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Vacancy-Engineered Phonon Polaritons in a-MoO;
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92697
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“College of Physics and Optoelectronic Engineering, Shenzhen University, Guangdong
518060, P. R China

SBeckman Laser Institute and Medical Clinic, University of California, Irvine, CA 92612

*corresponding author email: maxim.shcherbakov(@uci.edu

Low-symmetry van der Waals (vdW) materials have enabled strong confinement of
mid-infrared light through hyperbolic phonon polaritons (HPhPs) at the nanoscale.
Yet, the bottleneck persists in manipulating the intrinsic polaritonic dispersion to drive
further progress in phonon-polaritonics. Here, we present a thermomechanical strategy
to manipulate HPhPs in a-MoOs using high pressure and temperature treatment. The
hot pressing engineers the stoichiometry of a-MoQO3 by controllably introducing oxygen
vacancy defects (OVDs), which cause a semiconductor-to-semimetal transition. Our
density functional theory (DFT) and finite-difference time-domain (FDTD) results,
combined with experimental studies show that the OVDs induce a metastable metallic
state by reducing the bandgap, while modifying the intrinsic dielectric permittivity of
0-MoOQO3s. Photo-induced force microscopy (PiFM) confirms an average dielectric

permittivity tunability of |Ag/e| = 0.35 within a Reststrahlen band of 0-MoOs3,


mailto:maxim.shcherbakov@uci.edu

resulting in drastic shifts in the HPhP dispersion. The polariton lifetimes for pristine
and hot-pressed flakes were measured as 0.92 £+ 0.06 and 0.86 £+ 0.11 ps, respectively,
exhibiting a loss of only 7%, while the group velocity exhibited an increase of 38.8 +
0.2%. The OVDs in a-MoO3 provide a low-loss platform that enables active tuning of
mid-infrared HPhPs and have a profound impact on applications in super-resolution
imaging, nanoscale thermal manipulation, boosted molecular sensing, and on-chip

photonic circuits.

Keywords: Hot-pressing, Stoichiometry Engineering, Oxygen Vacancy Defects, Hyperbolic

Phonon Polaritons (HPhPs), Photoinduced Force Microscopy (PiFM), a-MoOs3.

Hyperbolic phonon polaritons (HPhPs) are quasi-particles in anisotropic polar crystals
merging from the coupling of light and optical phonons. They are ideal candidates for
electrooptical modulation, light transmission, sub-diffraction imaging, and molecular
detection due to their strong field confinement, low loss, and long lifetimes.!-> Controlling
HPhPs is desired for nanoscale light manipulation, enabling significant advancements in
nanophotonics. However, the lack of external control to manipulate HPhPs in most polar
crystals, likely due to their large bandgap window (2 to 10 eV), hinders their applicability.®
Substantial efforts have been made to manipulate HPhPs in various material systems,
including subwavelength metallic and hyperbolic metamaterials,” and dielectric photonic
crystals.!!? Two-dimensional (2D) van der Waals (vdW) layered polar crystals have
provided an additional degree of freedom in controlling light over a wide spectral range.
Attempts were made to alter the dielectric environment by fabricating out-of-plane
heterostructures of vdW crystals such as hexagonal boron nitride (h-BN)/black
phosphorous!? and MoS,/SiC'* combining polaritonic metasurfaces, phase change materials,

15-17 and by suspending polar materials in air.!® However, the excessive spatial confinement



of polaritons owing to the reflection and scattering losses inherent to such crystals render it

hard to manipulate their HPhPs dispersion, particularly in mid-infrared region.!’

a-MoOs is an exciting low-symmetry vdW semiconductor that enables strongly confined
hyperbolic dispersion in the mid-infrared due to its ultra-low-loss and in-plane anisotropic
HPhPs.?*2! The extreme sensitivity of a-MoO3 towards its physical and chemical properties
allows effective tuning of HPhP propagation. For instance, electron doping and intercalation
of metal atoms like Co and Sn into the lattice interlayers can modify the HPhP
characteristics.?>?* The reversible intercalation of hydrogen atoms to manipulate HPhPs in
a-MoO3 has also been presented.® However, incorporating foreign atoms as dopants or
intercalators into the crystal lattice of a-MoQOs3 inhibits its intrinsic hyperbolic dispersion,
primarily due to the solution-processing techniques and the subsequent increase in volume,

resulting in significant losses in polariton lifetimes (7).

To our knowledge, stoichiometry engineering as an alternative approach to manipulating the
HPhPs in a-MoOs by exploiting controlled oxygen vacancy defects to alter its intrinsic
dielectric permittivity (¢) has not been practically achieved. The stoichiometry of a-MoO3
varies strongly with the oxygen vacancy defects (OVDs); with a wide bandgap (>2.7 eV) and
Mo%* valance state, to intermediate reduced oxides (MoOs, 0 < x < 1), to semimetallic
MoO: with an oxidation state of Mo*".?* Such composition in a-MoO3 may modify &,
thereby, providing an unprecedented opportunity to control and manipulate its HPhPs

dispersion on demand.

Here, we demonstrate a thermomechanical approach to tune the hyperbolic phonon polariton
response in a-MoQOs3 by engineering its stoichiometry through a controlled introduction of

OVDs. Exfoliated a-MoOj flakes were placed between silicon substrates and hot-pressed at



temperatures up to 400 °C, with step increments of 50 “C, applying a high uniaxial pressure
(~0.1-0.2 GPa). This process ensures limited oxygen supply, which is necessary to induce
oxygen vacancy defects (OVDs). The application of uniaxial pressure facilitated maximum
strain transfer through the interfacial in-plane coefficient of thermal expansion (CTE)
mismatch, inducing a controlled biaxial compressive strain up to —2.4%. This strain and the
introduction of OVDs were confirmed by p-Raman spectroscopy, while the chemical
stoichiometry was confirmed by X-ray photoelectron spectroscopy (XPS). Our density
functional theory (DFT) calculation and photoluminescence and chemical stoichiometry
experiments confirmed the semiconductor (0a-MoOs) to a stable semi-metallic/metallic
MoO;.x transition with the introduction of OVDs. The DFT calculations also validated
alterations in the dielectric characteristics of a-MoOs due to the presence of OVDs. This
permitted significant engineering in the HPhPs dispersion in a hot-pressed (%.p.) nanoflake
compared to the pristine sample, as measured by the photo-induced force microscopy (PiFM)
technique. The outcomes were consistent with our model, which incorporated finite-
difference time-domain (FDTD) simulations and experimental PiFM data, showing an
extraordinary dielectric permittivity modulation of up to |Ae/e| = 0.35. We believe that hot-
pressing-induced engineering of phonon modes in a-MoQO3, and the introduction of OVDs
provide essential control over mid-infrared HPhPs. Hot-pressed a-MoOs; shows great
promise for nanophotonic applications, including super-resolution imaging, nanoscale

