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The wave nature of light sets a fundamental diffraction limit that challenges confinement and control of light in
nanoscale structures with dimensions significantly smaller than the wavelength. Here, we study light-matter inter-
action in van der Waals MoS, nanophotonic devices. We show that light can be coupled and guided in structures with
dimensions as small as 2~ 1 /16 (~60 nm at 1000 nm excitation wavelength), while offering unprecedented optical field
confinement. This deep subwavelength optical field confinement is achieved by exploiting strong lightwave disper-
sion in MoS,. We further study the performance of a range of nanophotonic integrated devices via far- and near-field
measurements. Our near-field measurements reveal detailed imaging of excitation, evolution, and guidance of fields
in nanostructured MoS;, whereas our far-field study examines light excitation and coupling to highly confined inte-
grated photonics. Nanophotonics at a fraction of a wavelength demonstrated here could dramatically reduce the size of
integrated photonic devices and opto-electronic circuits with potential applications in optical information science and
engineering. © 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION
Subwavelength light coupling and manipulation [1-3] hold great

promise for a wide range of science and engineering disciplines.
Nanophotonics has already influenced exascale and quantum
computing [4-8], photonic integrated circuits for ultra-broadband

Presently, subwavelength (<1 /2) photonics is based on two key
material avenues—dielectrics and metals. All-dielectric systems,
featuring low optical extinction below the bandgap (7 > # and
k — 0, where 7 is refractive index and £ is extinction coefficient),
are very efficient at controlling light at the scale >~ ﬁ Such areas
as photonic integrated circuits, metasurface optics, and on-chip
opto-electronics have benefited from all-dielectric photonic
devices [5,22-28]. However, the limited range of refractive indices
[29,30] of conventional dielectrics and semiconductors (typically
n < 3.5 in the near-infrared band; see Supplement 1, Section I)
challenges the creation of deep subwavelength integrated photonic
devices. Metals offer an alternative, where strong coupling and
hybridization with bulk charge density waves drastically mod-
ify lightwave dispersion, giving rise to highly confined surface
plasmon-polaritons with a high effective guide index [1,31]. The
ability of these excited states to squeeze light well below the diffrac-

communications [9-12], efficient bio and chemical sensing [13—
16], and improving climate sustainability [17,18] among others.
By further bridging the gap between optical fields (A ~ 1 um) and
much smaller intrinsic material excitations, typically manifested
at < 100 nm, the full potential of nanophotonics can be har-
nessed. Yet, coupling, guidance, and control of light in structures
with deep subwavelength features <100 nm (<X/10), to date,
remains a challenge. Here, we demonstrate that electronically bulk
molybdenum disulfide (MoS;)—a layered van der Waals semicon-
ductor in the family of transition metal dichalcogenides (TMDCs)

[19-21]—enables integrated photonic devices as thin as ~ /16
[Fig. 1(a)]. With the use of scattering near-field microscopy and
far-field imaging, we examine properties of light guidance and
coupling within a range of deeply subwavelength devices. The
observed light control at the fraction of a wavelength is attributed
to a unique Mo$; lightwave dispersion, in part driven by intrinsic
coupling between excitons and photons.

2334-2536/23/101345-08 Journal © 2023 Optica Publishing Group

tion limit found a wide range of applications, from interconnects
to quantum optics to photochemistry [9,12,18,32]. Nonetheless,
high free electron density in metals inevitably contributes to optical
loss [33,34], which narrows the range of applications for plasmonic
components and devices (Supplement 1, Section I).

Light coupling to intrinsic material excitations is also naturally
attained in van der Waals transition metal dichalcogenides (MX,
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Deeply subwavelength photonics assisted by van der Waals materials. (a) Conceptual illustration of a MoS; integrated photonic waveguide stud-

ied in this work. Light can be coupled, confined, and guided in devices thinner than A/10. (b) Guided wave dispersion in a 60 nm thick MoS, waveguide
with and without exciton contribution. The shaded area corresponds to bulk bandgap where optical absorption is high. The highlighted region indicates
the wavelength range studied here. (c) Conceptual comparison between different material platforms. Similar to plasmon-polaritons, photonics in excitonic
materials can enable deep subwavelength devices, while offering low below-bandgap extinction.

