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1 SUMMARY

This effort explores the use of two dimensional (2D) materials to create compact, high-
performance, low-loss optical modulators. 2D materials such as graphene and transition metal
dichalcogenides (TMDs) are finding applications in optical modulation, detection, and light
emission since their optical properties can be electrically tuned by modifying their carrier densities
[1,2]. To date the electro-optic properties have been probed near their excitonic resonances, where
the optical propagation loss is prohibitively high for large-scale photonic applications. In contrast
with thse prior investigations, this work explores the strong electro-refractive response of
monolayer TMDs at near infrared wavelengths by placing the monolayer on a low-loss planarized
silicon nitride (SiN) photonic structure. We dope the monolayer with carrier densities of
(7.2£0.8) x 10" cm ™ by electrically gating the TMD using an ionic liquid ([P14"] [FAP]). We
measure a large change in the real part of the refractive index, An=0.53, with only a minimal
change in the imaginary part (Ak=0.004). We further demonstrate photonic devices based on an
electrostatically gated SIN-WS2 phase modulator with a high efficiency (VzL) of 0.8 V cm. These
efficient phase modulators exhibit a large |An/Ak| but offer low propagation losses which are
critical for enabling large-scale photonic systems for applications such as light detection and
ranging (LiDAR), phased arrays, optical switching, coherent optical communications, quantum
applications, and optical neural networks.

We further describe a novel platform for electrically reconfiguring the coupling between a bus
waveguide and ring resonator to design an ultra-compact, low-loss, low-power and high-speed
phase shifter, based on a combination of the strong electro-refractive response in monolayer
TMDs. In this case we focus on WSz and the strong electro-absorptive property of graphene.
Nevertheless, this approach is general and inclusive of all TMD semiconductors including but
not limited to MoS2, WSe2, MoSe2, WSe2, and MoTe2. We show that our 25-um long WSe2-
graphene-based silicon nitride (SiN) composite waveguide, when embedded in a ring resonator
configuration, offers an analog optical phase modulation of n/2 with an amplitude modulation of
only 2 dB, accompanied with an insertion loss of 3 dB and a 3-dB electro-optic bandwidth of 15
GHz. We further show that this platform is capable of performing differential phase shift keying
(DPSK), where the phase of the optical signal can switch between 0 and n radians with no
amplitude modulation and an insertion loss of 5 dB.

1
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2 INTRODUCTION

2.1 Electro-optic Properties of Semiconductor Monolayers

Transition metal dichalcogenides (TMDs) belong to a class of semiconductor monolayers with a
direct bandgap at visible wavelengths. The strong susceptibility of the optical properties of
monolayer semiconductor TMDs with doping renders them ideal for a variety of opto-electronic
applications. Their natural surface passivation and strong light-matter interaction allows for easy
integration with passive waveguides which turns them into active composite structures [3,4].
Recently, TMDs such as tungsten disulphide (WS2) and molybdenum disulphide (Mo0S:z) have been
shown to exhibit strong changes in their optical properties with doping [5—7]. However, these
measurements have historically been performed near the optical bandgap of the TMDs (i.e. near
excitonic resonances), where the optical propagation loss is prohibitively high for many photonic
applications [8]. Here, we investigate the effect of doping on the electro-optic properties of TMDs
at wavelengths in the transparency regime using in-plane, low-loss, silicon nitride (SiN)
waveguides.

We demonstrate that monolayer TMDs experience a strong electro-refractive response with
induced carrier densities when probed in the near-infrared (NIR) wavelength region. In order to
probe the doping-induced electro-optic response of TMDs, we integrate monolayer TMD such as
WSz on planarized low-loss SiN waveguides embedded in a microring resonator cavity
configuration, as illustrated in Figure 1a. Microring resonators provide enhanced sensitivities to
small changes in phase and absoprpiton due to their high Q factors (Qioaded ~ 123,000 in our case).
Our planar photonic structure is comprised of a SIN-TMD composite waveguide, which allows
enhanced optical mode interaction with the monolayer when compared to out-of-plane
measurements. We develop the SIN-TMD platform by using standard fabrication techniques to
define a 1.3-um wide X 330-nm tall low-pressure chemical vapor deposition (LPCVD) SiN
waveguide clad with 100 nm of plasma-enhanced chemical vapor deposition (PECVD) SiO2 and
embedded in a microring resonator with a 50-um ring radius. This is followed by patterning a 30-
um long metal-organic chemical vapor dpeposition (MOCVD) grown monolayer TMD on the SiN
waveguide followed by the deposition of metal contacts (Ti/Au) to gate the TMD.

We leverage the SiN-WS: platform to characterize the electro-optic response (i.e. the index
change) of the monolayer WS> (AnWS2+iAkWS2) by tuning the complex effective index
(Aneff+iAkeff) of the composite mode. We tune the effective index by doping the WS> using an
ionic liquid ([P14"] [FAP]). We use the ionic liquid [P14+] [FAP-] in our experiments due to its
stability to gating under atmospheric exposure at room temperature. One can see from Figure 1b,
that we dope the monolayer by applying a potential difference between the two electrodes. This
results in the accumulation of ions at the surface of the WS, which introduces image charges into
the monolayer. The maximum electron doping density induced in the monolayer is about
6.44x10'3 cm with an applied voltage of 2 V. The charge density in ionic liquid-gated devices is
dominated by the quantum capacitance (Cq) as predicted by D. Braga et al. [9]. One can see from
the mode cross-section in the inset of Figure 1b, that the optical mode is shared between the
monolayer and the SiN waveguide. We estimated an optical mode overlap of 0.06% based on
simulations perfomered using COMSOL Multiphysics.

2
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Figure 1c shows the measured transmission spectrum of the ring resonator as a function of
voltage. The cavity has a narrow linewidth resonance near 1571.55 nm confirming that the
incorporation of WSz introduces negligible loss and does not degrade the quality factor of the
microring resonator. At positive gate voltages above 1 V we observe a redshift in the resonance
wavelength which indicates an increase in the effective index of the resonator. Remarkably, the
resonance linewidth is largely unchanged, 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 (Anefr and
Akett, respectively) of the composite waveguide. We measure a maximum effective index
change (Aneff) of 6.6x10 in refractive index units (RIU) with a change in absorption (Aa) of
4.5 dB/cm for a voltage swing of 2 V. We extract the Aneff and Aa from the normalized
transmission spectra of the ring resonator for different voltages applied across the Ti/Au
electrodes, as shown in figure Ic.

We show a large electro-refractive response at NIR wavelengths by estimating a maximum
change of 0.53 = 0.06 RIU in the real (AnWS2) and 0.004 + 0.002 in the imaginary part (AkWS2)
of the refractive index of the WSz monolayer for electron doping densities of 6.44x10"3 cm™.
We extract the index of monolayer WSz by comparing the measured effective index of the SiN-
WSz composite mode with the COMSOL simulated change, which we obtained by modelling the
monolayer as a 2D sheet with optical conductivity os integrated on a SiN waveguide. In Figure
1d, we show the extracted change in the AnWS2 and AkWS: as a function of charge carrier
density in the monolayer WS2. One can see that the electro-refractive response (AnWS2) for
monolayer WS is about two orders of magnitude stronger than its electro-absorptive response
(AkWS32) at NIR wavelengths which indicates that the propagating light undergoes significant
phase change with low optical loss. The physical mechanism for the strong electro-refractive
effect remains to be studied in detail. Due to the Lorentzian nature of the dielectric response in
monolayer TMDs [10], the excitonic resonances contribute to the real part of the dielectric
function over a much larger frequency band than their effect on the imaginary part. Thus,
doping-dependent tuning of multiple strong excitonic resonances will lead to a high |An/Ak| in
the transparency regime. The free-carrier plasma dispersion predicted via a Drude model can
also lead to a similar effect due to the comparable larger conductivity effective mass in TMD
monolayers [11-13]. Additionally, the 2D configuration of monolayer TMDs in the composite
platform lends itself to extremely high doping of the material.

