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Abstract—Since their first demonstration, graphene-based 

silicon waveguide modulators have evolved towards very 
attractive devices for adoption in future optical interconnects. In 
this paper, we first review state-of-the-art for graphene-based 
intensity modulators. Two important device configurations are 
considered: one using a single graphene layer, biased through the 
silicon waveguide itself and one using a capacitive stack of two 
graphene layers, which can be integrated on passive silicon and 
silicon nitride waveguides. We also discuss our recent work on 
fabricating such devices fully in a CMOS pilot line. In a next 
section, we review graphene-based phase modulators. Again, we 
compare the two types of modulators, involving a single or 
double graphene layer stack. In addition, we present new results, 
comparing modulators integrated on standard strip waveguides 
with modulators integrated on slot waveguides, which allow for a 
higher confinement of the optical field. Finally, we summarize 
our findings and present and outlook for the field, based on 
simulated results. 
 
Index Terms—Graphene, modulator, silicon photonics. 
 

I. INTRODUCTION 
HE digital landscape is currently undergoing a 
remarkable transformation, driven by the relentless 
surge in data generation and consumption. Today, the 

ease with which people can seamlessly share, create, and 
consume information across a multitude of social media 
platforms is nothing short of astounding. In 2022, the 
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utilization of data worldwide reached an 97 zettabytes, with 
forecasts pointing towards a substantial escalation to 181 
zettabytes by 2025[1]. Additionally, a further leap is expected 
now Artificial Intelligence (AI) enters the stage. From 
revolutionizing communication and entertainment to making 
significant inroads in healthcare, finance, and transportation, 
the profound impact of AI is reshaping the way we live and 
interact with our surroundings.  

In this evolving era of data and AI, data centers stand out as 
the unsung heroes of the digital age. Operating behind the 
scenes, they constitute the invisible infrastructure backbone 
that diligently supports our data-driven world. Data centers 
provide the critical framework required to store, process, and 
transmit this colossal volume of data efficiently and securely. 
The global data center market size is projected to grow by 
over $600 billion from 2021 to 2026, according to a recent 
report from Technavio, highlighting their significant market 
presence and indispensable role in realizing our digital 
aspirations. However, this pivotal role comes with its set of 
challenges, especially amidst the exponential increase in data 
generation and consumption. One primary challenge is the 
imperative to reduce power usage while handling a growing 
volume of data. Globally, data centers account for an annual 
1%–1.5% of total worldwide electricity consumption, as 
outlined in studies[2, 3] These numbers already surpass the 
electricity consumption of some entire nations, according to 
the International Energy Agency (IEA). Furthermore, the 
forecast suggests that this staggering demand could more than 
triple by 2030, rocketing to an astonishing 752 terawatt hours 
(TWh)[4].  

This energy consumption stems primarily from the vast 
array of computing equipment—ranging from thousands to 
millions of units—incessantly engaged in the processing and 
storage of data. At the same time, data centers generate 
substantial heat. To prevent overheating and maintain optimal 
equipment temperature, data centers rely on cooling systems 
including air conditioning and industrial cooling units. The 
operation and cooling of these machines necessitates a 
substantial supply of electricity. Complicating matters further, 
electrical interconnects face formidable integration challenges, 
particularly over shorter ranges. Attempts to put more wires 
within confined spaces have resulted in reduced wire width, 
consequently elevating resistance. Although increasing wire 
height appears to be a potential solution, it introduces a 
delicate trade-off, as it concurrently escalates capacitance and 
invites unwanted signal coupling[5]. These challenges 
collectively conspire to limit the speed and overall quality of 
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electrical interconnects[6-8]. As a result, the imperative of 
swiftly transferring, storing, and processing vast volumes of 
data, all while maintaining exceptionally low power 
consumption (less than 1 pJ/bit), has emerged as the driving 
force behind the advancement and adoption of optical 
interconnects. As an alternative to their electrical counterparts, 
optical interconnects could offer reduced signal loss, higher 
bandwidth, lower energy consumption, and minimal 
crosstalk[9].  
Silicon photonics (SiPh) is a cutting-edge technology that 
aims to combine silicon-based materials with integrated circuit 
manufacturing techniques to realize chip-scale solutions to 
optical interconnects[10, 11]. Leveraging established CMOS 
fabrication processes, silicon photonics is now poised for cost-
effective, high-volume production with exceptional yields[12]. 
Furthermore, the direct definition of optical components and 
circuits onto silicon substrates enables the seamless integration 
of optical and electronic functionalities on a single chip, 
facilitating high-speed data transmission and minimizing 
power consumption. Electro-optical (EO) modulators play a 
pivotal role in the efficacy of high-capacity optical 
interconnects. An optimal EO modulator should embody key 
characteristics, encompassing a significant extinction ratio 
(ER), minimal insertion loss (IL), rapid operational speed, and 
low power consumption. It is also advantageous for the device 
to possess a compact footprint and necessitate a low driving 
voltage, aligning seamlessly with CMOS circuitry. For 
modulators integrated into high-density systems, reliability, 
reproducibility, and compatibility with prevailing CMOS 
manufacturing techniques are essential prerequisites. 
However, it is challenging to meet abovementioned criteria 
simultaneously using pure silicon-based modulators[13]. 
Recently, graphene has emerged as a particularly promising 
optical material because of its exceptional electrical[14-16] 
and optical properties[17, 18]. These include broad-spectrum 
absorption, inherent ultra-high mobility, robust temperature 
tolerance, and compatibility with CMOS technology. These 
features collectively position graphene as an excellent 
candidate for realizing high-performance, high-speed EO 
modulators[13, 19, 20].  

