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THE BIGGERPICTURE Transition-metal-dichalcogenides (TMDCs) are used in photonics due to strong light-
matter interactions and the ability to be thinned down to an atomic thickness. By stacking TMDCs with an
insulator into a structure known as a superlattice, the TMDCs maintain their ideal electro-optical properties.
These structures can be used as electro-optical modulators or phased arrays-type devices that change the
phase and ultimately the direction of propagation of light upon the application of an electric field, important
for sensing and telecommunication technologies. In this work, we enhanced the light-matter coupling
strength and maintained the ideal monolayer properties by stacking TMDCs into a superlattice, enabling a
higher degree of phase accumulation. The light-matter interaction was then modulated by electrostatic
doping, and full 2t phase modulation of reflected light was observed. The full 2 modulation is vital for
TMDCs unlocking ultra-compact, energy-efficient phased arrays and visible light communication systems.

SUMMARY

Active metamaterials promise to enable active control over the propagation of wavefronts of light for appli-
cations such as beam steering, optical communication modulators, and holograms. Current commercial de-
vices use active layers that are several wavelengths thick to modulate the phase of light, which limits their
compactness and energy efficiency. In atomically thin optics, the phase has been modulated using a reso-
nant mode such as a plasmon or high-Q cavity mode that enable light to accumulate a large amount of phase
over a short distance and coupling it to an active material. Here, we report that electrostatic doping can
modulate the light-matter interaction strength of a two-dimensional WS2-based multi-quantum-well
(MQW) structure going from strongly coupled, phase-accumulating exciton-polaritons to weakly coupled
exciton-trion-polaritons. This transition leads to 2.02w radians of phase modulation being observed. This
result demonstrates the potential of the MQW structure as a compact, lightweight electro-optical modulators
for light detection and ranging (LiDAR) and optical communications in the visible range.

INTRODUCTION

As one of the quintessential classes of two-dimensional (2D)
semiconductors, transition-metal-dichalcogenides (TMDCs) of
Mo and W have shown potential to facilitate flat-optical sys-
tems"? such as beam steering,® metalenses,” and electro-opti-
cal modulators.>® Additionally, their large band gaps are ideal
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for visible light communications (VLCs)” and holography.® The
direct band gap nature of TMDCs in the monolayer limit° and
their large refractive index'® are ideal for efficient, subwave-
length photonics applications. Additionally, their strong excitons
(i.e., coulomb-bound electron-hole pairs) in the visible and near
infrared ranges'' host strong light-matter interactions. The
strength of these excitons depends heavily on the binding
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energy of the constituent electron and hole pairs,'? and, there-
fore, the light-matter interactions within TMDCs can be modu-
lated by controlling the free-carrier concentration, which alters
the binding energy.'®"'* Through the tuning of the exciton binding
energy, multiple TMDCs have shown highly gate-tunable, com-
plex refractive index (i = n+ik) values,”'” which is highly
sought after in electro-optics.

Phase modulators such as those based on Si,® liquid crys-
tals,"® and Il1-V semiconductors,?° rely on modulating their opti-
cal phase length to control the phase of light resulting in these
modulators being bulky films. For instance, liquid crystals exhibit
excellent performance as a phase modulator; however, their
interaction length is several wavelengths long. Additionally,
modulation of light requires the physical rotation of the liquid
crystal molecules. This physical movement of the massive liquid
crystals, instead of lightweight electrons and holes, increases
the energy, slows the switching speed, and reduces the dura-
bility of the modulator. In contrast to bulky modulators, basic
TMDC-based phase modulators rely on tuning bare excitons
and trions in atomically thin layers to modulate the amplitude
and phase of reflected light, and they use the injection of elec-
trons or holes, which cut down on the switching energy and in-
crease the switching speed. Recently, phase modulation of inci-
dent light up to /5 radians has been demonstrated in monolayer
TMDCs purely using the exciton resonance and the relatively
slow ion gel gating method.?’ However, a single resonance
cannot induce a phase shift greater than . Instead, a second
resonance is required for full 27t phase modulation of light, which
is vital for applications such as phased arrays. It is common to do
this by coupling excitons to a cavity mode to form part-matter,
part-light quasiparticles called exciton-polaritons.?>?* In this
case, the cavity mode confines the light and causes it to accu-
mulate a large degree of phase in a small volume while the
exciton provides tunability.