Figure 1e shows that the doping induced |An/Ak| ~ 125 for semiconductor monolayers at NIR
wavelengths is higher than the |An/Ak| reported for graphene (~3.5) [14-17], monolayer WSz
and MoS:2 when probed at their excitonic resonance (~1 at 0.64 um) [8,18], or traditional bulk
materials such as silicon (Si) (~10-30) [19-22]. Here we present a comparison between the
carrier-induced |An/Ak| (a key metric for photonics) and the propagation length (L = 1/a, where a
is insertion loss in 1/um) for various 2D and bulk electro-refractive materials such as Si and III-
V on Si [23]. The propagation length (L) is characterized as the length in which the propagating
optical field decays by 1/e and can be expressed as L = 1/a, where a (insertion loss) = 4n (k(A) =
Ak)/A, k(M) is the imaginary part of the effective index, + Ak is the change in the imaginary part
of the effective index and A denotes the wavelength.

3
DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.



Figure 1c shows the measured transmission spectrum of the ring resonator as a function of
voltage. The cavity has a narrow linewidth resonance near 1571.55 nm confirming that the
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 redshift in the resonance
wavelength which indicates an increase in the effective index of the resonator. Remarkably, the
resonance linewidth is largely unchanged, 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 (Anefr and
Aketr, respectively) of the composite waveguide. We measure a maximum effective index
change (Aneff) of 6.6x10 in refractive index units (RIU) with a change in absorption (Aa) of
4.5 dB/cm for a voltage swing of 2 V. We extract the Aneff and Aa from the normalized
transmission spectra of the ring resonator for different voltages applied across the Ti/Au
electrodes, as shown in figure 1c.

Figure 1c¢ shows the measured transmission spectrum of the ring resonator as a function of
voltage. The cavity has a narrow linewidth resonance near 1571.55 nm confirming that the
incorporation of WSz introduces negligible loss and does not degrade the quality factor of the
microring resonator. At positive gate voltages above 1 V we observe a redshift in the resonance
wavelength which indicates an increase in the effective index of the resonator. Remarkably, the
resonance linewidth is largely unchanged, 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 (Anetr and
Alesr, respectively) of the composite waveguide. We measure a maximum effective index
change (Aneff) of 6.6x10* in refractive index units (RIU) with a change in absorption (Aa) of
4.5 dB/cm for a voltage swing of 2 V. We extract the Aneff and Aa from the normalized
transmission spectra of the ring resonator for different voltages applied across the Ti/Au
electrodes, as shown in figure 1c.

We show a large electro-refractive response at NIR wavelengths by estimating a maximum
change of 0.53 = 0.06 RIU in the real (AnWS2) and 0.004 + 0.002 in the imaginary part (AkWS2)
of the refractive index of the WS2 monolayer for electron doping densities of 6.44x10'* cm™.
We extract the index of monolayer WSz by comparing the measured effective index of the SiN-
WSz composite mode with the COMSOL simulated change, which we obtained by modelling the
monolayer as a 2D sheet with optical conductivity gs integrated on a SiN waveguide. In Figure
1d, we show the extracted change in the AnWS2 and AkWS: as a function of charge carrier
density in the monolayer WS2. One can see that the electro-refractive response (AnWSz2) for
monolayer WS: is about two orders of magnitude stronger than its electro-absorptive response
(AkWS:2) at NIR wavelengths which indicates that the propagating light undergoes significant
phase change with low optical loss. The physical mechanism for the strong electro-refractive
effect remains to be studied in detail. Due to the Lorentzian nature of the dielectric response in
monolayer TMDs [10], the excitonic resonances contribute to the real part of the dielectric
function over a much larger frequency band than their effect on the imaginary part. Thus,
doping-dependent tuning of multiple strong excitonic resonances will lead to a high |An/Ak| in
the transparency regime. The free-carrier plasma dispersion predicted via a Drude model can
also lead to a similar effect due to the comparable larger conductivity effective mass in TMD
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monolayers [11-13]. Additionally, the 2D configuration of monolayer TMDs in the composite
platform lends itself to extremely high doping of the material.

Figure 1e shows that the doping induced |An/Ak| ~ 125 for semiconductor monolayers at NIR
wavelengths is higher than the |An/Ak| reported for graphene (~3.5) [14—17], monolayer WS>
and MoS2 when probed at their excitonic resonance (~1 at 0.64 um) [8,18], or traditional bulk
materials such as silicon (S1) (~10-30) [19-22]. Here we present a comparison between the
carrier-induced |An/Ak| (a key metric for photonics) and the propagation length (L = 1/a, where o
is insertion loss in 1/um) for various 2D and bulk electro-refractive materials such as Si and I1I-
V on Si [23]. The propagation length (L) is characterized as the length in which the propagating
optical field decays by 1/e and can be expressed as L = 1/a, where a (insertion loss) = 4z (k(A)
Ak)/A, k(A) is the imaginary part of the effective index, = Ak is the change in the imaginary part
of the effective index and A denotes the wavelength.
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Figure 1: Electro-optic Properties of Semiconductor Monolayer TMDs
(a) Diagrammatic illustration of a microring resonator with patterned TMD and electrodes for doping. (b)
Cross-section of the composite SiN-monolayer WS, waveguide with ionic liquid ([P14] [FAP]) cladding.
The monolayer WS, is doped by applying a bias (V) across the two electrodes, through the ionic liquid,
resulting in the accumulation of charged carriers at the interface with the WS,. Top inset: TE mode
profile of the propagating mode, indicating 0.06% mode overlap with the monolayer TMD. (c)
Normalized transmission response of the microring resonator with different voltages applied across the
electrodes immersed in the ionic liquid. (d) Change in the real and imaginary part of the refractive index
of monolayer WS, with induced carrier densities. One can see that the Anws,changes two orders of
magnitude faster than Akws,, thereby indicating the combination of strong electro-refractive response
accompanied with low propagation loss. (e) Comparison of |An/Ak| versus the optical propagation loss
of TMD monolayers at NIR wavelengths with graphene and bulk materials such as silicon and 11I-V on
silicon.
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2.1.1 Polarizability of the Electro-refractive Response in Monolayer TMDs
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Figure 2: Polarization-dependent index change in monolayer WS,.
Diagrammatic illustration of an on-chip Mach—Zehnder interferometer (MZI) with patterned monolayer
WS, on the longer arm of the MZI. The monolayer is doped by applying a bias voltage across the two
electrodes, after dispersing 3-4 ulL of ionic liquid ([P14+] [FAP-]). (b) Optical micrograph of the fabricated
MZI with SiN-WS; waveguides (false-colored), before ionic liquid is dispersed on the devices. (c)
Normalized Transmission response of the MZI for the optical TE mode at different 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 inset shows the optical mode profile for the 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 top inset dhows the optical mode profile for the TM
mode with the optical field lines perpendicular to the plan of monolayer WS..
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We confirm that the phase change due to the monolayer occurs only when the electric field of the
propagating light is in plane with the monolayer (i.e. the optical TE mode) by embedding the
monolayer WS2 on SiN waveguides in a Mach—Zehnder interferometer (MZI) configuration (see
Figure 2a). Figure 2b shows the optical micrograph of the fabricated MZI device. The MZI is
designed with a length imbalance of 200 um between the two arms such that the transmission
spectra exhibit clear fringes in the wavelength range spanning from 1560 to 1585 nm for the TE
mode (see Figure 2c) and 1455 to 1480 nm for the TM mode (see Figure 2d). The power splitter
(combiner) at the input (output) of the MZI structure is designed using a 1x2 (2x1) multimode
interferometer (MMI). Our MZI operates at different wavelengths for both optical TE and TM
modes due to the aspect ratio of the height-to-width (330 to 1,300 nm) of the waveguide and the
MMI structure which supports TM mode at lower wavelengths compared to the TE mode. A
500-pm long monolayer WS2 is patterned on the longer arm of the MZI with the monolayer in
contact with one of the electrodes while the other electrode acts as a gate to dope the monolayer
through the ionic liquid [P14+] [FAP-] (see Figure 1b).

