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Highly Confined and Tunable Hyperbolic Phonon Polaritons
in Van Der Waals Semiconducting Transition Metal Oxides

Zebo Zheng, Jianing Chen, Yu Wang, Ximiao Wang, Xiaobo Chen, Pengyi Liu,
Jianbin Xu, Weiguang Xie,* Huanjun Chen,* Shaozhi Deng,* and Ningsheng Xu*

2D van der Waals (vdW) layered polar crystals sustaining phonon polaritons
(PhPs) have opened up new avenues for fundamental research and optoelec-
tronic applications in the mid-infrared to terahertz ranges. To date, 2D vdW crys-
tals with PhPs are only experimentally demonstrated in hexagonal boron nitride
(hBN) slabs. For optoelectronic and active photonic applications, semiconduc-
tors with tunable charges, finite conductivity, and moderate bandgaps are
preferred. Here, PhPs are demonstrated with low loss and ultrahigh electromag-
netic field confinements in semiconducting vdW a-MoO;. The a-MoOj; sup-
ports strong hyperbolic PhPs in the mid-infrared range, with a damping rate as
low as 0.08. The electromagnetic confinements can reach =14/120, which can be
tailored by altering the thicknesses of the a-MoOj; 2D flakes. Furthermore, spa-
tial control over the PhPs is achieved with a metal-ion-intercalation strategy. The

dielectric crystals, such as SiC,' SiO,,!°]
GaAs,['% InP,'7l CaF,,'8 and hexagonal
boron nitride (hBN).[*%

In recent years, 2D vdW atomic crystals
have attracted much attention due to the
exotic optical and optoelectronic responses
originated from their atomically thin
thicknesses.?*-22] In particular, the weak
vdW forces between adjacent layers and
strong covalent bonding within a specific
layer can give rise to highly anisotropic
lattice vibrations along the in- and out-of-
plane directions of the crystals. As a result,
the optical responses along these two
directions are distinctly different, making

results demonstrate o-MoOj as a new platform for studying hyperbolic PhPs
with tunability, which enable switchable mid-infrared nanophotonic devices.

Phonon polaritons (PhPs), quasiparticles induced by coupling
of electromagnetic fields with optical phonons in polar crystals,
can strongly confine the free-space light field deeply below the
incidence wavelength.'3l In comparison with the well-doc-
umented metallic plasmon polaritons, the PhPs can achieve
improved light confinements, significantly reduced optical
losses, and much higher quality factors.*”) These characteris-
tics enable a wealth of potential applications, such as sensing,®!
thermal management,®!% and ultramicroscopy,'"!2 especially
in the mid-infrared and terahertz spectral ranges where most of
the plasmon polaritons cannot access.!'¥ For those reasons, the
PhPs have been thoroughly explored in a variety of bulk polar

the 2D vdW materials natural hyperbolic
materials.[®”?3] The propagating waves
within such crystals can have much high
momentum which leads to PhPs with
extremely high electromagnetic confine-
ment I For that reason, the 2D vdW polar crystals have
been considered as promising platforms for studying nanoscale
light-matter interactions involving the PhPs. To date, 2D vdW
crystals sustaining PhPs have only been demonstrated in thin
hBN slabs.?*?] In comparison with the insulating and wide-
band-gap hBN, 2D materials with semiconducting characteris-
tics are more preferred for practical optoelectronic device appli-
cations in terms of their rich electronic structures, excellent
electrical transportation characteristics, tunable optoelectronic
properties upon doping, strong light absorption and emission
as well as high optical-to-electrical conversion efficacy. These
properties can provide new opportunities for the PhPs in active

§.[67.24

Dr. Z. Zheng, X. Wang, Prof. H. Chen, Prof. S. Deng, Prof. N. Xu
State Key Laboratory of Optoelectronic Materials and Technologies
Guangdong Province Key Laboratory of Display Material and Technology
School of Electronics and Information Technology

Sun Yat-sen University

Guangzhou 510275, China

E-mail: chenhj8 @mail.sysu.edu.cn; stsdsz@mail.sysu.edu.cn;
stsxns@mail.sysu.edu.cn

Prof. J. Chen

Institute of Physics

Chinese Academy of Science and Collaborative Innovation Center
of Quantum Matter

Beijing 100190, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.201705318.

