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Today, one of the key challenges for the exploitation of graphene devices is establishing fabrication
processes that can ensure performance stability, repeatability and that can eventually enable produc-
tion in high volumes. In this paper we use up-scalable fabrication processes to demonstrate three 5-
channel wavelength-division multiplexing (WDM) transmitters, each based on 5 graphene-silicon electro-
absorption modulators (EAM). A passivation-first approach is used to encapsulate graphene, which re-
sults in hysteresis-free and uniform performance across the 5 channels of each WDM transmitter, for a
total of 15 modulators. Open eye diagrams are obtained at 25 Gb/s using 2.5 Vp,;,, thus demonstrating
potential for multi-channel data transmission at 5 x 25 Gb/s on each of the three WDM transmitters.

1. INTRODUCTION

As cloud computing, big data applications and social network-
ing are expected to keep growing exponentially, the amount of
annual global data center traffic is set to surpass 20 ZB by 2021
[1]. To meet this demand, it’s estimated that data center opera-
tors will have to upgrade their network to 1.6 Tb/s by 2022 [2].
Advanced multiplexing technologies represent an effective solu-
tion to achieve a network infrastructure that can carry more data
more efficiently. [3, 4] Wavelength-division multiplexing (WDM)
uses different channels to carry signals at different wavelengths
in a single optical fiber or waveguide simultaneously. [5, 6]
Next to WDM, other multiplexing solutions are space-division
multiplexing (SDM) [7], based on multi-core waveguides, mode-
division multiplexing (MDM) [8], with multiple guided modes,
and polarisation-division multiplexing (PDM), using two orthog-
onal polarisations together. These approaches have independent
degrees of freedom and can be combined to form hybrid mul-
tiplexing systems with capacity up to Pbit/s [4]. Among these,
wavelength-division multiplexing (WDM) links, enabled by low
loss, broadband and low power consumption modulators, are
one of the most successful technology. WDM allows to exploit
the full bandwidth of existing optical fibers, leading to a reduced
construction cost. In addition, it is simple to implement as chan-
nels can be flexibly added or removed, and the active optical
equipment is shared by the different channels.

Graphene has attracted interest in recent years due to its
characteristic broadband absorption, that ranges from visible to
infrared. Graphene’s absorption can be easily tuned through ca-
pacitive charging by applying an electric field [9], and has there-
fore the potential to enable active optoelectronic functionality

Table 1. Waveguide width (Wyg) and device length (Lgeyice)
values used to fabricate the three WDM transmitters. Increas-
ing Wyg and Lgevice is expected to increase the extinction ratio
but also the device capacitance, and therefore to reduce the
3dB bandwidth.

Wywg (nm)  Lgeyice (m)
WDM1 500 100
WDM2 600 100
WDM3 600 150
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Fig. 1. Top view microscope image showing the three WDM
transmitters, each based on 5 graphene-Si EAMs and 5 second
order MRRs.



onto passive optical waveguides, such as Si or SiN waveguides
[10, 11]. These properties, together with high carrier mobility,
make graphene an attractive material for high-speed photonic
devices [12, 13], such as modulators [10, 14-21] and photode-
tectors [22-25]. Graphene-based modulators can therefore be
implemented in WDM systems to modulate the signal on the dif-
ferent channels. Graphene integration in photonics has already
been demonstrated for Mach-Zender modulators (MZM) [18],
microring modulators (MRM) [10] and electro-absorption mod-
ulators (EAM) [14-17, 19, 21]. Compared to graphene MZMs
and MRMs, graphene EAMs offer some advantages. Graphene
MZMs have wide optical bandwidth and high extinction ratio
(ER), but suffer from high insertion loss (IL), high power con-
sumption and large device footprint [18]. On the other hand,
graphene MRMs offer lower power consumption and smaller
device footprint, but fail to exploit graphene’s characteristic
broadband absorption due to the resonant nature of the mi-
croring [10]. In addition, MRMs suffer from tight fabrication
tolerance, therefore thermal stabilisation is necessary to match
the resonant wavelength of the ring to the incoming wavelength.
Graphene-based EAMs offer very wide optical bandwidth (up to
180 nm in the C-band) [17], potentially low power consumption,
and low IL [15, 16].