In this paper, we present a review of state-of-the-art 
graphene-based SiPh EO modulators, extended with some 
recent results obtained within our own group. In Section II, we 
review graphene-based electro-absorption modulators 
(EAMs). Two mainstream approaches to realize graphene-
based EO modulators, the single-layer graphene (SLG) and 
dual single-layer graphene (DLG) modulator, are introduced. 
The SLG structure requires a doped silicon waveguide to gate 
the graphene, while the DLG can be implemented on to a 
passive Si waveguide and even a silicon nitride (SiN) 
waveguide. We also discuss our recent work on fabricating 
such devices fully in a CMOS pilot line. Following this, in 
Section III, graphene-based phase modulators will be 
introduced and our recent results on DLG phase modulators 
are presented. Finally, in Section IV, we provide a summary 
and future perspectives for graphene-based SiPh EO 
modulators. 

II. GRAPHENE-BASED ELECTRO-ABSORPTION MODULATORS 
 

One of the most straightforward methods for encoding light 
signals with electrical bits involves manipulating the light 
intensity through the use of an EAM. Such modulators are 
constructed with materials that can alter their absorption in 
response to an external electric field. Currently, germanium-
based EAMs are the predominant choice in SiPh applications 
and have shown low-power operation at high data rates 
(>50Gbit/s). Their main drawback is their strong wavelength 
dependence [21, 22]. In contrast, graphene exhibits ultra-
broadband optical absorption, spanning from visible to THz 
wavelengths. Additionally, the Fermi level of graphene can be 
adjusted by an external electric field. Once the Fermi level 
exceeds half the photon energy, Pauli blocking inhibits photon 
absorption and renders graphene transparent. Combined with 
graphene’s impressive carrier mobility, this opens the 
possibility of creating high-speed modulators[17, 18].  

 

A. Single-layer Graphene Electro-Absorption Modulators 
To construct graphene-based EAMs, forming a capacitor for 

gating the graphene and shift the Femi level is essential. The 
initial implementation of this concept involved an SLG 
positioned on a doped Si waveguide with a dielectric spacer. 
In 2011, Liu et al. from UC Berkeley for the first time 
experimentally demonstrated an SLG EAM[23]. In their 
device, an SLG was transferred onto a non-planarized p-type 
doped Si waveguide with dimensions of 250 nm in height and 
600 nm in width. The waveguide was patterned using electron 
beam lithography (EBL) and subsequent dry etching. Between 
the SLG and the waveguide, a 7 nm aluminum oxide (Al2O3) 
layer served as the isolation layer. The structure is illustrated 
in Fig. 1(a). Their 40 μm long SLG EAM provided a 4 dB 
static modulation depth under a 4 V bias, translating to a static 
modulation efficiency of ~ 25×10-3 dB·μm-1·V-1. Small signal 
measurements were conducted to evaluate the high-speed 
performance of the modulator. A 3-dB bandwidth of 1.2 GHz 
was achieved at a -3.5V bias, limited by the high resistance of 
the lightly doped silicon layers. Although these results were 
not competitive with those obtained for SiPh modulators 
employing the plasma dispersion effect at that time, this work 
paved the way for the integration of graphene and other low-
dimensional materials with SiPh. 

To meet the requirements of large-scale SiPh chip 
manufacturing, the development of a CMOS compatible 
graphene integration process is highly desired. In 2016, our 
team demonstrated SLG EAMs by using SiPh chips fabricated 
in a standard 8-inch (200-mm) SiPh pilot line[24]. Standard 8-
inch silicon-on-insulator (SOI) wafers with 2 μm buried oxide 
(BOX) and a 220 nm top silicon layer were used. In our 
devices, Si waveguides were defined with deep ultra-violet 
(DUV) lithography and dry etching. After oxide deposition, 
the wafers were planarized with chemical-mechanical 
planarization (CMP) for graphene integration. In addition, 
three phosphorous ion implantation steps were performed to 
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reduce device resistance. A 5 nm thick silicon oxide was 
thermally grown on top of the Si waveguide to serve as the 
isolation layer to build a SLG-oxide-Si capacitor, as depicted 
in Fig.1(b). A quasi-TM waveguide with dimensions of 220 
nm in height and 750 nm in width was chosen to improve the 
light-matter interaction. A static modulation depth as large as 
5.2 dB was achieved with a 50 μm long SLG EAM. Thanks to 
the multiple step doping process, the 3-dB bandwidth was 
increased to approximately 5.9 GHz. To evaluate the potential 
of the devices for integration with CMOS drivers, a 2.5 V 
peak-to-peak (Vpp) swing voltage was adopted for the eye-
diagram measurements. A dynamic ER of ~2.34 dB was 
measured for 10 Gb/s signals at 1550 nm. The eye-diagram 
measurements were performed for various wavelengths 
ranging from 1530 nm to 1565 nm to demonstrate the ability 
of broadband operation. Additionally, an evaluation of the 
thermal stability was conducted. The devices showed 

temperature independent operation from 20℃ to 49℃, with 
predictions extending up to 175℃. The successful integration 
of graphene onto small coupons diced from a standard 200 
mm wafer formed an initial milestone toward achieving large-
scale graphene-based SiPh optical interconnects. Following 
this work, in 2020 also five-channel wavelength-division 
multiplexing (WDM) transmitters were demonstrated by 
integrating a micro-ring based wavelength-division 
multiplexer with SLG EAMs [25]. To enhance the robustness 
of the SLG EAMs and reduce the hysteresis, a 10 nm thick 
Al2O3 layer was deposited on top of the graphene layer as a 
passivation layer, as shown in Fig. 1(c). In our experiments, a 
3-dB bandwidth as high as 9.5 GHz was successfully achieved 
with a 100 μm long SLG EAM. A total transmission rate of 
125 Gbps (5 × 25 Gbps) could be achieved with a swing 
voltage Vpp  = 2.5 V. 