Excitons have been coupled to waveguide modes in the
past,”*?° but previous phase modulators using TMDCs have
focused on coupling to plasmon-polaritons.®*°*® However,
the use of plasmonics increases the loss of the TMDC-plas-
mon-polariton system, and the exciton tunability should
decrease along with its binding energy when it is placed in prox-
imity with a metal.? In our previous work, we demonstrated a
multi-quantum-well (MQW) or superlattice of WS, separated by
insulators on top of a reflective substrate to form strongly
coupled exciton-polaritons,®® and other works have further
confirmed the enhanced light-matter interactions in TMDC/insu-
lator superlattices.®'® The 3-nm thickness of the insulating
layers is enough to electronically isolate the WS, monolayers,>
allowing them to keep the direct band gap characteristics
including the large exciton binding energy®>*° while increasing
the light-matter interactions. Since the TMDCs maintain their
large binding energy, they also maintain their high tunability,
which can be leveraged to produce highly efficient, compact
phase modulators using exciton-polaritons.

In this work, we demonstrate that exciton-polaritons enable full
271 phase modulation in a superlattice of WS, and Al,O3 on a SiO,/
Si substrate. Instead of forming an external cavity using top and
bottom reflectors or nanopatterning, self-hybridized, strongly
coupled exciton-polaritons form under transverse electric (TE)
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polarized light at an angle of incidence (AOI) of 55°. The light-mat-
ter interaction strength is tuned using electrostatic doping, and the
exciton and trion coupling parameters are modulated by —23%
and +129%, respectively. Leveraging the fact that the phase of
transverse magnetic (TM) polarized light is unaffected by electro-
static doping, spectroscopic ellipsometry is used to experimen-
tally verify that 2.027t phase modulation is occurring. Although
the loss of the phase modulator remains large, it achieves full con-
trol of the phase of light, which is vital for light detection and
ranging (LIDAR) and free-space optical communications.

RESULTS

Fabrication of superlattice

Large-area monolayers of WS, are grown using a metal-organic
chemical vapor deposition (MOCVD) technique, which has been
shown to produce films with excellent electrical properties.>”
A wet-transfer technique is used to transfer centimeter-sized
monolayers on to the SiO,/Si, and atomic-layer deposition
(ALD) is used to deposit the Al,O3 insulating layers to fabricate
the superlattice (details regarding the experimental procedures
can be found in Figure S1). Al,O3 is chosen as the insulator
instead of other dielectrics such as hBN because the ALD pro-
cess produces no contaminants during the fabrication process
without affecting the light-matter coupling strength and because
we did not observe exciton linewidth narrowing in previous large-
area WS,/hBN superlattices®° (see Figure S2).

In addition, ALD is a widely adopted thin-film process in micro-
fabrication across all semiconductor foundries. The wet transfer
technique has been shown to maintain the high electrical quality
of the monolayers.>”*® The electrical contact (10 nm of Ti and
40 nm of Au) is deposited to make electrical contact to the bot-
tom-most WS, layer. The unit cell of monolayer WS, and 3 nm
of Alb,O3 is repeated three times to form the superlattice (Fig-
ure 1A). All three WS, layers are connected to the same voltage.
In this case, the layers will not have the same number of injected
carriers due to screening effects. The bottom-most WS, layer will
have the largest charge injection since it lays at the interface with
the gate oxide while the screening of the upper layers will depend
on the Debye length of the medium. However, the Debye length of
WS, and ALD-grown Al,Oj are on the scale of a few nanometers*°
and tens of nanometers,*' respectively, so the screening effect
will not be significant enough to prevent charge injection in the up-
per WS, layers. Although the same carrier density could be
applied with a lower voltage by alternating the voltage applied
to each WS, layer (i.e., the top- and bottom-most layers have a
voltage applied to them while the middle layer is grounded), there
were too many pinholes to apply a sizable voltage across the
AlL,O3 insulators. To overcome this challenge, the underlying
SiO, is used as the gate oxide. The superlattice has been shown
to maintain the direct band-gap nature of the constitute mono-
layers,®° and an N = 3 structure is chosen to enhance the light-
matter coupling while maintaining a large degree of tunability by
modulating a single monolayer (see Figure S3).

