
onto photonics platforms without lattice mismatch, and can
even be compatible with CMOS back-end line processing
[12].

Recently, large-bandwidth graphene photodetectors
(GPDs) have been demonstrated using photoconductor or
phototransistor structures based on PV effect [13], bolomet-
ric (BOL) effect [14]-[16], and photoconductive (PC) effect
[14], the G-Si heterostructure based on IPE effect [17], and
the p-n homojunction structures based on the photothermo-
electric (PTE) effect [18]-[24]. The G-Si heterostructure PDs
typically exhibit limited quantum efficiency. Photoconduc-
tors/phototransistors tend to suffer from substantial dark
current (~maA scale under bias). In contrast, zero-biased p-n
homojunction GPDs based on the PTE effect (PTE GPDs) have
emerged as the preferred approach for high-speed GPDs
development due to their superior signal-to-noise ratios [11].
However, the sensitivity and linearity of the PTE GPDs still
have a significant gap compared to Si—Ge PDs. Better quality
graphene [25] and graphene-metal contacts [26] are urgently
needed to improve the responsivity and reduce the thermal
noise of the PTE GPDs.

The integration methods of graphene on photonic plat-
forms have two ways. The CVD-grown graphene is usu-
ally used by wet-transfer [27] or semi-dry transfer [28]
methods, supporting large-scale (e.g., wafer-scale [29]) pho-
tonic integration. In terms of the PTE PDs using CVD-
grown graphene, the state-of-the-art works have demon-
strated 105 Gbps of single-device direct detection speed [24],
the bandwidth of >67 GHz [21], and the responsivity of
10 V W1 [20]. Alternatively, mechanical exfoliation can be
used to transfer graphene from high-quality bulk graphite
using adhesive tapes without water or solvent involved
[27]. This method results in graphene with superior mate-
rial quality compared to CVD-grown graphene, specifically
exhibiting higher mobility and fewer impurities. More-
over, the mechanical exfoliated graphene can usually be
encapsulated by hBN/graphene/hBN stack structure [18] to
realize better stability and mobility of graphene, and the
edge graphene-metal contact can be realized with much
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lower resistance. In a representative work, a record respon-
sivity of 90 VW~ was reported [22] using the stack of
hBN/graphene/hBN integrated on MRRs. While CVD-grown
graphene has been applied to construct several active
photonic integrated circuits (PICs) [16], [30], the photonic
devices based on mechanical exfoliated graphene have only
been used in single photonic device to the best of our knowl-
edge due to the limited transfer area.

In this work, we propose and demonstrate an inte-
grated four-channel WDM optical receiver based on MRR
wavelength demultiplexing filters and PTE GPDs with
mechanically exfoliated monolayer graphene. A large
hBN/single layer graphene (SLG)/hBN heterostructure is
transferred by the mechanical exfoliation method onto a
specially designed active region array with total footprint
of only 100 X 60 um?. The four PTE PDs are based on thin-
silicon slot-waveguide as our previous work introduced [23].
When operating at 1,550.25/1,548.7/1,546.4/1,544.68 nm, the
present GPDs achieve responsivities of ~1.1 V W~ and flat
frequency response up to 67 GHz (set-up limited). The linear
dynamic ranges are measured from 0.01 mW to 0.4 mW
under zero current bias. To the best of our knowledge, this is
the first work using mechanically exfoliate graphene to real-
ize arrayed GPDs, based on which a WDM optical receiver
supporting 4 X 16 Gbps NRZ transmission is demonstrated.
In this work, the wavelength band of ~1.55 pm is chosen for
convenience of device test. This work can be easily extended
to longer wavelengths (e.g., U-band, 2-pm-band [23] and
beyond).

2 Structure and design

Figure 1 illustrates the working principle of the proposed
graphene-based optical receiver, which is composed of a
4-channel wavelength demultiplexing filter and four PTE
GPDs. All the receiver is based on the 100-nm-thick silicon
waveguide platform introduced in our previous work [23].
Light can be coupled into the fundamental TE mode of the
waveguide through the fiber-to-chip grating coupler, and
then demultiplexed by the four MRRs to channels #1-#4. The
semi-inverse-designed (SID) method [31] was used to design
the broadband, low loss, fabrication-friendly directional
couplers, which are used to construct the high-performance
MRRs with good fabrication tolerances. In a free spectral
range (FSR), the MRRs of channels #1-#4 correspond to the
drop-port central wavelengths of 1,550.25 nm, 1,548.7 nm,
1,546.4 nm and 1,544.68 nm, respectively.