 

 
Figure. 1. (a) Schematics of the first SLG EAM fabricated with EBL and the dynamic electro-optical response of the device. 
Figures are adopted from [23]. (b) Schematics of the first SLG EAM on a SiPh chip fabricated in a standard SiPh foundry and 
eye diagrams of the device (measured at 10 Gbit/s). Figures are adopted from [24].). (c) Schematics of graphene-based WDM 
transmitters (with SLG EAMs) and eye diagrams of the device (measured at 25 Gbit/s). Figures are adopted from[25]. 
 

Recently, our team established a wafer-scale graphene 
integration process within a 12-inch (300-mm) CMOS pilot 
line[26]. In this process, a 6-inch large graphene sheet was 
transferred onto a 12-inch large SOI wafer. The integration 
flow started from 300-mm SOI wafers with a 220 nm 
crystalline Si layer and a 2 μm BOX. Standard 193 nm 
immersion lithography and dry etching were used for pattering 
Si waveguides. We optimized the CMP process to minimize 

the topography of the SOI wafer for the wafer-scale graphene 
transfer. Then the 6-inch CVD-grown graphene was 
transferred to the middle of the 12-inch wafer by Graphenea 
using a semi-dry technique. Then an Al2O3 passivation layer 
was deposited using an atomic layer deposition (ALD) 
process. Given the self-passivating properties of graphene, a 
low-temperature surface physisorption based “soak” method 
with tri-methylaluminum (TMA) as the precursor was used to 
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create a dielectric seeding layer before the ALD process. To 
pattern the Al2O3 and graphene layers, we employed a 
standard photolithography process with a silicon dioxide 
(SiO2) hardmask. This approach ensures high throughput and 
cost-effectiveness. After the graphene patterning, a pre-metal 
dielectric (PMD) was deposited and planarized by CMP, 
following a standard CMOS flow. The contacts to both the 
graphene and the doped silicon layers were defined with a 
CMOS Ti/TiN/W damascene metallization process. We over-
etched the oxide layer and created edge contacts on the 
graphene layer. Finally, the integration flow was finished with 
a conventional CMOS Cu damascene metallization process. 
We achieved an average modulation depth of 50 ± 4 dB mm−1 
under 6V bias from measuring over 400 SLG EAMs, 
equivalent to an average modulation efficiency ~ 8.3±0.7 ×10-

3 dB·μm-1·V-1. An electro-optical bandwidth of 15.1 ± 1.8 
GHz was obtained from measuring 29 devices with 25-μm 
long SLG. Despite a lower modulation efficiency, which can 
be attributed to the device capacitance and the selected mode 
(quasi TE), our DC and frequency response results are 
comparable to the best lab-based devices reported with similar 
designs and CVD graphene quality. 

 
Figure. 2. (a)-(e) Integration flow of SLG EAMs fully 
fabricated in CMOS pilot line. (a) Standard waveguide 
patterning, surface planarization and Si implantations. (b) 
Wafer-scale graphene transfer. (c) Graphene encapsulation. 
(d) Graphene patterning with standard lithography. (e) 
Damascene contacts and final copper metal line (M1) to 

silicon and graphene. (f) Top-down image of 300 mm wafer 
after full integration. (g) Cross-sectional transmission electron 
microscopy (TEM) image of the final device. Figures are 
adopted from [26]. 

B. Dual Single-layer Graphene Electro-Absorption 
Modulators 

For realizing graphene-based EAMs with better 
performance, the DLG structure has been proposed, which 
augments the interaction between graphene and the optical 
field within the waveguide. In the DLG configuration, two 
distinct SLG sheets interact with the optical mode. This design 
not only enhances light-matter interaction but also facilitates 
graphene modulation by applying a bias to the graphene-
isolator-graphene capacitor. In other words, it eliminates the 
necessity of doped Si waveguides, which simplifies the SiPh 
chip fabrication process and introduces a new level of 
flexibility in choosing the waveguide core material. For 
example, this stack could also be used to build high speed 
modulators on silicon nitride waveguides[27]. 

