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Hyperbolic phonon polaritons (HPhPs) in van der Waals layered polar crystals exhibit extreme light confinement
capability, providing an unprecedented research opportunity to manipulate nanoscale midinfrared photons.
Precise tuning of HPhPs propagation characteristics and near-field energy routing is crucial for applying polari-
tonic devices. Here, we demonstrate a widely tunable waveguide mode of HPhPs in an a-MoOj flake/gold slit
composite structure. By varying the width of the gold slit from 3 pm to 220 nm, the compression ratio of HPhPs
wavelength relative to the incident light wavelength can be adjusted from 35% to 8.6%, respectively. This is
attributed to the introduction of the gold slit, which can effectively excite and guide HPhPs within an
®-MoOj flake, forming a confined waveguide mode. Notably, the excitation efficiency of HPhPs in the nanoscale
ultranarrow waveguide can be enhanced by integrating an extended port at the waveguide port. In addition, the
routing of polaritons in a Y-shaped waveguide is realized by modulating the frequency of the incident light. This
work presents a promising platform for manipulating deep subwavelength polaritons in planar photonic devices

for infrared applications.
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1. INTRODUCTION

Hyperbolic phonon polaritons (HPhPs), a type of quasiparticle
resulting from the coupling between electromagnetic waves and
collective lattice vibrations in hyperbolic polar materials, enable
ultraconfined, ultralow optical losses, and highly directional
wave propagation at the nanoscale. In recent studies, a range
of van der Waals crystals have been experimentally shown to
support HPhPs, including hexagonal boron nitride (hBN)
[1,2], orthorhombic-phase molybdenum trioxide (-MoO3)
[3-5], and vanadium pentoxide (a-V,0s) [6]. The former
is characterized by uniaxial hyperbolicity, resulting in isotropic
dielectric response within the plane [7,8]. The latter two are
biaxial crystals, where the polariton propagation strictly occurs
along the in-plane hyperbolic directions, with more innovative
in-plane hyperbolic forms reported in crystals with lower sym-
metry, such as hyperbolic shear polaritons in monoclinic crys-
tals [9,10]. These polaritons support high wave confinement
due to their large momenta [2,11], resulting in enhanced in-
teractions between light and matter [12,13]. Recently, new
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mechanisms are proposed to achieve the tunable HPhPs
through a-MoOj flake, such as intrinsic chirality [14], gate-
tuning hybrid polaritons [15], and spin Hall effect [16].
This enables precise control over energy flow [17], facilitating
various applications, including infrared sensing [18,19], optical
isolation [20], and photodetection [21].

The further progression of polaritons investigation relies
heavily on the accurate adjustment of these nanoscale light—
matter modes, such as confinement [22-26], propagation
[27-30], and dispersion [31-34]. The utilization of polaritonic
modes in these van der Waals materials exhibits a combination
of tunability, low losses, and ultrahigh confinement, making
them exceptionally appealing for the design of nanophotonic
devices. Recently, several notable studies have achieved multi-
dimensional control of polaritons, such as gate-tunable negative
refraction in graphene/a-MoOj heterostructure [35], ultrafast
anisotropic dynamics on calcite surfaces [36], and manipula-
tion of higher-order HPhPs on a 3C-SiC nanowire/a-MoOj
heterostructure [37]. At the same time, substrate engineering
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also makes a significant contribution to manipulating polari-
tons. Initially, Duan e# al. discovered that the wavelength of
polaritons is sensitive to the dielectric environment [38].
Subsequently, various substrate engineering techniques were
realized, such as focusing [39], utilizing phase change material
for polariton wavefront engineering [40,41], and using an
etched prism for obtaining in-plane anisotropic bending-free
refraction [42]. Although it is feasible to control polariton
wavelength by changing the dielectric environment or substrate
engineering, manipulating polaritons between the dispersions
of van der Waals crystal on two different substrates remains
an unresolved issue. On the other hand, studies have shown
that the HPhPs wavelength in a-MoOj flake on the gold sub-
strate exhibits a significantly high compression ratio relative to
the incident light wavelength [43], while the HPhPs have a low
compression ratio and ultralow optical losses in suspended
a-MoOj flake [44,45]. This inspires us to achieve tuning
HPhPs in a-MoOj flakes across a broad spectrum by manipu-
lating the width of the gold slit on the substrate.

