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ABSTRACT

A metasurface for propagating phonon polaritons includes
correlated oxide on a substrate and a wirng pattern of
predetermined geomelric shape on the surlace thereol. There
is a lake ol van der Waals phononic exloliable material on
top of the wiring pattern/region. The wiring pattern may be
formed by ¢c-AFM or any other appropriate methods.
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NANOSCALE-RECONFIGURABLE
METASURFACES ON-DEMAND WITII
CORRELATED OXIDLES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a non-provisional of and claims
the priority benefit of Application Ser. No. 63/285,163, filed
Dec. 2. 2021, pending. which application is hercby incor-
poraled by this relerence n its entirely.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under Grant No. FA9559-16-1-0172, awarded by Air Force
Office ol Scientific Rescarch (AFOSRY. The Government
hag certain rights in the invention.

TECHNICAL FIELD

[0003]  This disclosure relates Lo reconligurable hyperbolic
correlated oxide wetasurfaces, and more particularly to
correlated oxide meta-structures, with on-demand and mul-
timode programming of polaritons al the nanoscale.

BACKGROUND

[0004] Metasurlaces are the assembly ol ultrathin and
subwavelength nanostructures that could oller tremendous
promises to manipulate light-matter interactions in an
unprecedented way'?. Recent advances in hybridizing
metasurtaces with optically active materials and correlated
oxides have particularly altracted widespread atiention due
o the ability o engineer novel [unctionalitics that are
actively tunable. Tunable polaritonic metasurfaces have
been pursved for reconfigurable nano-optic functionalities in
compact devices®. (ne strategy is (o apply the phase-change
media as the substrate ol emerging van der Waal nanoma-
terials, thus efMiciently modulating the phonon polariton
(PhPs)*®. For instance, the hvperbolic PhPs (HPLDs), i.e.
the PhPs following a hyperbolic dispersion in anisotropic
cryslals with al least two components of polarizability lensor
of dillerent signs, can be changed via the phase change
substrate®™™", So far, such tunable polaritons via phase
change materials that rely on the temperature as the seed
troduces loss, as the phonon litetime is reduced when the
temperature and hence the phonon-phonon scatlering events
increase. In addition, this route suflers [rom inaccessibilily
of nanoscale manipulation due 1o limited way for localized
thermal manipulations. As a result, reconfipurability of
nanopolaritonic metasurface remaing limited.

SUMMARY

[0005]  Inaccordance with the purposc(s) of this invention.
as embodied and broadly described herein, this invention. in
one aspect, relates to a device having a metasurtace tor
propagating phonon polaritons, the device comprising a
substrate; a patterned correlated oxide on the substrate; and
a van der Waals phononic exfloliable material on the pat-
terned correlated oxide.

[0006]  In another aspect, a method of manulacluring a
metasurtace comprises providing a substrate; depositing a
correlated oxide on the substrate; patterning the correlated
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oxide via lithography; and depositing a van der Waals
phemonic exloliable material over the patierned correlated
oxide.

[0007] The details of one or more embodiments of the
disclosure are set forth in the accompanying drawings and
the description below, Other features, objects, and advan-
lages ol the disclosure will be apparent lrom the descriplion
and drawings. and rom the claims.

DESCRIPTION OF DRAWINGS

[0008] FIGS. 1A-1D show a meta-structure consists of
SNO-conductive written region and WBN flake.

[0009]  FIGS. 2A-21 show Lailoring local conductivily of
SNO.

[0010]  FIGS. 3A-311 shows near-ficld images ol SNO
showing, local conductivity changes at different tempera-
tures.

[0011]  FIGS. 4A-413 illustrate local conduetivity manipu-
lation by controlling oxygen dopants via applied [ield,
lemperature, and hydrogen incorporation.

[0012] FIGS. SA-5B show conductive writing manipula-
tion by temperature change compared to SNO.

[0013]  FIGS. 6A-6] show sceveral metla-structures.

[00d]  FIGS. TA-7IT shows second harmonic near-lield
amplilude s, and phase g, Images of the SNO-hI3N struc-
tures at various wavelengths.