So far, the demonstration of graphene modulators has been
focused on individual components, due to challenges in process-
ing, transfer and integration of high quality graphene at large
scale [26]. In this work, we demonstrate for the first time the inte-
gration of multiple graphene EAMs with functional silicon pho-
tonics circuits. We use three 5-channel WDM transmitters, each
based on 5 graphene-Si EAMs designed for TE-polarised light
(see Table 1) and Si-based second-order microring resonators
(MRR) for wavelength multiplexing, to demonstrate uniform
and hysteresis-free performance across 15 graphene EAMs. To
achieve this, we employ up-scalable fabrication processes and
a passivation-first approach to encapsulate the graphene layer.
The three WDM transmitters are fabricated varying the waveg-
uide width and the device length of the EAMs. For the first
and second WDM transmitters, we report 5.5 dB and 5.6 dB ER
across 10 nm bandwidth for 5 identical 100 pm-long devices
with 500 nm- and 600 nm-wide waveguides respectively. On the
third transmitter, with 150 pm-long EAMs, we achieve 8.1 dB
ER. Open eye diagrams are measured at 25 Gb/s using 2.5 Vpp,
on each of the five channels of the three WDM transmitters, thus
demonstrating potential for data transmission at 5 x 25 Gb/s.
Compared with our preliminary results presented in [27] we
show an extra channel and more detailed device characterisa-
tion.

2. DESIGN AND FABRICATION

We fabricated three WDM transmitters consisting of 5 graphene
EAMs and 5 second order MRRs each, as shown in Fig.1. Each
transmitted wavelength goes through the graphene EAMs before
being added to the bus waveguide of the MRRs. The channel
spacing of the MRRs, acting as multiplexer (MUX), is designed
to fit a grid spacing of 300 GHz (2.4 nm) and a free-spectral range
(FSR) of 12 nm. The rings have a racetrack shape and are imple-
mented with 450 nm-wide waveguides, 9 nm coupling length, 5
pm radius and 190 nm bus-ring gap [5]. To reduce fabrication
complexity and power consumption, no temperature control
was used, therefore variations in IL, resonant wavelength and
cross-talk are expected due to local non-uniformities, as shown
in [5]. The first transmitter (WDM1) is made of graphene EAMs
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Fig. 2. Main steps of the process flow used to fabricate

the graphene-Si EAMs: (a) graphene shaping, (b) Si

(0.5nm)/ Al O3 (10nm) deposition, (c) graphene contact, (d)
Si contact. The passivation layer on graphene helps obtaining
uniform and hysteresis-free performance. The Si waveguide is
connected to a TE-mode fiber grating coupler.

with 500 nm-wide waveguides and 100 pm-long graphene. The
second (WDM2) and third (WDM3) transmitters are made of
graphene EAMs with 600 nm-wide waveguides and 100 pm-
and 150 pm-long graphene respectively. The MRRs are con-
nected to the EAMs using tapers. Increasing the waveguide
width (Wyg) and the device length (Lgevice) is expected to in-
crease the extinction ratio but also the device capacitance, and
therefore to reduce the 3dB bandwidth. Each graphene EAM is
based on a 220 nm-thick n-doped Si waveguide, fabricated on a
SOI wafer with 2 um buried oxide in imec’s 200 mm Si photonics
platform. The waveguide is partially etched on one side, leaving
a 70 nm slab for electrical contact to Si. It is embedded in SiO,
to ensure a planar surface for the subsequent graphene transfer
and is designed to transmit TE-polarised light in the C-band
(Fig. 2). Three separate doping levels are used to minimise the
Si contact and sheet resistance, without significantly increasing
the waveguide loss.

After oxide chemical-mechanical planarisation (CMP), the
processing is continued at coupon level in a lab environment
and graphene grown by chemical vapour deposition (CVD),
commercially available from Graphenea, is transferred onto the
substrate. Graphene-based devices show high sensitivity to en-
vironmental factors, such as ambient air, organic solvents and
lithography resists used for fabrication [28-31]. Adsorbates on
the graphene surface cause unintentional doping, while adsor-
bates at the graphene/SiO; interface affect the performance of
graphene devices by introducing trap states that cause hysteretic
behaviour [32]. The stability of graphene devices can be im-
proved by encapsulating graphene with a protective layer. A
high-x dielectric material is expected to screen the charged im-
purities at the graphene/SiO; interface and, if deposited at the
beginning of the fabrication flow (passivation-first approach),
it also protects graphene from contacting organic solvents and
lithography resists during processing. Therefore, the device
fabrication is carried out following a passivation-first approach.
First, graphene is patterned to cover part of the Si waveguide
and to define the length of the EAM (Fig. 2a). After patterning,
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Fig. 3. (a) Transmission spectra, normalised to a reference waveguide, measured on a WDM filter without graphene, showing