Here, we propose and experimentally demonstrate a midin-
frared tunable confined waveguide mode by constructing a
composite structure consisting of an a-MoQj flake that fully
covers the gold slits. The optical near-field response of HPhPs
in ®-MoOj with different gold slit widths (from 3 pm to
220 nm) is acquired by a photon-induced force microscope
(PiFM), realizing the tunability of HPhPs waveguide modes
over a wide range. It is found that by integrating an extended
port at the nanoscale waveguide port, the excitation efficiency
of HPhPs can be significantly improved. This is because when
the gold slit width reaches the nanoscale, only a limited quan-
tity of HPhPs can be excited to propagate in the a-MoQO3 wave-
guide, and the extended port can increase the quantity of
excited HPhPs. In addition, the routing of HPhPs in the
Y-shape waveguide is realized by exploiting the characteristic
orthogonal transmission of HPhPs in the Reststrahlen band
(RB) 1 and RB2 in a-M0Oj3. Hence, we present an innovative
platform of the in-plane polaritonic waveguide, opening up a
new avenue for polariton manipulation and offering tremen-
dous potential in infrared sensing, routing, nano-imaging,
and on-chip photonics applications.
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2. THEORY AND DESIGN

a-MoOj is a natural hyperbolic material, featuring three mid-
infrared RBs (see details in Appendix A). In this work, the de-
tection of the HPhPs waveguide mode in the a-MoO3/gold
slit composite structure by PiFM is schematically shown in
Fig. 1(a). A pulsed laser (QCL, from Block Engineering) is used
to illuminate the gold-coated tip. The polarized tip can excite
HPhPs in the a-MoOj flake and form a dipole-dipole force
between the tip and a-MoQOj, thus enabling the detection
of the electromagnetic field distribution at the a-MoOj surface.
To maximize the localized force, the laser intensity is modu-
lated at the sideband frequency, which is defined as the differ-
ence between the topographic detection frequency of the AFM
cantilever and the detection frequency of PiFM. This technique
is commonly referred to as sideband modulation mode (see
more details in Section 5) [2,46]. By creating different dielectric
environments on the substrate, HPhPs excited at the interface
will propagate in opposite directions with different wavelengths
[Fig. 1(a)].

To figure out the features of the electric field distribution of
the HPhPs in the a-MoOj flake/gold slit composite structure,
we carry out full-wave numerical simulations. In simulations,
we set the width of a-MoOj to 13 pm, the length to 90 pm,
the thickness to 242 nm (consistent with the experimental sam-
ple), and the groove depth of the gold slit to 1 pm. The width of
the gold slit in Fig. 1 is 1.5 and 6 pm, respectively. A dipole is
placed on the gold and air substrate interface to excite HPhPs
using 2D simulation [Fig. 1(b)]. Due to the gold substrate’s
extremely high negative permittivity values (on the order of
thousands) in the midinfrared range, the gold film can be mod-
eled accurately as a perfect electric conductor (PEC). The fun-
damental HPhPs mode in suspended a-MoOj is symmetric
with respect to the out-of-plane field component, £,. The cou-
pling between the HPhPs and the image charges in the metal
results in a new type of low-dimensional mode, i.e., the hyper-
bolic image phonon polariton (HiPP) [11,47]. Due to the
forbidden field symmetry, the HiPP in ®-MoQO3 on PEC cor-
responds to the second-order eigenmode. Compared with the
HPhPs in suspended a-MoOj, the HiPP on the metal substrate
exhibits much stronger field compression ability.
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Fig. 1. Conceptual design of planar waveguide of HPhPs in a-MoOj. (a) Experimental schematic for launching HPhPs of a-MoQOj3 on gold slit
by PiFM setup. (b) Simulation of the 2D near-field distribution of HPhPs in ®-MoOj on gold and air substrate, launched by a dipole. (c), (d) 3D
simulation; the width of the gold slitis 6 pm in (c) and 1.5 pm in (d). (), (f) Real-space propagation of HPhPs on gold substrate () and air substrate
(f) launched by a dipole. (g), (h) IFC of HPhPs in a-MoOj3 on gold substrate (g) and air substrate (h). The a-MoOj thickness for all simulation
settings is 242 nm. The incident light and dipole frequency for all simulation settings is 890 cm™.
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To investigate the influence of the gold slit width on
HPhPs, we conducted 3D simulations of a-MoOj on the gold
slits with varying widths. As the loss of HPhPs in the y direction
is so large that it cannot propagate too long in RB1, we choose
the frequency in the range of RB2 (e.g., 890 cm™) of a-MoO;
as the control band. In Fig. 1(c), it is observed that, when the
slit width () is set to 6 pm, the wavelength of HPhPs in
a-MoOj; on the gold slit is consistent with that in suspended
a-MoOj; [Fig. 1(b)]. This finding implies that, at a fixed
frequency, as long as the excitation width of a-MoOj is suffi-
ciently large, the wavelength of HPhPs is exclusively deter-
mined by the cladding dielectric of a-MoOj;. When w is
reduced to 1.5 pm [Fig. 1(d)], the confined waveguide mode
of a-MoQj is excited. Since there is a layer of air between
a-MoOj and the gold slit, the influence of the SiO, substrate
as a support on the propagation characteristics of HPhPs can be
ignored. At this point, the cladding of «-MoOj remains as air,
but it has an obvious compression compared with that of free-
standing pure a-MoQOj3 and can be tuned by changing the slit
width. This signifies that the wavelength of HPhPs can be
precisely adjusted by varying the width of the gold slit. The
hyperbolic wavefront propagation of HPhPs on the surface
of a-MoOj; [Figs. 1(e) and 1(f)], resulting from the pro-
nounced optical anisotropy in the RB2, provides an explana-
tion for the nonrectangular shape of the fringes observed
within the slit in Figs. 1(c) and 1(d). The different modes of
HPhPs in a-MoOj3 on gold or air substrate can be described by
an isofrequency curve (IFC) at a given incident frequency
(more details are presented in Appendix B). The IFCs in
Figs. 1(g) and 1(h) show a significant disparity in the wave vec-
tors of HPhPs in a-MoOj on gold and air substrates, implying
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the HPhPs waveguide mode can be controlled over a wide
range.