[0015] FIGS. 8A-8F show anisotropic propagation of
polaritons in hBN at varions wavelengths.

[0016] FIGS. 9491, show  hyperbolic  polarilons  in
a-MoQ); al dillerent wavelengths.

DETAILED DESCRIPTION

[0017] Correlated oxides provide enormous advantages 1o
engineer meta-devices due to their highly tnable optical
and clectronic properties™ !, Among t(hese, the rarc-carth
nickelales {RNIO;. R=rarc-carth clement) display a rich
phase dizgram of structural and physical propertics'*'7,
controllable via various approaches, including doping, tem-
perature, atonic vacancies, electrical bias, etc. Hence, those
media have been invesligaled lor applications as conligur-
able nanoclectronics, fuel cells. and memristor devices' ©29.
SmNiQ, (SN nickelale is unique in the rare-carth nick-
elate tamily because it displays phase transition above room
temperature and is extremely sensitive to the orbital oceu-
pancy ol clectrons and carrier doping. exhibiling a huge
change (more than cight orders ol magnitude) in cleetrical
resistivity and an order of magnitude in optical band gap
during metal-insulator phase transition (MIT > . These prop-
erties enable SNO enormously and reversibly to change its
relractive index over ultrabroad frequency ranges. which
have been utilized for nanophotonics applications including
the electro-optic modulators for controllable scattering char-
acteristics™ while tremendous new opportunities remain
unveiled.

[0018]  Accordingly. disclosed herein is a correlated oxide
meta-siructure with on-demand and multimode program-
ming of polaritons at the nanoscale, which is largely tunable
via field generated oxvgen wvacancies, hyvdrogen doping,
and/or lemperature modulation. Presented herein is the char-
aclerization as well as manipulation ol oplical propertics of
SNO. Also provided are case studics of two protolypical
hyvperbolic van der Waals cryvstals hexagonal boron nitride
(hBN) and alpha-phase molvbdenum trioxide (c-MoO,),
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which showcases the rich dispersion engineering of HPhD's,
enabling diverse control and patlerming ol PhPs.

[0019]  Accordingly, this disclosure reveals the promise ol
Tunable correlated oxides metasurtaces for future configur-
able and tailorable nanophotonic technologies. The samples
unsed for this work are SNO grown by magnetron co-
spullering on a 1.aAl0O, substrate. and subsequently anncaled
in high pressure oxygen gas (sce Methods lor the detailed
process). For example, a wetasurface structure herein
cludes the correlated oxide SNO grown on a substrate
LaAlO),. Using conductive atomic lorce  microscopy
{c-AlMY. we apply vollage on the surlace so that a desired
pallern is made. lior example. the patlern can be cither a
geometrical shape consisting of several lines, a rectangular
12 um*6 um (FIG. 1B), a square 1 um®1 wm (FI1G. 2¢}, a
triangle with 9 pm side (UIG. 64. 6e). a circle 5 um diameler
(I1(3. Ya-c) or a desirable shape like an animal lgure (11G.
62-i). Applying a positive voltage resulls in a region with
large resistivity on SNO (see Methods). Then a flake of van
der Waals hyperbolic phononic exfoliable material like hBN
or a-MoQ, ol desirable thickness (e.g. for h13N the thickness
is 60 nm and a-MoQ); is 120 nm) is translerred on top ol the
writing region on SNO surface vsing a homemade tlake
transter setup®,

[0020] Accordingly, a metasurface according to principles
deseribed herein may include correlated oxide on a substrale
and a wiring patlern ol predetermined geometric shape on
the surface thereof. There is a flake of van der Waals
phononic extoliable material on top of the wiring pattern’
region. The wiring pattern may be formed by c-AFM or any
olher appropriale methods™,

[0021]  Depending on the malerial which is transferred on
SNO-Writing region, either a hyperbolic phonon polariton
(hBN) or anisotropic phonon polarton (a-Mo(),), could be
produced. The region of low conduectivity can be manipu-
lated in real-time cither via lemperature modulation or
spontancous hydrogenation too (FIG. 20 3% Por this slep.
first, the writing patterns are made, then using a homemade
enclosure that is placed on a heater, we expose the SNO to
I, (5%). To modulate the writing regions via lemperature
and capluring with 5-SNOM, we used a homemade heating
sclup which is placed in the microscope. and we can
measure through the near-field imaging,.