the insertion loss of the second order MRRs. (b) Transmission spectra on WDM2, normalised to a reference waveguide without
graphene. The voltage is varied from -4 V to 4 V on each graphene EAM, resulting in the tuning of the transmission on each chan-
nel. (c) Normalised transmission as a function of DC voltage bias, measured on WDM2. The transmission is extracted at the peak

wavelength of each channel. The modulation is uniform on the 5 channels.
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Fig. 4. Comparison of transmission curves, measured with a double voltage sweep right after fabrication, between an unpassivated
(yellow) and a passivated (blue) 25 pm-long graphene EAMs. The unpassivated EAM shows hysteretic behaviour, which is not
present on the passivated EAM. The same measurement is repeated on the passivated EAM after 2 months time (red), showing a
small hysteresis that remains less pronounced compared to the unpassivated device.

graphene is passivated with an Al,O3 layer (Fig. 2b). Depositing
the dielectric after, and not before, patterning allows to obtain
full sample coverage and reduce intercalation of solvents be-
tween graphene and SiO, during processing. Al,Os is chosen as
encapsulating material because it allows to obtain hysteresis-free
electro-optical response, it preserves the p-doping characteris-
tic of unpassivated graphene and it’s stable over time [33]. To
ensure a uniform passivation layer, we first evaporate 0.5 nm
of Si as seeding layer by e-gun evaporation, and then deposit
10 nm of Al,O3 as capping layer by atomic layer deposition
(ALD) [33]. Contacts are made to graphene (50 nm Pd) and to
the doped Si (20 nm Ti/20 nm Pt/30 nm Au) using a lift-off
process (Fig. 2c and Fig. 2d). Due to the presence of the passiva-
tion layer, an etching step has to be added to remove the Al,O3
before depositing Pd to contact graphene. As a consequence,
graphene is removed from the contact area, and a side contact
between graphene and Pd is created. This contacting scheme
has been shown to reduce the metal-graphene contact resistance
compared to a standard top contact [34]. The contacts are placed
2 ym away from the waveguide and therefore have no impact
on transmission loss. Graphene and the Si waveguide are sepa-
rated by a SiO; layer of 5 nm, thus forming a Graphene-Oxide-Si
(GOS) capacitor (Fig. 2d). The metal contacts are used to apply

Table 2. Insertion loss (IL) and extinction ratio (ER) at 8 Vpp.
The values are averaged over 5 channels. WDM3 exhibits
higher IL and ER due to the longer Lgeyice-

Lgevice (®m)  IL (dB)  ER (dB)
WDM1 100 38+10 55+0.1
WDM2 100 29+07 56401
WDM3 150 40+05 81407

an electric field across the GOS capacitor. Due to the electric
field, charges are accumulated or depleted in the graphene layer,
and consequently the graphene absorption is tuned as a function
of the applied voltage bias [9].

3. RESULTS AND DISCUSSION

We first performed unbiased fiber-to-fiber transmission mea-
surements of the three WDM transmitters, each composed of
5 channels. The insertion loss (IL) of each channel was calcu-
lated as the peak transmission of the channel, normalised to the
transmission of a reference waveguide without graphene at the



Table 3. Total resistance (R¢ot) and GOS capacitance (Cgog)
extracted from S parameter fitting, simulated (from the fitted
parameters in column 1 and 2) and measured f34g at 0 V. The
values are averaged over 5 channels. Due to the longer Lyevice,
WDMS3 exhibits higher RC constant, and therefore lower f34g.

f345 (GHz) at 0 V

Ldevice (llm) Riot () Cgos (fF)
Simulated ~ Measured
WDM1 100 78 +5 1126+ 0.5 101+£05 95+0.7
WDM2 100 65+£5 1347+ 05 95+£05 9.3+0.1
WDM3 150 49 +5 2066 £05 70+£05 71+03

same wavelength. The extracted average and standard deviation
values of IL over the 5 channels are 3.8 + 1.0 dB, 2.9 + 0.7 dB
and 4.0 £ 0.5 dB for WDM1, WDM2 and WDM3 respectively
(Table 2). To determine the main source of insertion loss, we
performed transmission measurements on a WDM filter without
graphene, with same design as WDM2, located on a different
die. These measurements, normalised to a reference waveguide,
show that the IL due to the second order MRRs is ~2 dB for CH1
and less than 1 dB for all other channels (Fig. 3a). Therefore, we
conclude that the loss of the WDM transmitters is dominated by
the IL of the graphene modulators.