3. RESULTS AND DISCUSSION

In our experiment, these waveguide composite structures are
obtained through the focused ion beam (FIB) etching of slits
with varying widths on a gold substrate, followed by mechani-
cal exfoliation from a bulk crystal to obtain high-quality
a-MoOj flakes, which are transferred onto the etched substrate
(see Section 5). The long axis of the waveguide is along the
[100] crystal direction (i.e., the x axis) of a-MoO; (Fig. 7
in Appendix A), which provides the necessary momentum
to excite HPhPs in RB2. Figure 2(a) shows the near-field nano-
imaging of the sample by PiFM. The excited HPhPs by the
waveguide port are effectively confined within the waveguide
composite structure while also enabling the excitation of
HPhPs in the a-MoQOj3/gold substrate through the same port,
demonstrating consistent behavior with the prior simulation.
Figure 2(b) is the near-field amplitude fringe profiles extracted
along the dashed lines shown in Fig. 2(a). It is observed that,
due to the additional loss and strong field confinement brought
by the gold substrate, the HPhPs on the gold substrate decay
quickly, while the HPhPs in the waveguide can propagate over a
longer distance. To quantitatively describe the influence of
waveguide width on HPhPs, we obtain the momentum-space
spectra of the waveguided modes by imposing the fast Fourier
transform (FFT) on the near-field fringe profiles [Fig. 2(c)].
With the increase of waveguide width, the main peak position
of the FFT exhibits a significant blueshift, which demonstrates
that precise manipulation of the HPhPs waveguide mode can
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Fig. 2. Controlling the waveguide mode of HPhPs in a-MoQOj3 by varying the gold slit width. (a) Real space near-field nano-images of the
waveguide mode of HPhPs with varying widths of gold slit. The frequency of the incident light is @ = 890 cm™. (b) PiFM signal amplitude
fringe profiles extracted along the dashed lines in (a). (c) FFT on the near-field fringe profiles in (b). The abscissa is the incident light's wave
vector (ky = 27w). (d)—(f) Near-field images recorded with three representative excitation frequencies. The thickness of ®-MoOj; measured

by AFM is 242 nm.
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be achieved by controlling the waveguide width. Note that,
with the increase of waveguide width, the proportion of sub-
peak of FFT gradually increases, indicating that HPhPs contain
two modes in the waveguide, which will be discussed in detail
later. To further demonstrate the tunability of the HPhPs wave-
guide mode in a broad spectral range, the incident light with
different wavenumbers between 900 and 920 cm™! is used to
illuminate the sample [Figs. 2(d)-2(f)]. With the increase in
frequency, the fringe period of HPhPs in the waveguide de-
creases gradually, and the loss increases gradually.

As the waveguide width is further reduced, it is found
that the number of HPhPs fringes decreases sharply in the
nanometer-scale ultranarrow waveguides. It is mainly attributed
to the decrease of the excitation efficiency as the size of the
excitation becomes much narrower in the nanometer-scale
ultranarrow waveguides. We propose a solution to this issue by
introducing an extended port at the waveguide port. As shown
in Fig. 3(a), the HPhPs excited in the 220 nm ultranarrow
waveguide with an extended port exhibit a more pronounced
amplitude compared to that without an extended port. This
indicates that the extended port effectively stimulates the
propagation of HPhPs in the ultranarrow a-MoQO3 waveguide.
Interestingly, in Fig. 3(a), it is shown that the wavelength of
HPhPs excited by the waveguide with an extended port is twice
that of the waveguide without an extended port. This derives
from the two contributions in the experimental setup.

(1) The direct contribution, in which guided modes
launched by the waveguide port propagate until they reach
the tip. For guided modes, this contribution appears as fringes
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with periodicity approximately equal to the polariton wave-
length, 4,.

