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Abstract: Plasmonic waveguides have attracted tremen-
dous interest due to efficiently confining photons on the
subwavelength spatial scale to be beating the propaga-
tion diffraction limit. Transition metal molybdenum (Mo)
exhibits outstanding properties in light trapping and elec-
tromagnetic field confining, making it potentially valuable
in 1.55 pm plasmonic waveguide applications. However, the
reliable fabrication of high-quality Mo plasmonic waveg-
uides is a significant challenge. A real-space micro-imaging
study of the surface plasmon on Mo structures is still absent.
In this study, we successfully prepared a single-crystalline
Mo microrod waveguide structure and fabricated subwave-
length gratings on it. The diffraction gratings were designed,
optimized, and etched to excite the surface plasmon polari-
ton behaviour of Mo for the first time. The grating-
optimized Mo microrod single-crystal reveals highly effi-
cient waveguide performance around near-infrared spec-
troscopy, exhibiting a long propagation length of 32 pm and
a low transmission loss of 0.067 dB pm~2. The results pro-
vide an alternative to advanced materials research and opti-
cal device applications of plasmonic waveguide systems.
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1 Introduction

Plasmon has been frequently introduced to deal with the
propagation diffraction limit in the last few years due to its
unique advantages in high-speed propagation and tunabil-
ity [1-3]. Plasmonic waveguide materials could therefore
become the key components to the future high-speed optical
transmission platforms in chip-to-chip interconnect over
short-distance local wires and long-distance globe wires [4,
5]. Surface plasmon polariton (SPP), coupling surface oscil-
lations of charge to electromagnetic waves, has exhibited
specific capability in confining and manipulating light at
the subwavelength scale [6]. This capability significantly
enhances the transmission properties of optical waveg-
uides, particularly for miniaturized and integrated devices
[7]. SPP is usually more easily excited in the surface of
metal and graphene, which provide the desired plasmonic
response at different frequency ranges. For metal materi-
als, although the specific plasmon frequency is approxi-
mately linearly dependent on their geometric size [8], it is
more general to synthetically tailor plasmon wavelengths
of gold (Au) over the visible light spectrum [9, 10], while
to adopt silver (Ag) and aluminum (Al) in the ultraviolet
wavelengths [11, 12]. Intrinsic graphene shows interband
absorption instead of plasmon modes excitation, due to
the strong coupling association between quantum quench-
ing and interband absorption in near-infrared and visible
light regions [13]. Thus, the study of graphene plasmons
mainly focuses on the mid-infrared to terahertz spectrum
range [14-16]. For the near-infrared optical communication
windows, particularly at 1.55 pm with the lowest transmis-
sion loss, the mentioned materials are no longer deemed
suitable. Several studies have been reported to develop
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plasmonic waveguides with hybrid materials at 1.55 pm,
based on traditional silicon-based optical waveguides. Guo
et al. [17]. proposed a silicon—graphene hybrid plasmonic
waveguide to achieve photodetector applications with tun-
able responsivity, which relies on the modulation effect of
graphene plasmons. Ding et al. [18]. realized highly effi-
cient electro—optic modulation in silicon-on-insulator plat-
form waveguides modified by plasmonic Au and graphene.
With the contribution of plasmons, a transmission loss opti-
mization of 0.13 dB um~! (from 0.69 to 0.56 dB um~!) was
achieved at low gating voltages. However, due to the general
mismatch of wave vector of existing plasmonic materials,
the performance advantages of plasmonic waveguides at
1.55 pm near-infrared wavelength until now are still not
attractive enough. It is of great significance to develop mate-
rials and waveguides with well-matched SPP properties in
this band of concern.

Molybdenum (Mo) itself is a stable, high-melting point
metal, simultaneously exhibiting excellent intrinsic physi-
cal properties, such as high electric and thermal conduc-
tivities [19, 20]. Self-assembled grown Mo nanostructures
have been demonstrated to show significant light near-
field localization and enhancement performance in a wide
spectral range from visible to near-infrared [21-24]. More
importantly, to excite SPP behaviour at the wavelength
near 1.55 pm, Mo plasmonic materials theoretically do not
require any form of pretreatments, such as voltage tuning or
chemical doping [25]. Therefore, it is significant to fabricate
a class of high-quality metallic Mo micro-nano structures
and directly apply them to the study of optical waveguides
by taking advantage of their SPP characteristics at 1.55 pm.