For each channel #x, the optical signal is transmitted
through a MRR and a multimode interferometer (MMI) with
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Figure 1: Design of the present four-channel WDM optical receiver based on GPDs. (a) Schematic configuration of the photonic integrated circuit with
grating couplers, MRRs, MMIs and the GPDs. Inset: Structures of a MRR, a MM, the structure of a GPD, and the SLG-metal edge contact. L, channel

length; Ly,

channel width; SLG, single layer graphene; CH, channel; SID, semi-inverse design; DC, directional coupler. (b) Transversal electric field

f 2
distributions <|ET| = |EX|2 + |Ey| > of the fundamental quasi-TE mode for the optimized slot ridge waveguide and graphene sheet, the normalized

mode power is 1 mW. (c) Normalized simulated light propagation in the mode converter when operating at 1.55 pm.

a power splitting ratio of 90 %/10 %. The 10 % port is con-
nected to an output grating coupler for optical coupling
alignment. The 90 % power optical signal is then input to
the corresponding GPD #x. The theoretical losses of the
grating coupler; MRR, and MMI at the center wavelength are
7, ~0.5, and ~0.5 dB. In each GPD, the injected optical TE,
mode is converted to the fundamental quasi-TE mode of the
slot waveguide where the active region locates by a strip-
to-slot-waveguide mode converter, As Figure 1(a) shows,
L, and L, are the channel length and width of the GPD,
respectively. To ensure all the four active regions can be
covered by the mechanically exfoliated hBN/SLG/hBN stack,
we designed a compact active region array with a footprint
of <100 x 60 pm?. The spacing between the adjacent GPDs
are ~4.6 pm. All the GPDs share the same structure which
is like our previous work [23]. In the thin-Si slot waveguide

of the active region, two metal (Al/Au) pads respectively
connect the left and right silicon regions, acting as the gate
electrodes. The mechanically exfoliated hBN/SLG/hBN stack
is positioned on top of the 10-nm-thick Al, O, dielectric insu-
lator layer that encases the Si waveguide. As the most popu-
lar encapsulation material for graphene, hBN can enhance
the mobility of graphene [18]. In this way, the doping level of
the graphene-sheet can be modulated separately by the two
gate electrodes. The one-dimensional edge contacts between
the source and drain (Cr/Au) electrodes and graphene are
formed.

The active region waveguide is optimized for efficient
optical absorption in graphene, resulting in parameters of
ridge width = 0.6 pm, gap = 0.15 pm. Figure 1(b) depicts
the fundamental quasi-TE mode field simulated by COM-
SOL with the effective refractive index of 1.902—0.0043i at
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1.55 pm, corresponding to a mode absorption coefficient
of about ~0.15 dB pm~! [23], [32]. The loss of the bounded
mode can be all attributed to the graphene absorption.
Figure 1(c) shows the simulated light propagation field indi-
cating the strip-to-slot mode conversion process. The strip-
to-slot-waveguide mode converter is designed by 3D-FDTD
simulation (Lumerical Inc.) with a coupling loss of ~0.7 dB
at 1.55 pm. The design details of the MRRs, MMI, and mode
converter are introduced in Supplementary Note 1.

The simulation of PTE processing has been discussed
in our previous work [14], [23]. The channel length is set
to L, = 4.5 pm, taking account the PTE responsivity and
active region footprint control, while the channel width
is set to L, = 30 pm based on the two-dimensional mate-
rial (2DM) stack size. The resistance with varied gate volt-
age of a reference FET (field effect transistor) structure
was fabricated along with similar technology and mea-
sured to get the resistance-gate-voltage relation, from which
graphene parameters are extracted: the graphene mobil-
ity u = ~5.06 X 10* cm? V-1 571, the minimum conductivity
Omin = ~2.6 mS, and cooling length { = 1 pm (see Supple-
mentary Note 2 for more details). The Seebeck coefficient is
given by S = —%%37”, where e is the electron charge,
kg denotes the Boltzmann constant, and . is the graphene
chemical potential. Figure 2(b) shows the calculated See-
beck coefficient as a function of the gate voltage with room
temperature T = 300 K. The electron temperature distri-
bution T,(I, y) was obtained by solving the heat diffusion
partial differential equation [14], [23], where [ is the lateral
position along the graphene sheet.

