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Two dimensional (2D) materials such as graphene and transition metal dichalcogenides
(TMDs) are promising for optical modulation, detection, and light emission since their

material properties can be tuned on-demand via electrostatic dopinglf21

. The optical
properties of TMDs have been shown to change drastically with doping in the wavelength
range near the excitonic resonances” >°, However, little is known about the effect of doping
on the optical properties of TMDs away from these resonances, where the material is
transparent and therefore could be leveraged in photonic circuits. Here, we probe the
electro-optic response of monolayer TMDs at near infrared (NIR) wavelengths (i.e. deep in
the transparency regime), by integrating them on silicon nitride (SiN) photonic structures
to induce strong light -matter interaction with the monolayer. We dope the monolayer to
carrier densities of (7.2 = 0.8) x 10" cm?, by electrically gating the TMD using an ionic
liquid [P14"] [FAP]. We show strong electro-refractive response in monolayer tungsten
disulphide (WS;) at NIR wavelengths by measuring a large change in the real part of
refractive index An = 0.53, with only a minimal change in the imaginary part Ak = 0.004.
We demonstrate photonic devices based on electrostatically gated SiN-WS, phase
modulator with high efficiency (VL) of 0.8 V - cm. We show that the induced phase
change relative to the change in absorption (i.e. An/AK) is approximately 125, that is
significantly higher than the ones achieved in 2D materials at different spectral ranges and

in bulk materials, commonly employed for silicon photonic modulators such as Si and I1I-V
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on Si, while accompanied by negligible insertion loss. Efficient phase modulators are
critical for enabling large-scale photonic systems for applications such as Light Detection
and Ranging (LIDAR), phased arrays, optical switching, coherent optical communication

and quantum and optical neural networks®’ ",

In order to probe the doping induced electro-optic response of TMDs, we utilize a SIN-TMD
composite waveguide platform in which the optical mode of the composite waveguide is shared
between the TMD monolayer and the dielectric SiN waveguide. These waveguides are then
incorporated into photonic structures such as microring resonators which are sensitive to small
changes in absorption and phase induced by electrostatic doping of the TMD monolayer. The
SiO;,-clad SiN waveguides are fabricated using standard techniques, and then planarized to
permit mechanical transfer of TMD layers and subsequent lithographic patterning to define
Ti/Au contacts for gating (see Methods)*'. We probe the response of these structures in the NIR
region (A ~ 1550 nm), far below the excitonic resonances of the TMDs (~ 620 nm for WS,; 660
nm for MoSy).

We first characterize the electro-optic response of monolayer WS, by measuring the effect of
gating on the response of a microring resonator cavity (1.3 pm x 330 nm passive SiN waveguide
clad with 100 nm of SiO,, embedded in a ring of 60 um radius), as depicted in figure la. The
high-Q (~120,000) cavity is critically coupled to a SiN bus waveguide, such that the
transmission spectrum is extremely sensitive to small changes in phase and absorption within the
cavity. A 30 um arc length of WS, grown by metal-organic chemical vapor deposition
(MOCVD)*! is patterned onto the ring and electrically contacted (see Methods). We tune the
effective index of the optical mode by electrostatically doping the monolayer using an ionic
liquid [P14"] [FAP], chosen due to its stability to gating under atmospheric exposure at room
temperature®>. As shown in figure 1b, we apply a potential difference between the electrode
connected to WS, and a nearby counter-electrode, which results in the accumulation of ions at
the surface of WS,. We note that ionic liquid gated devices are dominated by the quantum
capacitance (Cq)32, such that no carriers are injected to the WS, within the bandgap region
(roughly -1 to 1 V). The maximum electron doping density induced in the monolayer is about 7.2

+0.8 x 10" cm™ with an applied voltage of 2 V (see Supplementary Section I). One can see from



65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

the cross-section of the platform in figure lc, that the optical mode is shared between the
monolayer and SiN waveguide. We estimate an optical mode overlap of 0.06 % using COMSOL
Multiphysics simulations (see Methods).