[0022] rher correlated oxides, such as ¥ .
NbO.™ ** and correlated electron perovskite rare-earth nick-
clales RNO,2 (R is a rarc-carth clement such Nio 8m)
which have melal-insulator  transition  and  [AG/STO
(LaAl(y, on SrTi0;) with 2D electron gas confined between
LAO and STO**! may be used in place of the SNO in any
ol the embodiments deseribed herein. lior example. using
NN the conductive patlern can be made using c-AI'M and
changed the surlace 10 a desirable shape of insulaling phase
which is suitable for our device; however, on the LACG/STO
surface c-AFM leads to an electron confinement between the
layers so that a desirable shape of metallic/insulling phase
can be made on the surlace™.

[0023]  VIGS. 1A-1D show a mela-struclure consists ol
SNO-conductive written region and hBN flake. FIG. 1A
shows topography; FIG. 1B is a surface potential (SKIPM)
image showing the lithography pallerns made with SPM
using 10 V; UG, 1€ 1s a plcture ol the Nake translerred on
the top ol 8NO including wriling patlern of UIG. 113: and
FIG. 1D is a topography image of the pristine SNO with
transterred hBN tlake on the top.

0 26 ZT2R
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[0024] FIGS. 1A and 1B show the topography and surface
potential map ol the region in which part ol it {the rectangle
in the middle of the Image) 1s exposed o conductive wriling.
As shown in FIGS, 1C and 1D, next, a tlake of hBN is
transferred on top of that (FIGS. 1C and 1D). We first
experimentally demonstrate a multimodal sub-wavelength
hyperbolic metasurlace by lateral nanoscale active manipu-
lation of electronic phases of SNO.

[0025] To that end, we combine ¢-AFM and KPFM {Ox-
ford Instruments) to generate and characterize nanoscale
patlerns of various levels of conductivitics om SNO.
[0026] FIG. 2A-21 show tailoring local conductivilty of
SNO. PG 2A lustrates schemalics of integrated s-SNOM
and heating setup. FIG. 2B is an AFM topography image of
pristine SN, FIG. 2C shows KPFM surtace potential image
of conductive writing patterns on pristine SNO made by
applying 5V-10V potential al the c-AM tip. corresponding
IR 5-8SNOM sceond harmonic near-lield amplitude s, images
at varving temperature. F1G. 2D is at' T 23° C. (no H,). FIG.
2E is at T 82° C. (oo H,), FIG. 2F is a1 T 23° C. atter
exposing o 3% 11, gas while heating at 1007 C. FIGL 2G s
al "I=82" . aller exposing o 5% 11, gas while healing al
100# ., all imaged at 2=10.5 pm. UG 211 shows normal-
ized amplitude S;cn/8 0y plots with and withoutr H.
exposure. FIG. 21 shows normalized amplitude 85,,,,,,,./5=
e with and withoul exposing (o 11, at 1=25" €. and
1=82% C. in the lell axis and normalized polential plot of
regions illustrated i FIG. 2C verses applied tip voltage in
the right axis. All data points of plots were taken at regions
with different potential (FIGS. 2A-F), shown in FIG. 2C,
and all normalized to the values in the region showing with
*in IIGr. 20 Scale bar is 3 um.