Figure 2(b) depicts the lengthwise-average electron tem
perature Te(l) given by Te(l) = M with Vg —=Veyp =
—1Vand Vg—Veyp =1V (or vice \iersa), and the highest
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temperature is ~317 °C when the input optical power is
P;, =0.1 mW at 1.55 pm. In this case, the input optical power
of the slot waveguide active region is 0.087 mW given that
the mode converter loss is 0.7 dB. The PTE photovoltage
Vpre Was then calculated by Vi = [ S(Z)%dl. In this
way, the photoresponse under different gate voltages can
be simulated. Figure 2(c) shows the gate-voltage-dependent
photovoltage responsivity (R, = Vyppp/P;,) map under zero
bias when P;; = 0.1 mW at 1.55 pm. The result illustrates a
six-fold pattern originating from the typical PTE photore-
sponse [33], [34]. When Vi —Viyp = =1V and V=V =
1V or vice versa), the responsivity (R, = 1.83VW™) is
maximized.

3 Experimental results and
analyses

The silicon waveguides were fabricated on a SOI wafer
with a 100-nm-thick top-silicon layer and 3-pm-thick buried-
oxide layer using the processes of electron-beam lithogra-
phy (EBL) and inductively coupled plasma (ICP) etching. The
thin silicon slot ridge waveguides can enhance the evanes-
cent field vertically and thus enhance the light-graphene
interaction. Then, the gate electrodes (Al/Au) are fabricated
by electron-beam evaporation (EBE) and lift-off processes,
followed by the deposition of a ~10-nm-thick Al,O, insula-
tor layer. The hBN/SLG/hBN stack was transferred onto the
active region array by van der Waals assembly technique.
The graphene-metal (Cr/Au) edge contacts were fabricated
by EBL and EBE (more details are given in Section 5 and
Supplementary Note 3).
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Figure 2: Simulation results of the PTE process. (a) Calculated seebeck coefficient as a function of gate voltage. (b) Calculated lengthwise-average
electron temperature profile along the graphene channel between the source and drain contacts (P,, = 0.1 mW). (c) Six-fold photovoltage responsivity
map of the designed GPD at 1.55 pm with L. = 4.5 pm and Ly = 30 um, P,, = 0.1 mW. P,z input optical power to the GPD.
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Figure 3: The fabricated 4-channel WDM optical receiver based on PTE GPDs. (a) Microscope picture of the photonic integrated circuit. S#n, D#n are
respectively the source, drain electrodes of GPD #n (n =1, 2, 3, 4). Gates are contacted through metal contacts (G,#1-#4 and G,#1-#4). Scale bar,

100 pm. (b) Microscope picture of the GPDs with L. = 4.5 pm and Ly =~30, ~30, ~28, ~27 pm (GPDs #1-#4). Scale bar, 50 pm. (c) Microscope picture
of the MRR array. Scale bar, 30 pm. Insert figure, SEM picture of an add-drop MRR. Scale bar, 5 pm.

Figure 3(a) presents the optical microscope picture of
the as-fabricated 4-channel WDM optical receiver fabri-
cated based on MRR array and compact integrated PTE
GPDs. Figure 3(b) shows the optical microscope picture and
the scanning electron microscope (SEM) picture of the fab-
ricated GPD array. For GPDs #1-#4, the channel length L is
4.5 pm, and the channel width L, (i.e., the optical absorption
length in active region) is ~30, ~30, ~28, ~27 um for the
GPD #1, #2, #3, #4. Figure 3(c) shows the fabricated MRRs for
wavelength demultiplexing as well as a SEM picture of an
add-drop MRR.