Figure 1d shows the measured transmission spectrum of the ring resonator as a function of
voltage. The cavity has a resonance near 1571 nm, with narrow linewidth confirming that
incorporation of WS, introduces negligible loss and does not degrade the quality factor of the
microring resonator. At positive gate voltages above 1 V, we observe a red shift in the resonance
wavelength, indicating an increase in the effective index of the resonator. Remarkably, the
resonance linewidth is largely unchanged, thereby showing that doping does not introduce
substantial loss. The measured changes in resonance wavelength and quality factor with applied
voltage can be used to derive the changes in real and imaginary components of the effective
index (Angg and Ak.g, respectively) of the composite waveguide (see Supplementary Section
IT). Figure le shows the measured Ang¢ and Akq¢r as a function of gate voltage. Ang increases
linearly with gate voltage with the onset of n-type doping (above 1V). In this same range, Ak
is almost two orders of magnitude smaller. We can then determine the underlying change in real
and imaginary part of the refractive index of WS,, Anyys, and Akyys, respectively by COMSOL
modelling of the monolayer as a 2D sheet with optical conductivity® og integrated on a SiN
waveguide (see Methods). Figure 1f shows Anyg, and Akywsg, as a function of gate-induced
carrier density in the monolayer WS,. Anyys, reaches 0.53 + 0.06 RIU (refractive index units) for
maximum doping of (7.2 + 0.8) x 10" cm™, while Akyys, 1s 0.004 £ 0.002. This indicates that
monolayer WS, has a unique combination of strong electro-refractive response (Anys,) and
small electro-absorptive response (Akys,) at NIR wavelengths, i.e. the propagating light

undergoes significant phase change with low optical loss.
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91  Figure 1 | Schematic of the ionic liquid gated SiN-WS, platform. (a) Schematic representation of a microring

92  resonator with patterned monolayer WS, and Ti/Au electrodes, in which only one of the electrodes is in contact with
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the monolayer WS,. (b) Illustration of the composite SiN-WS, waveguide with ionic liquid ([P14'] [FAPT)
cladding. The monolayer WS, is doped by applying a bias voltage across the two electrodes through the ionic liquid,
resulting in the accumulation of charged carriers at the interface of WS,, thereby creating image charges in the
monolayer. (c) TE mode profile of the propagating mode in the SiN waveguide with 0.06 % overlap with monolayer
WS,. (d) Normalized transmission response of the microring resonator for different voltages applied across the two
electrodes. One can see that the resonance of the microring red shifts with significantly smaller broadening of the
resonance with increasing voltage, indicating that the propagating mode undergoes strong phase shift but with
minimal absorption. Bottom right inset is the optical micrograph of the fabricated ring modulator with SiN-WS,
waveguides, before ionic liquid is dispersed on the devices. (¢) Change in real and imaginary part of the effective
index (Aneg and Akeg) of the composite SiN-WS, waveguide at different voltages, extracted from the normalized
transmission spectra in figure 1d. The error bars shown in figure le account for the root mean square (rms) error
from the numerical fit and a £ 5 um error in the patterned length of the monolayer. (f) Change in the real and
imaginary part of the refractive index of monolayer WS, (Anys, and Akyys,) with induced carrier densities,
extracted from the change in effective index in figure le. The vertical error bars in figure 1f incorporates the rms
error in the effective index measurements from figure le, variation in the thickness of monolayer (+ 0.05 nm),
variation in the height of the cladding oxide by about + 25 nm and about + 0.02 (RIU) variation in the index of the
ionic liquid included during the COMSOL simulations. The horizontal error bars accounts for the error in the

intrinsic doping of the monolayer WS,.

We show that the strong phase change occurs only when the polarization of the propagating light
is in plane with the monolayer TMD (i.e. TE mode). In order to probe the polarization effect, we
embed the SiN-WS, composite waveguide in the arms of a Mach Zehnder interferometer (MZI),
optimized to operate both for the TM and TE mode in the S wavelength band (1460 — 1490 nm)
and C/L band (1530 - 1630 nm), respectively (see Methods). Figure 2a illustrates the
diagrammatic representation of the MZI device while figure 2b shows an optical micrograph of
the fabricated device. The MZI is designed with a length imbalance of 200 um between the two
arms such that the transmission spectra exhibit fringes with a visibility of 0.98 in the wavelength
range spanning from 1560 - 1620 nm for TE mode and 1455 - 1480 nm for TM mode. A 500 pm
long film of monolayer WS, is patterned on both the arms of the MZI, followed by the
deposition of metal electrodes. We dope the monolayer by applying a voltage between the metal
electrodes through the ionic liquid [P14"] [FAP]. We estimate from COMSOL Multiphysics
simulation that the optical mode overlap with the monolayer is 0.06% and 0.04% for the TE and
TM mode, respectively (see Methods). In Figure 2¢ and 2d, we show the interference pattern at