[0027] To write square charge patterns on the SNO sample
(topography shown in FIG. 2b), we applied strong local
fields via c-AFM operated in contact mode, detection set-
point (.2 ¥, scan rale (.5 [1x. and spring constant of the tip
2 N/m. Subscquently, we map the surlace polential of
written areas using KPFM operated in tapping mode with an
amplitude of 500 mV (see methods). The positive bias
vollage in all writings led o a large potential compared 10
the pristine SNO as reflected in bright images in VG 20, A
large positive biased ip results in more desorption of surface
adatoms and dissociates surface atoms, and the removal of
oxvgen from the SNO surface, providing a controllable
roule o manipulate the surlace conductivity of SNO via the
generalion of oxygen vacancies™. This charge wriling
behavior is also reversible with a negative bias®,

[0028] We show in FIG. 2H a plot of normalized potential
(the potential ot the square writings (V) divided by the
potential of the pristine SNO (Vg0 the surface polential
dillerence of the patierned arcas increases with the lip bias
vollage commoensurale with the change in local conductivily.
[0029] To quantitatively assess the local conductivity
changes of the charpe writing process, we performed
s-SNOM imaging of the same area of the sample. 5-SNOM
maps local conductivily changes with high-sensitivity and
high-spatial resolulion only limiled by the sharpness of the
probe tip®**", Focused intrared laser on a metalized canti-
levered AFM tip with tapping trequency £ interacts with the
sample and the scattered light [rom this inleraction is
demodulated at higher harmonics n€2 ol the tapping [re-
quency and detected via phase modulation interlerometer
{see methods for more detail). The resulting s-SNOM ampli-
tude images are shown in FIG, 2D-G were taken at 10 pm
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laser wavelength and show voltage dependence optical
contrast. Such s-SNOM image contrast diveetly rellects local
conductivily changes®® ol the sample where dark regions.
i.e. the area written with positive biases, imply lower con-
ductivity compared to the pristine (red) region (FIG. 2D-G)
duc to the removal of oxygen from (he SNO surface.
Increasing bias vollage resulls in decreasing the local near-
field amplitude (local conductivily) as shown in the plol in
FIG. 2i of the normalized amplimde (amplitude of the square
WITNGS (53¢,,,4010,) divided by the amplitude of the pristine
SNO (55,500,). The combination ol charge writing with
c-Al'M and oplical imaging ol local electronic changes by
s-SNOM opens an exciting prospect for local conduetivity
lithographic patterning that could be of vse in nanophoton-
ics.

[0030] In addition o vollage dopant control. the local
conductivity of SNO can be [urther tuned via lemperature
modulation or spontancous  hydrogenation. which  also
induces the metal-insulator phase transition MIT*®, We first
iwvestigate the temperature dependence of the pristine and
wrillen charge arcas by mapping the IR near-ficld local
response of the (ilm. o that end. the sample was heated in
situ at different temperatures on a custom-buoilt heating stage
integrated with the s-SNOM setup. After thermal equilib-
rium is reached (which is achieved by keeping, the system at
the selecled temperature for 13 min). near-ficld images ol
the sample are laken. In PIGY. 24 and le we show lwo
amplitude images taken at room (23° C.) and high tempera-
mure (82° C.) respectively (a series of inages in different
lemperalures are shown in FIG. 3a-A).

[0031] VIGS. 3A-311 shows near-lield Images of SNO
showing local conductivity changes at different lempera-
mures. FIGS. 3A-H show second harmonic near-field ampli-
mde s, images at different temperatures (no H,). FIGS. 3G-L
show sceond harmonic near-feld amplitude s, images at
different lemperatures aller exposing 1o 3% [1, gas while
heating at 1007 €. all imaged at A=10.5 pm.

[0032] Unlike most metals, for correlated oxides like SN
increasing temperature or disorder does not hasten the
cleetron scallering process and deercase the electronic con-
ductivity. Instcad. increasing lemperalure resulls in increas-
ing conductivity®®. ‘This is captured in FIG. 211 which
shows a linear normalized near-fleld amplitude plot as a
function of temperature revealing increasing amplitude,
commensurale wilh increasing conductivily. as lemperature
increases. owever, the charge writlen areas do not show a
similar trend; instead, the measured change in normalized
amplitude with temperature is wealk (see FIGS. 5A-B)
owing 1o reduced oxygen content.