In this study, we successfully prepared perfect Mo
microrod single-crystals, as the propagating main bodies of
a high-performance near-infrared plasmonic waveguide, by
means of a modified method of thermal evaporation physi-
cal vapor deposition. The excellent single-crystalline charac-
teristics of the material guarantee the potential of SPP prop-
agation. After optimized design and focused ion beam etch-
ing, we fabricated one-dimensional subwavelength grat-
ing structures on the surface of these Mo microrods, and
then achieved attractive plasmonic waveguide performance
exactly at 1.55 pm for the first time. The characterized prop-
agation length of SPP is greater than 32 pm, which corre-
sponds to a transmission loss of less than 0.067 dB pm™.
The results not only provide a novel plasmonic material
for near-infrared waveguide and optical communication
applications, but also expand people’s understanding of
the optical properties and application design of transition
metals.
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2 Methods

2.1 Material preparation

Si, Al,0,, and high-purity Mo boat were cleaned with acetone and alco-
hol for more than 10 min. The high-purity Mo boat, as an evaporation
source, was put inside a vacuum chamber, and the Al,0, substrate
was directly placed inside the boat. Initially, the base pressure of the
vacuum chamber was evacuated to <5 Pa. High-purity argon (99.9 %,
200 sccm) and hydrogen (99.9 %, 100 sccm) were introduced into the
vacuum chamber. After pressure stabilized, the temperature of the
boat, controlled by a direct current flowing through it, was gradually
increased to 1853 K with a rate of 150 K min~. The temperature in the
vacuum chamber was kept for more than 40 min. The hydrogen should
be interrupted to guarantee the oxidation of molybdenum vapor, and
the disproportionation of molybdenum dioxide proceeds smoothly
[21-24]. After that, the temperature was decreased gradually to 300 K
with holding hydrogen to prevent oxidation of the samples, and the Mo
microrod single-crystals were synthesized.

2.2 Material characterization

The structure and intrinsic material properties of the samples were
characterized by scanning electron microscope (SEM, Supra 60, Zeiss,
operated at 10 kV), energy disperse spectroscope (EDS, X-Max, Oxford
Instruments, operated at 20 kV), and transmission electron microscope
(TEM, Titan, FEI, operated at 154 kV).

2.3 Simulations

FDTD simulations used commercial software (Lumerical FDTD Solu-
tions). A TM-polarized plane wave was generally placed from the top
of the subwavelength gratings. Detectors were placed upper and lower
sides of the gratings to detect the reflection and transmission signal.
Period boundary conditions (PBCs) were placed in both +y and +z
directions, and perfectly matched layers (PMLs) were placed in +x
direction.

2.4 Optical property measurement

The near-field imaging was manifested with a scattering-type scan-
ning near-field optical microscopy (s-SNOM, Neaspec GmbH, Quantum
Scientific Instruments Trading Co., Ltd., Beijing). The near-field opti-
cal intensity distribution of Mo microrods could be mapped simulta-
neously with its surface morphology. The laser (1.55 pm) was illumi-
nated onto the Mo microrod through a metal-coated tip (Arrow-IrPt,
NanoWorld) to image the polariton waves. The scattered signal from the
tip was detected by an MCT detector (HgCdTe, Kolmar Technologies).

3 Experimental results

High-quality single-crystalline characteristics are one of
the keys to ensuring the plasmonic propagation perfor-
mance of materials [26, 27]. On the other hand, a quasi-one-
dimensional rod shape is also conducive to the observation
of SPP behavior in optical waveguide researches. Herein,
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the perfect Mo microrod single-crystals were successfully
prepared through a series of reactions during a proposed
modified physical vapor deposition. Two chemical reactions
occurred throughout the above process, including the oxi-
dation of Mo and the disproportionation decomposition of
Mo dioxide (M0O,). The reaction equations are shown in
Figure 1(a). Both chemical reactions could occur sponta-
neously, owing to the negative Gibbs free-energy values.
At a temperature of 1623 K, gaseous MoO, intermediates
are generated by the Mo boat reacting with the residual
oxygen. Then, Mo atoms decomposed from gaseous MoO,
are deposited on Al,O, substrate. To obtain single-crystal
products, the initial Mo atoms should follow the layered
nucleation mode, with a growth rate stated as [28, 29]:

(i)
= al'’® exp —% v @
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R

where a denotes the step height of the Mo facets, I, denotes
the pre-exponential factor, y’ denotes the step energy per
Mo adatom, o denotes the degree of supersaturation, and
v denotes the frequency factor. After initial nucleation, the
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growth rate of subsequent Mo rod along the side wall nor-
mal direction may be described as [30]:

R, = Novnexp<— AG, ) { L= exp[ =R In{o/k)] } @

kT h

where N, is the number of growth positions available per
unit area of the side wall of Mo rod, v, is the frequency
factor near the boundary between the side wall and the
gas phase, 4G, is the barrier that the gas-phase element
must cross to reach the structure, R is the gas constant,
and h is the surface spacing of a crystalline plane on the
side wall. In this step, the degree of supersaturation ¢ has
a significant effect on the growth rate along both the ori-
entations horizontal and vertical to the substrate, which
will control the length and diameter of the Mo microrod
single-crystals. Similar reaction mechanism and kinetic pro-
cess have been discussed in detail aiming to another pyra-
midal Mo single-crystal in our previous work [22]. Specifi-
cally in this deposition preparation, the ¢ value of Mo can
be controlled by adjusting the parameters such as evapo-
ration source temperature and evaporation—condensation
spacing to obtain the final rod-shaped structure. Figure 1(b)
shows SEM image of the prepared Mo microrod structures.
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Figure 1: Characterizations of the prepared Mo microrod single-crystals. (a) Schematic diagram of the modified thermal evaporation physical vapor
deposition to prepare Mo microrods. (b) SEM image of the Mo microrods. (c) Optical micrograph of an exfoliated Mo microrod. (d) EDS spectrum

of the marked red area in the inset sample. (e) TEM image of a Mo microrod structure. The arrow indicates the direction of growth. (f) High-resolution
TEM (HRTEM) image of area “f” in panel (e). () The corresponding FFT image of area “g” in panel (f). (h) HRTEM image of area “h” in panel (e).

(i) The corresponding FFT image of area “i” in panel (h).
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The average length of the microrod ranges from 100 to
200 pm, and some of them even show a maximum size
of over 500 pm. These Mo microrods are distributed uni-
formly onto the surface of the Al,0, substrate on account
of lower Gibbs free energy here. These agglomerated Mo
products were next exfoliated to a cleaned silicon dioxide
(Si0,) wafer, obtaining separate microrods typically with
length of over 100 pm (e.g. ~107.2 pm) and diameter around
10 pm (e.g. ~9.81 pm), as shown in Figure 1(c). Figure 1(d)
shows energy disperse spectroscopy (EDS) of such an indi-
vidual (marked in red in the inset), showing that the element
percentage of Mo is 100 % after excluding the area of SiO,
substrate. Combined with the corresponding EDS-mapping
results (Figure S1, Supporting Information), this proves that
the generated microrod is composed of pure metallic Mo.
TEM characterization has been used to analyze the
crystal structure and lattice arrangement of Mo microrods.
Figure 1(e) shows a low-resolution TEM image, with a purple
arrow revealing the growth direction of the microrod. The
High-resolution TEM image of the yellow area marked “f”
in Figure 1(e) proves that the Mo microrod is with good
crystallization (Figure 1(f)). Similarly, another orange area
marked “h” is shown in Figure 1(h), which reveals the lat-
tice arrangement of the other side. Two adjacent planes
indicate a mean lattice spacing of 0.22 nm, being consis-
tent with the {110} planes of body-centered cubic (bcc) Mo
structures. The fast Fourier transform images of marked
areas “g” and “i” evidence a single-crystalline nature since
these patterns are very ordered and sharp (Figure 1(g)-(@1)).
The nucleation direction can be determined along the [211]
orientation. The excellent single-crystalline properties guar-
antee the potential of Mo microrod as an optical waveguide
material. A plasmonic metal structure must be designed to
support essential wave vector conservation to excite SPP
onto the waveguide. Specifically, to excite a SPP on a metal
surface, the wave vector component of the incident laser
must equal the wavenumber of SPP. However, the laser that
illuminates the metal surface could not directly couple to
SPP. One can choose the following schemes to solve it. Firstly,
the photon wave vector can be compensated in a total
internal reflection geometry with a specific incidence angle
[31]. Resonant tunneling occurs when photons couple to the
metal surface polaritons. Notably, the excitation efficiency
in such a scheme is sensitive to the thickness of the metal
film, but the thickness of the prepared Mo rod structure
herein is typically on micron scale and hard to excite an
Otto-Kretschmann SPP behaviour. Secondly, SPP can also be
launched on the metal surface through an illuminated tip,
known as near-field excitation [32]. In this way, slight vibra-
tions could cause the tip to collide with the metal surface,
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which might affect the stability of the system, not suitable
for in-system waveguide applications. Thirdly, another way
to excite SPP is to use a randomly rough surface, which
presents diffracted components of all wave vectors in the
near-field region [33]. However, the low coupling efficiency
is a critical problem. The depth of the defect is also difficult
to control during the thermal evaporation preparation in
this study, which results in a complex electromagnetic field
intensity distribution. Compared with all the above meth-
ods, a diffraction effect way is worth selecting due to its
reliability and validity, to generate SPP for the prepared Mo
microrod single-crystals [34-36]. An engraved periodic grat-
ing provides a well-defined spatial frequency component
that mixes with the incident spatial frequency, so that there
can be a strong component that matches the wavevector of
the SPP, thus improving the generation efficiency. Diffrac-
tion on a grating provides the wave vector conservation as
follows [34]:

kg, = %nssineulzép + p%’ru1 + q%tu2 3)
where n, is the refractive index of a metal. u,, is the unit
vector in the direction of the incident light. 6, depends on
the incident light polarization angle. u; and u, are the unit
lattice vectors of diffraction gratings, D is its period, and p
and g are integer numbers. Therefore, the grating structure
can be specifically designed to provide efficient coupling to
air-metal SPP modes.

Design and optimization were thereafter employed
with a finite-difference time-domain (FDTD) method to
determine the Mo’s plasmonic waveguide structure. Before
that, it is necessary to determine the permittivity of Mo.
Figure 2(a) and (b) show two sets of optical values for the
real and imaginary parts of the permittivity of Mo. One was
calculated from the density functional theory (DFT) [25],
and the other was obtained from the reflection electron
energy-loss spectroscopy (REELS) [25]. Both of them gave
optical constants from the near-ultraviolet to infrared range
of wavelengths. To determine the permittivity of Mo, the
DFT and REELS normalized absorption spectra based on
the same geometric model were compared with the absorp-
tion spectrum experiments we conducted. The experimen-
tal data was identified by an UV-visible spectrometry (Shi-
madzu UV3600, Japan). As shown in Figure 2(c), the black,
red, and blue represent the normalized absorption spectra
of Mo microrods obtained from the experiment, DFT, and
REELS, respectively. Since the DFT simulation model pre-
sented better validity and accuracy towards the experiment
results, the DFT model was chosen for the next step of struc-
tural design and optimization.
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Figure 2: Mo plasmonic waveguide design and optimization. Permittivity of Mo obtained by (a) density functional theory (DFT) and (b) reflection
electron energy loss spectroscopy (REELS). (c) Normalized absorption intensity versus wavelength curves for the experiment (black), DFT (red),
and REELS (blue), respectively. (d) Calculated absorption characteristic wavelength as a function of the grating period. Calculated absorption intensity

versus (e) the fill factor, (f) the grating depth, and (g) the polarization angle.

Based on the Mo permittivity obtained from the DFT
model, diffraction gratings onto the Mo microrod were then
designed to match the external laser (~1.55 pm) with the
resonant wavelength approach to provide wave vector con-
servation. Figure 2(d) depicts the resonance wavelength as
a function of the grating period (4). The diffraction grat-
ings were iteratively optimized and set with a fill factor
(f) of 0.73, groove depth (d) of 120 nm, and polarization
angle (0) of 0. The trend of the curves varies linearly,
and the resonance wavelength can be flexibly varied by
modulating the grating period. A red feature point is high-
lighted in the Figure 2(d), which corresponds to the opti-
mum A of 1.48 pm for the 1.55 pm waveguide. In addition,
the absorption spectrum in the grating structure is highly
sensitive to changes in the geometrical parameters, such
as groove depth, grating fill factor; and laser polarization
angle. An analysis of the influence of these parameters
aids structural optimization to achieve maximum coupling
efficiency. Here, we first investigated the effect of grating
fill factor (f) by varying it from 0.5 to 0.9 with fixing a
period of 1.48 pm, groove depth of 120 nm, and polariza-
tion angle of 0, as shown in Figure 2(e). The simulation
results show that the coupling efficiency increased with the