thermal manipulation, enhanced molecular sensing, and on-chip optical circuitry.
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Figure 1. Tunable phononics in thermomechanically processed MoOs. a, Schematic illustration
of thermomechanical processing of a-MoOs flakes using hot-pressing technique. Each Mo atom is
coupled with three oxygen atoms, i.e., Ol, O2 and O3, representing terminal oxygens, doubly
coordinated bridging oxygens and triply coordinated oxygens, respectively. b, u-Raman spectra of
the pristine, pressed and 4.p. a-MoOj3 at 50, 150, 250, 350, and 400 °C, with T3, and 7. mode highlighted
in green and yellow, respectively. ¢, Magnified Raman spectra (normalized) of 7. (B2¢/B3g) mode
acquired by h.p. a-MoOs from 150 to 200°C to monitor band transition, representing a decrease in
oxygen-to-metal ratio, highlighted by orange double arrow in b. d, Raman intensity maps of the
nanoflake h.p. at 200 C, constructed by Ba (at 284 cm™, top) and Bsg (at 291 cm™, bottom) modes. e,

Variation in § = Igyg/Ig3g of just heated (excess O>) and A.p. (limited O>) a-MoOs, showing

strikingly dissimilar behaviors.



RESULTS

Thermomechanical Processing and p-Raman characterization of a-MoOQOs flakes Hot-
press synthesis has emerged as a versatile thermomechanical method capable of synthesizing
ultrathin 2D crystals and introducing intrinsic defects.?>*¢ We use hot-pressing for the first
time to introduce oxygen vacancy defects (OVDs) in mechanically exfoliated a-MoOs flakes.
The a-MoOs flakes were mechanically exfoliated onto a silicon substrate, which was
subsequently capped with an identical substrate. The assembly was then inserted in a pressure
device assembly (PDA) consisting of steel bars to generate controllable and localized
uniaxial pressure (0.1-0.2 GPa) via the top substrate. The uniaxial pressure exerted by the
PDA was crucial for cutting off oxygen supply during heating, creating OVDs. Additionally,
it ensured strong interfacial adhesion during the relative thermal expansion and contraction
processes, offering maximum strain transfer (see Supporting Information for pressure
calculations). Initially, the PDA applied pressure to the flakes, and then the samples were
heated in a muffle furnace. In total, eight samples were fabricated, each heated in increments
of 50 °C from room temperature (T;) to 400 “C, while maintaining the same uniaxial pressure.
The schematic illustration of thermomechanical processing of a-MoOs3 flakes is shown in Fig.
la. The field emission scanning electron microscopy (FESEM) images of the flake prior to
hot-pressing, the typical PDA, and the flake after hot-pressing have been presented in

Supporting Information, Fig. S1.

We performed comprehensive p-Raman spectroscopy to investigate thermomechanical
engineering in phonon modes, resulting in OVDs creation and lattice straining. Figure 1b
shows the p-Raman spectra of pristine, pressed, and hot-pressed flakes in a muffle furnace
under ambient conditions at 50, 100, 150, 250, 350, and 400 °C. The spectrum revealed

vibrational bands that correspond to the stretching modes between 1000 and 600 cm’!,



deformation modes between 600 and 400 cm’!, and lattice modes below 200 cm™. All
samples displayed distinct and robust bands at 117, 129, 245, 284, 291, 338, 338, 665, 819,
and 996 cm™!. A typical a-MoOs (orthorhombic) crystal comprises of a double layer of linked
and deformed MoO® octahedra and is thermodynamically stable. The relatively weak peak at
996 cm™! is the A; mode attributed to the asymmetric Mo%*=0y) stretching mode of terminal
oxygen along the b-axis. The band at 819 cm™! is the most intense (vs) band that corresponds
to the symmetric stretching mode of doubly coordinated oxygen (Mo2—O)), which originates
from the oxygen shared by the two MoO® octahedra and is sensitive to oxygen vacancies and
defects.?” The full width at half maximum (FWHM) of this peak provides crucial information
regarding the presence of OVDs in a-MoOs flakes. The peak broadens as hot-pressing
temperature increases, with the FWHM increasing from 8.2 cm! for pristine to 15.12 cm™!
for flakes A.p. at 350 °C; see Supporting Information Fig. S2. This inhomogeneous peak
broadening is the result of a decrease in the lifetime of excited states, which is typically
driven by an increase in the concentration of OVDs, i.e. a significant decrease in the oxygen-
to-metal ratio.?® Probing the engineering in Ty (Ag/Big), the translational chain mode at
158.4 cm! is critical in determining the lattice strain, while the Tc (B2¢/B3g) mode comprising
of 284 cm! (By,) and its shoulder at 291 cm™! (B3y) is crucial in assessment of OVDs. Results
show that the hot-pressing engineers the phonon modes related to lattice and valance state,

introducing OVDs and lattice strain in a-MoOs.

The oxygen vacancies in 0-MoQOs3 can be detected by variation in the ratio of intensities of

By, (at 284 cm™), and Bs, (at 291 cm™) Raman modes i.e.,§ = Igyq/Ip3g.>" In pristine a-
MoO;, the intensity of the shoulder peak (Ip34) of Tc phonon mode at 291 cm™ was weak,

which corresponds to the least oxygen vacancies. A consistent increase was observed in Ig3g

for pressed, 50, 100, and 150 °C A.p. flakes, which indicated a steady increase in OVDs.