[0033] DIGE. 5A-513 show conductive wriling manipula-
tion by lemperature change compared 10 SNO. UG 5A
shows nommalized  amplitude 85 0m v 8acoves, Withowt
exposing to H, for different temperatures. FIG. 5B shows
normalized amplitude Ss,,,, .05 305y atter exposing to 5%
I, gas while healing at 100° C. [or dillerent wemperatures.
[0034] These dissimilar changes in conductivily helween
the pristine and charge writlen arcas remarkably resulled in
making the invisible charge written marking at low voltage
(e.g., 5V} visible in s-SNOM amplitnde image as shown in
IFICr. 21 Oxygen vacancies alleet the clectron oceupancy
(donate electrons o Ni-site ¢, orbitals) and clectron-electron
correlation energy and band gap in SNO. which modulated
the MIT behavior. s-SNOM images provide a direct and
facile way 10 monitor these modulations.

]
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[0035] Hyvdrogen dopants provide another robust and sen-
sitive roule to dramatically modily the electronic phases ol
SNO'™. We manipulaie the local conductivity ol pristine and
written charge patterns of SNO by spontaneous hydrogen
incorporation and then record in-situ the nanoscale changes
vid inlrared s-SNOM imaging. The sample (that has wrillen
charge and pristine arcas) is exposed (o 11, (using [orming
gas which s 5% 11, and 95% N,5) lor 30 minutes. while
sinultanecusly heating the sample at 100° C. in a closed
chamber. Affer hydrogen doping, the sample was cooled 1o
room temperature and subsequent s-8NOM mapping was
condueted as a [unclion of temperature. Normalized ampli-
tude 5-SNOM plots of the pristine area of SNO as a function
of temperature with and without hyvdrogen exposure are
shown in FIG. 2H. A large resistance drop, compared 1o the
pristine arca. is observed in the hydrogenated sample at all
lemperatures duc o modification ol the clectrom comligura-
tion of, e.g., orbital of SNO?', Change in temperature also
affects the charge written areas resulting in a large increase
of conductivity at high temperatures (FIGS, SA-B).

[0036] Nanoscale reconligurable conductivily control in
correlaled oxides enables manipulation of sub-diffraction
light-matter interaction and control of propagating hano-
confined fields.

[0037] FIGS. 4A-4B illustrate local conductivity manipu-
lation by controlling oxygen dopants via applied [ield,
lemperature, and hydrogen incorporation. FIG. 4A is a three
dimensional (3D) plot showing changes in normalized
amplitude S, e S sovey (Z-8XIS) as a tunction voltage
(x-axis) and temperature (v-axis) on a pristine and hydrogen
doped SNO samples. Dashed lines represent dala on a
sample exposed to 5% 115 and solid lines represent dala on
the pristine sample.

[0038] FIG. 4A summarizes the three nobs we described
above, which enable nanoscale Tuning of local conductivity
ol 8N oxygen vacancy control via lip vollage changes
{x-axis). lemperalure (y-axis), and hydrogenation of the
sample. Dashed lines represent normalized amplitude s, . -
ing)Sacaney ON A sample exposed 10 5% H., and solid lines
represent data on the pristine sample measured al varlous
lemperatures (shown by the dillerent colors). As a case study
o show the applicability of large wunability brought by the
patterned SNO metasurfaces emploving the various nobs,
we theoretically consider the polaritons at [100] direction in
an alpha-phase molybdenum trioxide {«-Mo€),) slab sand-
wiched between air and SNO, at the [requency ol w=9%90.09
um (sce VG, 4. The a-Mo); is anisolropic van der Waals
material, which has recently been widely explored to its
polaritonic characters™*.,

[0039]  FIG. 413 illustrates a ratio of polariton waveveclor
o [ree space pholons waveveelor versus vollage and lem-
perature. [lere. we plot in VIG. 413 the cllective index. 1,
defined as k. Ak, along [100] direction where k, is the
in-plane momentum of Phl’s and lg, 2:/ is the momentum
ollight in [ree space with & being the [ree-space wavelength
ol light. The 3d plot shows how 1 can vary via modill-
cations of external ettects (temperature, voltage, and hydro-
gen doping ) of SNO, which corroborates the vaprecedented
capability and promise of tunable polaritonics with corre-
lated oxide meta-structures and which will be Turther dem-
onslrated below.