(2) The round-trip contribution, in which the guided mode
is excited by the tip, reflected by the waveguide port, and
reaches back to the tip. This contribution also appears as fringes
for guided modes, but the periodicity is half of 4,. This is be-
cause polaritons propagate twice between the tip and the wave-
guide port. This also explains the presence of two peaks in the
FFT shown in Fig. 2(c). Therefore, the gradual increase of
waveguide width leads to an increase of the direct contribution,
as the wider waveguide port can excite more HPhPs, which
explains the observed gradual increase in the subpeak of FFT
in Fig. 2(c). On the other hand, the addition of an extended
port to the waveguide port significantly increases the direct con-
tribution while reducing the round-trip contribution, resulting
in the predominant propagation of polaritons in the wave-
guide as 4,. Figure 3(b) is the normalized fringe profiles in
the waveguide of Fig. 3(a), which shows a more pronounced
HPhPs amplitude in the waveguide with an extended port.
This intuitively demonstrates the significantly improved polar-
itons excitation efficiency achievable with the extended port.
Representative nanoimaging data are displayed in Figs. 3(c)
and 3(d), where the wavenumbers of incident light are 900
and 910 cm™, respectively. It is found that, although the polar-
itons loss increases with the increase of the incident light's
wavenumber, the influence of the extended port of the wave-
guide is robust.

To quantitatively explain the impact of the extended port,
the contrast of HPhPs fringe profiles in the waveguide
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Fig. 3. Near-field manipulation of nanoscale ultra-narrow waveguides. (a) Near-field imaging of nanoscale waveguides with and without extended
ports. (b) PiFM signal amplitude fringe profiles extracted along the center of waveguides in (a). (c), (d) Near-field images recorded with two rep-
resentative excitation frequencies. (¢) Comparison of the contrast of waveguides with and without extended ports. The geometry of all the extended

ports is 2 pm x 1 pm. The thickness of a-MoQOj3 is 242 nm.
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Fig. 4. Dispersion, propagation length, FOM, and v, of the waveguide mode of HPhPs. (a) Dispersion relation of HPhPs in the a-MoOj3 flake/
gold slit composite structure. Colored squares indicate the experimental results obtained from PiFM images. Dashed colored lines correspond to the
analytical dispersion relation of different waveguide widths. Pseudo-colored images represent the calculated Im 7, of the air/a-MoOjs/air or gold
structure. (b) Theoretical (dashed colored lines) and experimental (colored marks) results of propagation length of HPhPs on different-width wave-
guide and gold substrate. (c) Theoretical (dashed colored lines) and experimental (colored marks) results of FOM of HPhPs on different-width
waveguide and gold substrate. (d) Theoretical curves of group velocity of HPhPs on air substrate, 1.5 pm waveguide, and gold substrate.

E, and E, are the averaged peak and valley values of the fringe,
respectively. The higher the contrast, the amplitude fluc-
tuation of the fringes will be greater. Therefore, the magnitude
of the contrast can also be understood as the excitation effi-
ciency of HPhPs. Figure 3(e) lists the obtained values of the
contrast from our experimental results on 0.22 and 0.4 pm
waveguides (see calculation process in Appendix C). The result
indicates that the 0.22 pm waveguide with an extended port
has a contrast approximately three times larger than that of
the waveguide without an extended port. As the w increases,
the effectiveness of the extended port decreases, which is under-
standable since a wider waveguide can already excite suffi-
cient HPhPs without additional compensation (Fig. 8 in the
Appendix C). We predict that this method is suitable for nar-
rower waveguides, and the benefit of the extended port will be
further improved.

Although precise tuning of HPhPs has been experimentally
achieved, the predictive computation of the HPhPs waveguide
wave vectors is essential for the development of more advanced
applications. Therefore, here we use a false-color plot of Im 7,
to show the dispersion relation of ®-MoQOj3 on air and gold sub-
strate in Fig. 4(a) (see Appendix B). The waveguide dispersion
relation [dashed lines in Fig. 4(a)] of different w is calculated by
2D simulations of the waveguide cross-section (see Section 5).