Intriguingly, for samples hot-pressed at temperatures of 200 °C or higher, we observed a
complete crossover in intensities of B2g and B3, modes, where I3, became the primary mode
while Ig,, converted to the shoulder, indicating a dramatic increase in OVDs, highlighted in
Fig. 1b by the orange arrow. To carefully investigate this cross-over, we prepared samples
with hot-pressing temperatures of 160, 170, 180, and 190 °C and performed p-Raman
investigations, as shown in Fig. I¢. The complete crossover between Igsg and Ig,q took place
between h.p. temperature of 150 and 200 °C took place at 180 °C, making it the cross-over
point. The intensity of the B3z mode, however, continued to steadily increase with increasing
h.p. temperature until it reached saturation at 300 °C. Therefore, the controllable induction
of OVDs through hot-pressing is confirmed. The image at the top in Fig. 1d shows the
intensity distribution of B2, Raman mode (at 284 c¢m™), typically associated with oxygen
content indicated the loss of oxygen concentrated primarily at the center of the flake. The
inset shows the optical micrograph of the mapped flake. The bottom image displays the
intensity distribution of B3z Raman mode (at 291 cm!), attributed to the Mo content revealed

strong intensity, showing the relative increase in Mo content, confirming our hypothesis.

It was crucial to compare our results with just heated samples (without uniaxial pressure by
the identical substrate) to determine the effects of hot-pressing on oxygen content (Fig. 1d).
We observed a remarkable contrast in the oxygen to molybdenum ratio ¢ for heated and /.p.
samples. The heated flakes exhibited an increase in ¢ from the factor of 4.5 for pristine to a
maximum of 13 at 200 °C before dropping to 7 at 350 °C. However, ¢ decreased by an order
of a magnitude from 4.5 for pristine to 0.45 for the flake 4.p. at 350 °C. It should be noted
that this cannot provide an exact quantification of oxidation states and OVDs in A.p. flakes
and that this requires an independent investigation to accomplish.?? Nevertheless, the results

confirmed the possibility of introducing terminal oxygen vacancy (t-O;) defects in a



controlled manner by hot-pressing a-MoOs flakes at varying temperatures, which alters its

stoichiometry.

To understand which site contributes the most to the thermally induced OVDs, it is important
to understand the inter- and intralayer contributions to the phonons in 0a-MoOs. In a typical
a-MoOQOs crystal, each Mo atom is bonded to three inequivalent oxygen atoms O1, Oz, and Os.
The O; is often termed as the terminal oxygen (t-O1), owing to its proximity to the vdW gaps
and larger bond lengths, have the least stretching force constants (f;¢ = 9.3 N/m, and f;, =
2 N/m) compared to the force constants along the interchain and intrachain directions.?! This
allows t-O; to lose its bond with Mo at a minimal supply of energy, making it the primary
contributor in the creation of OVDs. Their proximity to vdW gaps further facilitates their

escape from a-MoOQs crystal, leaving the vacancies at O; site.

Lattice Strain Estimation It was rational to anticipate the lattice strain within 4.p. flakes,
(as shown Supporting Information, Figure 3), as there is a strong correlation between oxygen
vacancies and lattice strain in transition metal oxides.*-** Fig. S3a shows a consistent blue
shift in Ty, mode originally located at 158.4 cm™!, for samples hot-pressed up to 350 °C before
relaxing back to its position at 400 °C. The amount of strain and its type were calculated as
6(%) = (wp(pristine) — wry(h.p.))/(wtp (pristine) ) X 100, where wy, (pristine) and
wTp (h.p.) are the frequencies of the T, phonon mode corresponding to pristine and hot-
pressed a-MoOs, respectively. We attribute the Ty shift to the compressive strain caused by
the CTE mismatch at the interface between silicon and a-MoQs, while the relaxation is
caused by the slippage that supersedes the interfacial adhesion above 350 °C. Because the
substrate transfers compressive strain, boosting interlayer adhesion between the silicon

substrate and a-MoOs flakes owing to uniaxial pressure from the top substrate is critical. To



study the impact of uniaxial pressure on compressive strain, we additionally examined heated
samples without any uniaxial pressure from the upper substrate. Fig. S3b shows the estimated
compressive strain values for hot-pressed (dark green) and bare heated samples (navy). In
bare heated samples, the lack of uniaxial pressure results in interfacial slippage at
approximately 250°C, which restricted the maximum strain transfer to —1.2% due to the
relative CTE approaches. In contrast, interfacial slippage in hot-pressed samples was
observed at elevated temperatures (350 °C), resulting in a two-fold increase in maximum
strain transfer (—2.4%). We believe that the strain observed in the lattice is not only due to
the CTE mismatch but also originates from the introduction OVDs, which our DFT

calculations uncovered, as explained later in the paper.
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Figure 2. Stoichiometry and electronic band gap characterizations. a, Mo3d scan of pristine, and
h.p. flakes at 150, 250, and 350 °C, obtained from XPS investigations to probe the stoichiometry of a-
MoOs. b, Mo®" content in a-MoOs, calculated using peak area fitting of Mo3ds» and Mo3ds, peaks.

¢ GIXRD pattern of the pristine, and 4.p. a-MoOs at 350°C. The inset shows the crystal orientation



of a typical belt-like a-MoOs flake. d, Comparison of the (040) diffraction peak (normalized) of
pristine and h.p. a-MoOs3 at 350, showing a shift by 0.4°. e, Deconvolution of (040) diffraction peak
of h.p. MoO; yields MoOs.x and MoO;s. Peak fitting was performed using the Gaussian function. f,
Photoluminescence spectra of pristine and 4.p. a-MoOs3 at 50°C, using the excitation laser of 405 nm.
The inset shows the OVDs-induced PL signal from the 4.p. flake. g, Total Mo 4d and O 2p density
of states and the crystal Orbital Hamilton Population (COHP) analysis partitioned by pairwise
interactions of a-MoOs. h, Total Mo 4d and O 2p density of states and the crystal Orbital Hamilton
Population (COHP) analysis partitioned by pairwise interactions of MoOs. The Fermi level (Ef) is

aligned to 0 eV.