the MZI output for the TE and TM mode, respectively with different voltages applied to dope the
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monolayer WS, on the longer arm of the MZI. There is a pronounced wavelength shift in the
MZI spectra for the TE mode (Figure 2c¢), as compared to minimal wavelength shift for the TM
mode (Figure 2d), indicating that the doping-induced electro-refractive effect is strong only
when the optical E field is aligned with the monolayer, despite similar mode overlap for the
TE/TM mode with the monolayer. We further confirm that the doping of ionic liquid in the
absence of the monolayer does not influence the MZI transmission response (see Supplementary

Section III).
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Figure 2 | Tuning the effective index (An.¢) of the propagating TE and TM mode using monolayer WS,. (a)
Diagrammatic illustration of an on-chip Mach Zehnder interferometer (MZI) with patterned monolayer WS, on both
the arms of MZI. (b) Optical micrograph of the fabricated MZI with SiN-WS, waveguides, before ionic liquid is

dispersed on the devices. (¢) Normalized Transmission response of the MZI for the optical TE mode at different
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voltages applied across the two electrodes located on the longer arm of the MZI. One can see that the MZI
transmission spectra exhibit fringes due to the path length difference between the two arms of the MZI, which red
shifts with applied voltage. The top figure shows the optical mode profile for the TE mode, with the arrows
illustrating the field lines aligned with the plane of monolayer WS,. (d) Normalized Transmission response of the
MZI for the optical TM mode at different voltages. The bottom right inset shows the optical mode profile for the TM

mode with the optical field lines perpendicular to the plane of monolayer WS,.

To leverage the doping-induced strong electro-refractive response in monolayer TMDs for
photonic applications, we develop a fully integrated SiN-TMD platform that gates the monolayer
TMD using a parallel plate capacitor configuration. We replace the ionic liquid used above with
a stack of HfO, (hafnia) and transparent conducting oxide ITO (indium tin oxide) to form the
TMD-HfO,-ITO capacitor on the SiN waveguide, as illustrated in figure 3a. Standard processes
are used to define the optimized 1 um x 360 nm LPCVD SiN waveguide, clad with 260 nm of
SiO; and a 500 pm long WS,-HfO,-ITO capacitor fabricated on each arm of the MZI (see
Methods). We replace the MOCVD-grown monolayer WS, used in the ionic liquid experiments
with CVD-grown®® films for the capacitive devices (see Supplementary Section IV).
Supplementary figure S4a shows the false-coloured optical micrograph of the fabricated SiN-
TMD MZI. In this configuration quantum capacitance effects are negligible’’, and we estimate a
linear induced charge density of 0.37  0.05 x 10> cm™ per volt, based on the thickness (26 nm)
and dielectric permittivity of the HfO,. In contrast to the ionic liquid devices where the voltage
swing is limited between -2 V to 2 V, the voltage swing in these capacitive devices is determined

by the thickness of the dielectric (HfO,) and is in range of {-8V, 9V}.