DOI: 10.1002/adma.201705318

Adv. Mater. 2018, 1705318

1705318 (1 of9)

Prof. J. Chen

School of Physical Sciences

University of Chinese Academy of Science

Beijing 100049, China

Y. Wang, Prof. X. Chen, Prof. P. Liu, Prof. W. Xie

Siyuan Laboratory

Guangzhou Key Laboratory of Vacuum Coating Technologies
and New Energy Materials

Department of Physics

Jinan University

Guangzhou 510632, China

E-mail: wgxie@email.jnu.edu.cn

Prof. ). Xu

Department of Electronic Engineering and Materials Science
and Technology Research Center

The Chinese University of Hong Kong

Hong Kong SAR 999077, China

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Tt .

vdW gap —>— -9 _

Unit layer

vdW gap — ;—-

15 2 25 3 3.5 4
Photon Energy (eV)

www.advmat.de

C
' A
(”m a)TDwLO col.()
150 i i
— In-plane | !
100 i i
5 —— Qut - of - plane 1 1
S 50 i |
£ )' ; |
2 8 .
— 1 ]
& -50 1 1
x 1 1
-100 - 0 i
Type Il 1 :Type ]
[N} ]
A58 0 i
1 [ 1] 1
- T T r i
800 850 900 950 1000 1050

Frequency (cm-')

Type Il K

Figure 1. Crystalline structure and dispersion of the 0-MoO3 2D flake. a) Scheme of the crystalline structure of the 0-MoQs. The three different oxygen
sites are indicated by O1-03, respectively. b) Kubelka—Munk transformed diffuse reflectance spectrum of the as-grown o-MoO; sample. The extracted
energy bandgaps is =2.93 eV. Inset: Optical microscopy image of typical o-MoQO; 2D flakes. c) Real parts of the in- and out-of-plane permittivities of
the a-MoOs. Types | and Il Reststrahlen bands are shaded in purple and green, respectively. d) Schematic showing the isofrequency surfaces of a

Type | (left) and II (right) hyperbolic material.

applications of nanophotonics and optoelectronic devices. How-
ever, to the best of our knowledge, experimental demonstra-
tion of the PhPs in semiconducting 2D vdW crystals remains
unexplored.

As a typical vdW semiconductor, -MoO; has drawn consid-
erable attention in recent years due to its rich electronic and
crystalline structures that are significant in various optoelec-
tronic applications.*-28] The large separation between adjacent
layers and large octahedron unit can greatly facilitate the injec-
tion/extraction of extrinsic atoms (Figure 1a, left), allowing the
electronic band structure and phonon modes of the o-MoOj3;
to be tailored in a wide range via ion intercalation.?®-31 This
tunability makes it very advantageous in tunable optoelectronic
devices. Most importantly, the o-MoO; can exhibit negative
permittivity in specific spectral ranges where different types
of polaritons can exist. For example, MoO; flake with appro-
priate stoichiometry can sustain plasmon polaritons. On the
other hand, the rich phonon modes in the o-MoO3 can result
in various “Reststrahlen” bands, spectral ranges bracketed by
the longitude optical (LO) and transverse optical (TO) phonon
frequencies.?>34 Within these bands the 0-MoOj are foreseen
to support PhPs at their surfaces. Moreover, in comparison
with the most studied hBN and SiC, the significant difference
in the masses of the Mo and oxygen atoms can lead to a large
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frequency gap between the optical and acoustic phonons, which
can significantly reduce the PhPs damping rates.334 Whereas
the plasmon polaritons have been demonstrated in sub-stoichi-
ometric 2D 0-MoO; nanoflakes,3>7] the PhPs within this type
of vdW crystals remain completely unexplored.

Here, with state-of-the-art real-space nanoimaging tech-
niques, we for the first time unveil the hyperbolic PhPs with
low loss and ultrahigh electromagnetic field confinements
in the 2D vdW o-MoO;. The PhPs are strongly dependent on
the thicknesses of the o-MoO;. Additionally, we demonstrated
the spatial control of the 0-MoO; PhPs through artificial
boundaries, which were established by metal ion intercalations.