Figure 4(a) shows the measured transmission spectra
for the fabricated MRRs. The excess loss (ELs) at the center
wavelengths for the four channels are <1 dB with ~1.5-nm
channel spacing. In an FSR, all four channels have a 1-dB
bandwidth of ~0.5nm and 3-dB bandwidth of ~0.87 nm.
The better performance of the MRRs contributes to the sta-
bility of the work of this system. The static performance
of the as-fabricated GPDs was measured with three source
meters [23]. Figure 4(b) and (c) present the measurement
results of GPD #1 with L, = 4.5 pm and L, = ~30 pm. The
resistance of the graphene channel under different gate
voltages was measured under near-zero bias voltage of
1 mV, showing that the charge neutrality point voltage Vyp
is about —1V, as shown in Figure 4(b). The optical power
input to a GPD, denoted by P;,, is determined by subtracting

the passive device losses (including the MRR and MMI) from
the output power of the fiber. The experimentally measured
losses of the grating couplers, MMR, and MMI are 12, <1,
and ~1 dB, respectively. Figure 4(c) gives the measured Vg
under zero current at the wavelength of 1,550.25 nm with
P,, = ~0.1 mW as a function of the gate voltages (V;, V).
Figure 4(d) shows the measured relation of Vp ~ P, under
zero current for the four GPDs. By fitting the relation of Vg
~ P,,, the GPD #1 has a responsivity Ry of ~1.2 V W~! when
Ve =21V, and Vg, = 7.2 V. As Figure 4(c) shows, the four
GPDs have similar responsivities: GPD #2: Ry = ~1.1VW™!
when V¢, =13V, and Vg, =7.1V; GPD #3: Ry = ~1.3V W1
when Vg, = 5.2V, and Vg, = 7V; GPD #4: Ry = ~1VW!
when Vi = 6.2V, and Vg, = 1.5V. The measured linear
dynamic ranges of four GPDs are similay; i.e., 0.01-0.4 mW.
When Py, increases to beyond 0.4 mW, the linearities of the
GPDs degrade due to the T, dependence of the electronic
heat capacity [22], [35]. More details of the static perfor-
mances of GPDs #2—#4 are given in Supplementary Note 4.
The non-ideal distributions in the resistance and photore-
sponse maps of the GPDs can be attributed to the imperfect
gate electrodes. The ohmic contacts between Al and Si is not
ideal, coupled with the relatively high resistance of lightly
doped thin silicon, may cause discrepancy between the elec-
tric potential difference in the silicon-insulator-graphene
structure and Vg (or Vg,). Moreover, the presence of
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Figure 4: Static experimental results of the MRRs and the GPDs. (a) Measured transmission spectrum of the fabricated MRRs. (b), (c) Measured results
of GPD #1 (L, = 4.5 pm and L; = ~30 pm) including the resistance map (b) of as a function of the gate voltages V¢, and V¢, and the photovoltage map
(c) at1,550.25 nm with P, = ~0.1 mW under zero-current bias. (d) Photovoltage V¢ as a function of input optical power P,, under zero-current bias
with the gate voltages V¢, and V,. Dots and dashed lines are respectively the measured results and fitting results governed by R, = Ve /P,,.

non-ideal conformal contacts between the 2DM stack and As shown in Figure 5(a), the frequency responses of
the ridge waveguide platform may also contribute to the the GPDs were measured by using a commercial light-wave
imperfect gating control. The variations of Vi, and the component analyzer (LCA). The high frequency response
optimal operation gate voltages of the four GPDs may alsobe  of the GPD under zero-current bias was obtained from the
caused by the variations of the as-fabricated gate electrodes. measured S,, calibrated by the responses of a RF amplifier
More details of the static performances of GPDs #2—-#4 are and a RF probe. The modulated optical signal was gener-
given in Supplementary Note 4. ated by the LCA and was amplified with an erbium-doped



DE GRUYTER

(a)

—— Electrical Link

[ Passive optical devices ]i
90% '

iSingIe channel

Gatel i y
bias DUT !of the receiver
LCA | Gate2 i
E_ bias RF Probe i
(N ) Lmmmmmme ool

DC+AC

®;
0 4
o
z
-3
[
3
o
2 5l ]
g —— GPD#1
Z ol GPD#2 ]
h —— GPD#3
—— GPD#4 67 GHz
12 n n n n n n

L. Yu et al.: Four-channel graphene optical receiver = 4025

0 10 20 30 40 50 60 70
Frequency (GHz)