Figure 3b shows the interference pattern at the MZI output for different voltages applied across
the WS,-HfO,-ITO capacitor on the longer arm of the MZI. As in the ionic liquid gated devices,
we induce a strong change in phase with applied voltage, thereby designing a phase modulator
with a modulation efficiency (VL) of 1.33 V - cm, coupled with minimal change in extinction.
Figure 3¢ shows the gating induced An¢ of the composite waveguide, extracted by measuring
the wavelength shift of the MZI spectra (see Supplementary Section IV), which reaches 7x10™
RIU for a swing voltage of 8V. From the extremum point at -4 V in Figure 3c, we infer that the
charge neutrality point for the monolayer WS, layer is at -4 V, which corresponds to an initial

electron doping of 1.5 + 0.2 x 10'2 cm™. This initial doping is likely due to sulfur vacancies
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arising from CVD growth but can also arise from substrate effects or adsorbates introduced in
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Figure 3| Phase tuning of monolayer TMD using TMD-HfO,-ITO capacitor. (a) Illustration of a composite SiN-
monolayer TMD waveguide, where the optical mode is shared between the SiN waveguide and TMD (bottom right).
The top right inset details the TMD-HfO,-ITO parallel plate capacitor configuration which electrostatically dopes
the monolayer WS,, by applying a bias voltage between the two electrodes (TMD and ITO) across the dielectric
HfO,. (b) Normalized Transmission response of the MZI for different voltages applied across the WS,-HfO,-ITO
capacitor. (c) Extracted change in effective index (An.g) measured from the MZI spectra of the composite SiN-WS,
waveguide with and without SU-8 cladding. The unclad device in figure 3a has a mode overlap of 0.016 % with the
monolayer WS,, while the SU-8 clad device has a mode overlap of 0.03 %. One can see that the enhanced mode
overlap increases the maximum Angg of the composite SiN-WS, waveguide from 7 x 10* to 1.3 x 107
(corresponding to a VL of 0.8 V - ¢cm). The error bars show the variation in gating induced An.g, extracted from
multiple MZI devices with different lengths of WS,-HfO,-ITO capacitor. (d) Frequency response (S,;) of the unclad
SiN-WS, phase modulator measured at 1550 nm.

We further enhance the performance of the capacitive SiN-WS, platform by increasing the
optical mode overlap with monolayer WS, using SU-8 photoresist as a high index cladding (see
Supplementary figure S4b). In figure 3¢, we show an increase in the gating induced Angg from
7.1 x 10 RIU to 1.35 x 10° RIU which reduces the V,L from 1.33 V- cm to 0.8 V - cm (see
Supplementary Section V). We estimate that the mode overlap for the unclad device is 0.016 %
and for the SU-8 clad device is 0.03 %, based on our simulations (see Methods). The Angg for
the SU-8 clad device is almost double the An¢ extracted for an unclad device, in agreement
with the improvement in the mode overlap from our COMSOL computations. Considering the
relatively small mode overlap with the monolayer CVD WS, in this present work (0.03 %), one
could envision an even higher phase modulation efficiency using alternative waveguide
geometries with different degrees of mode confinement such as slot waveguides and photonic
crystals. We measure a 3 dB bandwidth of 0.3 GHz in our devices with minimal DC electrical
power dissipation of 0.64 nW in the WS,-HfO,-ITO capacitor (see Supplementary Section VI
and VII). The frequency response of the phase modulator is measured using a 40 GHz fast
photodiode and an electrical vector network analyzer (VNA) at 1550 nm. The bandwidth is
currently limited by the resistance of monolayer WS,, and can be increased with improved

electrical contacts, optimized geometry, and control over the initial doping density.

Finally, we demonstrate that the gating induced electro-refractive effect extends to other

semiconductor TMDs by fabricating and characterizing a SiN-MoS, composite waveguide
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embedded in a MZI structure (see figure 4a). The measured An.¢ as a function of gate voltage is
shown in Figure 4b, and reaches a maximum of 6.4 x 10 (RIU) at 8 V (see Supplementary
Section VIII). The phase modulation efficiency V L is 1.7 V ¢« cm. Figure 4c compares the index
change (An) for MoS; and WS, with gate voltage. In both cases the index changes strongly, with
the change in WS, roughly double that MoS,.
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Figure 4 | Phase tuning of monolayer MoS, in a composite SiN-MoS, waveguide and comparison of the
|An/AK| for different materials. (a) Illustration of a composite SiN-MoS, waveguide, where the optical mode is
shared between the waveguide and MoS,. Figure right inset illustrates the optical mode profile for the composite
SiN-MoS, waveguide, with an optical mode overlap of 0.054% with the monolayer MoS,. (b) Change in the