compounds where M = Mo, W; X = §, Se, Te), in which excitons
with large binding energies are excited [19-21,35]. Interaction
of photon modes with excitons in electronically bulk TMDCs
leads to hybrid waves [36-38] (extensive study and derivation
of exciton—photon coupling and hybridization is provided in
Supplement 1, Section I). Strong exciton—photon interaction and
formation of exciton-polaritons have been examined in a number
of bulk TMDCs structures [39—44]. Excitonic van der Waals
materials are notable for their distinct electronic band dispersion,
leading to significant optical anisotropy, high refractive index, and
room temperature excitons. Exciton coupling with optical fields
yields strong optical dispersion [Fig. 1(b)]. However, unlike metals
suffering from free electron damping [33,34], below bandgap
absorption in excitonic materials is expected to be low [45-49]
[Fig. 1(b); see also Supplement 1 Figures S3 and S7], giving an
opportunity to create efficient integrated photonic devices [45,49].

The utility of high refractive index bulk TMDC:s has already
been recognized in the design of nanoscale resonators [40,41,50—
52] and metasurfaces [53,54]. Near-field measurements further
revealed that hybrid exciton-polaritons could be excited and
guided in exfoliated flakes of transition metal dichalcogenides
[39,55]. At the same time, light coupling to integrated photonic
devices made of TMDCs and wave dispersion within subwave-
length nanostructures are yet to be explored. Here, for the first time
to the best of our knowledge, we employ a combination of scat-
tering near-field microscopy and far-field imaging spectroscopy
to examine a range of passive integrated MoS; photonic devices,
including ridge waveguides, beam splitters, and interferometers.
We study the performance of these devices in the vicinity of the
exciton resonance and across the edge of the bulk MoS; bandgap
(750-1050 nm), as marked in Fig. 1(b). We demonstrate that, by
utilizing strong dispersion in MoS; deeply subwavelength, i.c.,
<A /16, integrated photonic devices with small mode volume and
device footprint [Fig. 1(a)] can be created. Deeply subwavelength
light confinement in MoS,, and other excitonic TMDCs [21],
expands the nanophotonic pallet [Fig. 1(c)].

2. RESULTS AND DISCUSSION

A. Far-Field Measurements of Deeply Subwavelength
Waveguides

We begin with a far-field study of light coupling and propagation
ina MoS; waveguide [Fig. 1(a)]. Figures 2(a) and 2(b) show optical
and scanning electron microscopy (SEM) images of fabricated
waveguides out of a mechanically exfoliated MoS, flake atop a
SiO,/Si substrate (oxide layer is 2 pm thick). These structures
are written using e-beam lithography with negative resist and are
patterned by reactive ion etching with the hard resist as etching
mask (Supplement 1, Section III). In our far-field experiments,
the waveguides are excited with input and output grating cou-
plers optimized for the 950-1000 nm wavelength band (design
details are available in Supplement 1, Sections II and V). The
length of fabricated waveguides is limited by the exfoliated flake
size (typically <40 um x 40 pm area). Therefore, in order to
increase the signal contrast between the output grating coupler
and overall light scattering, we design our experiments for a cross
polarization far-field microscopy (Supplement 1, Section II). For
this purpose, 2 90° bending with a radius of 3 pum is introduced.
The fabricated waveguides are 85 nm thick and 320 nm wide
(measured by atomic force microscopy (AFM) and SEM; a detailed
description of device fabrication and characterization, including
Raman spectroscopy and energy-dispersive X-ray spectroscopy
(EDS), is available in Supplement 1, Section III). The designed
waveguides are single mode supporting only a single transverse
electric (TE) photonic mode (polarized along the MoS, crystallo-
graphic plane). The respective mode profile is shown in Fig. 2(c).
Large thickness of the SiO; layer and high index contrast with
MoS; confine the optical mode in the waveguide with minimal
leakage to the substrate [Fig. 2(c)]. The calculated overall mode
(5 B drdy)”
J125 |1 E* dxdy
(~21% of a free space diffraction-limited spot, Ay = A?/4). The

fabricated MoS; waveguide size and respective mode area are

area, A= , at 1 um wavelength is ~0.053 pm?