Electro-optical properties of WS,
The gate-tunable, complex refractive index of monolayer WS, on
an SiO, (93 nm)/p**-Si substrate is measured using spectroscopic
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Figure 1. Gate-tunable optical properties of

B
monolayer WS,
5.01 (A) Schematic of the phase-tuning superlattice
4.51 showing its repeated geometry and electrical con-
n 4.0 tact to the WS, layers.
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ellipsometry to accurately model the optical properties of the sam-
ple (see section “experimental procedures” and supplemental in-
formation). The ellipsometry data are fitted to a multi-Lorentz
oscillator model to extract the complex refractive index (Fig-
ure 1B). The calculated values match well with the experimental
data (Figure S4). Additionally, the tunability of the monolayer is
confirmed using gate-dependent photoluminescence (PL) (Fig-
ure S5). The optical properties of WS, are modulated by injecting
charge with an applied voltage to the metal-oxide-semiconductor
capacitor (MOSCap) geometry. The voltage is applied to the WS,
layer while the p**-Si substrate is grounded so a positive (or nega-
tive) applied voltage injects holes (or electrons) into the WS,. The
injected free charge modulates the screening of the electron-hole
coulomb interaction of the excitons that dominate the optical
properties of WS,. The increased screening decreases the oscil-
lator strength and increases the damping of the exciton states
(Figure 1C and 1D). However, the free carriers can also bind to
the neutral excitons to form charged triplet states (i.e., trions),
which are seen as a new resonance that is slightly red-shifted
from the exciton. The charge of the injected carriers determines
the charge of trions. Interestingly, the majority of the oscillator
strength lost by the exciton is gained by the trion, consistent
with previous studies.’®'®?" The trion peak is only observed
when electrons are injected (V < 0 V) because the trion red-shifts
away from the exciton peak allowing it to be partially resolved,
but not fully resolved. However, when holes are injected, the
trion blue-shifts toward the exciton, preventing its direct
observation.'®15:2

The injected carrier concentration (N) was calculated using a
parallel plate capacitor model (N = % where tgio2 is the
SiO, thickness [93 nm), esio2 is the permittivity of SiO, [3.9], e
is the elementary charge, and g is the vacuum permittivity).

0 20
Applied Voltage (V)

rier concentration occurs between 0 and
8V as seen by the relatively weak modula-
tion of the oscillator strength in this range.
Additionally, the B exciton, which is the second fundamental
resonance of WS, that results from the spin-orbit splitting of
the valence and conduction bands at the K/K' points,*? at
510 nm shows weaker tunability than the main exciton and trion.
The lower tunability is because the majority of the injected car-
riers occupy the lower level in the spin-orbit splitting, which
partake in the main excitonic transition (A exciton) instead of
the B exciton transition. Therefore, this resonance is sub-optimal
for electro-optical applications.

Modulation of exciton-polaritons

When an exciton strongly couples to a cavity mode by energy
being exchanged between the two states more rapidly than it
is dissipated to the environment, the two states hybridize to
form exciton-polaritons. Exciton-polaritons by nature confine
light to a small volume due to their cavity origins and have a large
degree of tunability due to their excitonic origins. This simple
two-mode system is modeled using the Jaynes-Cummings
model.*® However, when a third mode is present, such as trions
in our case, a three-coupled oscillator model is required where
the cavity mode couples to both the exciton and trion (see sup-
plemental information).**

The strength of the light-matter interactions is captured by the
coupling parameter (g), and it depends on the oscillator strength
() of the matter resonances, the number of excitonic states (N),
and the mode volume (Vr,) of the bare cavity (gec, /§if).*>*°

A single monolayer of WS, typically produces ‘excitonic
coupling parameters (gy) in the range of approximately 10-30
meV depending on the cavity mode at room temperature.*’°
However, using the transfer matrix method (see section “experi-
mental procedures”) to simulate the dispersion of our system, our
system hosts an exciton coupling parameter of g, =78 meV and a
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Figure 2. Simulated modulation of exciton-polaritons

Wavelength (nm)

Applied Voltage (V)

(A) The simulated dispersion of TE polarized light without an applied voltage. The dispersion shows the anti-crossing behavior that is the defining featuring of
excitons and cavity modes hybridizing into polaritons. The experimentally measured upper exciton-polariton (UEP) and lower exciton-polariton (LEP) wavelength
of our superlattice is overlaid (purple boxes), and they agree well with theory. The UEP and LEP branches are fitted to a three-coupled-oscillator model to

calculate the exciton (gyx) and trion (gy) coupling parameters.