effective index (Anes) of the propagating mode with voltage, extracted from the normalized MZI transmission
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spectra of the composite SiN-MoS, waveguide (see Supplementary Section VIII). (¢) Extracted change in refractive
index of the monolayer TMD’s (Antyp) such as WS, and MoS, with a voltage swing of 8 V across the TMD-H{O,-
ITO capacitor. The error bars in the An calculations include the rms error in the effective index measurements from
Figure 3c and 4b, variation in the thickness of monolayer (+ 0.05 nm), and variation in the height of the cladding
oxide by about = 25 nm included during the COMSOL simulations. (d) Comparison of |An/Ak| vs propagation length
(L = 1/0, where a is the insertion loss in 1/um) for monolayer 2D materials (graphene'’*’, MoS,> and WS,* ) and
bulk materials including Si**** and III-V on Si (InGaAsP/Si hybrid MOS)* (see Supplementary Section X). The
earlier demonstrations measuring the tunable optical properties in 2D TMDs were performed using out of plane
techniques and were limited to the wavelength regime near or at their excitonic resonances. In order to compare the
|An/Ak| for 2D monolayers and bulk materials on the same graph, we assume in-plane propagation with a mode

overlap factor of 0.06% (similar to the one for the device in Figure 1) for all 2D materials.

The demonstrated strong light matter interaction in monolayer TMDs could open up doors for a
range of novel applications with these 2D materials and enable highly reconfigurable photonic
circuits with low optical loss and power dissipation. We show in figure 4d that the doping
induced |An/Ak| ~ 125 for semiconductor monolayers at NIR wavelengths is significantly higher

than the |An/Ak| reported for 2D materials and various electro-refractive materials employed in

17,20 35-38

silicon photonics such as graphene and silicon™ ", while accompanied by comparatively

lower insertion loss (see Supplementary Section X). The high An/Ak is due to the 2D
configuration in the composite platform that lends itself to extremely high doping of the material.
The low absorption in TMDs at such high doping densities is due to the limited phase space in a
lower dimensional system. The demonstrated composite waveguide platform (with VL of 0.8 V

- c¢cm) already outperforms the current state of the art lithium niobate modulators — the gold

40,41
)

standard for current phase modulators (with V;L of 1.8 — 2.4 V - cm . Traditional phase

modulators based on either thermo-optic or induced electro-optic 3@ effects have similar low

optical losses as our SIN-TMD device, but suffer from either high electrical power consumption

42-44
h

and low operation bandwidt or require a large device footprint and requires complex

41,45,46

fabrication techniques , respectively. For large scale photonic systems, wafer scale

integration of TMD materials with silicon photonics can be done either as a direct TMD growth

SLAT48 o1 as a post processing step where large wafer scale TMD films™®

process on silicon wafers
are transferred on a silicon photonics platform, fabricated in a standard foundry. The low

electrical power dissipation and moderate operation bandwidth in our SiN-TMD platform allows
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for the large scale integration of these phase modulators in numerous applications such as

LIDAR, phased arrays, optical switching, quantum and optical neural networks.
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Methods

Device Fabrication.