The 0-MoO; samples used in our study are 2D flakes with
orthorhombic crystalline structure (Figure 1b, inset, Section S1,
Figures S1 and S2, Supporting Information). The longitudinal
direction of a specific flake is along the [001] direction
(Section S1 and Figure S3, Supporting Information). They are
typical semiconductors with energy bandgap of =2.93 eV, which
is extracted from the Kubelka—Munk transformed diffuse
reflectance spectrum (Figure 1b). The semiconducting nature
of the -MoO; samples can also be manifested from the X-ray
photoelectron spectroscopy (XPS) characterizations, which pro-
vide the information about their valance band electronic struc-
tures. The pristine a-MoOj; samples show an electronic valance
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band at —-3.1 eV, which confirms that they are n-type semicon-
ductors (Figure S4, Supporting Information).*® In addition,
the pristine o-MoO; 2D flake exhibits a Schottky-type elec-
trical transportation behavior (Figure S5, Supporting Informa-
tion), which is due to the energy barrier formed at the interface
between the semiconductor MoO; and metal electrodes. The
current is relatively small due to the moderate bandgap of the
2D flake. The lattice of the 0-MoOj is composed of octahedron
unit cells with nonequivalent Mo—O bonds along the three prin-
cipal crystalline axes (Figure 1a, right). Such a low-symmetry
crystalline structure gives rise to asymmetric phonon modes
that are infrared-active along different crystalline directions. In
particular, in the spectral regime between 810 and 1010 cm™
there are four infrared-active phonon modes.?33 Two of them
correspond to in-plane vibrations perpendicular to the b-axis of
the 0-MoOj (B3, modes), which are respectively the TO and LO
phonon modes with resonance frequencies of 818 cm™ (o)
and 974 cm™ (i ). The other two are the B,, modes with
resonances at 962 cm™ (@, ) and 1010 cm™ ( @/} ), which are
associated with out-of-plane vibrations parallel to the b-axis.
These phonon modes give rise to two Reststrahlen bands where
the real parts of the in-plane (Ree,) and out-of-plane (Reg))
permittivities exhibit opposite signs (Figure 1c and Section S2,
Supporting Information), indicating that the layered 0-MoOj is
a type of material with intrinsic hyperbolic isofrequency surface
(Figure 1d).”3 Specifically, the upper band (962-1010 cm™)

a
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corresponds to Type I hyperbolic response with Reg;, < 0 and
Ree, > 0, while the lower one (818-974 cm™) of Type II hyper-
bolic response exhibits Reg;, > 0 and Reg, < 0. In such a mate-
rial with its surface normal to the b-axis, the PhPs waves can be
restricted to a specific direction of angle 6 = arctan(i\/g /\/8_/, )
with respect to the b-axis, resulting in very-large-momentum
extraordinary rays guided within the flake.

To unveil the hyperbolic PhPs of the o-MoO;, we utilized the
scattering-type scanning near-field optical microscope (s-SNOM)
to excite and image the sample in the mid-infrared regime. Briefly,
a sharp metal-coated probe (curvature radius r = 20 nm) was
employed as a nanoantenna to focus the free-space infrared light
into the gap between the tip and sample. The strongly confined
electromagnetic field thereafter provided sufficient momentum
to launch the propagating PhPs wave with wavelength of Apypg
along the surface of the 0+-MoOs. The PhPs can subsequently
form standing waves due to the interference with the reflected
waves by the sample edges (Figure 2a), with the period of the
standing-wave corresponding to Appps/2. The near-field distribu-
tions associated with the PhPs can be readily imaged by scanning
the probe across the edges of a 2D 0-MoO; flake.*40)

Figure 2b shows the s-SNOM image of a typical 2D o-MoO;
flake (thickness t = 102 nm) upon the illumination with fre-
quency @, of 986 cm™! (wavelength A, = 10.14 um). The
normalized near-field amplitudes S(®)=Syo(®)/ Ssio, (@) are
monitored to accurately study the pristine near-field properties

-

810 T T

q (10°cm™)

Figure 2. PhPs in the layered a-MoOj 2D flake. a) Scheme of the s-SNOM experiments. b) Real-space near-filed optical image of a typical 0-MoOj3. The
sample is illuminated by an incidence frequency of 986 cm™'. The thickness of the flake is 102 nm. The white dashed lines mark the edges of the flake.
c) Extracted profiles of the scattering amplitudes along the e1, €2, and e3 lines indicated in (b). d) Simulated near-filed optical image of the o-MoO3
flake corresponded to (b). The scale bars are 500 nm. e) Dispersion of the PhPs in the «-MoO;. Symbols indicate experimental data extracted from
the e2 profiles under varied excitation frequencies. The false color image delegates the imaginary part of the complex reflectivity, Imr,(q, ®), of the
air/0-MoO3/SiO, multilayer structure obtained from theoretical calculations.
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of the PhPs, with Sy and Sgo, the scattering amplitudes of
the -MoO3 and SiO, substrate, respectively. Evident periodic
fringes parallel to the sample edges can be observed from the
image. In addition, a variety of bright and dark spots can be
clearly found at the intersects of the fringes, which are origi-
nated from the multibeam interferences of the PhPs reflected
from the edges.[*>*1]