grating fill factor and saturated at its maximum when the f
is around 0.73. After that, the coupling efficiency decreased
rapidly. Figure 2(f) shows the dependence of the coupling
efficiency and the groove depth (d), with 4 = 1.48 um,
f =10.73, and € = 0. The calculation result shows that the
groove depth with d = 100-140 nm could produce the high-
est efficiency. Thus, d around 120 nm was chosen as the
groove depth of the gratings. The effect of external laser
polarization angle was further studied. Within the context
of this paper, we define the angle between the electrical
field vector direction of the incident laser and the waveg-
uide as the polarization angle. The electrical field vector
direction is perpendicular to the grating lines. Figure 2(g)
shows the absorption curves as a function of the polar-
ization angle. The designed diffraction grating structure
presents a distinct anisotropy of absorption. The calculated
absorption value is maximum for TM polarized light and
minimum for TE polarized light, which is consistent with
the theoretical calculation results [37]. According to the
simulation results, the diffraction grating parameters A =
1.48 pm, f = 0.73, and d = 120 nm were finally chosen as
the guideline for the fabrication of subwavelength diffrac-
tion gratings on the prepared Mo microrod single-crystals.
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Figure 3: Real-space micro-imaging of the Mo plasmonic waveguide structure at 1.55 pm. (a) Schematic diagram of the Mo microrod waveguide
with subwavelength gratings. (b) SEM image of the fabricated subwavelength gratings on the Mo microrod. (c) Schematic diagram of the SNOM
experimental setup onto the Mo microrod. (d) Schematic diagram of the waveguide modes (red) on Mo microrod, in which £, is the tip-scattered
photons, and £, and E; are scattered photons after propagating to the edge in the microrod. (e) s-SNOM image of the Mo plasmonic waveguide
with optimized subwavelength gratings. (f) Normalized near-field intensity profiles along the propagation direction. (g) Calculated SPP intensity
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distribution with various photon energy. (h) Dispersion relation obtained from the experiment (points) and simulation calculations (curve).

Externallaser is selected TM polarization with a wavelength
0f 1.55 pm.

The Mo microrod plasmonic waveguide with artificially
designed subwavelength gratings (shown in Figure 3(a)) has
been demonstrated for the first time to show excellent low-
loss surface plasmon propagation performance at 1.55 pm.
Specifically, these diffraction gratings were successfully fab-
ricated by a FIB/SEM (AURIGA) etching system onto a per-
fect Mo microrod single-crystal, which presented diameter
around ~10 pm and length of over 100 pm, and was located
on a SiO, (x—y) substrate. Locating the target Mo microrod
in the SEM system, the edge of the Mo microrod was then
set as the confocal point for FIB etching. The stage was tilted
accordingly to ensure that the sample surface was always
oriented perpendicularly to the ion beam during milling,
with a working distance of 5 mm, accelerating voltage of
30 kV, and beam current of 2 pA. Figure 3(b) shows the SEM

image of the fabricated gratings on the Mo single-crystal.
AFM analysis shows that the etched gratings show A of
1.43 pm, f of 0.748, and d of 120 nm, with an acceptable
etching error (Figure S2, Supporting Information).
Waveguiding performances were evaluated to demon-
strate the promising potential of the single-crystalline Mo
microrod. The near-field optical technique could directly
provide propagation of localized electromagnetic fields
and optical information distribution within the waveguide.
Figure 3(c) shows the schematic of waveguide modes (red)
initiated by the s-SNOM tip. The lattice model ({110} facets)
schematic, corresponding to the FFT images (Figure 1 g-1),
is drawn on the surface of the Mo microrod. Photodetectors
recorded the backscattered photons of the three primary
pathways (E,, E;, and Eg), as shown in Figure 3(d). The
photons E, are directly backscattered from the tip, which
was detected in this measurement to analyze the near-field
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optical properties. The photons E; and Ep propagate in
the microrod surface and escape from the microrod edges,
scattering into external space as far-field light. To improve
the accuracy of the conclusion, the influence of near-field
excitation and randomly rough surfaces must be excluded.
The intrinsic Mo microrod without diffraction gratings was
firstly characterized (Figure S3, Supporting Information).
The bright areas in the detected SNOM image reveal that
the electromagnetic field is significantly enhanced in these
regions. However, the intrinsic Mo microrod with a rough
surface under near-field excitation presented a complex
electromagnetic field enhancement property that exhibiting
diffracted components of all wave vectors.

Compared with the complex optical fields of the near-
field excitation and rough surface excitation, distinct par-
allel streaks can be observed on the fabricated Mo plas-
monic waveguide with diffraction gratings, as shown in
Figure 3(e). These parallel streaks collected at the photode-
tector depend on the interference between the E, and E; /Ey.
Additionally, due to the recombination loss during prop-
agation in the Mo microrod single-crystal, it can be seen
that the intensities of the streaks gradually decrease away
from the diffraction grating. Here, the transmission loss
of the Mo microrod can be calculated by ascertaining the
propagation length, and the propagation modes of SPP can
be further verified by the period of the fringes. Figure 3(f)
shows the intensity profile corresponding to the near-field
image along the propagation direction. The parallel fringes
gradually disappear, and energy tends to be stabilized as
the transmission distance increases, corresponding to the
propagation length of 32 pm. The transmission loss (@) is
calculated as 0.067 dB pm™ by: a = —%logw%, where
Z[pm] is the propagation length, P(z) 1s the propagation
intensity that decreases from the initial energy P(0) to e~'?
times [38]. At other alternative unoptimized groove struc-
tures, the propagation loss rapidly increases by almost an
order of magnitude (ranging from 0.241 to 0.542 dB pm~1)
(Figure S4, Supporting Information). This suggest that the
optimized groove structure can enhance the surface plas-
mon propagation on the single-crystalline Mo microrod
plasmonic waveguide.