The experimental data points obtained from the FFT of the
waveguide fringe profiles are in excellent agreement with the
numerical simulation results. The wave vector in the waveguide
exhibits a huge tuning range between the dispersion curve of
a-MoOj; on the air substrate and the gold substrate. In detail,
the compression ratio of HPhPs wavelength relative to the in-
cident light wavelength, ranging from 8.6% to 35%, can be
tuned by controlling the widths of the gold slit and the fre-
quency of the incident light. We not only achieve a wide range
modulation of HPhPs wavelength between the dispersions of
a-MoOj on air substrate and gold substrate but also obtain a
high compression ratio. Typically, conventional dielectric sub-
strates (such as silicon dioxide) can only achieve compression
ratios of approximately 16.6% (the data were obtained through
theoretical calculation on a-MoOj3 at 242 nm and 910 cm™).
Compared with current complex methods for manipulating
phonons (such as hexagonal boron nitride metasurface, heter-
ostructures of twisted a-MoQj crystal flakes, or the hybridized
system), we demonstrate a high-quality HPhPs manipulation
method using the a-MoOj flake/gold slit composite structure.
The fabrication process of the composite structure has no dam-
age to the surface of a-MoQOj, and the waveguide is in a sus-
pended state, which minimizes the source of HPhPs loss.
Furthermore, the waveguide we designed is in the same plane,
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Fig. 5. Real-space visualization of Y-shaped routing waveguide. (a) Experimental near-field images of HPhPs propagating in a 305 nm thick
a-MoOj3 flake on a Y-shaped gold slit at @ = 890 cm™!. (b) Simulation result using the same parameters as those in (a). The red dashed arrows in
(a) and (b) represent the waveguide’s energy flow direction. (c) Analytic IFC of a-MoOs/air at @ = 890 cm™!. (d) Experimental near-field images of
HPhPs propagating in a 305 nm thick «-MoOj3 flake on a Y-shaped gold slit at @ = 785 cm™". (e) Simulation results using the same parameters as
those in (d). The red dashed arrows in (d) and () represent the waveguide’s energy flow direction. (f) Analytic IFC of a-MoOj/air at

® =785 cm™!.

which makes it compatible and stable, and provides a good plat-
form for designing nanophotonic devices.

In addition, the propagation length (Lp), figure of merit
(FOM), and group velocity (v,) of HPhPs in the waveguide
can be calculated by measuring the line widths of the FFT
peaks (see Section 5). The obtained Z,, plotted in Fig. 4(b),
decreases roughly as the incident light wavenumber increases.
The obtained FOM, plotted in Fig. 4(c), increases first and
then decreases as the incident light wavenumber increases.
In Fig. 4(d), it is observed that v, in the composite structure
is decreased as the incident light frequency increases, resulting
in a reduced propagation distance of HPhPs. The simulation
curve [dashed lines in Figs. 4(b) and 4(c)] is calculated by 2D
simulations of the waveguide cross-section (see Section 5). We
can find that the theoretical curve and experimental data trends
are consistent but not in complete agreement, which can be
attributed to multiple factors: (i) the 2D cross-sectional simu-
lation assumes that all the light entering the waveguide from the
port is directed into the waveguide, whereas in reality, the effect
of the waveguide width on the HPhPs needs to be considered;
and (ii) in the experiment, when the waveguide width is suffi-
ciently wide, the HPhPs propagate in a hyperbolic manner, re-
sulting in less energy concentration and faster dissipation. The
energy of HPhPs excited on the surface of a-MoQj; propagates
in the form of divergence. As the waveguide width decreases, its
divergence surface is localized to a certain extent, and its energy
can be kept more concentrated, resulting in a longer propaga-
tion distance. However, when the width continues to decrease,
the reduction in HPhPs excitation at the waveguide port leads
to a decrease in propagation distance. This is because a more
intense resonant source is a better launcher for polaritons, re-
sulting in longer propagation distances. However, the propaga-
tion decay (i.e., FOM) is independent of the excitation source,

as it is an intrinsic property. In our experimental system,
w=15pm is optimal, where L, reaches 4.7 pm and
FOM reaches 3.5. Notably, the suspended a-MoOj; was re-
ported by Shen er al. [45], where L, =20 pm and
FOM = 3.2. Since the gold film in our experiment is obtained
through electron beam evaporation, we believe that using
monocrystalline gold can achieve atomic-level surface rough-
ness, thereby reducing phonon losses at the waveguide boun-
daries and further increasing FOM. Furthermore, the thickness
of the a-MoOj layer we utilized is 242 nm. Theoretically,
however, the selection of a-MoOj flake thickness is unre-
stricted. However, in near-field experiments, as the thickness
decreases, the light confinement capability of the flake dimin-
ishes gradually, while the detectable evanescent waves of HPhPs
in a-MoOj flake gradually increase. In the experiment, it is
appropriate to choose an ®-MoQj thickness of approximately
300 nm.