To analyze the fringes in detail, line profiles of the near-field
amplitudes were extracted along the directions perpendicular to
the two identical flake edges (dashed green lines el and €2 in
Figure 2b). As shown in Figure 2c, the profiles are strongest
close to the edges, followed by a series of annihilated peaks
away from the edges. The degradation of the fringes suggests
dissipation of the PhPs along with their propagation. The polar-
iton wavelength can therefore be determined as Apyps = 470 nm,
which is =1/21 of the incidence wavelength (4, = 10.14 pum).
In addition, the propagation lengths of the PhPs can also be
estimated according to the near-field profiles as =7Apyps, which
is twice that of the plasmon polariton reported in graphene at
similar operation frequencies.l3**% This result suggests that the
0-Mo0j3 flake can sustain PhPs with very low dissipation.

An interesting observation is that “even—odd” oscillations
appear in all of the extracted profiles from the s-SNOM image
(Figure 2b,c). Instead of a monotonic decay behavior, the inten-
sities of the annihilated peaks exhibit consecutive oscillations,
with the odd peaks in the fringe profiles larger than the adja-
cent even ones. To separate the harmonic components in these
profiles, we performed 2D Fourier transformation analysis on
the near-field optical image. The result indicated that the total
near-field image is constructed by two harmonic components
entangled with each other, which are respectively the funda-
mental oscillation with momentum ¢; and high-order one with
momentum ¢, = 2q; (Figure S6, Supporting Information). This
interesting phenomenon has also been observed previously in
the near-field images of plasmon polariton in graphene sand-
wiched between the hBN flakes, where the even—odd peak oscil-
lations could be ascribed to interference between the polariton
and evanescent waves reflected at the sample edge.*?!

Another observation one should pay attention to is that the
fringe spacings along the el and e2 directions are the same,
while those along the e3 direction (perpendicular to the short
edge) exhibit smaller values (Figure 2b,c). We owe such a dis-
crepancy to two origins. The first one is the geometry of the
2D flake used in our measurement. As shown in Figure 2b, in
the region enclosed by the three edges the PhPs waves reflected
from the long edges can interact with that reflected by the short
edge. Such an interaction will disturb the intrinsic standing-
waves formed by interference between the tip-launched PhPs
and that reflected by the short edge. As a result, the fringe
spacings perpendicular to the short edge can be different from
those perpendicular to the long edges, which are due to the
interference between the tip-launched and edge-reflected waves
exclusively.

The second origin is that the propagation of the PhPs in
the 0-MoO; 2D flake is orientation dependent. We suggest
that such dependence might stem from the anisotropic crystal
structure of the -MoO;. As shown in Figure 1la, due to the
nonequivalent Mo—O bonds along the two in-plane principal
crystalline axes, i.e., the [001] and [100] directions, the phonon
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vibrations along these two axes exhibit different modes.??

These in-plane phonon modes will give rise to distinct dielec-
tric responses along these two in-plane principal directions.
From this point of view, to precisely calculate the PhPs char-
acteristics of the a-MoOj3, one needs to employ an anisotropic
dielectric function, i.e., a dielectric tensor, rather than the
isotropic scalar. In such circumstance, the anisotropic dielectric
functions of the &-MoO3 will result in the anisotropic PhPs dis-
persion along different directions. As a result, the wavevector
values of the PhPs vary along different directions within the
a—c plane, giving rise to the orientation-dependent fringe spac-
ings observed in our experiments (Figure 2b,c). The anisotropic
PhPs in the o-MoO; 2D flake is a very interesting topic that
deserved further study, which is out of the scope of the current
study and will be reported later. Our main purpose here is to
demonstrate the PhPs in a semiconductor. Therefore to sim-
plify the analysis, we choose to employ the isotropic dielectric
function for calculating the PhPs near-field patterns as well as
dispersions. In the specific calculations, the parameters in the
dielectric function were adjusted to make the theoretical near-
field profile matching with the experimental one along the e2
line indicated in Figure 2b. The same dielectric function was
then utilized for the subsequent analyses.