Figure 2(a) has shown the permittivity of Mo in the
spectrum from 0.3 to 1.9 pm. One should know that when the
wavelength is less than 0.8 pm, the SPP cannot be excited on
the Mo structure because the real part of the permittivity
is larger than the negative permittivity of air (e, > —&y).
While in the range of 0.8-1.0 um, a higher imaginary part
exists compared to the absolute value of the real part in
the permittivity, indicating a large material loss. Therefore,
the propagation characteristics of the SPP were calculated

T. Cui et al.: A low-loss molybdenum plasmonic waveguide == 4191

over the range of 0.65eV (~1.9 pm) to 1.15 eV (~1.07 pm),
as shown in Figure 3(g). The intensity distribution demon-
strates that the optimized structure presents a relatively
low transmission loss in the 1.55 pm. The dispersion rela-
tion, shown in Figure 3(h), was also calculated by extracting
the fringe period of each spectrum in Figure 3(g). Several
highlighted feature points are the experimental SPP wave
vectors of different groove structures, all showing very
close values (around ~8 pm~") to the theoretical calculation
at 0.8 eV (corresponding to the 1.55 pm wavelength). This
matching dispersion relationship demonstrates the low-loss
SPP behaviour of Mo on its microrod waveguide structure
with the optimized subwavelength gratings.

4 Conclusions

In summary, to develop a high-performance plasmonic
waveguide for near-infrared wavelengths, we have success-
fully prepared Mo microrods with a high-quality single-
crystalline structure by a modified thermal evaporation
physical vapor deposition. These Mo microrod single-
crystals were applied as the main body to excite SPP
behaviour on their surface at 1.55 pm for the first time.
The surface plasmon enhanced periodic propagation prop-
erties were further optimized by designing and etching
with subwavelength diffraction gratings. The propagation
distance was measured through a real-space micro-imaging
technique to reach 32 pm with a low transmission loss of
0.067 dB um~. This attractive propagation behaviour sug-
gests that Mo waveguides can be effectively excited and
guide SPP in the near-infrared spectrum. Our approach
opens a promising avenue to construct future photonic cir-
cuits and integrated optics devices.

Research funding: This work was supported by the
National Key Basic Research Program of China (Grant nos.
2019YFA0210201, 2019YFA0210200), the National Natural Sci-
ence Foundation of China (Grant nos. 52072416, 51702372,
91963205), the Guangdong Basic and Applied Basic Research
Foundation (Grant no. 2021A1515012636, 2023A1515011876),
the Science and Technology Department of Guangdong
Province, the Guangzhou Municipal Science and Technol-
ogy Bureau (Grant no. 202102020810), and the Fundamental
Research Funds for the Central Universities, Sun Yat-sen
University (Grant no. 221gqb18).

Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and approved
its submission. S.D. and Y.S. conceived the idea and initiated
the present study. T.C., V.S. and S.D. proposed the experimen-
tal scheme. T.C. carried out the experiments. A.C. and J.S.



4192 = T.Cuietal.: Alow-loss molybdenum plasmonic waveguide

provided the planar waveguide model for the sample. BT.
and Z.Z. assisted in the s-SNOM measurements. R.Z. assisted
in the TEM characterization. T.C., Y.S., YK, L.S., H.C. and
S.D. discussed and interpreted the results. T.C., Y.S. and S.D.
co-wrote the manuscript.

Conflict of interest: Authors state no conflicts of interest.
Data availability: Data underlying the results presented in
this paper are available from the authors upon reasonable
request.

References

[1] E.Ozbay, “Plasmonics: merging photonics and electronics at
nanoscale dimensions,” Science, vol. 311, no. 5758, pp. 189—193,
2006.

Y. Li, I. Liberal, and N. Engheta, “Structural dispersion—based

reduction of loss in epsilon-near-zero and surface plasmon

polariton waves,” Sci. Adv., vol. 5, no. 10, p. eaav3764, 2019.