(B) The gate-dependent reflectance for TE polarized light at an angle of 55° with the exciton (X), UEP, and LEP labeled for the V = 0 V case.
(C) The normalized electric field profile at the operation wavelength (A = 645 nm) for gate voltages of 0 V (left) and —56 V (right) showing the field enhancement

within the WS, layers.

(D) The gate-dependent coupling parameters show the same trend as the oscillator strengths since g«

f

(E) The modulated phase dispersion is found to closely follow the UEP and LEP demonstrating that the phase modulation is driven by the presence of the

polaritons.

(F) The gate-dependent phase modulation at a single wavelength (x = 645 nm). The phase is modulated by 2.077 radians over the range of —56-to 56 V, showing

that the superlattice can fully control the phase of reflected light.

trion coupling parameter of g = 16 meV without an applied
voltage and a 55° AOI for TE polarized light (Figure 2A). The trans-
fer matrix method (TMM) is found to agree with the experimental
superlattice demonstrating its accuracy, and the reflectance is
shown to be gate tunable (Figure 2B). The large coupling param-
eters for monolayer WS, are the result of two effects. First, N is
proportional to the number of WS, monolayers so the stacking
process increases the coupling parameter by a factor of /3.
However, this enhancement is not strong enough for exciton-po-
laritons to appear at normal incidence in our system. The second
enhancement is that, at non-normal incidences, the interfaces
become more reflective. This results in light being more efficiently
trapped in the superlattice, which decreases the mode volume of
the bare cavity (see Figure S6). The decreased mode volume en-
ables the coupling parameter to be further increased to 96 meV at
an incident angle of 80°, but this comes at the expense of
tunability (see Figure S7). The electric field is found to be
enhanced within the WS, layers at the operation wavelength
without an applied voltage, and the electric field confinement de-
creases when electrons are injected (Figure 2C).

Additionally, we confirmed that all three WS, layers are
coupled to the cavity mode by simulating a significant increase
in the Poynting vector magnitude within these layers (Figure S8).
The injection of charge is found to alter the dispersion of the sys-
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tem by both modulating the coupling parameter, through the
modulation of the oscillator strengths, and by modulating the
trion energy. The excitonic coupling parameter is found to
decrease by 23% and g; increases by 129% by injecting
1.3 x 10" electrons/cm? in the WS,, (Figure 2D). The reduction
is large enough that the system is no longer in the strong light-
matter coupling regime as evident by the lack of an exciton
transparency when a voltage of —56 V is applied. Therefore, by
injecting charge, the system goes from a hybridized state with
exciton-polaritons to an unhybridized one with a pure exciton
and pure cavity mode. Although a three-coupled oscillator
should produce three polariton modes, only two polariton peaks
are observed because the trion and exciton peaks are not fully
resolved from one another. This results in two of the polariton
modes being convoluted into one.*°

Since exciton-polaritons are the byproduct of strong light-mat-
ter interactions, they are excellent at confining light. Therefore, the
phase of reflected light is heavily influenced by the presence of
exciton-polaritons. Because of this, modulating exciton-polari-
tons is a highly efficient method for modulating phase. This is
seen in the simulated phase modulation as its dispersion is found
to follow the dispersion of the unbiased superlattice (Figure 2E).
Therefore, exciton-polaritons can modulate the phase of reflected
light as shown in the gate-dependent phase modulation at
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Figure 3. Experimental phase modulation
(A) The simulated phase modulation for TM polar-
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A =645 nm where > 27 phase modulation is predicted (Figure 2F).
When electrons are injected into the WS,, the exciton oscillator
strength drops, and the system goes from the hosting hybridized
polaritons to weakly coupled excitons, trions, and a cavity mode.
In this case, the polariton state no longer occurs below the optical
band gap of WS,, although there is still absorption due to the finite
linewidth of the unperturbed modes, and the reflected light accu-
mulates less phase. When holes are injected into the WS, the
oscillator strength decreases, but not to the degree to enter the
weak-coupling regime, causing the polariton to blue-shift. In this
case, more phase is accumulated at wavelengths slightly below
the unbiased polariton wavelength. This is why the wavelength
with >27 is 645 nm compared to the unbiased polariton wave-
length (655 nm).