In 2012, Liu et al. from UC Berkeley presented the first 
experimental demonstration of DLG EAMs on an SOI chip, 
which consisted of a 340 nm thick Si layer and a 2 μm thick 
BOX layer[28]. EBL was utilized to pattern a 400 nm wide 
undoped Si waveguide, and a roughly 13 nm thick layer of 
Al2O3 was chosen as the isolator between the two SLG sheets, 
as shown in Fig. 3(a).  A 6 V bias allowed for a 6.5 dB static 
modulation depth with a 40 μm long DLG EAM, equivalent to 
a static modulation efficiency of ~27×10-3 dB·μm-1·V-1. 
Despite achieving impressive static modulation, the 3-dB 
bandwidth of this DLG EAM was only ~1 GHz, presumably 
limited by the ~1 kΩ high series resistance, which in principle 
could be improved with a better metal-graphene contact. Later 
in 2016, the same research group achieved a significant 
milestone by demonstrating a DLG EAM with a 35GHz 3-dB 
bandwidth. [29]. It was accomplished by relocating the DLG 
beneath an amorphous Si waveguide, creating a planar 
structure for depositing the graphene layers and using a thick 
gate layer (120 nm thick Al2O3). This approach substantially 
reduces resistance and capacitance of the DLG EAM 
However, due to the thick gate oxide, the static modulation 
efficiency of this device was merely ~2.7×10-3 dB·μm-1·V-1 , 
which is only approximately 10% of their earlier reported 
DLG EAM[28]. This trade-off between modulation efficiency 
and bandwidth is intrinsic to almost all graphene-based 
modulators as we will see in the following sections. 

Building on these pioneering efforts, Giambra et al. from 
CNIT made significant progress in building DLG EAMs with 
waveguides fabricated in standard SOI pilot lines [30]. In their 
study, polycrystalline hexagonal boron nitride (hBN) was 
utilized as a protective layer to maintain the quality of 
graphene in the DLG EAM, as illustrated in Fig. 3(b). 
Moreover, to reduce the series resistance, they implemented 
an optimized metal contact comprising 7 nm of nickel (Ni) 
and 60 nm of gold (Au). With those improvements, a 29 GHz 
3dB-bandwidh was achieved. With a driving voltage as low as 
Vpp = 3.5 V, ~1.7 dB and ~1.3 dB dynamic ER at data rates of 
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10 Gbps and 50 Gbps respectively were obtained. Despite 
these advancements, this DLG EAM still exhibited a relatively 
low static modulation efficiency of ~2.8×10-3 dB·μm-1·V-1 
(~3dB modulation depth under 9V bias for a 120 μm long 
device). 

In addition to the standard straight strip waveguide, various 
alternative structures have been explored to enhance static 
modulation efficiency. E.g. ring resonators were investigated 
as the cavity could enhance light-matter interaction between 
the optical mode and graphene within the DLG stack. The first 
RR DLG EAM was demonstrated by Phare et al. from Cornell 
University in 2015[31]. In their RR DLG EAM, a SiN 
waveguide with a width of 1000 nm and height of 300 nm 
supporting a single quasi TE-mode was chosen to create 40 
μm radius RRs, with SiO2 serving as both the top and bottom 
cladding, as illustrated in Fig. 3(c). The waveguides were 
patterned with 248 nm DUV lithography and dry etching. 
Next, SiO2 was deposited, and a standard CMP process was 
employed to planarize the top surface for graphene integration. 
In the 30 μm long DLG structure, a 65 nm thick Al2O3 layer 
served as the isolation layer. By virtue of the resonating 
structure, their DLG EAM reached a remarkable static 
modulation efficiency of ~50 × 10-3 dB·μm-1·V-1. 
Furthermore, a 3-dB bandwidth of ~30 GHz was achieved 
under a -30 V bias. Nonetheless, the resonating nature also 
renders the EAM wavelength-depended, diminishing one of 
the main advantages of graphene modulators.  Thus, our team 
proposed and experimentally demonstrated the use of slot 
waveguides to enhance light-matter interaction[32], as 
depicted in Fig. 3(d). The slot waveguide confines light within 
a thin and low-refractive index region, thereby enhancing the 
interaction between light and graphene[33]. The dimensions of 
our slot waveguide (680 nm width with a 180 nm gap) are 
such that they can be defined with standard DUV lithography 
techniques, which enables large-scale fabrication and 
integration in standard SiPh platforms. Due to the enhanced 
light-matter interaction, our device exhibited an impressive 
static modulation efficiency of 38×10-3 dB·μm−1·V−1. The 3-
dB bandwidth was measured to be ~ 16 GHz. 

To explore the experimental limits of DLG EAMs, Agarwal 
et al. from ICFO utilized hBN-encapsulated exfoliated 
graphene to construct DLG EAMs[34], aiming for the highest 
quality material. The silicon chip was fabricated on the 200 
mm SiPh line of IMEC, and the DLG structure was prepared 
using EBL-based laboratory processes. Their ~60 μm long 
DLG structure features a 10 nm thick layer of hafnium oxide 
(HfO2) as the isolation layer, as shown in Fig. 3(e). The DLG 
was built on an undoped silicon waveguide with a width of 
750 nm and a height of 220 nm to support the fundamental 
quasi-TM mode, which offers stronger light-matter interaction 
compared to the fundamental quasi-TE mode. The DLG EAM 
achieved a 3-dB bandwidth of ~39 GHz, simultaneously with 
a notably high static modulation efficiency of ~37 × 10-3 
dB·μm-1·V-1. Additionally, this DLG EAM set a world-record 
with a 5.2 dB dynamic ER at 40 Gbps under a driving voltage 
Vpp= 3.5 V.  