2.1.2 Electro-optic Properties of Monolayer Graphene

Graphene is a versatile 2D material which posseses a wavelength-insensitive electrical tunability
of its optical absorption and refractive index (Figure 3). The optical properties of 2D graphene
can be modified electrically as described by theoretical models [24,25]. Graphene operates in two
regimes:

D the normal regime where both the real and imaginary part of the refractive index
(RI) tune simultaneously (i.e. the Pauli blocking regime where inter-band
absorption dominates) and

(I)  (II) the anomalous regime, where the real part of the refractive index (RI) can be
tuned without altering the imaginary part (i.e. absorption) above the Pauli blocking
limit, where intraband absorption dominates.

Importantly, the optical properties of graphene can be tuned by “doping” the graphene
electrostatically, i.e. by applying a voltage V across a graphene-insulator-graphene capacitor. One
can see from the theory in Figure 3, that in region I, the absorption in monolayer graphene is
lowered with doping, and the index changes strongly. As the Fermi level is tuned beyond the inter-
band absorption limit, the absorption becomes negligible, while the index of refraction changes
drastically.

To date, state-of-the-art electro-optic graphine-based modulators have been predominatly designed
to operate in region I, where the absorption and index can be tuned together. This is partly due to

the fact that the doping densities required to operate in regime II are extremely high and require a
high K dielectric.
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Figure 3: Electro-optic properties of graphene.

(a) Theoretical absorption and refractive index as a function of Fermi level for intrinsic
graphene. Region I depicts the normal regime which is characterized by high absorption (both
absorption and index tune simultaneously). Region Il is known as the anomalous regime and is

characterized by low absorption (the refractive index changes strongly compared to the

absorption).

2.1.3 SiN-TMD Capacitive Platform for Low-loss Broadband Phase Modulator

The fundamental optical loss associated with phase modulation in today’s silicon photonics
limits the scalability of emerging large-scale systems including light detection and ranging
(LiDAR), quantum circuits, optical neural networks and optical communication links [26-30].
This loss occurs because traditional silicon phase modulators such as PN, PIN, MOS and I1I-V
on silicon rely on changes in the carrier concentration, which changes not only the real part of
the refractive index but also the imaginary part (see figure 1e). Today this optical loss is reduced
by decreasing the carrier concentration required for modulation using long devices, thereby
limiting the scalability of these systems. Phase modulators based on either thermo-optic or
induced electro-optic y(2) effects have low optical losses but suffer from either high electrical
power consumption [31-33] or require a large device footprint and complex fabrication [34,35],
respectively.
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In this work, we demonstrated a platform that enables phase-only modulation in the NIR region
of the electromagnetic spectrum based on monolayer TMD integrated on passive silicon nitride
waveguides (see figure 4). To leverage the doping-induced strong electro-refractive response in
monolayer TMDs for photonic applications, we have developed a fully integrated SIN-TMD
capacitive platform that gates the monolayer TMD using a parallel plate capacitor configuration.
We replace the ionic liquid with a stack of Hafnia oxide (HfO2) and indium tin oxide (ITO) to
form the TMD-H{O2-ITO capacitor on the SIN waveguide (Figure 4a). Standard processes are
used to define the 1,000 x 360 nm LPCVD SiN waveguide, clad with 260 nm of SiO2. We
replaced the MOCVD-grown monolayer WS> used in the ionic liquid experiments with CVD-
grown films for the capacitive devices [36].
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Figure 4: Schematic of the SiN-TMD Capacitive Platform for Pure Phase Modulation
(a) lllustration of a composite SiN-monolayer TMD (WS2) waveguide, where the optical mode is
shared between the SiN waveguide and the WS>. The inset details the WS>-HfO:-1TO parallel
plate capacitor configuration which gates the monolayer WSz by applying a bias voltage across
the dielectric HfO2. (b) The real (Re[€]) and imaginary (Im[€]) part of the dielectric permittivity
(€) of the monolayer WS: are modeled using the parameters extracted from Li et. al. [10]. The
strong excitonic transition at 620 nm in Im[c] decays rapidly with increase in wavelength and is
negligible at the probe wavelength of 1550 nm. On the other hand, the excitonic feature in Re[€]
decays more slowly with wavelength and retains significant excitonic contributions at the probe
wavelength. (c) Optical micrograph of the fabricated phase modulator consisting of the
composite SIN WS> waveguide shown in (a) embedded in the two arms (false-colored) of an
unbalanced MZI.
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2.1.3.1 Principle of operation

We induce phase tuning in the composite SiN-WS> waveguide by taking advantage of the fact
that the excitonic transitions in monolayer TMDs are sensitive to gating. These excitonic
transitions have a strong oscillator strength, which contributes to the dielectric permittivity of the
monolayer WS2 across a wide spectral range. In figure 4b, we plot the real (Re[€]) and
imaginary (Im[€e]) components of the dielectric permittivity for monolayer WS> using the
parameters extracted from Li et al [31]. One can see that the strong excitonic transition at 620
nm in Im[€] decays much faster than the Re[e] part with an increase in wavelength. In order to
achieve “lossless” modulation, we probe the phase change in monolayer WS> at NIR
wavelengths (~1550 nm), well removed from the excitonic transition. In this regime, Re[e]
retains contributions from the excitonic transitions that can be modified by gating, while the
excitonic contribution to Im[e], which causes optical absorption, is negligible. This is in strong
contrast to the dielectric permittivity at visible wavelengths near the excitonic transition, where
both Re[e] and Im[e] are susceptible to gating-induced changes in the excitonic resonances.