In on-chip photonics, controlling the direction of energy
flow at the nanoscale has profound implications for fundamen-
tal research on routing, energy management, and harvesting.
Here, we design a Y-shaped waveguide composite structure to
demonstrate that our system can support such behavior [see the
optical image in Fig. 10(a), Appendix D]. As shown in the near-
field nanoimaging of Fig. 5(a), we observe that, at 890 cm™!
(in RB2), the polaritons in the waveguide propagate from
Channel 1 to Channel 2, while propagation in Channel 3 is
forbidden. The unique directional selectivity derives from the
in-plane anisotropy of ®-MoQOj3, which demonstrates angle-
dependent selectivity [Figs. 10(b) and 10(c), Appendix D].
It is worth noting that the diameter of the focal spot of the
mid-infrared incident light (785-920 cm™') is about 20 pm so
that the entire Y-shaped waveguide is illuminated. Meanwhile,
PiFM involves tip scanning on the sample, indicating that each
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pixel on the PiFM image is excited by the incident light.
Therefore, HPhPs can be excited at the port, the sidewalls as
well as the corner of a Y-shaped waveguide. Since the sidewall-
excited HPhPs cannot be well coupled into the waveguide, so
the sidewall-excited HPhPs will leak some energy. Figure 5(c)
illustrates the theory of how the waveguide orientation angle
affects the propagation of polaritons. The polaritons can only
be excited when the angle of the waveguide wave vector is
within the open angle of the hyperbolic IFC, i.e., 0 < 0 pen =
arctan(/~€,//=€,). Consequently, these polaritons can be
strictly confined within Channels 1 and 2 and are in good
agreement with numerical simulation mimicking the experi-
ment [Fig. 5(b)]. When the incident light wavenumber is
changed to 785 cm™' (in RB1), Channel 2 is forbidden, and
polaritons propagate from Channel 1 to Channel 3 [Fig. 5(d)].
The corresponding simulation in Fig. 5(e) also demonstrates
this well. The results indicate that we have successfully realized
an infrared routing device in a Y-shaped waveguide structure.
It is worth noting that, in RB1, the open angle direction of
the IFC has changed [Fig. 5(f)] so that 0., < & < 90°. In the
Y-shaped waveguide structure we designed, Channel 1 is de-
signed to have an angle of 40° with the x axis, which is less
than 6., at 785 cm™'. However, experiment and simulation
results observe polaritons in Channel 1 and Channel 3, because
the sidewalls of the waveguide can also excite polaritons that
satisfy the conditions. To enable phonon polariton excitation
at the port of Channel 1, future work may involve searching for
light sources with lower wavenumbers. Furthermore, another
way to achieve routing may be through various compensatory
methods, such as control over carrier density using graphene
doping or employing electrical gating.

4. CONCLUSION

In summary, we propose a new composite structure of planar
waveguide device in the midinfrared range that is using highly
oriented HPhPs in a-MoQO3, launched by gold slits with differ-
ent widths. By changing the waveguide width and combining
them with theoretical dispersion curves, the compression ratio
of HPhPs wavelength relative to the incident light wavelength
can be precisely tuned from 35% to 8.6%. In particular, we
realized the excitation of HPhPs in nanoscale waveguides by
adding an extended port to the waveguide port. By analyzing
the internal loss of the waveguide, the optimal waveguide widch
is identified for exciting HPhPs. Furthermore, we designed
a Y-shaped waveguide, realizing the routing of HPhPs. In
addition, by selecting other anisotropic van der Waals (vdW)
materials, we anticipate that the concept of this composite
structure will apply to the midinfrared to terahertz regime. Our
work provides a convenient and robust method to effectively
manipulate the propagation and routing characteristics of pho-
non polaritons in natural vdW materials, which will advance
on-chip photonics research.

5. METHODS

A. Sample Preparations

A 100 nm thick gold film with a 5 nm thick Cr adhesion layer
was deposited on a standard Si wafer with a 300 nm thick SiO,
layer substrate using electron beam evaporation. The slits of
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different widths in the gold substrate were made by focused
ion beam (FIB) lithography in an FEI Helios NanoLab G3
dual-beam FIB-SEM system. Note that a 0.1 nA etching cur-
rent was used for slits with a width below 500 nm, while a
0.3 nA etching current was used for the rest to maintain the
aspect ratio of the slits consistent with the design. Our
a-MoOj flakes were exfoliated from a bulk crystal (purchased
from SixCarbon Technology) using a polydimethylsiloxane
(PDMS) sheet. First, by using a microscope, we selected a large,
homogeneous, and ultrathin flake that was sufficient to cover
the entire pattern on the substrate and then transferred it onto
the structure of the substrate.

B. PiFM Measurements

A VistaScope microscope from Molecular Vista Inc. was used
for the PiFM measurements. The microscope was coupled to
a Laser Tune quantum cascade laser (QCL) system from
Block Engineering with a tuning range from 780 to 1900 cm™!
and a wave number resolution of 0.5 cm™. The sample was
side-illuminated with the 30 ns pulsed beam and an adjustable
repetition rate at the 38° angle from the sample surface by a
parabolic mirror with a numerical aperture of around 0.4.
The excitation laser was focused by the parabolic mirror to
an elliptical spot with a size of 24 and 2.54 (4 is the wavelength
of the incident light) for the short axis and long axis, respec-
tively. An average laser power of 1.5 mW was used at the sample
surface. The microscope was operated in tapping mode with a
gold-coated Si cantilever obtained from NCH-Au noncontact
cantilevers from Nanosensors. The pulsed QCL beam was
modulated by tuning its repetition rate to the difference fre-
quency of the cantilever’s eigenmodes at f,, = f; - f, (re-
ferred to as sideband modulation mode), where f, and f,
are the first- and second-order resonance frequencies of the
AFM cantilever, respectively. The second eigenmode was used
for tip-sample distance stabilization, with a tapping modulation
amplitude of a few nanometers and a typical setpoint of be-
tween 70% and 80%. The first eigenmode of the AFM can-
tilever was used for PiFM detection; the second eigenmode
was used for the AFM topography of the sample. The incident
light was always oriented along the x axis of the a-MoOj flake
during all the measurements.