M. Ono, M. Hata, M. Tsunekawa, et al., “Ultrafast and

energy-efficient all-optical switching with graphene-loaded

deep-subwavelength plasmonic waveguides,” Nat. Photonics,

vol. 14, no. 1, 2020, Art. no. 1.

Y. Fang and M. Sun, “Nanoplasmonic waveguides: towards

applications in integrated nanophotonic circuits,” Light: Sci. Appl.,

vol. 4, no. 6, 2015, Art. no. 6.

C. A. Thraskias, E. N. Lallas, N. Neumann, et al., “Survey of photonic

and plasmonic interconnect technologies for intra-datacenter and

high-performance computing communications,” IEEE Commun.

Surv. Tutor., vol. 20, no. 4, pp. 2758 —2783, 2018.

[6] W.L.Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon

subwavelength optics,” Nature, vol. 424, no. 6950, pp. 824—830,

2003.

H. Okamoto, S. Kamada, K. Yamaguchi, M. Haraguchi, and T.

Okamoto, “Experimental confirmation of self-imaging effect

between guided light and surface plasmon polaritons in hybrid

plasmonic waveguides,” Sci. Rep., vol. 12, no. 1, 2022, Art. no. 1.

S. A. Lee and S. Link, “Chemical interface damping of surface

plasmon resonances,” Acc. Chem. Res., vol. 54, no. 8,

pp. 1950—1960, 2021.

T. H. Chow, N. Li, X. Bai, X. Zhuo, L. Shao, and J. Wang, “Gold

nanobipyramids: an emerging and versatile type of plasmonic

nanoparticles,” Acc. Chem. Res., vol. 52, no. 8, pp. 2136 —2146, 2019.

[10] J. Shi, X. He, W. Chen, et al., “Remote dual-cavity enhanced second
harmonic generation in a hybrid plasmonic waveguide,” Nano
Lett., vol. 22, no. 2, pp. 688 —694, 2022.

[11] M. Patel, P. M. Pataniya, D. . Late, and C. K. Sumesh,
“Plasmon-enhanced photoresponse in Ag-WS2/Si heterojunction,”
Appl. Surf. Sci., vol. 538, p. 148121, 2021.

[12] J. W. Lee, G. Ha, J. Park, et al., “AlGaN deep-ultraviolet
light-emitting diodes with localized surface plasmon resonance by
a high-density array of 40 nm Al nanoparticles,” ACS Appl. Mater.
Interfaces, vol. 12, no. 32, pp. 36339 —36346, 2020.

[13] S.Qu, C. Ma, and H. Liu, “Tunable graphene-based hybrid
plasmonic modulators for subwavelength confinement,” Sci. Rep.,
vol.7,no.1,2017, Art. no. 1.

[2

—

3

—

[4

fluar}

[5

—

[7

—

[8

—

)

—

(4]

3]

[16]

07

(18]

(9l

[20]

[21]

[22]

[23]

[24]

[23]

[26]

[27]

[28]

[29]

[30]

31

32]

DE GRUYTER

G. X. Ni, A. S. McLeod, Z. Sun, et al., “Fundamental limits to
graphene plasmonics,” Nature, vol. 557, no. 7706, 2018, Art. no.
7706.

L. Epstein, D. Alcaraz, Z. Huang, et al., “Far-field excitation of single
graphene plasmon cavities with ultracompressed mode volumes,”
Science, vol. 368, no. 6496, pp. 1219—1223, 2020.

Y. Dong, L. Xiong, I. Y. Phinney, et al., “Fizeau drag in graphene
plasmonics,” Nature, vol. 594, no. 7864, 2021, Art. no. 7864.

J. Guo, J. Li, C. Liu, et al., “High-performance silicon—graphene
hybrid plasmonic waveguide photodetectors beyond 1.55 pm,”
Light: Sci. Appl., vol. 9, no. 1, 2020, Art. no. 1.

Y. Ding, X. Guan, X. Zhu, et al., “Efficient electro-optic modulation
in low-loss graphene-plasmonic slot waveguides,” Nanoscale,

vol. 9, no. 40, pp. 15576 —15581, 2017.

A. G. Worthing, “Physical properties of well seasoned
molybdenum and tantalum as a function of temperature,” Phys.
Rev., vol. 28, no. 1, pp. 190—201, 1926.

A. G. Worthing, “The temperature scale and the melting point of
molybdenum,” Phys. Rev., vol. 25, no. 6, pp. 846 —857, 1925.