2.1.4 Principle of operation

Microring resonators have revolutionized silicon photonics and are frequently used as intensity
modulators in a host of applications [37]. Microring resonators operating in the critical coupling
regime enhance small changes in the waveguide response as they increase the effective
propagation length of the optical mode with the finesse with the cavity. However, ring
resonators have not been used to amplify the phase response. This is because the phase and
amplitude in a resonator are intrinsically linked to one another through the Kramers—Kronig
relation — such that at resonance (i.e. maximum extinction) the system is highly dispersive and
transmission is minimal. In order to leverage ring resonators in this work, we designed a hybrid
waveguide where we can modulate both loss and index in the ring resonator similar amounts.
Figure 4a shows the concept of using a combination of index and loss change in a ring resonator
configuration to achieve strong phase modulation with minimal amplitude modulation, while
simultaneously maintaining low insertion loss. One can see from the theoretical simulation in
figure 4b, that by tuning the loss in the ring resonator, one can change the coupling condition
between the bus waveguide and ring resonator from the under-coupled to the over-coupled
regime. This is accompanied by a shift in resonance wavelength due to the index change. In
such a regime, at a probe wavelength defined by the purple dashed lines in figure 4b, the phase
can be altered by « radians with low insertion losses and minimal amplitude modulation.

In order to tune the loss/index of the effective propagating mode, we leverage the electro-
optic properties of monolayer graphene and monolayer WSe2 and embed the 2D materials on a
1,300 nm wide % 330 nm tall SiN waveguide covered with 210 nm of silicon dioxide (SiO2). In
so doing we allow for the optical mode to overlap partially with both the monolayers (as seen in
top image of figure. 4d). We inject charges into the monolayers by applying a voltage across the
40-nm thick Al2Os3 dielectric (er = 6.3) separating the WSe2 and graphene monolayers (figure
4c). At lower doping densities the change in absorption due to graphene is stronger compared to
the index change, whereas at higher doping densities the change in the index due to ambipolar
TMD (WSe2) supersedes the absorption change. This is in contrast to the electro-optic response
of traditional electro-refractive materials such as bulk silicon, where both the absorption and
index increases in conjunction with doping. Due to the capacitive nature of the electro-optic
device, the DC power consumption in these devices is limited to a few nanowatts, and the speed
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of operation exceeds 15 GHz and is primarily limited by the contact resistance between the
monolayers TMD and metallic contact pads (Ti/Pd/Au).
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Figure S: Principle of Operation and Design of TMD (WSe;) — Graphene Composite
Platform for Pure Phase Modulation
(a) Schematic representation of a bus waveguide coupled to a microring resonator, where the
loss (grey) and index (orange) in the ring resonator is modulated simultaneously. (b)
Theoretically computed phase response (top panel) and normalized ring transmission (bottom
panel) at the output of the ring resonator when both the index and loss of the cavity is modulated
simultaneously. One can see that tuning the loss in the cavity changes the coupling condition
between the bus waveguide and ring resonator, from the under-coupled (purple) to the over-
coupled regime (green), whereas tuning the index causes a shift in the resonance wavelength.
By leveraging both the loss dependent coupling change and the index dependent resonance
wavelength shift, one can achieve an abrupt phase change of  radians at the designed probe
wavelength with insignificant amplitude modulation while maintaining a low insertion loss. (c)
Device cross-section showing a TMD (WSe:z)-Al:03-graphene capacitor on a 1300-nm wide %
330-nm tall SiN waveguide. (d) Top panel indicates the position of monolayer WSe:z and
graphene in the mode profile of the SiN waveguide cross section. The bottom panel shows the
optical micrograph of the fabricated device with a 25-um long WSe2-Al>03-graphene capacitor
embedded in a 50-um radius ring resonator.

In the next section we introuduce our theoriteical framkework for understanding the
experimantatl results obtained in this work.
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3 METHODS, ASSUMPTIONS, AND PROCEDURES
3.1 Calculation of Anesr and Akesr for Ionic Liquid clad SiN-WS; Rings

We calculate the change in the real/imaginary part of the effective index (Aneg/Akegr) of the
propagating mode with varying voltage from the change in the resonance wavelength/quality
factor (Q) associated with the normalized transmission response of a ring resonator critically
coupled to a bus waveguide. We numerically fit the normalized experimental ring transmission to
the theoretical ring transmission (T) obtained using equation (1) [38].

bq
ay

T =

2 |t-qel®|?
(1)

— |1-at*el®

2T
where, t is the transmission factor, the linear loss is defined by &« = e I keffL, the phase © =

2
Tn-neffl: and L = 21R, where R is the radius of the ring resonator (R = 60 um). Since the

change in the effective index of the mode is concentrated only in the length of the ring with
21 2T
monolayer WS2 (Lws2), the phase © =—~Tleftg, (L — Lwsy) + — Meffys; (V) Lysz, where

Neff;,, 1S the effective index of the SiN ring resonator without WSz and Nege (V) is the voltage
dependent effective index of the SiN waveguide interacting with monolayer WS2. At the
resonance wavelength, the transmission through the bus waveguide experiences a minimum,
indicating that the phase © = 2mnZ2mm. In order to extract the Anest from the normalized
transmission spectra, we track the evolution of the change in the resonance wavelength
(AMresAAes) With voltage and use equations (2) and (3).

M(Ares(V) — Ares(V=0)) = Aneffwsz (V)Lws: (2)
Anegryo, (V) = Negryys, (V) — Nefry,g, (V= 0) (3)

To extract AkefiAkegr, we first use equation (2) to find the Anefr wsamegr,,, (V) and then use

MATLAB to curve fit the result with equation (1) to track the evolution of o as a function of
applied voltage.

3.1.1 Optical Sheet Conductivity of Monolayer TMD

For monolayer films, the optical sheet conductivity [o,(w)] provides a full description of the
optical response and is related to the dielectric permittivity [&,(w)] through the equation

os(w) = —jwtyg (& (w) — 1) “4)
where, t; defines the thickness of the monolayer TMD (0.8 nm). We model the monolayer
TMD as a sheet with complex optical conductivity g = o + jo;. The change in the real part of
the mode’s effective index (Anefr) signifies a change in the imaginary part of the optical
conductivity (Aay), whereas the change in the absorption (Aa) of the mode is reflected in the real
part of the optical conductivity (Aog) through equation (4). Since the change in complex
effective index of the composite SIN-WS2 waveguide is contingent on the spatial overlap
between the propagating optical mode and the monolayer WS», the true measure of the efficiency
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of the phase modulation lies in the change of its in-plane optical sheet conductivity (gs) with
electrostatic gating. We calculate the Ag; of the monolayer WSz by modeling the monolayer as a
boundary condition with surface current density (J = g5 - E£) in COMSOL which eliminates the
need to approximate the monolayer thickness. The extracted Aoy is within the error limits of our
COMSOL simulation, due to the minimal change in Aa with gating. We use the 2D sheet
conductivity model to extract the Anyyg, and Akys,, as is commonly done when modeling
graphene monolayers [39]. We extract the complex index change of the monolayer (An + iAk)
with carrier densities by comparing the measured Angg and Akeg 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 = o5 - E) and complex optical
conductivity [10] o, = oy + jo;. Here as(w) is related to the dielectric permittivity [€(w)]
through the equation

os(w) = jwtag, (e(w) — 1), (5)
where t; defines the thickness of the monolayer TMD (0.85 nm # 0.05 nm) [8]. 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) (6)
Where, Ae defines the change in dielectric permittivity (e(w)), which is related to An and
Ak through s(w)+ Ae = (n+ An + i(k + Ak))?. (7)

We quantify the mode overlap by replacing the surface current density (J = ¢ - E) in the
conductivity calculation with a surface of 0.8 nm thickness, and then find the surface integral of
the energy flux (E x H) of the mode in monolayer WSz and compare it to the total mode flux in
the composite waveguide.