Chemical Stoichiometry Studies X-ray photoelectron spectroscopy (XPS) was employed
to identify the stoichiometry of pristine and hot-pressed a-MoOs. The Mo 3d scans of
pristine, hot-pressed at 150, and 350 °C samples are shown in Fig. 2a. For pristine a-MoOj3,
Mo 3ds2 and Mo 3ds, are located at binding energies of 235.92 and 232.82 eV, respectively,
which corresponds to pure MoOs stoichiometry with Mo%" oxidation state with hexavalent
formal molybdenum ions.*>° Nonetheless, as the temperature rose from 25 to 350°C, the A.p.
flakes demonstrated a gradual rise in the proportion of the Mo®" state (identified by purple
peaks). This indicated a shift in the composition towards a lower oxidation state (MoO3.x).
The calculations based on fitted peak areas revealed that the 4.p. flakes represented a hybrid
system, with the Mo®* content in MoQOj3.x increasing from 0% at 25 °C to approximately 60%

for the flakes hot-pressed at 350°C (Fig. 2b).

In transition metal oxides, the introduction of OVDs also results in increasing the electrical
conductivity by an order of a magnitude, as the oxygen vacancies serve as shallow donors
which improve carrier mobility.>®3” The XPS results complement the Raman results and

suggest that the chemical stoichiometry can be controlled by the introduction of OVDs with



increasing h.p. temperature. The results also suggested that the increase in OVDs with
increase in A.p. temperature drives a-MoQ3 from semiconductor to semimetallic state.’> The
XPS survey spectrum of a-MoO3 hot pressed on gold coated Si substrate has been shown in
Supporting Information, Fig. S4. The gold-coated substrate was used to obtain a conductive

surface for better signal acquisition during XPS experiments.

XRD and EDS Results Grazing angle incident x-ray diffraction (GIXRD) experiments were
performed to quantify the transition from pristine a-MoO;3 to reduced a-MoOsx in hot-
pressed flakes. The results in Fig. 2c indicate the transition from polycrystalline to
monocrystalline phase in A.p. flakes as there were no peak other than (040) along the basal
plane at 25.53°, compared to its pristine counterpart. However, Fig. 2d shows a shift of 0.4°
in (040) peak, which indicates the existence of MoOs.x, and is consistent with previous
reports.’®¥ The peak fitting using Gaussian function was performed and the peak area
analysis suggested that the MoOs.x: MoOs3 in a 350°C A.p. flake was 6:4 (Fig. 2¢). The results
are in striking agreement with that of our XPS results, which confirm a partial reduction of
a-MoO3; (Mo®") to a-MoOsx (Mo’"). Elemental diffraction spectroscopy (EDS) was
performed to confirm the loss of oxygen in /.p. a-M0Os. The EDS mapping results presented
in Supporting Information, Fig. S5 affirmed the loss of oxygen in 350°C A.p. flakes, where

Mo counts were approximately 30% higher than those of oxygen.

Photoluminescence confirmation of semiconductor-to-semimetal transition We
performed micro-photoluminescence (u-PL) studies over the pristine and 4.p. flakes at 50,
150 and 350°C, using 405 nm laser excitation (Fig. 2d) to understand the effects of OVDs on
the band structure of a-MoOs. A strong PL signal (peaking at ~2.8 eV) from pristine flake
was observed which indicated its semiconducting nature, while there was no significant PL

signal from the A.p. flakes was observed. Nevertheless, the PL from 4.p. flakes exhibited a



weak but broad PL signal (highlighted in red), which is presented in the inset and is solely
attributed to the defect-induced emission. This provided strong evidence of the
semiconductor to semi-metallic transition with the introduction of even a slight amount of

OVDs in a-MoO:s.

Electronic density of states (DOS) calculations In a stoichiometric a-MoOs crystal, the
bandgap typically exists, however, the introduction of oxygen vacancies creates defect states
within the bandgap region. These defect states serve as extra energy levels that electrons can
occupy, exerting a considerable impact on the electronic characteristics of a-MoOs.
(Supporting Information, Fig. S6a-b). The vacancies occupy electronic states within the
bandgap region, impacting the electronic properties of the a-MoOs3 as shown in Supporting
Information, Fig. S6c-e, where DOS plots of pristine, and oxygen-deficient (8% and 16%)
a-MoQOs are given. In a-MoOjs crystal structure, the presence of oxygen vacancies induces a
transition to a metastable phase.***! Crystal Orbital Hamiltonian Population (COHP) was
used to explore the electronic interactions and bonding nature between the atoms involved.
The COHP analysis examines the bonding interactions and the changes caused by the oxygen
vacancies. o MoOs exhibits antibonding COHPs below the Fermi level (Er), especially for
the bond types of Mo-O Fig. 2g-h. With the presence of oxygen vacancies, the antibonding

COHPs below Er become pronounced, influencing the electronic structure.*?43

This implies
that the electronic states involved in the bonding interactions are affected, and the changes

induced by the vacancies lead to the formation of a metastable phase in a-MoO:s.
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Figure 3. Hyperbolic phonon polariton (HPhP) characterization of pristine and A.p. a-MoO;
using PiFM. a, Schematic illustration of measurements of edge-launched HPhPs propagation in a-
MoOs on silicon substrate using the PiFM technique. b, Comparative HPhP dispersion curves of
pristine and /.p. a-MoO; at 150°C. The dashed curves represent the FDTD simulation curves of
pristine and refractive index modulated a-MoOs. ¢, PiFM signal image (901 cm™') ofa 106 4 1.5 nm
thick pristine 0-MoOs on a Si substrate. The scale bar is 1 pm. d, FDTD simulation of HPhPs
propagation in pristine a-MoQ3, which matches well with the experiment. e, PiFM extracted near-
field line trace (circles) and fitted curve (solid line) of pristine a-MoOs at 901 cm ™. f, PiFM signal
image (901 cm™') of a 107 + 2 nm thick /.p. a-MoOjs on a Si substrate. The scale bar is 1 um. g,
PiFM extracted near-field line trace (squares) and fitted curve (solid line) of 150°C A.p. a-MoOs at
901 cm™'. h, Group velocities (vg) of HPhPs in pristine and 150°C A4.p. 0-MoOs extracted from the

fitting results in b. The error bars of lifetimes were calculated based on the errors of propagation



lengths originating from the standard deviation of fitting. Measurements were performed in lower

Reststrahlen band (L-RB) of 0-MoOs, ranging from 818 to 974 cm™.