Measurement of phase modulation

An N = 3 superlattice is fabricated to validate the predictions of
our simulations (see section “experimental procedures”). We
confirmed that the WS, maintained their high-quality monolayer
properties upon stacking using Raman®' and gate-dependent
PL spectroscopy, and we confirmed the presence of exciton-po-
laritons using angle-dependent reflectance spectroscopy (see
Figure S9).

Typical phase-modulation measurements use a Mach-
Zehnder geometry to measure phase modulation in one arm
relative to another unmodulated one. However, we leverage
the fact that polaritons only form under TE polarized light for
our chosen SiO, thickness. Although our superlattice does sup-
port TM mode, as predicted by theory,* it requires a thicker SiO,
layer to couple to the exciton (see Figure S10). Therefore, the
phase of TM light should be insensitive to gate voltage. This is

600 650
Wavelength (nm)

range studied here (Figure 3A).

We treated the phase of TM light as
constant analogous to the reference
arm of a Mach-Zehnder interferometer.
The spectroscopic ellipsometer mea-
sures the phase difference between TE (¢1g) and TM (¢pmwv) light
(A = dtm — dTE) €nabling the measurement of phase modulation
of TE light (Figure 3B). Note that A is defined on the range of
—100° to 260° by convention so the sharp decreases in Fig-
ure 3B are due to the cyclic nature of phase as opposed to a
physical phenomenon. When the system is in the strong-
coupling region (V > —32 V), the lower exciton-polariton (LEP)
is present below the band gap of WS,. This is seen as A highly
dispersive below the exciton wavelength for all voltages except
V = —56 V. However, at V = —56 V, there is no sub-gap reso-
nance present, and, as a result, A is relatively flat in this range.
In this case, the closest resonance is the trion, and it will domi-
nate the optical characteristics of the superlattice. Since the
trion consists purely of matter, less phase will be accumulated
by incident light. As the voltage increases at A = 642 nm, the
cavity mode blue-shifts to the operating wavelength due to
the weakened total oscillator strength of the exciton-trion
states, and A decreases because of an increase in ¢ (A =
btm — d7E). This effect is strong enough for 364° phase modu-
lation to occur at 642 nm (Figure 2C). This full 27t phase mod-
ulation requires a larger voltage than predicted by theory (Fig-
ure 2D), but this is attributed to the deposition of Al,Os on
top of the monolayer reducing the unbiased exciton binding en-
ergy.'®"® Therefore, the tunability of the monolayer is reduced
by the presence of the Al,O3. Additionally, the required charge
injection and electric field strength are comparable to other
phase modulators.?>°> The use of exciton-polaritons also
shows a 10x increase in phase modulation using less than
one-fourth of the injected carriers of a purely excitonic WS,
system.”’ This shows that polaritons can be leveraged to
greatly enhance the efficiency of electro-optical devices.

700
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its operating wavelength. The amplitude of the
reflection coefficient phasor is measured by
taken the square root of the reflectance, and its

phase is measured using the gate-dependent A values (the phase at V = 0 V is set to 0). The gate-dependent reflectance shows that the superlattice

has significant loss (17.8 dB), and the loss decreases (increases) as electrons (holes) are injected into the system.

In addition to maximum phase modulation, the loss of the sys-
tem is a key metric for characterizing an electro-optical phase
modulator. The gate-dependent reflectance shows the modula-
tion of the spectra, and the largest tunability is seen at the lower
polariton wavelength (Figure 2B). The reflectance spectra show
two polariton modes and a reflectance minimum (absorptance
maximum) at the exciton wavelength, experimentally confirming
the presence of exciton-polaritons. The lower polariton also
shows more tunability than the upper polariton and the B exciton
(510 nm). This explains why it is the only resonance where we
observe full 2t modulation. The reflection coefficient phasor is
calculated using the reflectance and A measurements (Fig-
ure 4B). Along with the gate-dependent reflectance at the oper-
ating wavelength (Figure 4C), the reflectance is found to vary by
0.008. The reflectance is relatively constant for negative voltages
since the decreasing oscillator strength and red-shifting trion en-
ergy counteract one another. However, the reflectance drops
significantly for positive voltages as the polariton blue-shifts to-
ward the operation wavelength and increases the absorptance
of the system. The average loss is found to be 17.8 dB. The over-
all performance is quantified using the well-accepted figure of
merit (FOM) of phase modulation per dB loss. This yields an
FoM of 0.36 rad/dB, which is comparable to other free-space
phase modulators.