In addition to high modulation efficiency and frequency 
response, low insertion loss is a crucial parameter for 
facilitating industrial adoption. Applications like high-
performance computing and data communications involve the 
integration of numerous components and nodes, making low 
insertion loss vital for maintaining signal quality and energy 
efficiency as the system scales. Given the strong relationship 
between IL and ER, the introduction of the transmission 
penalty (TP) concept ensures a fair and effective evaluation of 
various modulator designs. It is defined as[12]: 

 

      (1) 

 
where P1 and P0 are the high and low output power levels, 
respectively, and Pin represents the input power (Pin>P1>P0). 
Also, TP can be calculated as function of the ER (ER= P1/P0 
with ER(dB) = 10log(P1/P0)>0) and the IL (IL= Pin/P1 with 
IL(dB) = 10log(Pin/P1)>0): 
  

    (2) 

 
Note that Equation (2) has to be calculated on a linear scale. A 
lower TP results in decreased power consumption in optical 
networks[35], which is highly desired. 
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Figure. 3. (a) The first DLG EAM. Figures are adopted 
from[28]. (b) The first DLG EAM with hBN-encapsulated 
graphene. Figures are adopted from[30]. (c) The first DLG 
EAM on a SiN waveguide. Figures are adopted from[31]. (d) 
The first DLG EAM on a slot silicon waveguide patterned 
with DUV. Figures are adopted from[32]. (e) The DLG EAM 
with the highest 3-dB bandwidth. Figures are adopted from 
[34]. 
 

In Table I, we provide a summary of the performance, 
including TP, modulation efficiency (ME), and 3-dB 
bandwidth (BW) of the abovementioned EAMs. It is worth 
noting that the calculated TP is based on the Vpp reported from 
each paper. Although a higher Vpp value enables better TP 
results, it raises questions about compatibility with CMOS 
driving circuits. As demonstrated in[32], we achieved a TP of 
8.9 dB at Vpp = 2 for a DLG EAM built on a conventional strip 
waveguide, highlighting its competitive standing against state-
of-the-art Ge devices utilizing the Franz-Keldysh (FK) 
effect[22, 36]. In Table II, we compare these characteristics 
with various other types of  SiPh EAMs.  
 

 
TABLE I 

PERFORMANCE OF SILICON PHOTONIC GRAPHENE ELECTRO-ABSORPTION MODULATORS 
References Vpp 

(V) 
TP 

(dB) 
ME 

(×10-3 dB·μm-1·V-1) 
BW 

(GHz) 
Bit rate 
(Gbps) 

[23] 4 NA 25 1.2 NA 
[24] 8 8.37 13 5.9 10 
[26] 6 7.9±1.7 8.3±0.7 12.6 ± 0.9 NA 
[28] 6 8.11 27 1 NA 
[29] 25 8.23 2.7 35 NA 
[30]† 9 26 2.7 29 50 
[31] 10 15.6 50 30 22 
[32] 2 8.9 26 12.5 NA 
[32]* 2 23 38 15.9 NA 
[34]† 0.5 17 37 39 40 

† The devices refrained from maximizing the ER due to concern about the breakdown voltage. * Slot waveguide 
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TABLE II 
PERFORMANCE OF VARIOUS SILICON PHOTONIC ELECTRO-ABSORPTION MODULATORS 

Materials Wavelength 
(nm) 

Vpp 
(V) 

Extinction ratio 
(dB) 

Insertion loss 
(dB) 

Transmission 
Penalty (dB) 

BW 
(GHz) 

Bit rate 
(Gbps) 

Ge[36] 1605 3 14.2 5.7 8.9 >67 >80 
GeSi[37] 1566 4 7.5 10.6 14.5 56 56 
GeSi[38] 1300 2 5.2 7.6 12.2 50 60 
III-V[39] 1300 2.2 >10 4.8 <8.3 >67 50 

Graphene[34] 1550 >6 4.4 7.8 12.8 39 40 
 
 

III. GRAPHENE-BASED PHASE MODULATORS 
 

To encode light signals in complex formats, phase 
modulation emerges as a crucial technique. In the domain of 
graphene, the absorption and refractive index are intricately 
linked to the Fermi level and the interplay between intraband 
and interband transitions, triggered by incident photons[19]. 
When the Fermi level aligns within half the photon energy, 
interband transitions dominate, resulting in heightened 
absorption. Conversely, as the Fermi level surpasses half the 
photon energy, interband transitions become suppressed due to 
Pauli blocking, rendering graphene transparent. In this 
scenario, changes in absorption primarily stem from intraband 
transitions, while alterations in the refractive index are 
explained by the Kramers-Kronig relationship. Notably, with a 
sufficiently substantial bias, absorption related to interband 
transitions can be effectively mitigated, paving the way for 
near-pure phase modulation capabilities using graphene. This 
attribute has emerged as a coveted asset in the realm of optical 
signal processing. In a pioneering experiment, researchers at 
AMO fabricated a 200 μm long DLG structure, with a 90 nm 
thick Al2O3 isolation layer, on top of one arm of a Mach-
Zehnder interferometer (MZI)[40]. The MZI was constructed 
with silicon waveguides having a width of 375 nm and a 
height of 220 nm partially planarized with a layer of spin-
coated hydrogen silsesquioxane (HSQ) for graphene 
integration. A phase modulation efficiency VπL = 30 V·cm 
was observed, notably worse than for SiPh devices at that 
moment but this experiment kickstarted research in the 
domain. Also in this case both SLG and DLG type devices 
were demonstrated. 