Figure 5: High frequency response of the GPDs. (a) Measurement setup. (b) Normalized high frequency response of the four GPDs with zero-current
bias. LCA: light-wave component analyzer, OM: optical modulator, RF Amp.: radio frequency amplifier, EDFA: erbium-doped fiber amplifiers, DC: direct
current, AC: alternating current. Passive optical devices include the grating coupler, MRR, and MML

fiber amplifier (EDFA). For each WDM channel, the signal
was then injected to the GPD through the passive optical
devices. Here a bias-Tee was used to apply the zero-current
bias and collected the RF response simultaneously. Since the
corresponding passive MRR is involved in the reference cal-
ibration link with help of the broadband MMI power split-
ter and the grating couplers, the influence of the narrow-
band MRR can also be calibrated. Under an open circuit
test mode (zero-current bias), the measured high frequency
response (normalized S,,) of the all four GPDs are shown in
Figure 5(b) with good consistence. The gate voltages were
set to the optimized values according to the static measure-
ments. When the gate voltages change around the optimized
values, the normalized S,; spectrum of each GPD changes
in amplitude with coincident frequency correlation. In
Figure 5(b), the ripples in the high-frequency region can
be attributed to the S, of the reference measurement link
which drops in the high-frequency region. For each GPD,
the measured frequency response indicates that the 3 dB

(a)

Tunable Laser

[ Passive optical devices ]

DC Gate1 bias_l

GPD
DC Gate2 bias_l
Real-time | rRFAMmp. ' | RF Probe | ;
Oscilloscope DC+AC T
59 GHz

160 Gsals

Voltage meter

(b)

bandwidth is much larger than 67 GHz and beyond the setup
measurement range. The self-driven GPDs with large band-
width features low power consumption and high-speed data
reception. More details of the high frequency response mea-
surements are given in Supplementary Note 5.

Figure 6(a) depicts the measurement system of the
high-speed optical data transmission, which includes an
arbitrary waveform generator (AWG, M8195A), a commer-
cial 40 GHz optical modulator, our WDM optical receiver,
and a real-time oscilloscope (DSOZ594A). For each chan-
nel, the non-return-to-zero (NRZ) on-off-keying (OOK) signal
generated by the AWG was amplified and injected to the
optical modulator. The continuous wave light from tunable
laser was modulated, amplified, and input to our receiver
chip. The output signal of the GPD was amplified and then
measured by the real-time oscilloscope. The time-domain
signal is directly used to plot the eye diagram with no
system optimization algorithm used. All the eye diagrams
of the four channels are shown in Figure 6(b) with data

Channel #1 Channel #2

Channel #4

Figure 6: Demonstration of WDM optical data transmission by our optical receiver. (a) Measurement setup. EC: embedded controller, AWG: arbitrary
waveform generator, MZM: Mach-Zehnder modulator. (b) Eye diagrams (0.01 mV div™") of the 16 Gbps NRZ OOK data transmission by using four
channels #1-#4, operating at zero-current bias. The modulated optical power input to the GPD is P, =2 mW.
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rate of 16 Gbps. Under zero-current bias, each GPD oper-
ated with optimized gate voltages applied to maximize the
responsivity. The modulated optical power into each GPD
is Py, = ~2mW. The carrier wavelengths for four chan-
nels are respectively 1,550.25 nm, 1,548.7 nm, 1,546.4 nm, and
1,544.68 nm. Previously, we have demonstrated the PTE GPD
operating in both 1.55 pm and 2 pm bands with similar per-
formance based on this thin-Si waveguide platform [23]. In
Supplementary Note 6, the operation of this GPD (including
the mode converter) at 1.675 pm (U-band) is theoretically
analysed, showing similar performance in contrast to that
in C-band.

The static and high frequency performance of the four
GPDs show good consistency, which can be attributed to
the single 2DM stack strategy using a compact active region
array. The 3 dB-bandwidths >67 GHz is comparable to the
state-of-the-art works [24]. The MRRs of 0.5 nm bandwidth
can support >30 Gbps NRZ data transmission theoretically.
Therefore, we argue that the data transmission speed is
limited by the responsivities of the GPDs.

In Supplementary Note 7, a performance comparison
between the silicon waveguide integrated zero-biased PTE
GPDs s given. The bandwidths of our GPDs reach the highest
level among the counterparts. When comparing the respon-
sivity on the mostly used 50 €2 load, the responsivities of
our PTE GPDs are lower than two state-of-the-art works [22],
[24] due to limited light absorption length, and outperform
other recently reported works (see Supplementary Note 7).
The ridge waveguide may cause strain in graphene, which
degrades the responsivity of the PTE photoresponse [36].
In the future, more broadband WDM filters can be used,
and the flat-top waveguide platform can be used to avoid
the strain and non-ideal conformal contact between 2DM
stack and the waveguide platform. As mechanical exfolia-
tion technology continues to advance (e.g., large-area trans-
fer method [37]), the GPD array with larger scale can be
realized with equal and longer absorption lengths which
mean better device uniformity and enhanced light absorp-
tion. Meanwhile, the top gates [22] can be used to avoid the
imperfect Si electrodes. In this way, the device uniformity
can be improved further, proving that our work holds sig-
nificant potential for practical applications and represents
a feasible technological approach.