Table 1 compares the performance of our superlattice with
other free-space phase modulators in the visible and near
infrared (A < 1,000 nm). The FoM is found to vary from approxi-
mately 0.035 to 0.87 rad/dB for these modulators, with the
exception of liquid-crystal-based modulators, and our system
is near the middle with an FoM of 0.36 rad/dB. Only three of
the modulators are capable of generating >m phase modulation,
and both of these systems rely on bulky (several micrometers
thick for the liquid crystals and millimeter thick for the perovskite)
media.’®**5* These modulators use slow modulation methods
such as thermo-optical effects that require the thermal energy
to be dissipated before the next bit of information can be
communicated®®°° or the physical rotation of the molecules in
liquid crystals.'® These relatively slow speeds are adequate for
human-interaction applications like displays, but they severely
limit the data-transfer rate of VLC systems and the scanning
speed of LIDAR. Additionally, the physical rotation of molecules
leads to shorter service lifetimes of the device. Although both of
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these systems are excellent phase modulators, the use of sub-
wavelength active media promises to decrease the switching en-
ergy, increase the switching speed, and allow for the integration
of phase modulators into ultra-compact devices. Subwave-
length phase modulators have also shown excellent perfor-
mance using non-electrostatic tuning mechanisms. However,
they have produced FoMs < 0.3.°>°” However, these systems
are still 100s of nanometers thick, and they do not fully unlock
the advantages of the atomic limit.

At the atomic limit, phase modulators have consisted of either
graphene coupled to a plasmonic metasurface®® or planar
TMDCs."”?" All of these phase modulators rely on a single reso-
nance so they are limited to < phase modulation. Graphene has
been excellent for electro-optics at telecommunications wave-
lengths since it has a highly tunable refractive index. However,
the reliance on free-carrier effects is less effective at shorter
wavelengths since the Drude model depends less on the free-
carrier concentration at higher energies.”® This is why an injected
carrier concentration 7.94 x 10" cm~2 s needed to produce 57/
9 radians of phase modulation at A = 760 nm while only 2.3 x
10'2 cm~2 is needed to produce a comparable change at A =
8.5 um. As for TMDC-based modulators, MoSe, has been shown
to modulate phase by 0.14r."” However, this was done at T = 4
K, which is undesirable for many electro-optical applications,
and the performance rapidly decreased as temperature
increased. Recent simulations have also shown that a similar
MoSe,/hBN superlattice structure to ours can produce 27 phase
modulation per MoSe,/hBN unit cell at 4 K and normal inci-
dence.®® An FoM of 51°°/dB was achieved in a purely excitonic
system of WS, on an Al,Oz/Al substrate, which outperforms
our phase modulator by a factor of 2. However, this system
used higher-quality, exfoliated monolayers and an ion gel to
inject >5 times the number of free carriers. Therefore, a direct
comparison between the two modulators to observe the perfor-
mance enhancement using exciton-polaritons over bare exci-
tons is unreasonable. Further, ion gels rely on physical move-
ment of massive ions for gating (doping) and hence cannot
respond to high frequencies of operation.®:®> To properly
compare the two system, we have re-optimized the WS, on
Al,O3/Al phase modulator using our gate-tunable refractive in-
dex of WS, (supplemental information, Figure S11). We find
that the excitonic system gives a phase modulation of 0.0287
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Table 1. Comparison of phase modulators in the visible and near infrared (<1,000 nm)

Operation Injected carriers Max phase FoM
System Tuning mechanism wavelength (nm)  (x10'2 cm™2) Patterned? modulation (rad) Loss (dB) (rad/dB)
Graphene and Au electrostatic (free 760 79.4 yes 0.567 4.19 0.42
metasurface®® carriers)
Al 0Gag 1As/GaAs quantum-confined 917 - yes =0.047 9.51 =0.13
MQW on a DBR*® stark effect
Liquid crystals between liquid crystal rotation 532 - no 3 0.34 27.7
dielectric mirrors'®
Liquid crystals coupled liquid crystal rotation 532 - no =77/4 4 =1.37
to a TiO, metasurface®*
LiNbO3; metasurface Pockels effect (free 667 - yes 0.847 7.7 0.34
(simulated)°®” carriers)
Perovskite (MAPBCI5)™° thermo-optic 650 - no =7 =10% =0.31
hBN-encapsulated MoSe, electrostatic (exciton) 754 9 no 0.147 121 0.036
on graphene/SiO,/Si at
T=4K"
WS, on AlL,O4/Al* ion gel (exciton) 605 71 no /5 0.7 0.9
Our work electrostatic 642 13 no 2.021 17.8 0.36

(exciton-polariton)

Comparison of the tuning mechanism, operation wavelength, injected carriers, patterning, phase modulation, and loss of several systems in literature
and our work. All of the results are experimental unless otherwise indicated. MQW, multi-quantum-well; DBR, distributed Bragg reflector.