TMD preparation, transfer and patterning- The PMMA/TMD stack was delaminated from
the Si0,/Si substrate by floating in a hot 1 M KOH solution with the PMMA side up. The
PMMA/TMD stack is then rinsed in water a couple of times, before transferring it onto the SiN
waveguides. After the transfer, the TMD clad waveguides are left to dry for a few hours before
the PMMA was removed by soaking in acetone and rinsing in isopropanol. The transferred TMD
is then patterned with HSQ/PMMA stack using electron beam lithography (EBL), followed by
oxygen plasma and CHF;/O; for etching residual PMMA and TMD. After the transfer, the TMD
clad waveguides are left to dry for a few hours before the PMMA was removed by soaking in
acetone and rinsing in isopropanol. The transferred TMD is then patterned with HSQ/PMMA
stack using electron beam lithography (EBL), followed by oxygen plasma and CHF5/O, for
etching residual PMMA and TMD.
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Device Fabrication for SIN-TMD Ionic Liquid Photonic Devices. We lithographically defined
1.3 um wide waveguides on 330 nm high Silicon nitride (SiN), deposited using Low Pressure
Chemical Vapor Deposition (LPCVD) at 800 °C and annealed at 1200 °C for 3 hours, on 4 pum
thermally oxidized SiO,, with a combination of e-beam lithography to define the waveguides and
deep UV lithography to pattern the CMP marks. We etch the SiN waveguides and CMP patterns
using CHF3/O, chemistry in Oxford 100 Plasma ICP RIE, followed by the deposition of 600 nm
of Plasma Enhanced Chemical Vapor Deposition (PECVD) silicon dioxide (SiO;) on the
waveguides. We planarize the SiO; to about 100 nm above the SiN waveguides using standard
chemical planarization (CMP) techniques to create a planar surface for the transfer of the
MOCVD WS, monolayer and to prevent the TMD film from breaking at the waveguide edges.
The power splitter (combiner) at the input (output) of the MZI structure is designed usinga 1 x 2
(2 x 1) multimode interferometer (MMI). Due to the disproportionate ratio of the height (330
nm) to the width (1.3 pm) of the waveguide and sensitivity of the MMI structure, the MZI
supports wavelength fringes from 1520 — 1630 nm for the TE mode and 1455 — 1480 nm for the
TM mode. Following the TMD preparation, transfer and patterning mentioned above, the metal
contacts are lithographically patterned using the DUV mask aligner and 50/80 nm of Ti/Au is

deposited using electron beam evaporation, followed by liftoff in acetone.

Device Fabrication for SiIN-TMD Capactitive Devices. We lithographically defined 1 pum wide
waveguides on 360 nm high Silicon nitride (SiN), deposited using Low Pressure Chemical Vapor
Deposition (LPCVD) at 800 °C and annealed at 1200 °C for 3 hours, on 4 um thermally oxidized
Si0,, using 248 nm deep ultraviolet lithography. We etch the SiN waveguides using CHF5/O,
chemistry in Oxford 100 Plasma ICP RIE, followed by the deposition of 600 nm of Plasma
Enhanced Chemical Vapor Deposition (PECVD) silicon dioxide (SiO;) on the waveguides. We
planarize the SiO; to about 260 nm {40 nm} above the SiN waveguides using standard chemical
planarization (CMP) techniques to create a planar surface for the transfer of the WS, {MoS,}
monolayer and to prevent the TMD film from breaking at the waveguide edges. The 260 {40
nm} nm SiO; layer prevents the lossy ITO layer of the capacitor from interacting with the optical
mode too strongly. A 45 nm {5 nm} of thermal ALD alumina is deposited on top of SiO; to
isolate the waveguides from the subsequent fabrication steps for the TMD-HfO,-ITO capacitor.

The TMD is prepared, transferred and patterned using the aforementioned process. The metal
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contacts to the TMD layer are then patterned using EBL and 30 nm Ti/ 50 nm Au is deposited
using electron beam evaporation, followed by lift-off in acetone. 26 nm {37 nm} of thermal
ALD Hafnia at 200 °C is then deposited to form the dielectric for the TMD-HfO,-ITO capacitor.
The other electrode of the capacitor is first patterned using EBL and then Indium Tin oxide
(ITO) is sputtered at room temperature (24 °C), at a chamber base pressure of 12 mTorr, with an
Argon flow of 30 sccm and 5 sccm oxygen flow, followed by lift-off in acetone. To reduce the
resistivity of the sputtered ITO film, the substrate is heated to a temperature of 200°C and
annealed in vacuum with the chamber pressure at 10 Torr, and an oxygen flow of 5 sccm for 30
minutes. We characterize the complex refractive index of ITO and thereby its doping using
visible and infrared ellipsometry (Woollam VASE) and fit to a Drude-Lorentz relation (see
Supplementary Section XI). Finally, the metal contacts to the ITO layer are patterned using EBL
and 30nm Ti/ 50 nm Au is then deposited using e-beam evaporation, followed by lift-off in
acetone. To define devices with SU-8 on the composite SiN-WS, waveguides, SU-8 is
photolithographically patterned on the waveguide and developed, by spinning SU-8 to a
thickness of 3.5 um.