With the isotropic dielectric function, the near-field distribu-
tions can be readily simulated by calculating the interference
patterns of the PhPs wave using a phenomenological cavity
model (Figure 2c and Section S3, Supporting Information),/1#3!
which further corroborates the propagating nature of the PhPs
in the 2D o-MoOj; flake. More insights of the PhPs can be
obtained from its dispersion, which can be readily derived and
visualized via the 2D false color plot of the imaginary part of
the complex reflectivity Tmr,(q, @) (Section S5 and Figure S7,
Supporting Information).?’! As shown in Figure 2e, series of
bands with strong reflection appear in the spectral range of
810-1010 cm™, indicating that multimode PhPs waves can
be guided by the 0~-MoOj; flake. The dispersion of the PhPs in
the upper (Type I) Reststrahlen band is flatter than that in the
lower one (Type II), suggesting a wider tuning range for the
PhPs wavelengths of the former upon varying the incidence
frequencies. More interestingly, the slope (dw/dk) in the Type I
Reststrahlen band is negative, while that in the Type II band
is positive. Similar Type I hyperbolic PhPs bands with negative
slopes have previously been reported in the hBN slabs.[2+4+%]
With time-domain interferometry and near-field data pro-
cessing, it was demonstrated that the negative dispersion could
give rise to hyperbolic PhPs propagating with negative phase
velocity, rather than the negative group velocity.*”] We therefore
reason that the negative slope of the dispersion in the Type I
band observed in our current study suggests a negative phase
velocity to occur. To experimentally verify this issue one needs
to perform time-resolved nanoimaging on the PhPs to measure
the sign of the phase velocity. However, at present such a tech-
nique is beyond the capability of our s-SNOM microscope. The
calculated dispersions can be further verified by the s-SNOM
imagings upon illuminations with different frequencies
(Figure S8, Supporting Information). The extracted disper-
sions from the experimental measurements along the e2 line
are overlaid on the false color map, which agree very well with
the lowest-order branch of both of the upper and lower bands
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Figure 3. Thickness-dependent PhPs in the a-MoO; flakes. a) s-SNOM images of the o-MoO; flakes with different thicknesses. The thicknesses of the
samples were controlled during the growth processes (upper) or by stacking together two thin flakes (lower). The illumination frequency was 982 cm™.
b) Line profiles of the scattering amplitudes along the green dash lines indicated in (a). c¢) PhPs wavelengths in the a-MoO; flakes with different thick-
nesses. Squares are obtained from the experimental measurements and solid line is the theoretical fitting. d) Calculated dispersion relation of the PhPs
(mode [ = 0) in the 0-MoOj; with different thicknesses. ) Calculated loss factor y of the PhPs.

(! =0). The strong electromagnetic confinement, 8 = Ay/Appps, 0f
the PhPs in the &-MoOj can be clearly revealed from the disper-
sion of the Type II band, with a value as high as 87 at 953 cm™.

Due to the long-range vdW interactions between different
layers, the electronic and photonic properties of the vdW mate-
rials are strongly dependent on their thicknesses.??2l This
merit allows the PhPs to be tailored by controlling the sample
thicknesses. The s-SNOM images and corresponding line pro-
files of the o-MoO; flakes with different thicknesses are dis-
played in Figure 3a,b, which show similar spatial evolutions
of the nearfield intensities under illumination of 982 cm™.
In addition, the extracted PhPs wavelengths monotonically
decrease upon reducing the flake thicknesses (Figure 3c). These
results clearly demonstrate that the PhPs waves can persist in
the 0-MoO; down to tens of nanometers thick, whereby the
electromagnetic confinements can be tailored by precisely con-
trolling the thicknesses of the 2D o-MoO; flake. One should
note that for the flake thinner than 10 nm, the PhPs interfer-
ence patterns are very weak in comparison with those of the
thicker ones. This can be ascribed to two aspects. On the one
hand, the phonons from the SiO, substrate can scatter and
smear out the PhPs waves for o-MoO; flakes with small thick-
nesses. On the other hand, as the thickness of the o-MoOs
flakes is reduced, the lattice vibrations become weak and there-
fore the PhPs intensity is lower.

The PhPs can be tailored not only by controlling the thick-
nesses of the 0-MoO; via manipulating the growth conditions
but also by stacking individual thin flakes into multilayer struc-
tures. For example, in a stacked o-MoOj; double-layer with a
28 nm thick flake on top of a 32 nm thick one, the PhPs is
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distinctly modified from the two individual ones (Figure 3a,
lower panel). Such a property can open new avenues for stud-
ying and tuning of the PhPs by stacking vdW crystals with
different PhPs characteristics.

The thickness dependence of the PhPs can be manifested
from their dispersion relationships. Instead of calculating the
2D plots of the Imr,(q, ), we referred to a simplified yet ana-
lytical dispersion model, whereby more physical insights of the
PhPs can be revealed. Specifically, under the approximation of
Aphps << Ao, the dispersion can be expressed as!*%’!