3.1.2 Optical Sheet Conductivity of Graphene

The optical properties of 2D graphene can be modified electrically and, according to
theory [24,25], the real part of the refractive index (RI) can be tuned without altering the imaginary
part (i.e. absorption). The optical properties of graphene can be tuned by doping graphene
electrostatically, i.e. by applying a voltage V across a graphene-insulator-graphene capacitor. The
doping of graphene induces a shift in the Fermi energy level of graphene and is given by:

1/2
\%4
Er = hvg ((EO;R + nmltlal) ) > (1)

where €, is the vacuum permittivity, €g is the relative permittivity of the insulator, e is the
electronic charge, vg is the Fermi velocity in graphene, and njpit4) 1S the initial chemical doping
of the graphene layer (which is dependent on the processing of the graphene and on the
substrate [40,41]). The real part (ng) and imaginary part (n;) of the RI of graphene are related to
the optical conductivity o(w) through equations 2 and 3 [24,25] ;

. Lcr(w)
(ng+in)? =1+ — — (2)
_ 9% hw+2EF ho-2Epy . 0 (hw + 2EF)? 4a0 _Ep
o(0) = L(tanh™2E + tanh ) o9l ey ) * Ua s . (3

where t is the thickness of the graphene layer (0.345 nm), g, is the universal conductivity of
graphene, h is the reduced Planck’s constant, w is the optical frequency, kg is the Boltzmann
constant, T is the temperature, and 7 is the intra-band carrier relaxation time, assumed here to be
100 fs, as predicted for similar structures [42]. It is difficult to reach the anomalous regime in an
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integrated high-speed device because the required electric fields (2.5 — 3.5 MV/cm) approach the
typical breakdown fields of thin-film oxides. To date, this regime of high index change and low
absorption has only been achieved by using ion/electrolyte gel gating [43] which is a
fundamentally slow process. The low breakdown strength of many dielectrics has limited the
state-of-the-art integrated graphene devices to modulating only the n; of graphene [44,45].

3.1.3 Fabrication of Ionic-liquid gated SIN-TMD Platform

We lithographically defined 1.3-pum wide waveguides on 330-nm tall SiN with was deposited using
LPCVD at 800 °C and annealed at 1200 °C for 3 hours on a 4-pm thermally oxidized SiO2 layer
with a combination of electron-beam lithorgraphy (EBL) (to define the waveguides) and deep
ultraviolet (DUV) lithography (to pattern the CMP marks). We etched the SiN waveguides and
CMP patterns using inductively coupled plasma-reactive ion etching (ICP-RIE) with a CHF3/O2
chemistry via an Oxford 100, followed by deposition of 600 nm of PECVD SiO2 on the
waveguides. We planarized the SiO2 to ~100 nm above the SiN waveguides using standard CMP
techniques to create a planar surface for the transfer of the MOCVD WSz 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 was designed using a 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 the sensitivity of the MMI structure, the MZI supports wavelength fringes from 1520 to
1630 nm for the TE mode and from 1455 to 1480 nm for the TM mode. A 10-nm layer of sacrificial
thermal atomic layer-deposited (ALD) alumina was deposited on top of the SiOz to isolate the SiN
waveguides from the subsequent fabrication steps required for the patterning the monolayer
TMDs. Following the TMD preparation and the transfer and patterning described above, the metal
contacts were lithographically patterned using a DUV mask aligner. In this work, 50/80 nm of
Ti/Au was deposited by electron-beam evaporation followed by liftoff in acetone.

3.1.4 Fabrication of Capacitively Gated SiN-TMD Platform

We lithographically defined 1-um wide waveguides on 360-nm tall SiN deposited using LPCVD
at 800 °C and annealed at 1200 °C for 3 hours on 4-pum thermally oxidized SiO2 using 248-nm deep
ultraviolet lithography. We etch the SiN waveguides using the Oxford 100 ICP-RIE with a
CHF3/O2 chemistry followed by the deposition of 600 nm of PECVD silicon dioxide (SiO2) on the
waveguides. We planarized the SiO: to about 260 nm {40 nm} above the SiN waveguides using
standard CMP techniques to create a planar surface for the transfer of the WSz {MoS2} monolayer
and to prevent the TMD film from breaking at the waveguide edges. The 260 {40 nm} nm SiO2
layer prevents the lossy ITO layer of the capacitor from interacting with the optical mode too
strongly. Following this 45 nm {5 nm} of thermal ALD alumina is deposited on top of the SiO2
to isolate the waveguides from the subsequent fabrication steps for the TMD-HfO2-ITO capacitor.
CVD is used to grow the monolayer and multilayer TMD on separate SiO2/Si substrates. We coat
the TMD monolayer using 500-nm thick Poly(methyl methacrylate) (PMMA, A4, Chem),
followed by baking the substrate at 180 °C for 5 min. The PMMA/TMD stack was delaminated
from the SiO2/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 a hydrogen silsesquioxane (HSQ)/PMMA stack using EBL, followed by
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oxygen plasma and CHF3/Oz for etching residual PMMA and TMD. Metal contacts are then
patterned on the TMD layer using EBL and 30 nm Ti/ 50 nm Au is deposited using electron-beam
evaporation followed by a lift-off in acetone. 26 nm {37 nm} of thermal ALD Hafnia oxide at 200
°C is then deposited to form the dielectric for the TMD-HfO2-1TO capacitor. The other electrode
of the capacitor is first patterned using EBL and then ITO is sputtered at room temperature (24
°C), at a chamber base pressure of 12 mTorr with an argon flow of 30 sccm and an oxygen flow
of 5 scem 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
of 10 to 6 Torr, and an oxygen flow of 5 sccm for 30 minutes. Finally, the metal contacts to the
ITO layer are patterned using EBL and 30 nm Ti and 50 nm Au is 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 pm.

Note. The numbers in curly brackets {} indicate the dimensions for the composite SiN-MoS2
devices.

SiO; Sio,

SiO,

SiN waveguide buried in SiO, ALD Alumina (45 nm) — protective
covering required for etching MoS, and
WS, using CHF /O,

Transfer of MoS, / WS, flakes on the
waveguides

Sio, .
Pattern metal contacts (Ti/Au) to MoS,/WS, flake )

Etch MoS, and WS, using CHF,/0; Pattern MoS, and WS, on the
waveguides using HSQ resist.

Sio,

SiO,

ALD depdaitian of 26/ hen THI0, Sputter Deposition of 40nm ITO SIO2

Pattern Metal Contacts to ITO
Figure 6: Fabrication Flow for SIN-TMD Capacitive Devices
3.1.5 Experimental setup

We coupled TE/TM polarized light from a tunable NIR laser (1450—-1650 nm) into the SiN
microring/MZI input using a tapered single-mode fiberwhile the optical output was collected at
the SiN bus/MZI output using a similar tapered fiber. We recorded the microring/MZI
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transmission spectrum for different bias voltages applied across the WS2-HfO2-ITO capacitor, to
measure the phase shift and absorption change. We normalized 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 the MZI. The above
normalization process eliminated the wavelength-dependent optical loss experienced by the
incident laser light in the tapered optical fiber, the fiber polarizer, SiN waveguide and the MMI.
This approach also accounts for the wavelength-dependent power fluctuations of the laser, if any.
Note that these devices were all designed to operate optimally at 1550 nm with TE polarization.