D. An, Y. Shen, ). Wen, et al., “Molybdenum nanoscrews: a novel
non-coinage-metal substrate for surface-enhanced Raman
scattering,” Nano-Micro Lett., vol. 9, no. 1, p. 2, 2016.

Y. Shen, Y. Han, R. Zhan, et al., “Pyramid-shaped single-crystalline
nanostructure of molybdenum with excellent mechanical,
electrical, and optical properties,” ACS Appl. Mater. Interfaces,

vol. 12, no. 21, pp. 24218 —24230, 2020.

S.Deng, Y. Shen, H. Chen, and N. Xu, “A plasmon-mediated
cold-cathode,” in 2021 34th International Vacuum Nanoelectronics
Conference (IVNC), 2021, pp. 1—2.

Y. Shen, Y. Han, H. Chen, N. Xu, and S. Deng, “Tunable broadband
photoresponse electron-emission nanostructure:
metasurface-extended spectrum-selecting and plasmon-enhanced
emitting,” Adv. Photonics Res., vol. 3, no. 8, p. 2200040, 2022.

W.S. M. Werner, K. Glantschnig, and C. Ambrosch-DraxI, “Optical
constants and inelastic electron-scattering data for 17 elemental
metals,” J. Phys. Chem. Ref. Data, vol. 38, no. 4, pp. 1013—1092, 2009.
S. Gwo, H.-Y. Chen, M.-H. Lin, L. Sun, and X. Li, “Nanomanipulation
and controlled self-assembly of metal nanoparticles and
nanocrystals for plasmonics,” Chem. Soc. Rev., vol. 45, no. 20,

pp. 5672—5716, 2016.

C. Ding, H. Jia, Q. Sun, et al., “Wafer-scale single crystals: crystal
growth mechanisms, fabrication methods, and functional
applications,” J. Mater. Chem. C, vol. 9, no. 25, pp. 7829—7851, 2021.
F. C. Frank, “Crystal growth and dislocations,” Adv. Phys., vol. 1,

no. 1, pp. 91—109, 1952.

W. B. Hillig, “A derivation of classical two-dimensional nucleation
kinetics and the associated crystal growth laws,” Acta Metall.,

vol. 14, no. 12, pp. 1868 —1869, 1966.

). Zhou, Synthesis and Application of Quasi-One Dimensional
Nanomaterials of Several Metals and Oxides, Ph.D. thesis,
Guangzhou, China, Dept. Electron. Eng., Sun Yat-sen Univ.,

2007.

E. Kretschmann and H. Raether, “Notizen: radiative decay of non
radiative surface plasmons excited by light,” Z. Naturforsch. A,

vol. 23, no. 12, pp. 2135—2136, 1968.

B. Hecht, H. Bielefeldt, L. Novotny, Y. Inouye, and D. W. Pohl,
“Local excitation, scattering, and interference of surface
plasmons,” Phys. Rev. Lett., vol. 77, no. 9, pp. 1889—1892, 1996.



DE GRUYTER

[33]

[34]

[35]

[36]

L. Salomon, G. Bassou, H. Aourag, et al., “Local excitation of
surface plasmon polaritons at discontinuities of a metal film:
theoretical analysis and optical near-field measurements,” Phys.
Rev. B, vol. 65, no. 12, p. 125409, 2002.

H. Raether, “Surface plasmons,” Springer Tracts Mod. Phys., vol. 111,
p.1,1989.

S.Joseph, S. Sarkar, and J. Joseph, “Grating-coupled surface
plasmon-polariton sensing at a flat metal—analyte interface in a
hybrid-configuration,” ACS Appl. Mater. Interfaces, vol. 12, no. 41,
pp. 46519—46529, 2020.

T.J. van den Hooven and P. C. M. Planken,
“Surface-plasmon-enhanced strain-wave-induced optical

T. Cui et al.: A low-loss molybdenum plasmonic waveguide = 4193

diffraction changes from a segmented grating,” Photoacoustics,
vol. 31, p. 100497, 2023.

[37] S.A. Maier, Plasmonics: Fundamentals and Applications, vol. 1,
New York, Springer, 2007, p. 27.

[38] K.Takazawa, ). Inoue, and K. Mitsuishi, “Self-assembled coronene
nanofibers: optical waveguide effect and magnetic alignment,”
Nanoscale, vol. 6, no. 8, pp. 4174—4181, 2014.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2023-0480).


https://doi.org/10.1515/nanoph-2023-0480

	1 Introduction
	2 Methods
	2.1 Material preparation
	2.2 Material characterization
	2.3 Simulations
	2.4 Optical property measurement

	3 Experimental results
	4 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