 

A. Single-layer Graphene Phase Modulators  
In 2018, Sorianello et al. from CNIT demonstrated, for the 

first time,  a high-speed SLG SiPh phase modulator [41], 
which was implemented on a MZI. The SiPh chip for the 
device was fabricated in the IMEC iSiPP25G silicon photonics 
platform. The MZI was based on p-type doped silicon ridge 
waveguides with a 60 nm slab, a width of 480 nm, and a 
height of 220 nm. The SLG was placed on the doped silicon 
waveguide, separated by a 10 nm spacer of high-quality 
thermal SiO2 to create a capacitor. The device achieved an 
impressive static modulation depth of approximately 35 dB, 
and a VπL value of around 0.28 cm·V was extracted. This VπL 

value surpassed that of conventional high-speed SiPh phase 
modulators (VπL > 1 cm·V), which typically operate in the 
depletion mode. Moreover, the device showed a ~5GHz 3-dB 
bandwidth. The SLG phase modulator could readily achieve a 
dynamic ER of 3.94 dB at 10 Gbps with a driving voltage Vpp 
= 2 V.  

 

B. Dual Single-layer Graphene Phase Modulators  
As SLG phase modulators still require doped Si 

waveguides, hindering the goal of achieving a pure phase 
modulator with graphene, constructing DLG phase modulators 
with undoped Si or SiN waveguides is more appealing. To 
realize this objective, we designed and fabricated DLG MZI 
modulators (MZMs). In our study, we designed two types of 
DLG MZMs: one constructed with a conventional strip 
waveguide (MZM-STRIP-DLG) and another with the 
aforementioned slot waveguide (MZM-SLOT-DLG). The strip 
waveguide had a width of 450 nm, and the slot waveguide had 
a width of 680 nm with a 180 nm wide slot inside. The input 
light is coupled to the chip by grating couplers (GCs) and then 
divided into two paths by a multi-mode interferometer (MMI. 
After passing through the DLG active area, the separated light 
beams are recombined at the output to interfere constructively 
or destructively. The MZM-SLOT-DLG comprises of two 
mode converters in each arm to convert between strip 
waveguides and slot waveguides. Both types of devices are 
unbalanced with one arm having a 40 μm longer strip 
waveguide.  

The fabrication of the waveguides followed the process 
outlined above. After the definition of the waveguides and 
CMP, we proceeded to conduct unbiased transmission 
measurements on strip and slot based MZMs before the DLG 
integration. In Fig. 4(a), interference fringes due to the length 
difference between the two arms of the MZMs can be 
observed in the transmission spectra. Both types of MZMs 
showed low insertion loss and a high extinction ratio between 
the maximum and minimum transmission levels, indicating 
well-designed MZMs and accurately fabricated waveguides. 
Then the SOI wafer was diced for graphene processing. The 
integration of the DLG, including transfer, patterning and 
contacting, follows the procedure outlined above and in our 
previous report[32]. The only deviation is the use of HfO2 as 
the gate oxide instead of Al2O3. The selection of the high-k 
dielectric enables a higher breakdown voltage, facilitating 
pure phase modulation with minimal loss. The process 
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involves depositing 1 nm of Si by thermal evaporation and 10 
nm HfO2 by ALD. Figure 4 (b) presents a schematical cross-
section of the devices, and Figure 4 (c) shows a top-down 
microscope image of the MZM-STRIP-DLG (top) and the 
MZM-SLOT-DLG (bottom). 

 
Figure. 4. (a) Transmission of passive strip and slot 
waveguides based MZM prior to DLG integration. Schematic 
cross-section of (b) MZM-STRIP-DLG and (c) MZM-SLOT-
DLG. Top-down microscope images of (d) MZM-STRIP-
DLG and (e) MZM-SLOT-DLG. Fiber-to-fiber transmission 
spectra of (f) 200 μm long MZM-STRIP-DLG and (g) 50 μm 
long MZM-SLOT-DLG at different DC voltages. The voltage 
on the left arm of the MZM is swept while a constant 6V bias 
is applied on the right arm.  
 

After integrating the DLG, the MZMs underwent biased 
transmission measurements. To maximize transmitted power, 
the DLG on the right arm was biased at 6 V (near the voltage 
where graphene approaches transparency) while the voltage on 
the left arm DLG was swept. Figure 4. (d) and (e) show the 
wavelength-dependent transmission of a MZM-STRIP-DLG 
(200μm length) and a MZM-SLOT-DLG (50μm length) for a 
0 V to 6 V voltage sweep. When the applied voltage is less 
than 2 V, the interference fringes visibility considerably 
decreases or even disappears. This is predominantly due to the 
loss difference between the left and right DLG, with the right 
arm being transparent and the left arm remaining absorptive. 
Due to the decreased absorption in the left DLG, the fringe 

depth for the MZM-STRIP-DLG increases with increasing 
bias and reaches its maximal value for a 5V bias. At this 
voltage, the loss difference between the two arms is minimal, 
resulting in the largest extinction ratio. When the voltage 
further increases, the depth of the fringes decreases again, 
which can be attributed to the lower loss in the left arm 
relative to the right arm. In an ideal situation, the maximum 
depth would be obtained when the same voltage is applied to 
both arms. However, this condition can be altered by local 
graphene doping concentrations in the experimental devices. 
As shown in Fig.4(e), the MZM-SLOT-DLG demonstrates a 
similar trend. Throughout the sweep, the fringe depth 
increases but is always less than 10 dB, significantly smaller 
than that of MZM-STRIP-DLG. The primary reason for this 
discrepancy lies in the substantial disparity in loss between the 
two arms of the MZM-SLOT-DLG, where the left arm 
consistently exhibits higher absorption than the right arm. As 
both arms of the MZMs feature a DLG with identical 
dimensions, the discrepancy in loss between the MZM-SLOT-
DLG’s arms may arise from misalignment during the EBL 
fabrication process. Given the mirror-symmetric design of our 
MZMs, a misalignment to the right (left) in the top (bottom) 
contact results in a reduced distance between the metal contact 
and the waveguide on the left arm compared to the right arm. 
This could potentially lead to higher loss in the left arm than 
the right arm. In both types of MZMs, the metal offset (Moff) is 
designed at 500 nm for both contacts. According to 
simulations reported in[32], this value may not be sufficient 
for slot waveguide-based devices, resulting in reduced 
tolerance for misalignment. Conversely, due to being in the 
safe region, the huge loss difference was not observed in the 
MZM-STRIP-DLG, which was fabricated simultaneously on 
the same chip. 