8Loss is simulated using the reported refractive index.

and an FoM of 0.012 rad/dB. Therefore, the use of exciton-polar-
itons increased the phase modulation by a factor of 71 and the
FoM by a factor of 10 compared to bare excitons when normal-
ized for WS, quality and carrier injection.

Phase-modulating metasurface

To demonstrate the superlattice’s potential use in applications,
its performance as a phase modulator in a 1D grating geometry
is simulated using COMSOL Multiphysics. The 1D grating shown
in Figure 5A uses the same voltage scheme as the unpatterned
superlattice where each WS, layer has the same voltage applied
to it while the Ag substrate is grounded. The Si substrate is re-
placed by Ag and the SiO, thickness is changed to 60 nm
because this geometry maximizes the coupling parameter.
Without any injected carriers, the dispersion shows the charac-
teristic anti-crossing behavior of strongly coupled exciton-polar-
itons and a coupling parameter of 32 meV. The coupling param-
eter is less than the unpatterned case because we have removed
some excitonic material through the patterning process, and the
electric field is only contained within the center of the grating
(Figure S12). However, the coupling parameter is still large
enough for strongly coupled exciton-polaritons to form because
the linewidth of the cavity mode is smaller than in the unpat-
terned case.

The presence of strongly coupled exciton-polaritons is further
confirmed by the exciton transparency seen with a space of
214 nm between the gratings (Figure S13). When charge is in-
jected into the WS, layers, the anti-crossing behavior disap-
pears, and the system enters the weak-coupling regime (Fig-
ure 5C). This confirms that the system can act as a modulator.
The phase dispersion is also found to follow the exciton-polari-
ton resonance (Figure 5D). The optimal space between gratings

is 226 nm for phase modulation, and the maximum phase mod-
ulation occurs near the LEP wavelength (Figure 5E). The
maximum phase modulation is found to be 1.3w rad, which is
less than the unpatterned case, but it can be further improved
by injecting more carriers (Figure 5F). Additionally, this spatial
phase modulation is large enough for LiDAR applications. The
average reflectance at the optimal wavelength is 0.021, which
is a 16.7-dB loss (supplemental information, Figure S14). There-
fore, the FoM of the 1D grating is 0.24 rad/dB, which is still com-
parable to the phase modulators in Table 1.

DISCUSSION

We have demonstrated that exciton-polaritons in a WS, super-
lattice enable >360° phase modulation by electrostatic doping.
The enhanced light-matter interactions of the superlattice
compared to a single monolayer creates exciton-polaritons
with a coupling parameter of 78 meV without the need of a top
reflective layer or nanopatterning. The injection of charge into
one of the monolayers in the superlattice modulates the
exciton-polaritons by decreasing the exciton’s oscillator
strength and increasing its linewidth while also converting the
system to a weakly coupled exciton-trion-polaritons. The
exciton and trion coupling parameters are found to change by
—23% and +129%, respectively. This process results in full 27
phase modulation of light, which is verified experimentally using
spectroscopic ellipsometry.

Although the system still suffers from loss, its FoM is compara-
ble to similar phase modulators. Additionally, when normalizing for
crystal quality and carrier injection, we find that the use of exciton-
polaritons increase the phase modulation by a factor of 71 and the
FoM by a factor of 10 over a similar bare-exciton-based phase
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modulator. This demonstrates that future phase modulators using
WS, should focus on coupling excitons to a cavity mode in order
to improve performance. Specifically, the engineering of metasur-
faces using the WS,/Al,O3 superlattice can reduce the loss of the
phase modulator while also providing the spatial patterning that is
required for LIDAR and VLCs. In this vein, we simulated a simple
grated metasurface. Simulations showed that our superlattice
acts as a phase modulator with an FoM of 0.24 rad/dB when it
is patterned into a 1D grating for application in a LIDAR system.
This work serves as a demonstration that exciton-polaritons in a
WS, superlattice can control the properties of light in the ultrathin
regime.