4(0) + iq'(0) = = (Iz + Ap) n

tan 6

where I, d, and 0 respectively delegate the PhPs mode order
(! = 0 in this study), flake thickness, and the angle between
the PhPs propagation direction and the b-axis. The factor
A = arctan (&/(€, tan 8)) + arctan (&,,/(€, tan8)) is the phase
shift associated with total internal reflection of the PhPs waves
at the two interfaces of the o-MoOj; flake. The parameters &,
&y and g, are the permittivities of air, substrate, and the
0-MoO; (for direction perpendicular to the b-axis), respectively.
As shown in Figure 3d, the o-MoOj; with different thicknesses
all exhibit similar dispersions with Types I and II Reststrahlen
bands, which are similar to the [ = 0 mode shown in Figure 2e.
Additionally, for a fixed illumination frequency, the Equation (1)
clearly indicates that the PhPs wavelength (proportional to 1/g)
scales linearly with the flake thickness, which agrees well with
the experimental measurements (Figure 3c). Such a behavior
corroborates that strong electromagnetic confinements can be
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achieved with thin o-MoOj; flakes. For example, the 8 can be
up to =120 for a 10 nm thick &-MoOs, which has been veri-
fied experimentally with an excitation of 996 cm™ (Figure S9,
Supporting Information). This value is comparable and even
better than the thin hBN slabs can offer, where a maximum
confinement of =50 is expected for monolayer sample.”! From
the analytical dispersion model one can also evaluate the polar-
iton damping rates, which is defined as y = |q’/q|. The calcula-
tion shows that considerable low damping rate (y = 0.08) can
be achieved for Type I PhPs, while for the Type II ones, their
losses are relatively larger (Figure 3e).

Active control over the polaritons is very important for their
applications in switchable nanophotonic devices. Usually this
is challenging for the PhPs because the lattice vibrations of the
polar crystals are inert to external stimulus. A very recent study
has shown that reversible tailoring of the PhPs in the SiO, can
be realized by switching the dielectric environment via tuning
the structure of a phase-change material coated onto the SiO,
surface.*?] To preserve the pristine characteristics of the PhPs,
tuning strategies without introducing extraneous coating are
preferred.

For the vdW o-MoO;, the relatively large interlayer separa-
tion makes it ideal host for extrinsic metal ions. The lattice
structure of the MoOj; can be distorted through metal ion inter-
calation. Furthermore, more charge carriers will also be injected
into the crystalline matrix. Both of these two mechanisms can
modify the phonon structures of the MoO; and thereafter
provide opportunity for tuning of its PhPs. To this end, the
0-MoO; flake was subjected to Sn ion intercalation via chemical
approaches. Upon the intercalation, two regions of different
colors can be observed in a typical 0-MoOj; flake. They are sepa-
rated by a clear boundary of =47° with respect to the [001] direc-
tion (Figure S10, inset, Supporting Information). These two
regions exhibit distinctly different Raman spectra, indicating

500 nm
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that the lattice vibrations of the intercalated region were altered
(Figure S10, Supporting Information). In contrast, the interca-
lated ions will not deteriorate the surface morphology of the
sample (Figure 4a), which guarantee the subsequent optical
characterizations. The semiconducting nature of the flake will
not be deteriorated. Upon the Sn-intercalation, a gap state cen-
tering at =1 eV appears (Figure S4, Supporting Information),
which can contribute more electrons to the flake. In addition,
due to these doped electrons, the conductance of the sample is
strongly improved (Figure S5, Supporting Information).

To demonstrate the switching of the PhPs by the metal
intercalation, we imaged and compared the near-field optical
distributions of the pristine and intercalated regions of the
MoOj; flake. As shown in Figure 4b, the near-field intensity
becomes much weaker upon intercalation. The bright fringes
can be hardly found in the intercalated region, while in the
pristine region, strong bright fringes can be observed not
only at the sample edges but also at the boundary between
the pristine and colored regions. Because there are no distinct
morphology changes during the intercalation, we can ascribe
these boundary fringes to the interferences of the tip-launched
polariton waves with those reflected by the boundary. The near-
field characteristics can be more clearly seen by extracting the
profiles from the SNOM images (Figure 4c). The PhPs waves
propagating along the [100] direction (profile associated with e1)
in the pristine region show long propagation length, which is
consistent with the results shown in Figure 2b,c. However, the
PhPs waves in the intercalated region exhibit much shorter
propagation lengths (profiles along e2). Only one interference
maximum can be found, indicating that the damping of the
PhPs is higher than that in the pristine region. On the other
hand, the PhPs dispersions are also modified. The wavelengths
of the PhPs in the intercalated o-MoO; are a little shorter
(209 nm) than those of the pristine one (212 nm). Moreover,