C. Numerical Simulations

In this study, we simulated PiFM near-field images using the
finite-element-method numerical software COMSOL Multi-
physics. A 2D cross-sectional structure of a-MoQOj placed on
a gold substrate and an air substrate is simulated in Fig. 1(b).
The dipole polarized along the z direction was placed 100 nm
away from the surface of a-MoQj to excite HPhPs [Figs. 1(b),
1(e), and 1(f)]. For 3D simulations, the whole system was
illuminated with plane waves with linear polarization along
the x axis [Figs. 1(c), 1(d), and 5(b)] and linear polarization
along the y axis [Fig. 5(¢)], respectively. The real part of the
vertical component of the electric field Re(£,) was collected
from 20 nm above the a-MoQOj surface to obtain the near-field
images. Meshing types and sizes were optimized to ensure good
convergence of simulated results. Furthermore, the dispersion
relation of the waveguides was calculated via 2D simulations of
their cross-sections, done in Mode Solutions (the dashed lines
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in Fig. 4; see Appendix E for more details). The permittivity of
a-MoOj; was described by using the Lorentz model (details are
presented in Appendix A), while the dielectric constants of gold
were obtained from the database in COMSOL. To minimize
the artificial oscillations in the output FFT profiles, apodization
was performed by using the Hanning windowing function. In
addition, to increase the resolving power of FFT, zero-filling/
padding was done by extending the interferogram by a factor of
100 by adding zeros.

D. Calculation of the Propagation Length and Figure
of Merit of Hyperbolic Phonon Polaritons

By positioning the FFT peak of the near-field waveguide fringe
profiles and measuring its linewidth, we obtained the full
complex-valued wave vector, q, = q[g + iq]')'. Therefore, we ob-
tain the propagation length L,=1 / ql’)’, the figure of merit
FOM = q]; / q]')', and the group velocity v, = 37“;.

200

100 €

Real (g)
=

-100
RB1 RB2

-200 : * : * *
700 750 800 850 900 950 1000

Wave number kg (cm!)

Fig. 6. Real-part permittivities of a-MoQOj, where three different
Reststrahlen bands of a-MoQOj are shaded in different colors.

Table 1. Parameters Used for Calculating the
Permittivities of a-MoO; [39]

Direction x y z
€ 4 5.2 2.4
wio (cm™) 972 851 1004
oo (cm™) 820 545 958
7 (cm™) 4 4 2

M.

*T—> 17| A
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APPENDIX A: DIELECTRIC FUNCTION OF
(X'M°°3

As shown in Fig. 6, in the midinfrared region, the optical re-

sponse of a-MoQj is mainly phonon absorption, and the di-

electric function can be described by the Lorentz equation [4]:
‘ wlo’ - ho’

"=)) b A1

- iwy!
where @1, @10, 7, and €y are the LO and TO phonon
frequencies, phonon damping, and the high-frequency permit-
tivity, respectively. The fitting parameters are listed in Table 1.
Figure 7 shows the characterization of a-MoQj flake/gold slits
composite structure, which indicates that the long axis of the
waveguide is along the [100] crystal direction of a-MoOjs.

APPENDIX B: CALCULATIONS ON THE
ISOFREQUENCY CURVES AND COMPLEX
REFLECTIVITY OF a-MoO;

For the description of the isofrequency curves (IFCs) of
a-MoO3, it can be analytically calculated by recently derived
formalism [39]:

N £ip &p
q = hod [arctan( . ) + arctan( . ) + 77:/] ,

/=0,1,2,.., (B1)

where g = (i—;)z + (%)2 is the normalized in-plane wave

vector, the parameter p = | %, d is the thickness of the
e

a-MoOj slab, €, and €5 are the permittivities of the superstrate
and substrate, respectively, and / is the order of TM modes.