Controlling Surface Phonon-polaritons with OVD Engineering To map the HPhP modes
and their modulation in thermomechanically treated a-MoOs slabs, hyperspectral photo-
induced force microscopy (PiFM) was employed. PiFM uses a pulsed laser source to
mechanically detect the gradient of the near-field optical force on the metal-coated AFM tip
(Fig. 3a2).*% A cooled mid-infrared detector is not required since the mode of detection is
entirely optomechanical, and an image of the z component of the field is produced, which
has the same distribution as the local charge density according to Gauss’ law. PiFM can
acquire hyperspectral images, capturing all resonant modes within the Reststrahlen band of
interest from 818 to 974 cm™!. In this region, HPhPs have been shown to propagate along the

[100] direction with edge-launched planar wavefronts.®

As a proof of concept, we compared pristine and 150 °C A.p. flake using the PiFM. The field
amplitude images of a pristine (d = 106 £ 1.5 nm), and 150 °C A.p. (d = 107 + 2 nm) o-
MoO:s, acquired using PiFM at an excitation frequency of wy = 901 cm™! have been shown
in Fig. 3b,c. Considering the thickness-dependent nature of the HPhP dispersion in a-MoOs,
meticulous attention was given to achieving comparable thicknesses for both pristine and 4.p.
flakes. Atomic force microscopy (AFM) images and the corresponding height profiles of a
pristine and a 150 °C A.p. flake have been shown in Supporting Information, Fig. S7. The
bulge in the middle of the 4.p. flake (Fig. 3c) is caused by the surface adhesion of the top
substrate during the hot-pressing. Despite the same excitation frequency and flake thickness,
a clear amplitude damping of the in-plane anisotropic HPhPs along [100] throughout 4.p.
flake is evident, compared to its pristine counterpart, which is attributed to an increased OVD

content. However, to fully understand the OVD-mediated modulations in the individual



parameters of in-plane anisotropic HPhPs, such as polariton wavelength (4p), propagation
lengths (L), group velocity (vg) and the propagation lifetimes (7), we extracted the
corresponding real-part near-field line scans and fitting curves (solid lines) at 890 cm™. The
line scans highlighted in purple in Fig. 3¢ and green in Fig. 3f are presented in Fig. 3e and g,
respectively. The HPhP propagation length L for pristine and 4.p. flakes were estimated to
be 1.15 + 0.07 pm and 1.51 &+ 0.19 um, respectively. We plotted a comparative dispersion
w[Re(k,)] (where k, is the complex valued wavevector and x corresponds to the [100]

crystal orientation), extracted by fitting the line scans obtained from PiFM images using the

function y =y, + Ae ‘tosin [n( )], where A,w,ty, > 0. Fig. 3¢ shows the HPhP

x—x,
w
dispersion curves obtained from the finite difference time domain (FDTD) modelling (dashed
curve) using the dielectric permittivity model of a-MoO; (Supporting Information, Fig. S8
and Note S2), and the experimentally measured data (solid curve) from PiFM for pristine and
h.p. flakes. The information extracted from the dispersion curves (Fig. 3f) suggests that the
slope of the PiFM measured (solid) and modelled (dashed) curves were similar (~3.2 %
average deviation), validating our model. However, a marked difference in the slope of the
dispersion curve of the 150 °C A.p. flake compared to its modelled and pristine curves at all

excitation frequencies was observed, which confirmed OVD-induced manipulation in k, and

group velocities vy, = dw/dk,. The vy of the 150 °C h.p. flake was calculated to be

(vg,x)h_p. ~ 1.39(vg,x)pristine. It must be noted that the (v, =4.16 x 107 3¢,

X )pristine
where c is the speed of light; see Supplementary Information, Note S3. A comparison of the
group velocities extracted for pristine (purple) and 150 °C A.p. (green) flake is shown in Fig.
3g. Furthermore, the modulation in polariton wavelength of the 4.p. flake was measured to

be (Ap)np. = 1.22(Ap)pristine> Tespectively. Because of their increased vy, h.p. flakes

demonstrated a relatively smaller confinement factor across various excitation frequencies



compared to the pristine flakes. Based on the previously calculated HPhP propagation
lengths, we calculated the polariton lifetimes T = L/v, of the pristine and 4.p. flake across
different frequencies, which has been presented in Supporting Information, Note S4. At wg =
901 cm’!, the lifetimes were 0.92 + 0.06 ps for pristine and 0.86 + 0.11 ps for 150 °C A.p.
flake. Intriguingly, the loss in average T of HPhPs in the 150 °C A.p. flakes was only 6.52 +
0.12 %, which suggested low-loss HPhPs propagation in oxygen deficient a-MoOQOs.
Comparing with the previous reports where the modulation in HPhPs has been attempted by
modifying the crystallographic features in a-MoOs, the T losses are much higher (30-45%).46
Therefore, we believe that introduction of OVDs successfully modified the HPhP response
without greatly reducing the HPhP lifetime. The FDTD calculated electric field profiles and

their corresponding polariton lengths across various excitation frequencies has been

presented in Supporting Information, Fig. S9.
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Figure 4: DFT calculations of OVDs-induced dielectric permittivity modulation in h.p. a-MoOs.
a Crystal structure of relaxed crystal structure of a-MoO3 with oxygen vacancies at the O1 site near

van der Waals gap. b The corresponding IR dielectric response in the [100] direction, where solid



lines represent the dielectric of pristine a-MoO3, and dashed lines correspond to that of the oxygen-
deficient a-MoOs. ¢ The plot of difference between the dielectrics of the oxygen-deficient and pristine
0-MoOs. d Strained crystal lattice oxygen-deficient (O1 vacancies). e-f Variation in the dielectric
response of a-MoQ; under —2% compressive strain along [100] and [001], respectively. Dielectric
functions have been plotted with respect to (w/wrg), where wrg is the transverse optical mode of a-

MoO:; that is probed in this study.