T T
200 400
L (nm)

Figure 4. Spatial control on the PhPs upon metal ion intercalations. a) Atomic force microscopy (AFM) image of a typical Sn-intercalated o-MoOj; 2D flake.
The thickness of the flake is 56 nm. b) s-SNOM image of the Sn-intercalated -MoOj flake corresponded to (a). The incidence frequency was 990 cm™.
The boundary between the pristine and intercalated regions was indicated by the white dashed line. c) Near-field profiles extracted along the el and e2
dashed lines shown in (b). d) Interference pattern of the PhPs in an MoOj triangular cavity formed by the metal ion intercalation. Left: AFM image showing
no morphological features. Right: s-SNOM image with strong interference patterns inside the triangular cavity. The incidence frequency was 982 cm™.
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with increased illumination frequencies, the near-field intensity
and fringe spacings in the intercalated region were respectively
enhanced (Figure S11, Supporting Information). In particular,
the PhPs can even exist above 1004 cm™!, which is out of the
upper “Reststrahlen band” of the pristine o-MoO;. These
results clearly reveal the capability of metal ion intercalation on
tuning the intensities and wavelengths of the MoO; PhPs.

The intercalated metal ions can affect the PhPs from
two aspects. First, the Sn ions can lead to expansion of the
Mo—01 bond and distortion of the MoOj lattice, which can
therefore modify the phonon frequencies associated with the
PhPs. As a result, the dispersion of the PhPs will be modulated
accordingly. The discontinuity of the crystalline structure across
the two regions can lead to reflection of the PhPs waves and
therefore produce the fringes observed near the boundary
(Figure 4b). Second, the Snions can also actas scattering centers
for the PhPs waves, giving rise to stronger damping rates
in the intercalated region. To quantitatively compare the
damping rates of the pristine and intercalated MoOs;, we
employed the ratio R between the first maximum of their inter-
ference fringes (S,,) and near-field amplitudes (S;,) in the inner
part of the flake.[*”] For the PhPs in the pristine region, R = 1.19.
In contrast, the R decreases to =1.04 in the intercalated region,
indicating a higher damping rate of the PhPs there. On the
other hand, it is possible that the strong doping of the MoO,
can lead to plasmon resonances, which could damp the PhPs
by plasmon—phonon coupling. According to previous studies,
the doped MoO; with a carrier density as high as 10*' cm™
can generate plasmons in the visible and infrared regions.1>7]
Although it is difficult to precisely determine the carrier density
in the intercalated region, we can still get some preliminary
insights on the plasmons in it. We measured the near-field
distributions of the pristine and intercalated regions using
1550 nm excitation (Figure S12, Supporting Information).
Upon the Sn-intercalation, the near-field intensity of the MoO;
was significantly enhanced. We owe such an enhancement
to the excitation of the plasmons, which can induce stronger
polarization and thereafter the light scattering intensity. This
result suggests that the operation wavelengths of the plasmons
in the intercalated MoOj; should locate in the near-infrared
region. In contrast, the excitation wavelengths of the PhPs are
in the mid-infrared regions, which are far away from that of the
plasmons. In view of this, the coupling between the plasmons
and PhPs should be very small due to such a discrepancy in
their respective operation wavelength. Therefore we believe that
the damping of the PhPs in the intercalated region should be
governed by scattering from the Sn ions but not the plasmon-—
phonon coupling.

The spatial control over the PhPs can be further manifested
by investigating the near-field distribution of a “cavity struc-
ture,” where a specific pristine region was enclosed by the
metal-intercalated ones. The PhPs waves will experience mul-
tiple reflections at the cavity boundaries. The interferences
between the reflected waves and tip-launched one can produce
standing-wave patterns with bright and dark spots, which cor-
respond to the constructive and destructive superposition of the
polariton waves.*1:48]

The B and 7y of the PhPs in the a-MoO; are comparable
to the state-of-the-art 2D vdW materials with polaritonic
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properties.[’] In particular, the ¥ is among the lowest values
in polar materials with hyperbolicity that is phonon in origin.’!
These characteristics can significantly benefit the light-matter
interactions at the nanometer scale. The large 3 is associated
with the in- and out-of-plane permittivities of the 0-MoOs;,
which lead to a small propagating angle 6 for the PhPs waves
within the flake and therefore a short PhPs wavelength. The
small y can be ascribed to two mechanisms. First, the pristine
MoO; samples used in our study were single crystalline of very
high quality.*)) There are few defects or impurities that can
scatter the PhPs waves. Second, the mass differences between
the Mo and oxygen atoms are relatively large, which can induce
a large frequency gap between the optical an acoustic phonons.
Such a gap will greatly suppress the intrinsic phonon—phonon
scattering in the MoOs, which therefore give rise to the low
damping rate of the PhPs waves.