The electro-optical response of the graphene EAMs was char-
acterised by sweeping the wavelength from 1510 nm to 1600
nm on each channel, while applying voltage bias ranging from
-4 V to 4 V. The optical power was measured at the output of
the transmitters (bus waveguide). An example of this measure-
ment performed on WDM?2 is shown in Fig.3b (with reduced
wavelength range from 1552.5 nm to 1562.5 nm for clarity). The
extinction ratio (ER) at 8 Vp,, was obtained by extracting the
transmission as a function of the voltage at the peak transmis-
sion wavelength of each channel (example for WDM2 in Fig. 3c).
The ER is consistent across all the channels, with average values
of 5.5 + 0.1 dB for WDM1, 5.6 & 0.1 dB for WDM2 and 8.1 &+
0.7 dB for WDMS3 (Table 2). The higher ER in WDMS3 is due
to the longer device length, which ensures a longer interaction
between the graphene layer and the evanescent field of the light
travelling through the waveguide. The electro-optical switch-
ing in transmission occurs around 0 V, because of p-doping in
graphene. The p-doping characteristic is ideal for electro-optical
modulation, because it allows to operate the device at low volt-
age DC bias. The carrier mobility of graphene is estimated to
be ~ 800 cm?/(Vs) from measurements performed on electrical
test structures fabricated on the same sample. The static power
consumption at -1 V is calculated to be < 2 x 1078 mW, due to
the < 20 pA measured leakage current.

In order to study the effect of the Al,O3 passivation layer
on the hysteretic behaviour of the EAMs, we performed double
sweep electro-optical measurements at 1560 nm wavelength on
a stand-alone 25 um-long graphene EAM fabricated simultane-
ously on the same chip. We compared these results with the
ones obtained on an unpassivated 25 pm-long graphene EAM
fabricated under the same processing conditions (Fig. 4). The
unpassivated EAM shows hysteretic behaviour, with a differ-
ence in transmission at 0 V between the forward and backward
voltage sweep of AT = 0.35 dB. This behaviour is not present
on the passivated EAM, where AT is only 0.02 dB, thus showing
that the Al,O3 passivation layer allows to obtain hysteresis-free
electro-optical response, while at the same time preserving the
p-doping characteristic of unpassivated graphene. The same

0 — CHO
2
N
— -
& € o]
® —-91&
g 9 w3
5 2 |
Z 121 8"
291
15 0 Freégency %&Hz) 10
0 5 10 15 20 25 30
Frequency (GHz)
(a)
300
— A CHO / CH2 A CH4
& 200{ A CHlI 4 CH3 j‘\
3 A
3100 A A A
o
0
~ 10 4 A\ A
T f : 2 A
e
2 °] A
G
0 | | | | |
-2 -1 0 1 2

DC voltage bias (V)
(b)

Fig. 5. (a) Electro-optical Sp; (inset: S17) frequency response
measured at 0 V DC bias on WDM2. The response is uniform
across the 5 channels. (b) GOS capacitance and 3dB bandwidth
of WDMI1 as a function of DC bias. The GOS capacitance in-
creases at forward bias, causing a drop in 3dB bandwidth. The
ideal operating region is therefore at 0 V or low reverse bias.

measurement repeated on the passivated EAM after 2-months
time shows no significant degradation in the response of the
device (AT = 0.16 dB). Two parameters could be optimised to
further improve stability over time. The first is the thickness
of the Al,O3, as it has been shown to affect the performance
stability of graphene field-effect devices [33]. In addition, a thick
5iO; layer (~ 1 um) could be deposited on top of the Al,O3 to
increase further the thickness of the dielectric stack. The second
is the type of seeding layer used for Al,O3 deposition, because
it has a significant impact on the dielectric constant (x) and mor-
phology of ALD Al,O3 [35]. A higher x would also allow to
achieve a better mobility retention in graphene [36], leading to
lower graphene resistance and to higher ER.

The electro-optical Sy; frequency response was measured
between 100 MHz and 30 GHz on the three WDM transmitters
at DC bias ranging from -2 V to 2 V with a vector network
analyser, using -8 dBm RF power. Fig.5a shows the Sy; and
S11 frequency response of WDM2 at 0 V DC bias. The trend
of the 3dB bandwidth as a function of DC bias is shown in
Fig.5b for WDM1. The highest 3dB bandwidth is measured at



Fig. 6. Eye diagrams measured at 25 Gbit/s on WDM2 at 2.5
Vpp and -1.2 V DC bias. The performance is uniform across the
5 channels. The dynamic extinction ratio is limited by the low
modal overlap with graphene when using TE-polarised light.
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Fig. 7. SNR and dynamic ER as a function of bit rate. The SNR
is higher than 3.0 up to 25 Gbit/s for all the WDM transmitters.
The ER for WDM3 is higher than 1 dB up to 30 Gbit/s, due to
the longer device length.