DISCUSSION

OVDs are proposed as the main mechanism of HPhP dispersion modification. Our hypothesis
is that their presence alternates the overall static polarizability of the crystal, having a
profound impact on the dielectric permittivity of MoOs.x, which, in turn, affects the optical
response. DFT results yield static dielectric constants of 5.78, 4.33 and 6.47 for the [100],
[010] and [001] crystallographic axes of pristine MoO; (Fig. 4a), consistent with that
previously reported.*’ These values modify to 9.50, 4.81 and 9.36 for the defect geometry
considered, where one of the O1 atoms is missing; see Fig. 4b. Significant increases of the
static permittivity along [100] and [001] are attributed to the formation of the dipole moments
at defect sites that enhance the dielectric screening capability of the material. This effect is
much less significant in the [010] direction since the van der Waals gap limits interlayer
interaction. The [100] transverse optical phonon mode of experimental interest (wrq) is
calculated at 760 cm!, which is consistent with previous DFT results but differs from the
experimental value of 819 cm!.*® The discrepancy may be due to inherent limitations of the
functional used or from the density of states considerations that are not accounted for in our
analysis. By setting the Hubbard U value to 5 eV, we have achieved a defect structure that

aligns well with previous calculations.* With the Hubbard U correction omitted, however,

we observe a notable change in the converged geometry, yet the resulting dielectric response



is qualitatively similar. This suggests that the chosen value of the Hubbard U term does not

significantly impact our findings.

Our DFT calculations (Fig. 4b; Supporting Information, Note S5) suggest that, due to the
introduction of OVDs in A.p. flakes, the real part of the permittivity sees the corresponding
reduction within the range from wrqg to ® 1.05wrq, with |Ae/e| = 0.1, which is qualitatively
agrees with the order of magnitude variation in ¢ extracted from the FDTD calculations and
experiments. This behavior contrasts with the strain-induced permittivity, which only shows
positive changes in € within the Restsrahlen band, as seen in Fig 4e,f for the strain along
[100] and [001], respectively. Thus, our calculations agree well with the OVD hypothesis of

the observed changes of the dielectric permittivity and the HPhP dispersion tuning.

In summary, we have thermomechanically engineered the stoichiometry of a-MoOs to
control the dispersion of HPhPs. The introduction of controlled oxygen vacancy defects
(OVDs) in hot-pressed a-MoOs, gradually alters its valence state from stoichiometric Mo%*
to non-stoichiometric Mo’*, resulting in an increase in its static dielectric permittivity &, as
confirmed by our DFT calculations and FDTD simulations. As a result, the polariton
wavelengths in the HPhPs dispersion of 4.p. flakes increased by up to 19% within the
frequency range of w, from 880 to 920 cm™!, as confirmed by our near-field experiments.
This increased the polariton group velocity from 4.16 X 1073¢ to 5.78 X 1073¢ at w, =
901 cm!, while the lifetimes showed a small loss of ~7%. Our results suggest that hot-
pressing-induced OVDs in a-MoOs provides an excellent opportunity to manipulate mid-
infrared HPhPs and can serve as a promising platform for next generation optical modulators,

super-resolution imaging, enhanced molecular sensing, and on-chip optical communication.



METHODS

Thermomechanical Processing of a-MoO3 flakes

Bulk vdW crystals of high-quality a-MoOs3; (2D Semiconductor Inc.) were mechanically
exfoliated directly onto the precleaned and atomically flat (10x10 mm?) Si substrates (MTI
Corp). The Si substrate capped with exfoliated samples was covered by another identical
substrate to form a Si/a-MoO3/Si assembly. The assembly was then placed in a home-built
pressure device to apply a mild uniaxial pressure onto the flakes while heating (Supporting
Information, Fig. S1b). The overall pressure device assembly was then placed in a
commercial benchtop muffle furnace (Thermo Scientific™) and heated at various
temperatures in ambient conditions.

Raman Microscopy

A confocal Raman microscope (Renishaw Inc.), equipped with an objective lens (Nikon Plan
Fluor 50 X, NA=0.4) and a 532 nm unpolarized laser source (22 mW, 50% objective, spot
size 1 um) in ambient conditions was used to acquire micro-Raman and PL spectra of hot-
pressed a-MoQO; flakes lying on Si substrates. For Raman mapping, the smallest step size
(100 nm) was used in both directions, while the spectrometer had a resolution of 0.5 cm’!.
Structural and chemical characterizations

A Quanta™ 3D FIB-SEM was used to capture high-resolution Field Emission Scanning
Electron Microscope (FESEM) images of pre- and post-processed o-MoOs flakes. A
multipurpose JEOL-2800 transmission electron microscope with the resolution of 0.1 nm,
operated at 200 to 80 kV, was used to perform energy dispersive spectroscopy (EDS). TEM
samples were prepared by immersing and ultrasonicating Si substrate capped with hot-
pressed MoOs flakes in ethanol for 30 minutes. This isolated the flakes in ethanol yielded an
MoOs/ethanol dispersion, which was dropped onto the carbon-coated Cu grid by a

micropipette to perform EDS characterization.



The X-ray photoelectron spectroscopy (XPS) was performed by using AXIS Supra by Kratos
analytical instrument with a dual anode A1Ka (1487.6/eV) monochromatic X-ray source,
and high spatial resolution of 0.1 um to characterize the chemical composition and
stoichiometry of hot-pressed a-MoOs;. The binding energy calibration was performed
carefully by using Cls peak (284.8 eV) as a reference value.

PiFM measurements

A Molecular Vista Inc. VistaScope microscope was connected to a Block Engineering
LaserTune quantum cascade laser (QCL) system, offering a wave number resolution of 0.5
cm ! and a tunable range from 782 to 1920 cm™'. During the operation, the microscope
utilized NCH-PtIr 300 kHz cantilevers from Molecular Vista and operated in sideband mode
at a QCL intensity of 5%.

Device Simulation

We performed full-wave electromagnetic simulations using a finite-difference time-domain
(FDTD) method on commercially available Ansys Lumerical FDTD software. Individual a-
MoO; flakes with certain geometrical features on silicon substrates are investigated. The
boundary conditions along the x-, y- and z-directions are set with perfectly matched layers.
To excite and launch highly confined HPhPs, we use an electric dipole source. The dipole is
polarized along the z-direction. We placed the dipole at 150 nm from the uppermost surface
of the sample. The real part of E, is monitored at 10 nm on top of the uppermost surface. The
dispersion contours are then calculated by using these captured Re(E,) into a fast Fourier
transform. Moreover, in our PiFM setup, the QCL uses a p-polarized light for illuminating
the metal tip kept ~30 nm away from the top surface of the target flakes. As a result, the
collected polaritonic electric fields are predominantly concentrated along the z-direction.

Such a dipole excitation mechanism allows us to mimic the PiFM excitation and collection



scheme in a more realistic manner. The permittivity of the a-MoOs flakes has been obtained
from previous reports.