Note. The numbers in curly brackets {} indicate the dimensions for the composite SiN-MoS;

devices.

Experimental Setup. We couple TE/TM polarized light from a tunable NIR laser (1450 nm —
1600 nm) to the SiN microring/MZI input using a tapered single mode fiber, which is then
collected at the SiN bus/MZI output, using a similar tapered fiber. We record the microring/MZI
transmission spectrum for different DC bias voltages applied across the WS,-HfO,-ITO
capacitor, to measure the phase shift and absorption change. We normalize each of the MZI/ring
transmission spectra first by the maximum output power across the measured wavelength range
and then by the optical power spectral profile measured at the output of one of the MZI arms by
coupling light to a similar SiN waveguide with only one MMI splitter at the input of MZI. The
above normalization process eliminates the wavelength dependent optical loss experienced by
the incident laser light in the tapered optical fiber, the fiber polarizer, SiIN waveguide and the
MMI, which are all designed to operate optimally at 1550 nm with the TE polarization. It also

accounts for the wavelength dependent power fluctuations of the laser, if any.
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For small-signal RF bandwidth measurement using the Vector Network Analyzer (VNA),
we apply a DC bias voltage of 0 V across the WS,-HfO,-ITO capacitor, combined with an RF

signal of -10 dBm with a source impendance of 50 Q.

Optical Sheet Conductivity of Monolayer TMD. We use the 2D sheet conductivity model to
extract the Anyys, and Akys,, as is commonly done when modeling graphene monolayers*. We
extract the complex index change of the monolayer (An + iAk) with carrier densities by
comparing the measured Angg and Akege (Figure 1e)), with the simulated change obtained using
COMSOL Multiphysics finite element model (FEM). We model the monolayer TMD as a
conductive sheet with a surface charge density (J = o, - E) and complex optical conductivity™
05 = 0Og + jo;. oi(w) is related to the dielectric permittivity (¢(w)) through the equation
gs(w) = jwtyg, (e(w) — 1) (1)
where, t; defines the thickness of the monolayer TMD (0.85 nm + 0.05 nm)*'. We estimate the
complex index change of the monolayer from the computed change in conductivity (Ao) using
the equation
os(w) + Ao = jwtzey (e(w) + Ae — 1) (2)
Where, Ae defines the change in dielectric permittivity (e(w)), which is related to An and
Ak through
e(w) + Ae = (n+ An + i(k + Ak))? Q).
The change in the real part of effective index of the mode (Angy) signifies a change in the
imaginary part of the optical conductivity (Aog;), whereas the change in the imaginary part of the
effective index (Akegr) of the mode is reflected in the real part of the optical conductivity (Aog)
through equation (1), (2) and (3). Since the change in complex effective index of the composite
SiN-WS, waveguide is contingent on the spatial overlap between the propagating optical mode
and the monolayer WS,, the true measure of the efficiency of the phase modulation lies in the
change of its in-plane optical sheet conductivity (S) and thereby its real and imaginary part of the
refractive index (An+ iAk) with electrostatic gating. We calculate (Anys,t iAkys,) by
modeling the monolayer as a boundary condition with surface current density (J = g, - E), which
eliminates the approximation of the thickness of the monolayer in our COMSOL model.
We quantify the mode overlap by replacing the surface current density (J = o - E) in the

refractive index calculations, with a monolayer thickness (t;) of 0.85 = 0.05 nm thickness, and
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finding the surface integral to fraction of the energy flux (E x H) of the mode in monolayer WS,,

compared to the total mode flux in the composite waveguide.

Comparison of the electro-refractive change in WS; and MoS; - Even though the Angg for
the air clad SiN-WS, composite waveguide (Figure 3c) is similar to the An.g of the air clad SiN-
MoS, (Figure 4a), the extracted Anysg, is higher than Any,e,, due to the lower optical mode

overlap of 0.016 % in the SIN-WS, waveguide, as compared to that of SiN-MoS, waveguide.

Data availability - The experimental dataset and its analysis is provided in the paper and any

additional dataset, if required, is available from the corresponding authors upon reasonable

request.