4 Conclusions

In conclusion, we demonstrated a 4-channel WDM graphene
optical receiver based on the MRR array and PTE GPDs ope-
rating at zero current. The MRRs realized a homogeneous
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spectral transmission at the bandwidth of 100 nm with
~15-nm channel spacing. The active region array of the
GPDs is specially designed within a compact footprint of
~0.006 mm?, enabling the cover of a single high-quality
mechanically exfoliated hBN/SLG/hBN stack. In this way, the
GPDs show good consistency of the experimental perfor-
mance. Specifically, the four GPDs exhibit similar respon-
sivities of ~1.1V W~ with flat frequency responses up to
67 GHz which is set-up limited. Using our graphene optical
receiver, the transmission of 4 X 16 Gbps NRZ optical signal
is demonstrated with carrier wavelengths of 1,550.25 nm,
1,548.7 nm, 1,546.4 nm, and 1,544.68 nm. This work can be
easily extended to longer wavelengths, e.g. U-band, 2-pm-
band or even beyond. To the best of our knowledge, this
work represents the inaugural application of mechanically
exfoliated high-quality graphene in the scale integration of
GPDs, being a step forward in the application of graphene
photonic devices in optical communications and intercon-
nects. Apparently, our design is also compatible with CVD-
grown graphene, whose compact active region array can
result in an improved consistency of GPDs in contrast to the
conventional designs. In the future, the waveguide platform
with a flat top-interface can be employed to eliminate the
impact of graphene strain on the responsivities of PTE GPDs,
thereby enabling higher-speed data reception.

5 Methods

5.1 Transceiver fabrication

The thin silicon platform with 100-nm-thick Si layer was
obtained from a standard SOI wafer with a 220-nm-thick top
Silayer by using thermal oxidation and buffered oxide etch
(BOE). The passive ridge silicon waveguides and circuits
were fabricated by the processes of EBL and ICP dry-etching.
For each GPD, the silicon slot ridge waveguide has a ridge
width of 1.5 pm, a slot width of ~120 nm, an etching depth
0f 100 nm. Next, the 90-nm-thick aluminum (30 nm)/Aurum
(60 nm) gate-electrodes were fabricated by EBL, EBE and
lift-off in acetone, forming ohmic contacts with two parts
of the silicon slot waveguide separately. Then, a 10-nm-thick
Al, 04 layer was deposited on the slot ridge waveguide by the
atomic-layer deposition (ALD) process. The hBN/SLG/hBN
stack was transferred onto the chip. Then, the Cr (5 nm)/Au
(150 nm) electrodes were fabricated by EBL, EBE and lift-off
processes, forming the edge contact between graphene and
the source/drain electrodes. Finally, the hBN/SLG/hBN stack
is patterned by the EBL and RIE etching processes to isolate
the adjacent GPDs electrically.
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5.2 Transfer process of graphene

The hBN/SLG/hBN stack was fabricated by van der Waals
assembly technique. The graphene and hBN flakes were
exfoliated from highly oriented pyrolytic graphite and hBN
crystals using Stoch tape and heat release tape respectively.
The graphite and hBN crystals were purchased from HQ
Graphene Company. The hBN/SLG/hBN stack was picked up
by a stamp composed of a polycarbonate (PC) layer sup-
ported by a polydimethylsiloxane (PDMS) block. For more
details on the van der Waals assembly technique, please
refer to ref. [38]. The assembled stack was released onto the
active region array after oxygen plasma treatment.

Supporting Information

Design of the micro-ring resonators, the multimode inter-
ferometer, and the strip-to-slot-waveguide mode converter.
Details on graphene characterization. Details on the fabri-
cation of the graphene optical receiver. Static performances
of GPDs #2, #3, #4. Experimental setup for the high fre-
quency response measurements. Theoretical analysis of
the GPD operating in U-band. Performance comparison
of the silicon waveguide integrated zero-bhiased graphene
photodetectors.
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