DFT Calculations

DFT calculations were performed using the Vienna ab initio Simulation Package (VASP)!
with projector augmented wave (PAW) pseudopotentials Mo (4s2 4p6 5s1 4d5) and O (2s2
2p4).%32 We took it further by employing the vdW-DF approach, which accounts for the
intriguing dispersion interaction between the structure layers. Optimizing the unit cell with
various exchange functionals paired with vdW-DF. To achieve impeccable precision, we
pushed the boundaries, reaching convergence with an energy cutoff for the plane-wave basis
set of an astounding 700 eV for 2x2x1 supercell, meticulously integrated with a 4x4x2
gamma-centered k-point grid for Brillouin zone exploration.>® All structures were fully
optimized until the residual forces on the ions were less than 0.01 eV for stoichiometric cells

and a minuscule 0.05 eV for defect cells.’*
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Fig. S2. a Comparison of FWHM (I') of A¢/B1; phonon mode of pristine, and h.p. a-MoO3
at 150 and 350C. The increase in FWHM with increase in h.p. temperature indicates the
introduction of vacancy defect states in a-MoOs,

Fig. S3. a blue shift in Tb (A¢/Big) (translational chain) mode with h.p. temperature, showing
lattice strain engineering. b Comparison of compressive strain induction in just heated and
h.p. flakes with temperature, and their respective strain release (slippage) points.

Fig. S4. X-ray photoelectron spectroscopy (XPS) survey spectrum of h.p. a-MoOs at 350°C
on gold-coated substrate.

Fig. S6. Elemental Dispersive Spectroscopy (EDS) of a-MoO; h.p. at 350°C. a TEM image
of the flake. b-¢ elemental mapping of Mo and O: collected from an area highlighted in a. d
Elemental intensity profile of mapping.

Fig. S6. a-b Crystal structure of pristine and relaxed crystal structure of a-MoOj3 with oxygen
vacancies near van der Waals gap. c-e Total density of states of pristine (a) and defected a-
MoO; with the increase in oxygen vacancies in MoOs.x crystal structures (d and e).

Fig. S7. a-b Atomic force microscopy (AFM) image and corresponding height profile (across
the blue line) of pristine a-MoOjs flake. c-d AFM image and corresponding height profile of
h.p. flake.

Fig. S8. The real and imaginary components of the IR dielectric permittivity of a-MoO3
along the three crystallographic axes. The crystallographic axes: [001], [100] and [010],
correspond to phonons on each of the Reststrahlen bands (RB1, RB2 and RB3), respectively.
Fig. S9. FDTD simulation. a Electric field distributions across different excitation
frequencies. b Line traces of the real part of the electric field along the z-direction. The field
profiles and line traces are calculated for different frequencies (880 - 920 cm!) along the

[100] direction of the pristine a-MoOs flake (d = 107.5 nm).



Note S1: Molecular structure of a-MoO3 and the creation of OVDs.

Understanding the role of inter- and intralayer contributions to lattice vibrations (phonons)
in a-MoO:s is critical for determining which site contributes the most to thermally generated
OVDs. The Ol is often termed as the terminal oxygen (t-O1) owing to its proximity to the
vdW gaps along the z-axis and is governed by the interlayer coupling. The stretching force
constants (f;4 and f;-) of interlayer coupling are f;, = 9.3 N/m, and f;; = 2 N/m, which are
considerably lower as compared to the force constants along the interchain (f, = f5 — 80
N/m) and intrachain (f; = 791.5, f, = 466 and f; = 171 N/m) directions. Furthermore, the
bond lengths corresponding to f;¢ and f;, are 2.82 and 3.24 A, respectively, are larger those
of along the inter- and intrachain directions.>!

Note S2: Modeling the permittivity of a-MoOs.

Since a-MoQOs is an anisotropic polar dielectric crystal, we model the permittivity by the
Lorentz model for the case of coupled oscillators (also known as the TO-LO model).5>5° We

use three oscillators for approximating &, and one oscillator each for the cases of €, and ¢,

respectively.
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In this Lorentz model, the three principal axes of the a-MoQOj3 can be considered in the [100],
[001] and [010] directions. Here, the &, (w), &, (w), and &,(w) represent the three principal

components of the permittivity tensor, respectively. To generalize this representation, the

permittivity tensors can be then denoted by &;(w) where the i = x,y,z. Here, the static



dielectric constant is represented by &°. The LO and TO phonon frequencies along the three

Lo
ij

TO

directions is represented by w;; and wj;

along the i-th direction with i = x,y,z
respectively. Moreover, y;; represent the damping factor of the Lorentzian line shape derived
from the phonon scattering rate. The subscript j here represents the different phonon pairs
along the same axis. The parameters used in modeling the dielectric permittivity model of
the 0-MoO3 system have been utilized by model fitting the optical response of the material
measured from polarized far-field IR spectroscopy.>? The static dielectric permittivity tensor
components are taken as ;"= 5.78, £;°= 6.07, and &;°= 4.47.

Table S1. Parameters of the Lorentz model of MoO; dielectric permittivity.

Main axis (i) Mode index (j) w;rjo’ cm’! a)}jo, cm’! Yij, cm’!
X 1 506.7 534.3 49.1

X 2 821.4 963.0 6.0

x 3 998.7 999.2 0.35

y 1 544.6 850.1 9.5

z 1 956.7 1006.9 1.5

Our DFT calculations for OVD hypothesis reflect a significant increase in the static dielectric
constants for a hot-pressed flake. To corroborate this defect geometry into our FDTD
calculation, an anisotropic index modulation has been introduced. Here, the static dielectric

permittivity tensor components, &° and &’

y» along the [100] and [001] directions,

respectively; are adjusted to approximately fit the 150°C hot-pressed dispersion relation. For
this case, the static dielectric constants are used as, &)= 1.35 &° = 7.803 and & (1, )=
1.35 & = 8.1945. Due to insignificant changes found in the DFT calculations along the [001]

direction, the static dielectric constant £,° was kept unchanged.



Note S3: Extraction of the a-MoQ3s HPhP group velocities.