significantly smaller than that of a corresponding optimum for a
silicon waveguide (for comparison, in silicon minimum mode area
0f0.072 um? is attained for a 140 nm by 365 nm ridge waveguide;
see also Section 2.D).
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Far-field study of deeply subwavelength MoS, waveguides. (a) Optical micrograph of fabricated waveguides. Scale bar: 20 pm. (b) SEM image

of the fabricated device. Scale bar: 4 um. (c) Optical mode profile (left) and a related cross-section (right) at 1 m wavelength. The height and width of the
device are 85 nm and 320 nm, respectively. (d) Far-field image of the scattered light collected in cross polarized light with a contour of the device outlined
by a dashed curve. The arrows indicate the polarizations of input and output beam paths. (¢) Measured and simulated waveguide transmission spectra. Inset
shows the simulated field profile at 960 nm. (f) Polarization dependent waveguide transmission spectra. In (¢) and (f), dashed lines denote the wavelength of

bulk MoS; bandgap.

Upon illumination of the input coupler with the incident beam
polarized along the grating [6;, = 0° as shown in Fig. 2(f)], TE
photonic mode [38,39] is excited and guided in the waveguide
(Supplement 1, Section I). Figure 2(d) shows a far-field confocal
microscope image collected in a cross-polarized light centered
around 915 nm (1.36 eV) excitation wavelength. Respective device
transmission spectra are plotted in Fig. 2(e). To understand the
measurements, we perform detailed FDTD simulations [also
plotted in Fig. 2(e)]. The transmission spectra are a function of
the spectral responses of the grating couplers, coupling efficiency,
and optical extinction in the waveguide itself. Measurements and
simulations show that no light is guided and transmitted below
900 nm, which we attribute to a strong light absorption above
bulk bandgap (1.29 eV) [56] and close to A exciton resonance at
670 nm (1.85 ¢V) [47] (Supplement 1, Sections II and V), as well
as to a high index contrast, which reduces the coupling efficiency
(Supplement 1, Section II). Moving closer to the band edge, opti-
cal extinction in MoS; decreases, and grating coupler efficiency
increases, making light transmission through the device possible.
The observed peak in transmission spectra at ~980 nm is associ-
ated with the grating coupler efficiency optimum (Supplement
1, Section V). It is worth noting that, due to strong mode con-
finement in the waveguide core, no notable light scattering is
observed at the waveguide bend despite a small bending radius. In
contrast, strong scattering is seen at the taper—waveguide interface,
suggesting that a better-optimized coupler geometry is needed
[57].

To further verify that the fabricated waveguide is single
mode and only TE photonic mode can be excited, we perform
polarization-dependent spectroscopy as plotted in Fig. 2(f).
Specifically, we vary incident light polarization from 6;, = 0° to
0in = 90° (output light is collected at 6, = 0° with respect to the

output coupler) and observe that light transmission is reduced,
manifesting that only TE waves are guided (observed small signal
at6;, = 90° isattributed to a light scattered by the input port). The
measurement agrees well with FDTD simulations (Supplement
1, Figure S22). Supplement 1 Section VI further discusses the
measurement of control devices with an input-only grating and
expands on polarization-dependent waveguide excitation.

B. Near-Field Imaging of Confined Exciton-Polaritons

Next, to gain a better understanding of wave propagation within
such deeply subwavelength MoS, devices, we perform near-field
nano-optical imaging of a set of straight 15 pum, 20 pm, and
25 um long waveguides (fabricated waveguides are 80 nm thick
and 300 nm wide; see Fig. 3(b) and Supplement 1, Section VII).
A schematic illustration of the setup is shown in Fig. 3(a). In the
experiment, we use a scattering-type scanning near-field optical
microscope (s-SNOM) with a spatial resolution of ~25 nm (i.e.,
~12 points across the waveguide) [58]. Near-field imaging and
spectroscopy have emerged as a powerful tool to examine the
dispersion of waves in a diverse set of materials [59-62]. Prior
near-field studies of wave propagation in exfoliated flakes have
revealed strong exciton—photon coupling and highly anisotropic
wave propagation [63,64]. At the same time, to the best of our
knowledge, the near-field study of nanostructured transition metal
dichalcogenide devices has not been performed yet. In the case of
MoS;, such a measurement is challenged by a small device foot-
print and by a need for s-polarization for waveguide excitation (to
excite the TE photon mode). These factors contribute to a weak
signal contrast necessitating the careful design of the experiment.
Figures 3(c)-3(g) show a set of s-SNOM images collected at
various excitation wavelengths for a 15 pm long waveguide under
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Fig. 3. Near-field study of deeply subwavelength MoS, waveguides. (a) Conceptual illustration of the setup. (b) AFM topographic map of the device.
(c)—(g) s-SNOM images at wavelengths ranging from 793 nm to 1000 nm. (h) Interference fringe line profile extracted at 961 nm excitation wavelength
(inset). (i) Fourier transform of the interference fringe line profile shown in panel (h). (j) Predicted and extracted TE photonic mode dispersion. Scale bar:

2 um.

an s -polarized excitation [55] [that is, the incident electric field is
perpendicular to the MoS; crystal axis and waveguide; Fig. 3(a)].
Similar to the far-field measurement [Fig. 2(e)], below 900 nm
waves are not excited. Above 900 nm, we observe interference
fringe patterns close to both edges of the waveguide, signifying that
the guided TE photonic mode is excited and guided. These inter-
ference fringe patterns are generated by a superposition between
light scattered directly off the s-SNOM tip and excited mode [63]
(see also Supplement 1, Section VII). Note that, to extract guided
wave dispersion, we perform spatial Fourier transform on collected
interference fringe profiles [39,65]. Figures 3(h) and 3(i) show
the s-SNOM amplitude of an interference fringe profile and a
related spatial Fourier spectrum for a waveguide excited at 961 nm
(1.29 eV), respectively. By tracing the peak of the Fourier spec-

trum, we extract the interference fringe period, p, which is related
pro
p cos o+

(see Supplement 1, Section VII for details), where o« = 30° is the
incidence angle [Fig. 3(a)] and A is the excitation wavelength [63].
In Fig. 3(j), we plot theoretically predicted wave dispersion and
dispersion extracted from the near-field measurement, where an
excellent agreement is revealed. Note that spatial Fourier transform

to the wavelength of the excited TE photonic mode: A =

at 793 nm, 848 nm, and 904 nm is hindered by a small signal to
noise ratio.

C. Passive Integrated van der Waals Devices

Next, to elucidate the capability of MoS; for deeply subwavelength
integrated nanophotonics, we perform a far-field study of several
passive photonic devices. Figure 4(a) shows an SEM of a fabricated
60 nm thick (i.e., <A /16 at 1000 nm), 360 nm wide, and ~33 um
long Y-junction beam splitter (see Supplement 1, Section VIII

for details). For such a small device cross-section, only a funda-
mental TE photonic mode can be excited. In Fig. 4(b), we plot a
corresponding profile of the wave excited at A = 960 nm [Fig. 1(b)
shows corresponding mode dispersion with and without exciton
contribution]. A respective far-field cross-polarized confocal image
is shown in the inset of Fig. 4(c). Two equally bright emission
spots are observed at the output couplers (spaced 5 pm apart) of
the device. Figure 4(c) shows corresponding spectra measured
at both output couplers. The analysis of overall power carried in
the 900 nm to 1050 nm band [i.e., [500" Z;(A)dA, where T;())
is the transmission spectral power density through either the left
or right arm of the beam splitter] yields a 47.15/52.85 splitting
ratio between the two outputs, which indicates that a nearly 50/50
splitting of optical power is attained, as designed.

Based on the Y-splitter design, we further study a Mach—
Zehnder interferometer. The symmetric (with equal length of
arms of ~10.41 um) and asymmetric (shorter arm length is
~9.9 um, i.e., ~500 nm arm length difference) interferometer
structures with an overall device length of ~40 pum are designed
[Fig. 4(d)]. Figure 4(e) shows respective simulations of field profiles
at A =960 nm. Constructive interference in the case of a sym-
metric structure is clearly seen, although the overall amplitude
decreases due to optical loss at this wavelength. On the other hand,
the phase difference between the arms of the asymmetric device
is designed to yield destructive interference at the output. We
note that, due to an appreciable optical extinction at 960 nm, the
two arms lead to a different insertion loss. As a result, a complete
phase cancellation is not attained in the wavelength band stud-
ied here (750-1050 nm). Figure 4(f) presents a corresponding
far-field study of fabricated symmetric and antisymmetric inter-
ferometers. Cross-polarization images [Fig. 4(f), inset] suggest a
stronger attenuation by an antisymmetric device, as expected. The
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Integrated exciton-driven MoS; nanophotonic devices. (a) SEM image of Y-junction beam splitters. Scale bar: 5 pm. (b) Simulated field inten-

sity for a device shown in (a) at A = 960 nm excitation wavelength. (c) Beam splitter transmission spectra. Inset, far-field image of the Y-splitter collected at
915 nm center wavelength. (d) SEM image of symmetric and asymmetric Mach—Zehnder interferometers. Scale bar: 5 um. (e) Simulated field intensity for
interferometers shown in (d) at A = 960 nm. (f) Transmission spectra for symmetric and asymmetric Mach—Zehnder interferometers, respectively. Inset,

far-field image of Mach—Zehnder interferometers at 915 nm center wavelength.