-1 V and 0V, where the total RC constant of the device reaches
the minimum. At reverse bias graphene’s neutrality point is
approached, therefore the total resistance of graphene increases,
and the 3dB bandwidth decreases slightly. At forward bias the
GOS capacitor with n-doped Si enters the accumulation region,
characterised by a drastic increase in the capacitance (Fig. 5b),
causing a drop in the 3dB bandwidth. Average 3dB bandwidths
0f9.5 4+ 0.7 GHz,9.3 + 0.1 GHz and 7.1 & 0.3 GHz were recorded
respectively for WDM1, WDM2 and WDM3 at 0 V DC bias. The
response decreases as the waveguide width and the graphene
length increase, due to the higher RC constant (Table 3).

Eye diagrams were measured at the peak wavelength of each
channel using 27-1 pseudorandom binary sequence (PRBS) at 2.5
Vpp with a 50 () terminated probe. The applied DC bias is dif-
ferent for each channel because of small variations in graphene
doping, with an average value of -1.2 + 0.2 V. Open and sym-
metrical eye diagrams were generated from 5 Gb/s to 25 Gb/s
for all the channels, thus allowing to transmit data up to 5 x
25 Gb/s on each WDM transmitter. Eye diagrams measured
on the 5 channels of WDM2 are shown in Fig.6. The dynamic
ER and signal-to-noise ratio (SNR) of the 5 channels on each
WDM transmitter are reported in Fig.7 as a function of bit rate.
The SNR is higher than 3.0 up to 25 Gbit/s for all the WDM

(b)

Fig. 8. Eye diagrams measured at 5 Gbit/s (a) and 30 Gbit/s
(b) on CH2 of WDM3 at 2.5 Vpp, and -1.2 V DC bias.

transmitters. WDM3 exhibits a 45% higher ER, due to the longer
graphene waveguide coverage, thus allowing to obtain open eye
diagrams up to 30 Gb/s with an SNR of 2.9 and a dynamic ER
of 1.2 dB (Fig.8). This shows that the primary limiting factor of
these devices is the extinction ratio, followed by the frequency
response. The dynamic energy consumption (Ej; = CV?2/4)
of a single graphene EAM at -1 V is estimated to be ~163 fJ
for WDM1, ~195 {J for WDM2 and ~308 f] for WDM3. These
values are, to the best of our knowledge, the lowest reported for
graphene-based modulators.

To further improve the performance of these devices, the
thickness of the oxide between graphene and Si can be increased
to reduce the device capacitance and therefore the RC constant.
However, this leads to a lower modulation efficiency, due to
the increased DC bias and Vpp, necessary to operate the device.
Therefore, we suggest a different approach. The Si doping in the
waveguide can be optimised to reduce the Si capacitance and
resistance contributions in the operating region. For example,
an improvement of ~ 42 % in 3dB frequency response can be
achieved by p-doping instead of n-doping the Si waveguide
without affecting the modulation efficiency, because the device
can be operated in depletion mode instead of accumulation
mode [37]. A two-fold improvement in ER can be attained by
designing graphene-based WDM transmitters for TM- instead
of TE-polarised light [15]. Furthermore, an improvement of
the graphene quality, and therefore of the carrier mobility of
graphene, will allow to increase the ER for fixed Vpp, reduce the
graphene resistance, and reduce the IL of the graphene EAMs.

4. CONCLUSION

We demonstrated three graphene-based 5-channel WDM trans-
mitters, fabricated with an up-scalable fabrication process and
with passivated graphene, to ensure uniform and hysteresis-free
device performance. On each channel, the TE-polarised light is
modulated using broadband graphene EAMs, for a total of 15
working devices. On the first and second transmitters, with 100
pm-long graphene EAMs, we achieved average static extinction
ratios of 5.5 & 0.1 dB and 5.6 &= 0.1 dB respectively. On the third
transmitter, with 150 pym-long graphene EAMs, we achieved 8.1
=+ 0.7 dB average static extinction ratio. Open eye diagrams were
measured in the C-band at 2.5 Vpp on three WDM transmitters,
thus demonstrating potential for data transmission at 5 x 25
Gb/s.
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