EXPERIMENTAL PROCEDURES

Fabrication process

The growth of monolayer WS, on 2”-diameter c-plane sapphire was carried
out in a MOCVD system equipped with a cold-wall horizontal reactor with an
inductively heated graphite susceptor with gas-foil wafer rotation (https://
doi.org/10.60551/znh3-mj13). Tungsten hexacarbonyl (W(CO)e) was used as
the metal precursor, while hydrogen sulfide (H,S) was the chalcogen source
with H, as the carrier gas. The W(CO)g powder was maintained at 25°C and
400 Torr in a stainless-steel bubbler. C-plane sapphire (2” diameter) with a
nominal +0.2° miscut toward the M-axis was used for the growths. The synthe-
sis of WS, monolayer is based on a multi-step process, consisting of nucle-
ation, ripening, and lateral growth steps, which was described previously.*”*®
In general, the WS, was nucleated for 30 s at 850°C, then ripened for 20 min at
850°C and 10 min at 1,000°C, and then grown for 20 min at 1,000°C, which
gives rise to a coalesced monolayer across the entire 2” wafer. During the
lateral growth, the tungsten flow rate was set as 5.7 x 10~* standard cubic
centimeter per minute (sccm) and the chalcogen flow rate was set as
400 sccm, while the reactor pressure was kept at 50 Torr. After growth, the
substrate was cooled in H,S to 300°C to inhibit the decomposition of the
deposited WS, films. Using this condition, the growth of a fully coalesced
monolayer WS, was achieved across the 2”-sapphire substrate. The sample’s
detailed growth recipe and all characterization data are available at https://doi.
org/10.26207/qgf7-9409.

After growth, the 2” wafers are cleaved into 1 x 1-cm squares for the trans-
fer process. Poly(methyl methacrylate) (PMMA) 950k A4 is spin coated on top
of the samples at 2,500 rpm for 45 s, and the sample is allowed to air dry. Next,
the overhanging PMMA is cleared from the edges using a razor blade, and the
sample is submerged in 85°C de-ionized (DI) water until bubbles form (20—
60 min). The sample is then placed on top of a 3 M solution of KOH at 85°C until
the film starts to delaminate from the sapphire substrate. The sample is then
manually dipped with a 45° inclination into the solution to separate the film
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Injected Carriers (x 102 cm2)

(F) the voltage-dependent phase modulation at the
optimal wavelength (638 nm) and space between
gratings.

and the substrate. The floating, PMMA-supported WS, monolayer is then
scooped up by a glass slide and transferred to float on DI water for cleaning.
The film is allowed to float for 10 min before it is transferred to a fresh DI water
container. This step is repeated once more to ensure that the sample is
adequately cleaned. The film is then scooped onto its desired substrate and
allowed to air dry. Next, the sample is placed on a hot plate at 70°C to better
adhere the film to the new substrate. The sample is then submerged in acetone
on a hot plate set to 45°C to remove the PMMA. The wet-transfer processes is
then completed, and the Al,O3 layer is deposited using a Cambridge
NanotechS200 ALD system at 150°C. The electrical contacts (10 nm of Ti fol-
lowed by 40 nm of Au) are deposited using an E-beam evaporator (Lesker
PVD75 E-beam Evaporator).

Simulations

Simulations for the unpatterned geometry were performed using a Python
script that runs a TMM simulation.®® The refractive index of each layer was
measured using ellipsometry as well as the thicknesses of the SiO,, Al,Og,
and WS, layers. The 1D grating was modeled using COMSOL Multiphysics
to perform finite-difference frequency-domain (FDFD) simulations.

Spectroscopic ellipsometry

The gate-dependent refractive index and phase modulation were measured
using a J.A. Woolam M-2000 ellipsometer with a focusing lens to produce a
spot size ~100 um. The results were fitted to a multi-Lorentz oscillator model
(see supplemental information for details on the fitting process). As the M-2000
cannot produce normalized reflectance curves, a J.A. Woolam W-VASE ellips-
ometer was used to measure the angled reflectance without an applied
voltage, and this spectrum was used to normalize the gate-dependent reflec-
tance spectra of the M-2000.
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