To conclude, we have successfully revealed the mid-infrared
PhPs in the semiconducting vdW a-MoOj; flakes with the help
of nanoimaging technique. The strong longitudinal and trans-
verse phonon resonances in the o-MoO; can give rise to two
Reststrahlen bands in the frequency range of 818-1010 cm™,
where low-loss hyperbolic PhPs with strong electromagnetic
confinements can be sustained. The electromagnetic confine-
ments can reach as high as 4(/120, which is strongly dependent
on the thicknesses of the &-MoO; flakes. We further show that
by taking advantage of the crystalline structure of the semicon-
ducting a-MoO;, the PhPs characteristics can be switched off
by the metal-ion-intercalation approach. We believe that these
results have provided a new natural platform for studying the
hyperbolic PhPs, which constitutes potential candidate for
future optoelectronic devices operating in the mid-infrared
regime.

Experimental Section

Growth of the a-MoO; 2D Flakes: The a-MoO; 2D flakes were
synthesized by thermal physical deposition method.*?l Briefly, an
alumina crucible with MoO; powder (0.1 g) as source was placed at
the center of a quartz tube. The SiO, substrate was cleaned and placed
at the low temperature region of 580 °C. The separation between the
source and substrate was 13.0-14.5 cm. The source was heated up to
780 °C in 70 min and then kept at that temperature for another 120 min.
During the thermal treatment the MoO; powder was sublimated and
recrystallized onto the SiO, substrate. Subsequently the quartz tube
was cooled down naturally to room temperature, whereby numerous
-MoO; 2D flakes with different thicknesses were found on the SiO,
substrate.

Intercalation of Sn lons into the o-MoO; 2D Flakes: Metal ion
intercalation was performed under a microscope integrated with a
hotplate.?9 Specifically, the SiO, substrate with the 2D o-MoOj; flakes
was put into a quartz groove that was kept onto the hotplate. Afterward,
SnCl, aqueous solution (10 x 107 m) was mixed with tartaric acid
(100 x 1073 m) and then dropped onto the MoO; sample. A cover glass
was placed onto the grove to from a liquid layer of =1 mm thick. The
hotplate was subsequently heated up to 65 °C to allow the diffusion of
the Sn ions into the MoOs. The intercalation process was monitored in situ
from the optical microscope. Once the metal intercalation was initiated,
vivid color changes from both sides of a specific MoOj; flake along the
[001] direction can be readily observed from the microscope. The sample
was washed with deionized water and dried in air to stop the intercalation.

Characterizations: The Raman spectra of the a-MoO; flakes were
collected using a Renishaw inVia Reflex system with a microscope
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(Leica). The excitation laser (532 nm) was focused onto the samples
with a diameter of =1 um through a 50 X objective (numerical
aperture 0.8). The back-scattered Raman signals were collected by
the same objective and transferred to a spectrometer with grating of
1800 lines mm™".

The diffuse reflectance spectra were measured using a Shimadzu
UV 2550 UV/visible/near-infrared spectrophotometer equipped with
an integrating sphere. The as-grown MoO; flakes were dissolved in
isopropanol and then subjected to vacuum filtration, whereby a compact
solid film was formed on the filter membrane. The solid thin film was
then peeled off and cut into 1 x 1 cm? for the reflectance measurements.
A BaSiO, flake was used as reference. The XPS characterizations on the
pristine and metal ion-intercalated a-MoOs flakes were performed on an
ESCALAB 250Xi (Thermo-VG) X-ray photoelectron spectrometer.

The s-SNOM nanoimagings were conducted using a scattering-type
near-field optical microscope (NeaSNOM, Neaspec GmbH). To image
the PhPs in real-space, a mid-infrared laser (Access Laser) with tunable
wavelengths from 9.20 to 10.99 um (910-1087 cm™') was focused onto
the sample with a metal-coated AFM tip (Arrow-IrPt, Nanoworld). During
the measurements, the tip was vibrated vertically with a frequency
around 280 kHz. The back-scattered light from the tip was demodulated
and detected at a fourth harmonic of the tip vibration frequency.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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