To characterize and compare the efficiency of both types of 
MZMs, the wavelength shift of the fringes was measured and 
converted to a phase change, from which the change in 
effective index could be calculated. Since the change in 
effective index is independent of length, it allows for a direct 
comparison of the efficiency between MZM-STRIP-DLGs 
and MZM-SLOT-DLGs as shown in Fig. 5(a). Both types of 
MZMs exhibit the typical up-and-down index modulation 
observed in simulations for biased DLG devices. As the 
voltage is swept from -2 to 2 V, effective index changes of 
1.11×10−3 and 1.78×10−3 are measured for the MZM-STRIP-
DLGs and MZM-SLOT-DLGs, respectively. Similar 
enhancements for the slot waveguide based MZM are 
observed in the voltage range of 2 to 6 V. This improvement is 
attributed to the enhanced mode interaction in the slot 
waveguides, which leads to increased performance. Figure 
5(b) shows VπL as a function of voltage. The best VπL values 
found for the MZM-STRIP-DLG and the MZM-SLOT-DLG 
are 0.0954 and 0.0789 V·cm, respectively. With a driving 
voltage of 2 V, this means that the MZM-STRIP-DLG and the 
MZM-SLOT-DLG require only 477 μm and 395 μm of DLG 
length to achieve a π-phase shift. These VπL values 
outperform the lowest reported values for lithium niobate 
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MZMs (~1.8 V·cm)[42] and silicon-insulator-silicon (SIS) 
MZMs (0.2~0.7 V·cm) [43, 44] MZMs, and are comparable to 
III-V MZMs (0.047 V·cm) [45].  

To achieve optimal data transmission rates, signal integrity, 
and facilitate advanced modulation formats in optical 
communication systems, the loss of the device is also a critical 
factor. While having an identical MZM structure without 
graphene would have been ideal for serving as a reference to 
distinguish losses between passive waveguides and the DLG, 
such a design was not available. Consequently, we proceeded 
with the assumption that all calculated insertion losses 
originated from the DLG itself. By normalizing these losses 
with the corresponding active length, we calculated the 
propagation loss of DLG MZMs as a function of DC bias, as 
shown in Fig. 5(c). The higher losses in the MZM-SLOT-DLG 
can be attributed to the metal offset, which was designed too 
small. From these results,  the phase modulator figure of merit  
FOMpm = α·Vπ·L [19] can be calculated. Our MZM-STRIP-
DLG showed a best FOMpm of 27.6 dB·V (at VDC =4.5V), 
which outperforms other graphene-based MZMs (66 and 3000 
dB·V)[41, 46], and is comparable to SIS MZMs (15~35 
dB·V)[43]. However, the MZM-SLOT-DLG shows a FOMPM 
of only 168 dB·V at VDC = 3.5V due to the high propagation 
loss associated with the metal contacts.  This is similar to what 
happened for slot based DLG EAMs[32], which also showed a 
higher intrinsic modulation efficiency but exhibited higher 
insertion losses, resulting in an overall decreased TP.   

S-parameter measurements were carried out to characterize 
the bandwidth of our DLG MZMs. In order to effectively 
measure the frequency response, one arm of the MZM was 
biased at a constant voltage (6V). Figure 5(d) depicts the 
normalized S21 results. The extracted 3 dB bandwidth was 
determined to be 4.2 and 5.5 GHz for 100 μm long MZM-

STRIP-DLG and 50 μm long MZM-SLOT-DLG, respectively. 
We summarize and compare our results on graphene phase 
modulators with other approaches to SiPh phase modulators in 
Table III. 

 
Figure. 5. Extracted (a) effective index change (b) VπL and 
(c) propagation loss as a function of DC bias for MZM-
STRIP-DLG (blue) and MZM-SLOT-DLG (red). (d) 
Normalized S21 response of both types of MZM. 
 
 
 

TABLE III 
PERFORMANCE OF VARIOUS SILICON PHOTONIC PHASE MODULATORS 

Approaches Working principle Wavelength 
(nm) 

VπL 
(V·cm) 

Loss 
(dB/cm) 

FOMpm 
(dBV) 

BW 
(GHz) 

Bit rate 
(Gbps) 

Si MOSCAP[47] Carrier plasma 1300 0.16 35 5.6 N/A 25 
Si PIN junction[48] Carrier plasma 1550 2 28 56 37 70 
Si PN junction[49] Carrier plasma 1550 1.5 27 40.5 N/A 112 

LiNbO3 integration[50] Pockels effect 1550 2.55 5 12.8 70 100 
BaTiO3 integration[51] Pockels effect 1550 0.2 6.5 1.3 2 25 