difference between symmetric and antisymmetric configuration
is further seen from measured transmission spectra [Fig. 4(f)].
The observed asymmetry in transmission at ~980 nm excitation
wavelength is more than 2 times and matches well with theoretical
predictions (Supplement 1, Section VIII).

D. Confinement Figure of Merit

Lastly, to better understand light confinement in nanostructured
MoS; as compared to Si waveguides, we examine effective mode
area and confinement factor. We note that the fundamental TE
mode studied here is cutoff free. Indeed, waves can be excited and
guided even in a 1 atom thick waveguide [66,67]. However, in this
case, the optical mode is highly delocalized. It is desirable to find
an optimum between mode confinement and device footprint. For
this purpose, we introduce the normalized mode area, defined as
_Ag . . )
Tmode = Z5 and study 7mode as a function of device dimensions.
In Fig. 5(a), we plot normalized mode area, Niode, for a funda-
mental TE modeat A = 1 umina MoS; waveguide asa function of
waveguide dimensions. For comparison, we also plot 7)mode for fun-
damental TE guided mode in a Si waveguide in Fig. 5(b). Higher
refractive index of MoS; leads to a stronger confinement of the
optical field and to smaller footprint devices, when compared with
Si waveguide. With smaller and thinner devices, MoS; can more
efficiently confine light at a smaller effective area. The smallest
mode area that can be achieved in a Si waveguide is >50% larger
than that in a MoS, waveguide (0.288 versus 0.191, respectively).
At the same time, corresponding cross-section for MoS; is 50%
smaller than that of Si device (110 nmx 305 nm for MoS; versus
140 nmx 365 nm for Si, respectively). We mark the dimensions

and the corresponding normalized mode area of three MoS,
devices studied in this work: ridge waveguide for far-field mea-
surement, ridge waveguide for near-field imaging, and Y-splitters
and Mach—Zehnder interferometers [Fig. 5(a)]. While fabricated
devices are not globally optimal, the corresponding normalized
mode area for these three devices (~0.2 for waveguides and ~0.24
for Y-splitters and interferometers) is still smaller than the optimal
value achieved for a Si waveguide (~0.288). Despite a seemingly
small gain in the mode area and device footprint of MoS; as com-
pared to Si, the ability to squeeze light at smaller dimensions results
in a stronger light—matter interaction, whereas a smaller footprint
can offer higher intergration density [46]. Both of these functions
play important role in complex chip sclae architectures and have
the potential to enable more sophisticated computing at a lower
power.

3. CONCLUSION

To conclude, we demonstrated through simulations, far-field and
near-field measurements that MoS,, owing to its unique optical
dispersion, is well suited for deeply subwavelength integrated
nanophotonics. Functional devices that confine, control, and
guide light in devices with dimensions </10 can be crafted.
While in this work we have focused on the 750-1050 nm wave-
length band, the principles discussed here can be extended to a
telecom band (>1200 nm) and other excitonic van der Waals
materials [21] to create low loss [45-49] deeply subwavelength
integrated photonic devices [30,46]. While present demonstra-
tions are limited by the area of exfoliated flakes, rapid progress
with wafer scale growth of transition metal dichalcogenides and
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three different fabricated devices examined in this work.

van der Waals heterostructures [68-71], as well as development
of scalable transfer processes [72], suggests that design of wafer
scale integrated photonic circuits is feasible in the near future.
Further development of higher quality fabrication techniques
can reduce fabrication related insertion loss and yield devices
limited mainly by the material extinction coefficient, which is
expected to be low across the telecom band [46]. Combined with
unique electronic and optical properties of van der Waals mate-
rials, exciton-driven subwavelength systems are of great promise
to expand the nanophotonics applications palette [30]. During
review and production of this work, the authors became aware of
a recent paper where near field imaging of TMDC waveguides is

performed [73].
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