Small-signal radiofrequency (RF) bandwidth measurements of the SiN-TMD low-loss phase
shifters were made using a VNA in which we applied a DC bias voltage of 0 V across the WS:-
HfO2-ITO capacitor combined with an RF signal of -10 dBm with a source impedance of 50 Q
(from the VNA).

3.1.6 Experimental Setup for Measuring Phase in Ring Resonators

Optical
— Delay Line
(ODL)

CW Laser OOO MZI Transmission
(1500 nm -

1650 nm) PC

Ring Transmission

SiN chip 10%

Figure 7: Experimental Setup to Measure Phase in Ring Assisted TMD-Graphene Phase
Modulator
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£ A
Figure 8: External Measurement Setup with Fibers Require Extensive Packing Material to
Ensure Temperature/Air/Humidity Isolation for Phase Measurement in Ring Resonators

We measure the phase of a ring resonator as a function of wavelength by embedding the ring in
an external fiber MZI and measuring both the ring and MZI transmission. Figure 7 shows the
schematic of the experimental setup, where the light from the continuous wave (CW) laser
source is first passed through a polarization controller (PC) to optimize the measurement by
alighining the light for the TE mode and then to a 99:1 power splitter that divides the incoming
light into the reference arm and the chip arm. We use a 99:1 power splitter to account for the 20-
dB coupling loss from the input of the lensed fiber to the output of chip and finally to the output
lensed fiber. A portion of the output from the chip (10%) is routed to a detector to measure the
ring transmission (Tring), while 90% of the power is passed to the 75% arm of the output coupler.
We embed a fiber-based optical delay line (ODL) to optimize the path length difference between
the reference and the chip arm with a precision to a few 10’s of um. To optimize for the
maximum extinction in the MZI fringes, we rotated the polarization of the light in the reference
arm through a PC paddle, as seen in figure 7. Finally, we measure the response of the MZI
using a photodetector at the output (Tmzi). Figure 8 shows a picture of the experimental setup
implemented in the lab to measure the phase in a ring resonator. Fiber-based interferometers are
quite susceptible to drifting due to changes in the local temperature, air flow, and humidity. One
can minimize these drifts in the fiber MZIs by tapping the fibers down, covering free-space
components (such as the PCs and ODL), and creating a box to house the entire setup.
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4 RESULTS AND DISCUSSION

4.1 SiN-WS; low-loss MZI-based phase modulators
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Figure 9: Capacitive SiN-TMD Platform for Low-loss, Low-power and High-speed Optical
Phase Modulation

Hllustration of the composite SiN-TMD waveguide, where the optical mode is shared between the
SiN waveguide and the monolayer TMD. The inset details the TMD-HfO2-ITO parallel plate
capacitor configuration which gates the monolayer WS2 by applying a bias voltage across the
dielectric HfO2. (b) Normalized transmission response of MZI with different voltage applied

across the capacitor on the longer arm of MZI. The right inset shows the optical micrograph of
the fabricated phase modulator consisting of the composite waveguide in Fig. 2a embedded in

the arms of an unbalanced MZI. (c) Change in the effective index measured from the MZI
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spectra of the composite waveguide with and without SU-8 cladding. (d) Frequency response of
the unclad SiN-WS: phase modulator measured at 1550 nm.

In our configuration quantum capacitance effects are negligible [9] and we estimate a linear
induced charge density of (0.37+0.05) x 10'2cm™2 V™!, based on the thickness (26 nm) and
dielectric permittivity of the HfO2. In contrast to the ionic liquid devices where the voltage
swing is limited between —2 and 2 V, the voltage swing in these capacitive devices is determined
by the thickness of the dielectric (HfO2) and is in the range of =8 to 9 V. These MZIs are
designed with a length imbalance of 100 um between the two arms such that the transmission
spectra exhibit clear fringes as the input laser wavelength is tuned from 1520 to 1620 nm when
the TE mode is excited. In this device a 500-um long WS2-HfO2-1TO capacitor is fabricated on
each arm of the MZI. This is accomplished by starting with the transfer of chemical vapor
deposition (CVD)-grown WS», followed by the deposition of HfO2 and ITO, and subsequent
patterning of metal electrodes (see Section 2.4). From the thickness of the HfO2 (26 nm), we
estimate an induced charge of 0.37 = 0.05 x 10'2 / cm? per volt applied to the gate.

Figure 9b shows the interference pattern at the MZI output for different voltages applied across
the WS2-HfO2-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 demonstrating a phase
modulator with a modulation efficiency (VL) of 1.33 V-cm coupled with minimal change in
extinction. Figure 9c shows the gating-induced Anefr of the composite waveguide, extracted by
measuring the wavelength shift of the MZI spectra, which reaches 7 x 10 RIU for a swing
voltage of 8 V. From the extremum point at —4 V in figure 9c, we infer that the charge neutrality
point for the monolayer WS> layer occurs at —4 V which corresponds to an initial electron doping
of (1.5+0.2) x 10'2cm 2. This initial doping is probably due to sulfur vacancies arising from
CVD growth, but can also arise from substrate effects or absorbents introduced in the transfer
process [46].

Since the degree of phase change depends on the optical mode overlap with the monolayer WS,
one can tailor the geometry of the waveguiding structures to engineer the mode overlap and take
advantage of the full potential of this high change in index. As a proof of concept, we show here
a decrease in VzL, from 1.33 V-cm to 0.8 V-cm by enhancing the mode overlap with the
monolayer WS using SU-8 photoresist as a high-index (n=1.57) cladding material, as shown in
inset of figure 9c. We estimate that the mode overlap for the unclad device is 0.016% while the
mode overlap for the SU-8 clad device is 0.03%, based on our simulations (see Section 2.3). We
show the experimentally measured Anesr for the unclad and SU-8 clad composite SiIN-WS2
waveguide in figure 9c. One can see that Anesr for the SU-8 clad device is 1.9 times the Anesr
extracted for an unclad device, in agreement with the improvement in the mode overlap from our
COMSOL simulations. The maximum measured Anefr for the SU-8 clad device is 1.35x107
RIU, which corresponds to a VzL of 0.8 V-cm.

We measured a 3-dB bandwidth of 0.3 GHz in our devices with a minimal DC electrical power
dissipation of 0.64 nW in the WS2-HfO2-ITO capacitor (Figure 9d). The frequency response of
the phase modulator was 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 the
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monolayer WSz and can be increased with improved electrical contacts, an optimized geometry,
and better control over the initial doping density.

4.1.1 SiN-MoS; Low-Loss MZI-Based Phase Modulators
a
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Figure 10: Phase Tuning of Monolayer MoS; in a Composite SiN-MoS; Waveguide
(a) lllustration of the composite SiN-MoS> waveguide, where the optical mode is shared between
the SiN waveguide and monolayer MoS>. The inset shows the optical mode profile for the
composite SIN-MoS2 waveguide, with an optical mode overlap of 0.054% with the monolayer
MoS:. (b) Change in the effective index (|Aneg|) of the propagating mode with voltage, extracted
from the normalized MZI transmission spectra of the composite SiN-MoS:2 waveguide. (c)
Extracted change in the refractive index of the monolayer TMDs, such as WSz and MoS>, with a
voltage swing of 8 V across the TMD-HfO:-ITO capacitor.
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4.1.2 Criticality of monolayer nature of TMD for electro-refractive response
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Figure 11: Criticality of the monolayer nature in strong electro-refractive response — A
preliminary investigation.