III-V integration[52] Carrier plasma 
& band filling 1550 0.09 26 2.34 2 32 

Graphene integration[41] Fermi level tuning 1550 0.28 236 66.1 5 10 
This work (MZM-STRIP-DLG) Fermi level tuning 1550 0.0954 289 27.6 4.2 NA 
This work (MZM-SLOT-DLG) Fermi level tuning 1550 0.0789 2130 168 5.5 NA 

 
 
 

VI. CONCLUSION AND OUTLOOK 
In conclusion, the field of graphene-based silicon photonics 

modulators has undergone significant development since their 
initial demonstration in 2011. Subsequent progress involved 
iterative optimization of the devices, ultimately leading to 
their successful integration into a CMOS pilot line, a 

significant milestone highlighted in our recent publication[26]. 
Each stride in this trajectory not only signifies progress within 
the field but also contributes to narrowing the gap toward the 
commercialization of graphene photonics devices. However, 
for graphene-based modulators to dominate high-speed optical 
communication applications, several further improvements are 
imperative.  
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Figure. 6. Simulated transmitter penalty (TP) and bandwidth 
(BW) for DLG-EAM modulators with capacitor width varying 
from 200 nm to 1000nm (step = 50 nm), as illustrated by the 
size of the markers.  Three different device types were 
considered (strip waveguide with TE and TM mode, slot 
waveguide with TE mode). A 20 nm gate oxide thickness and 
2 Volt Vpp was assumed in the calculations, and for each 
simulation the length was adapted to get an extinction ratio of 
4dB. In the simulations the graphene quality was varied from 
‘standard’ (15meV scattering rate) to ‘better than currently 
available’ (1.2meV scattering rate). 

 
As discussed earlier, designing graphene-based modulators 

requires several trade-offs to be considered.  To illustrate this 
further, Figure 6 shows how the calculated transmitter penalty 
(TP) and bandwidth (BW) vary as the width of the capacitive 
DLG stack WDLG changes.  In these calculations, we assumed 
a drive voltage of 2 Volt and a gate oxide thickness of 20 nm, 
which was found to result in good compromise between TP 
and BW. The graphene scattering rate assumed in the 
simulations was 15 meV and 1.2 meV in Fig. 6 (a) and (b) 
respectively. The first value, 15 meV, is believed to be 
representative for CVD-grown graphene layers now readily 
available in devices processed using wafer-scale compatible 
processes. The second value, 1.2 meV, represents high quality 
graphene, as found in hBN encapsulated flakes.  In each 
simulation, the length of the modulator was adapted to keep 
the extinction ratio (ER) fixed at 4 dB. Three different 
combinations of waveguide type (strip/slot) and polarization 
were considered.  In each case the bandwidth of the device 
increases if WDLG decreases because of a reduction in 
capacitance. However, this leads to a stronger overlap of the 
optical field with the unbiased regions of the top and bottom 
graphene layer, and hence higher losses and a higher TP. Also, 
in general, the TM mode performs better than the TE mode, as 
it has a higher overlap with the graphene layers.  Use of the 
slot waveguide (with TE mode) becomes interesting at smaller 
WDLG, a result of the strong field confinement in the center of 
the slot. Further details can be found in our recent 
publication[32]. Finally, comparing Fig. 6 a) and b) clearly 
shows the importance of improving the quality of the graphene 
available for wafer-scale manufacturing. Insufficient graphene 
quality introduces additional losses and exhibits reduced 
mobility, limiting both static and dynamic performance. 
Therefore, the development of a wafer-scale, CMOS-
compatible transfer of high-quality graphene remains critical 
to realize the full potential of graphene-based devices. Also, 

following the transfer, graphene requires a suitable dielectric 
layer to preserve its high quality during subsequent device 
processing. This dielectric should possess a low defect density 
with high breakdown strength and should not damage 
graphene during deposition. Currently, 2D hexagonal boron 
nitride is the preferred solution due to its clean van der Waals 
interface, but it is only suitable for encapsulation, not as a 
proper gate oxide, owing to its low dielectric constant. As a 
result, the deposition of an ideal dielectric, using wafer-scale 
methods, whether a single material or a stack of various 
dielectrics, is an interesting research topic, especially with a 
focus on scaling up in a CMOS pilot line. Beyond these 
considerations, the enhancement of contact resistance to 
enable a higher speed response and exploration of alternative 
waveguide cross-sections to strike a better balance between 
efficiency and loss can be pivotal avenues of further 
exploration. Each of these research directions can shorten the 
distance to industrial readiness, thereby paving the way for 
take-up of graphene-based devices in industrial applications. 
At this moment it remains difficult to predict however what 
application could be the main driver for this.  Given the 
compactness and simplicity of graphene modulators short 
range optical interconnects such as those needed for high 
performance computing applications seem an attractive target. 
However, these typically require very low driving voltages.  
Another attractive feature is the broadband response.  
Although only limited research has been carried out in this 
direction, graphene EA modulators can in principle directly be 
used for wavelengths beyond 1600 nm or even beyond 2000 
nm.  This would have the additional advantage that the driving 
voltage can be lowered accordingly. Also, graphene 
modulators could be directly integrated with graphene-based 
detectors[53, 54]. This could reduce the complexity and hence 
cost of the overall integration scheme, relevant for e.g. sensing 
applications.  A final option, not discussed yet above, is to use 
graphene as a transparent contact and not as the active layer.  
This approach was used recently to demonstrate a Graphene-
Organic Hybrid Phase Modulator with >270 GHz Modulation 
Bandwidth[55] . 
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