Group velocity is defined by vy = ST(”. In order to calculate the group velocity of the a-MoO3

PhPs, we use the first-order derivative of the dispersion curves w(k,) in Fig.3b (main text)
which we get from the experimental PIFM measurements. We take the derivative along the
[100] crystal axis directions since our frequency range of interest lies in the lower-
Reststrahlen band (L-RB). For this, we numerically fit the experimental dispersion curve data
points by a general potential function. This function is taken to be of y = ax?. Followed by
the fitting, in order to get the vy, we then calculate a numerical derivative of the resulting
curves.

Note S4: HPhPs Lifetime Calculations in a-MoO3.

We performed the lifetime calculation of a-MoO3; HPhPs according to 7,, = L, /v,. Here, the
group velocity is calculated from the experimentally recorded dispersion curves as mentioned
in Fig.3b (main text). Moreover, for extracting the decay length L,, we fitted the near-field
line profile of the PhPs. This is essentially the real part of the z-component of the electric
fields along the crystal direction of [100]. We fitted the captured PiFM signal to an
exponentially decaying sinusoidal signal along with a dissipation factor. As the HPhPs start
to propagate across the distance x, the field starts to decay exponentially. The model equation

upon which we performed our fitting is mentioned below:

X

y=9y,+ Ae_(%) sin [71' (x ;ch)],

where A > 0, w > 0 and t, > 0. For the fitting procedure, we used the Levenberg-Marquardt
iteration algorithm until a preset amount of convergence (Ay? < 10~%) was achieved. After
the fitting is performed, we can calculate from the fitted parameter the desired propagation

length which is in this case estimated as ¢,.



Note S5: DFT Calculations of the Dielectric Permittivity

DFT calculations were carried out using the Vienna ab initio Simulation Package (VASP)
with projector augmented wave (PAW) pseudopotentials Mon and Osy. The van der Waals
dispersion interaction was accounted for using the semi-empirical DFT-D2 method
implemented in VASP.5* Calculations were performed with a plane-wave energy cutoff of
810 eV and with a Monkhorst-Pack k-point sampling of 9%2x9 for the pristine geometry and
3x2x3 for the 3x1x3 defected supercell. We further implement the Dudarev DFT+U method
to treat the Mo 4d orbitals of Mo (U = 5eV).5’ Forces were converged to less than 0.01 eV/A
for all structures and to less than 0.005 eV/A for phonon calculations. The phonon
frequencies and eigen modes were obtained through finite difference using the Phonopy
package.5657

For the defect geometry, we consider the Ol vacancy position, which was previously
identified as the lowest energy vacancy configuration of MoQO3.5¢ The method for obtaining
the dielectric function of pristine MoO;3 follows a similar procedure to that outlined in
previous studies.’’ For strained and defect geometries, however, we find approximate
dielectric permittivities using the same eigenmodes and frequencies found from the pristine
structure, while updating the static dielectric constant and born effective charges (averaged
down to a 1x1x1 cell in the case of the vacancy geometry). This way, we avoid the expense
of large phonon calculations while capturing the main physics in the limit of small variation

away from pristine MoOj3.



Note S6: Pressure calculations.

We estimate the pressure exerted on the sample with the PDA using the following expression:

4Ax
oc=G [T:I'

Where G = 160 GPa, is the bulk modulus of stainless steel, Ax = 0.03 cm is the shear on
each side of steel bar, [ = 4 cm is the half length of the steel bar. The estimated pressure is

therefore 0 = 0.16 GPa.



Pressure Device Assembly

Fig. S1. a FESEM image of an exfoliated a-MoOs flake. b The pressure device assembly consists of
a pair of stainless steel bars designed for the application of gentle uniaxial pressure, followed by

heating in a muffle furnace. ¢ Hot-pressed flake with its crystal orientation. The scale bar in b and ¢

is 10pm.
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Fig. S2. Comparison of the FWHMs (I') of A4/Bi, phonon mode of pristine and h.p. a-MoOj3 at 150
and 350°C. The increase in FWHM with increase in A.p. temperature indicates the introduction of

vacancy defect states in 0-MoOs.



Q
¥

FH.P. at 400 'C— ' ]

——

- @ H.P. (Limited O,)

4 Heated (Excess O,)
# Pressed

's.".bo
é \ig

¢

Pt

b
- - <
7 [H.P.at350 c//j\ >
T = = : £
5 [HP.at250 C — | ®
s & 2f
& [H.P.at150°C o
. : =
G [HP.at50°C @ 1L
{ o E I
o F ' - : S
E fProssed i £
. L . o
" Pristine O 0F
150 160 170 0

Raman Shift (cm™)

5]0 150 200 250 300 350 400
Temperature (°C)

100

Fig. S3. a, Blue shift in Ty, (A¢/Bi,) (translational chain) mode with h.p. temperature, showing lattice

strain engineering. b, Comparison of compressive strain induction in just heated and h.p. flakes with

temperature, and their respective strain release (slippage) points.
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Fig. S4. X-ray photoelectron spectroscopy (XPS) survey spectrum of h.p. a-MoQO; at 350 C on gold-

coated substrate.



Fig. S5. Elemental Dispersive Spectroscopy (EDS) of a-MoOs 4.p. at 350°C. a TEM image of the
flake. b-c elemental mapping of Mo and O: collected from an area highlighted in a. d Elemental

intensity profile of mapping.
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Fig. S6. a-b Crystal structure of pristine and relaxed crystal structure of a-MoO3 with oxygen
vacancies near van der Waals gap. c-e Total density of states of pristine (a) and defected a-

MoO; with the increase in oxygen vacancies in MoOs.x crystal structures (d and e).
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Fig. S7. a-b Atomic force microscopy (AFM) image and corresponding height profile (across the

blue line) of pristine a-MoO;3 flake. e-d AFM image and corresponding height profile of h.p. flake.
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Fig. S8. The real and imaginary components of the dielectric permittivity of a-MoQOj3 along the three
crystallographic axes. The crystallographic axes: [001], [100] and [010], correspond to phonons in

each of the Reststrahlen bands (RB1, RB; and RB3), respectively.
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Fig. S9. FDTD simulations. a Electric field distributions across different excitation frequencies. b
Line sections of the E, real part maps. The field profiles and line traces are calculated for different
frequencies (880 — 920 cm™) along the [100] direction of the pristine 0-MoO; flake (d =
107.5 nm).
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