As a preliminary investigation into the criticality of the monolayer nature of TMDs in observing
the strong electro-refractive effect, we compare the performance of identical SiN MZI devices
based on monolayer and multilayer WSz capacitors fabricated on the same wafer. As expected,
the monolayer WS2 film shows higher photoluminescence (PL) intensity (figure 11a) compared
to a weak PL intensity for the multilayer WS [47] (figure 11b). We observe a strong gating-
induced phase shift in the MZI transmission spectra for monolayer WSz-based devices (figure
11c), compared to a negligible phase shift in the multilayer WS2-based devices (figure 11d). The
MZI devices used for this comparison are identical to the ones shown in figure 4 but with a 200-
um long capacitor on each arm. Note: The MZI used for calibrating the phase modulation
efficiency of the devices based on multilayer WS is designed to be unbalanced in power with
33:67 power splitting ratio in the shorter/longer arm of the MZI using a directional coupler at the
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input of the MZI and a 50:50 MMI at the output of MZI. This causes the non-zero extinction in
the MZI transmission spectrum in figure 11b.

The absence of a strong electro-refractive change in multilayer TMD films could be due to the
comparatively weaker exctionic contribution to the index of refraction. The phase change is
expected to be especially strong in direct bandgap 2D materials compared to their bulk
counterparts because the weak dielectric screening of monolayer TMDs result in enhanced
Coulombic interactions and strong exciton binding energy [10,48]. This section discusses
specific results.

4.1.3 Performance of ring-based TMD-graphene composite low-loss phase modulator

Figure 12a explors the strong change in coupling between the bus waveguide and ring resonator
from the under-coupled to the over-coupled regime by applying an electrostatic field across the
25-um long WSe2-Al20s-graphene capacitor embedded in the ring resonator configuration.
Initially (at 0 V), the ring is in the under-coupled state, where the light propagating in the bus
waveguide is weakly coupled to the lossy ring resonator. As the applied voltage is increased, the
loss in the graphene reduces. This leads to an increase in the coupling between the waveguide
and ring resonator, thereby transitioning it from the under-coupled regime (at 0 V) to the
critically coupled regime (at 8.5 V) and subsequently to the over-coupled regime (beyond 12 V).
This transition between coupling regimes is highlighted in the transmission spectrum provided in
the bottom panel of figure 12a. One can track the evolution of the extracted phase spectra with
voltage in the top panel of figure 12a, obtained by theoretically fitting the measured transmission
spectra with the ring resonator equation [49].

Theoretical fitting (see figure 12b) indicates that our 25-um long device can induce a phase
change of n/2 with a voltage swing from 10 to 30 V at a probe wavelength of 1646.19 nm with
an amplitude modulation of 2 dB and a low insertion loss of 3 dB. We further show, in figure
12¢, that this modulator is also capable of performing digital phase shift keying by inducing an
optical phase shift of & radians while transitioning between the under-coupled (8 V) and over-
coupled regime (30 V) with insignificant amplitude modulation and an insertion loss of 5 dB.
The electro-optic bandwidth of the 25-um WSez-graphene device is RC limited to a 3-dB
operating frequency of 15 GHz. We can further improve the operating bandwidth of the device
by engineering the metal-TMD and metal-graphene contacts.
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Figure 12: Experimentally Measured Optical Transmission and Electro-optic Bandwidth of
WSe;-graphene Based Composite Waveguide
(a) Experimentally measured normalized transmission (bottom panel) and theoretical fit phase
spectra (top panel) of a bus coupled microring resonator with 25-um long WSe2-AI1203-
graphene capacitor for different voltages applied across graphene and WSe: electrode. The
strong change in coupling can be attributed to the strongly tunable absorption in monolayer
graphene, while the shift in resonance wavelength is dependent on a combination of the electro-
refractive effect in both graphene and monolayer WSe>. (b) Extracted phase change of /2
radians with an amplitude modulation of ~ 2 dB and an insertion loss of 3 dB at a probe
wavelength of 1646.18 nm (dashed blue line in figure 2a) for a voltage swing from 10 to 30 V.
(c) One can leverage the same device to achieve a digital & phase shift at a probe wavelength of
1646.19 nm with insignificant amplitude modulation and an insertion loss of 5 dB by tuning
between the under-coupled regime (at 8 V) and the over-coupled regime (at 30 V). (d)
Normalized frequency response (S21) of the WSez-graphene-based SiN phase modulator at a
wavelength of 1646.2 nm (blue squares) shows a 3-dB electro-optic bandwidth of 14.9 = 0.1
GH:z.
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We show the change in propagation loss (dB/um) and effective index of the hybrid mode as a
function of the applied voltage in figure 13a by extracting and fitting the experimentally
measured transmission (figure 2a) to the theoretically simulated ring resonator equation using
MATLAB. One can see that the propagation loss in the WSe>—SiN mode reduces from 0.025
dB/um at 0 V (initial doping density of 5.5%10'2 cm™2) to 0.00026 dB/um at 30 V (final doping
density of 3.16x10'* cm™). At the same time the effective index initially undergoes a red shift of
1.2x10* (refractive index units (RIU)) from 0 to 8 V followed by a strong blue shift reaching a
maximum index change of 5.6x10* (RIU) from 8 to 30 V. We attribute the change in
propagation loss with voltage to the reduction in absorption of the monolayer graphene with
doping as a signature of Pauli blocking that appears at doping densities above 2x10'% cm™ (~17
V) where graphene becomes transparent. Meanwhile, the change in effective index is influenced
by both the monolayer graphene and monolayer WSe2, with the electro-refractive response of
graphene being dominant at low doping densities [< 1.4x10' cm™ (at 10 V)] and the strong blue-
detuned electro-refractive response of WSe:2 being the influencing factor for index change at high
doping densities (> 1.4x10'3 cm™).

4.1.3.1 Extracting the electro-optic response of monolayer graphene and TMD

We design compact and efficient phase modulators by leveraging the observed electro-absorptive
property of graphene that is dominant at low doping densities (see the real part of the extracted
graphene conductivity in figure 13b, which contributes to absorption) and the strong electro-
refractive response in monolayer WSez (see figure 13¢) which is the dominant mechanism at
high doping densities. At operating voltages below 10 V (i.e. in the low doping regime) the
absorption of graphene is modulated strongly which causes the coupling condition between the
bus waveguide and ring resonator to change from the under-coupled to the critically coupled
regime. In the latter case, the phase profile at the output of ring resonator is marginally
dispersive (see top panel of figure 12a). Beyond 10 V the resonator enters the over-coupled
regime, where the phase profile is highly dispersive and the resonance wavelength of the ring
resonator is blue detuned with applied voltage and dominated by the electro-refractive property
of WSe2. Here, the blue detuning causes a shift in the transmission and phase spectra and the
loss modulation in graphene modifies the linewidth and extinction, thereby rendering a regime of
operation where the phase is strongly modulated with minimal amplitude modulation with low
insertion loss at a probe wavelength of 1646.19 nm. From our COMSOL modelling, we predict
a change of about 18% in the refractive index of monolayer WSe:2 with a doping density of
3.1x10" ¢m™ at 30 V and find, at these doping densities, that the monolayer graphene has been
doped to the transparency regime (see figure 13c and figure 13b, respectively). When compared
to traditional bulk electro-refractive materials such as silicon, where the change in index is only a
fraction of the index, monolayer TMDs exhibit a strong electro-refractive response.
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Figure 13: Theoretically Computed Real and Imaginary Part of the Index of Propagating
Mode, Monolayer Graphene and Monolayer WSe:.