The HPhPs dispersion relation of the a-MoOj flake can
be manifested by the complex reflectivity 7,(@, ¢) of a multi-
layer structure consisting of air/a-MoQj/substrate. The total
reflectivity of this system is determined by the following

equations [4]:
ry + r3ei2k2d

=2 B2
VP 1+ r 73612/e2d ( )
o= e1ky - €1k, (B3)
' ek ek
e — T i

————i50pm

Fig. 7. Characterization of a-MoOj flake/gold slits composite structure. (a) SEM image of gold slits. (b) Optical microscopy image of ®-MoOj

flake/gold slits composite structure.
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where the subscripts 1, 2, and 3 denote the air, ®-MoQOj3, and
the substrate, respectively. The parameters 7| and 73 delegate
the reflectivities at the air/a-MoOj; and a-MoQOj/substrate
interfaces, respectively. The & (=1, 3, and 1) refers
to the relative permittivities of the air, substrate, and ¢,
(or €). For j=1 and 3, the momenta are given by

ki = \/fj(?)z -¢" and by = wl(“f)z - i—lllqz-

a-MoO; PiFM signal, fringe profile

A1) Vi P2[lv2 1 PB (V3| P4] Vi 972 uv
1 1 1 1
MWAVA-NPN
/ \‘n / LW 1
| I
i I
| I
| |
! ! 539 pv
6.90 um
PiFM signal 1 2 3 4
Peak (blue) (WV) | 967.9 | 895.4 | 864.5 | 843.7
Valley (red) (uV) | 708.6 | 771.9 | 779.0 | 797.1

Fig. 8. Fringe profiles in the 220 nm waveguide with extended port
at 890 cm™! [Fig. 3(a) in the main text].
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APPENDIX C: CALCULATION OF THE
CONTRAST OF THE HPHPS FRINGES
IN NEAR-FIELD IMAGES

In Fig. 8, we extract part of the 220 nm waveguide’s fringe pro-
file in Fig. 3(a) as a demonstration to briefly describe the cal-
culation process of the contrast. By extracting the central profile
of the waveguide (black dotted line in Fig. 8), we can obtain
the accurate value of the wave peak and valley. In the 220 nm
waveguide with an extended port at 890 cm!, the averaged

peak value E, = 892.9 uV, and the averaged valley value
E, = 764.2 pV. Hence, the contrast of H_Pl}Ps fringe profiles

E,-E
. S _ E-E, o
in the waveguide is given by contrast = EAL, = 7.77%.

APPENDIX D: NEAR-FIELD IMAGES OF 650 nm
AND 1 ym WAVEGUIDES WITH OR WITHOUT
EXTENDED PORT

As shown in Fig. 9, with the increase of waveguide width, it is
found that the benefit of the extended port band decreases con-
tinuously. This is understandable because, with a wide enough
waveguide, its facets are already capable of exciting a large num-
ber of HPhPs into the waveguide without requiring additional
compensation. Indeed, for a waveguide with enough width, the
extended port not only fails to facilitate the excitation of more
HPhPs into the waveguide but also increases the loss of HPhPs
due to the additional increase in transmission distance intro-
duced by the extended port.

Additionally, in Fig. 10, we design waveguide structures
with a rotation angle and test their near-field images of
HPhPs propagating in waveguides. The unique directional se-
lectivity derives from the in-plane anisotropy of ®-MoOQj3,
which demonstrates angle-dependent selectivity.

Fig. 9. Near-field images of 650 nm and 1 pm waveguides at different frequencies.
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Fig. 10. (a) The optical microscopy image of waveguide structure with a rotation angle. € is the angle between the longitudinal axis of the
waveguide and the x axis. The thickness of the a-MoOj flake is 305 nm. (b) The experimental near-field images of HPhPs propagating in wave-
guides with different & (from left to right, the values of @ are 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, and 80°) at 890 cm™'. Due to the limitations of the
scanning range in the near-field experiment, the figure was divided into two scans, referred to as the left image and the right image, respectively.
(c) The same as (b) except that the excitation frequency of incident light is 785 cm™!.

APPENDIX E: HPHPS DISPERSION SIMULATION
OF a-MoO; UNDER GOLD SLIT WAVEGUIDE

The dispersion relation (dashed lines) in Fig. 4(a) of the
a-MoOj3/gold slit hybrid waveguide was calculated via 2D sim-
ulations of their cross-sections, done in Mode Solutions. For
example, as shown in Fig. 11, when the slit width is 1.5 pm,

Max.

930 cm’!

Air

s —

Au

—

Min.

Fig. 11. 2D simulation of the electric field distribution in the cross-
section of a waveguide with a slit width of 1.5 pm at 930 cm™!.

the 930 cm™ is used to excite the 2D cross-section of the
composite structure. It can be observed that the energy is well
localized within the a-MoOj;/Au slit. Furthermore, through
the simulation, we can obtain the effective permittivity of the
composite structure waveguide at this width. By scanning
the frequency of the incident light and the waveguide width,
we can accurately obtain the dispersion relationship. As shown
in Fig. 4(a), the experimental results are in good agreement
with the simulation.
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