(a) a) Change in the real (top panel) and imaginary (middle panel) part of the effective index
(Aney and Akefy) of the hybrid WSez-graphene SiN waveguide at different voltages extracted from
the normalized transmission measured in the bottom panel of figure 8a. The bottom panel of the

figure shows the change in propagation loss (dB/um) of the propagating mode with various
voltages applied across the WSez-Al203-graphene capacitor. The error bars account for the root
mean square (rms) error from the numerical fit and a £ 2 um error in the patterned length of the
monolayers. (b) Change in the imaginary and real part of the normalized complex conductivity
of graphene (o6 _Graphene/a 0 ) with voltage, extracted from the change in effective index in (a)
using COMSOL simulations. The Im{oc_Graphene/c_0} (top panel) is related to the real part of

the dielectric permittivity, which contributes to the change in real part of index of the
propagating mode, whereas the Re{o_Graphene/c_0} (bottom panel) contributes to the
imaginary part of dielectric permittivity and hence absorption. One can see that the bottom
panel of (b) closely tracks the change in propagation loss [bottom panel in (a)], which suggests
that the graphene becomes transparent with applied voltage due to Pauli blocking at high doping
densities. (c) Change in the real part of refractive index of monolayer WSe:z with applied
voltage, extracted from the effective index change in (a). One can see that the index of
monolayer WSez changes by almost 18%.
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4.1.3.2 Measured Phase in ring assisted compact phase modulators
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Figure 14: Measured phase of a ring based 40-um long WSe;-graphene hybrid waveguide
in an external fiber MZI
(a) Top panel of the figure shows the measured spectrum of the normalized MZI transmission as
a function of wavelength for {-4 and -21 V}, which depicts the under-coupled and over-coupled
regime of the ring resonator operation. The fringes at -4 and -21 V overlap each other
signifying that the fiber MZI is stable, whereas the phase near the resonance is modified. The
bottom panel shows the normalized measured ring transmission as a function of wavelength for -
4 Vand-21V. (b) Normalized MZI and ring transmission for the wavelength range of 1536 to
1545 nm. We use the MZI fringes to extract an optical path length of ~ 200 um between the
reference and chip arm. (c) Measured phase ¢1, normalized MZI transmission (Tmzi), and
normalized ring transmission (Tring) as a function of wavelength from 1538.5 to 1538.9 nm with
the voltages of -4 V when the ring is in the under-coupled regime and at -21 V when the ring is
over coupled. At 1538.7 nm the ring transmission barely changes with an insertion loss of -9 dB,
however the phase drastically changes by 0.82 & causing a strong change in the MZI extinction
(middle panel). (d) Measured phase (¢T) and normalized ring transmission for different
voltages shows the evolution of the phase spectrum as the ring resonator transitions from the
under-coupled regime (at -4 V) to the critically coupled regime (at -8 V) and finally to the over-
coupled regime (at -21 V).
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S CONCLUSIONS

In this work, we are the first to observe strong electro-refractive effects in semiconductor
transition metal dichalcogenides (TMDs) in the near-infrared range (far below the excitonic
resonance), where the TMDs are transparent [36]. We use this strong effect to demonstrate
photonic devices based on a composite SIN-TMD platform that can achieve significant phase
modulation with minimal induced loss and low electrical power consumption.

We measure a strong doping-induced change in the refractive index (An) of 0.53 in WSz with
minimal induced absorption (Ak) of 0.004. This |An/Ak| of ~125, is an order of magnitude
higher than the previously measured |[An/Ak| for various 2D monolayers or for bulk materials
commonly employed in silicon photonics, such as silicon (see Figure 1d).

We utilize this strong electro-optic response to demonstrate ultra-low power, lossless, optical
phase modulation based on a composite SIN-TMD platform. The WSz-based photonic
modulator achieves efficiency (vaL) of 0.8 V-cm, an RC limited bandwidth of 0.3 GHz, and a DC
electrical power consumption of 0.64 nW. A similarly strong electro-refractive effect was also
observed in monolayer MoSz. The measured index change (~15%) in these TMDs is
unprecedented, considering that the change in index of bulk LiNbOs3 — the ‘gold standard’ for
photonics is typically 0.04%.

We rely on the strong electro-refractive response in TMDs (WSe2) [50] and strongly tunable
absorption in graphene [51] to demonstrate an ultra-compact phase shifter (only 25-pum long),
which consists of a WSe2 — alumina (Al203)-graphene capacitor placed atop an optical microring
resonator. We further report that our devices support an electro-optic bandwidth of 15 GHz (~
50 times higher than the electro-optic bandwidth reported on a TMD platform to date).
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6 RECOMMENDATIONS

Future work:

e In our first generation devices we leveraged ITO as our transparent conducting electrode,
however the insertion loss due to a 500-pm long ITO electrode with 40-nm thickness is 6
dB. This insertion loss can be reduced by replacing the ITO with another conducting
electrode such as doped graphene. We have worked on this in the past and showed in
Ref. [52], that p-doped graphene can act as the low-loss electrode with 2 orders of
magnitude lower loss than ITO.

e We believe that we can further improve the bandwidth performance of these devices by
engineering graphene edge contacts.

e We can develop efficient, low-loss switches in large-scale photonic structures using our
ultra-compact, high-speed and low-loss phase modulators.
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS

ACRONYM DESCRIPTION

2D two dimensional

ALD atomic layer deposition

CMP chemical mechanical polishing

CVD chemical vapor deposition

CwW continuous wave

dB decible

DC direct current

DPSK differential phase-shift keying

DUV deep ultraviolet

EBL electron-beam lithography

FEM finite element model

GHz gigahertz

HSQ hydrogen silsequioxane

ICP-RIE inductively coupled plasma-reactive ion etching
ITO indium tin oxide

LiDAR light detection and ranging

LPCVD low-pressure chemical vapor deposition
MMI multimode interference

MOCVD metal-organic chemical vapor dpeposition
MZI Mach—Zehnder interferometer

NIR near infrared

ODL optical delay line

PC polarization controller

PD photodiode or photo detector

PECVD plasma-enhanced chemical vapor deposition
PMMA poly methyl methacryalate

RC resistor-capacitor

RI refractive index

RIE reactive ion etching

RIU relative intensity units

rms root mean square

SiN silicon nitride

T™MD transition metal dichalcogenide

TLM transmission line measurement
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APPENDIX
EXTRANEOUS DATA
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Figure A-1: Hysteresis in SiN-TMD capacitive devices
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Figure A-2: Real and imaginary part of the refractive index for monolayer TMDs
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experiments and monolayer CVD WS; and MoS:; used in capacitive photonic structures.
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Figure A-8: Calculation of the effective index of the propagating mode with monolayer
WS: gating through the ionic liquid.
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