[0040] Tunable Polaritonics with SNO-IBN Architectures
[0041] We now demonstrate the nanoscale hyperbolic
devices based on several different SNO-MBN hybrid meta-
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surfaces via inrodwveing the spatially localized dielectric
varialions ol pallemed geometrics. We used isolopically
hI3N (%99 enrichedy 3, a natural hyperbolic medium
that supports  low-loss  hyperbolic phonon  polaritons
(HPLPs)*™ exfoliated and then transterred on top of SNO
surlace. Various sive and shape pallerns woere wrillen by
applying 5V-10V potential at the c-AI'M Lip. To show the
dispersiom engineering. we {irst probe the polarilon wave-
length as a function of incident frequency with dielectric-
like SNO, and then quantitatively extract modified HPhDP
dispersion.

[0042] DIGE. 6A-61 show several mela-structures. UG,
6A is a lopography image of pristine 8NO. A lithography
pattern is done by applving 10 ¥V potential at the c-AFM tip,
and a flake of 60 nm hBN (~99% enriched) is transferred on
the top. UG 613 15 an IR s-8NOM showing a sccond
harmonic near-ficld amplitude s, image. VG 60 shows
measurement ol the dispersion relation ol [TPhPs in 60 nm
thick hBN on the SNO. FIG. 6D is a second harmonic
near-fleld amplitude s, image of a 60 nm hBN flake trans-
lerred on a triangular cavily lithography patlern made by
applying 10% potential ¢-ALM tip. IIG. 611 shows corre-
sponding KPFM surface potential images, and FIG. 6F
shows simulation result (see methods) of the devices of FIG.
6D, s-5NOM second harmonic near-flield amplitnde s,
images ol a lithography patiern on SNO writlen by applying
10V polential al the c-AUM Lip. prior transflerring a hl3N
flake (FIG. 6G) and with a 30 o thick hBN flake on the top
showing polaritons at 6.9 um (FIG. 6H), and at 645 pm
(111G 61).

[0043] The lithography writing pattemn {(green dashed lines
in I'I¢r. 6A) on the surlace of 8NO was made by applying
10V using the ¢-AFM tip in a rectangular shape (6 pm=<12
pm}); a 60 nm thick BN (%99 enriched) was then trans-
ferred o its top covering both the writing and SNO pristine
regions. We imaged (he TIPhPs in the hBN using IR laser
emitled by gquantum  cascade laser source focused on
s-SNOM tip (lmethods ). Here, the AFM tip is used 1o launch
polartons and collect the polaritons retlected at local
domain walls between two dilferent phascs ol SNOL The
evanecscent fields induced at the Gp apex launches 11PhPs
that propagale radially oulward [rom the tip, conlined within
the volume of the hBN flake. Upon reaching the local
pristine‘charge written boundary, the HPhD is reflected and
interferes with the oulgoing mode o generale a pallern
imaged by (he s-8SNOM Lip as shown in FIC. 613 (a series ol
images in dillerent wavelengths are shown in FIGS. 7A-IT).
[0044] FIGS. 7A-TH show second harmonic near-field
amplitude g, and phase Q, images ot the SNO-hBN structure
(device of FIG. 613) al 6.9 pm (UG TA). 6.95 pm (111G, 713).
7 um (PIG. 7CY, 7.05 pm (PIG. 7). 6.55 um (V1G. 711, 6.5
pm (FIG. 717 6.45 pm (UIG. 7(7), and 6.9 um (UIG. 711 In
order to capture the dispersion of the propagating HPhI's on
the SNO surface, several incident laser frequencies are
exploited. Accordingly, the dispersion relation s oblained
and shown as red dots in FIG. 60, which agrees well with
an analvtical model (solid black line in FIG. 6C, see meth-
ads).

[0045] Next, we show that the polariton propagation in
cavilies can be examined using (he reconligurable SNQO-
hI3N interlaces. Previous studies using the patterned hi3N
such as nanoribbons™** and nanocones™® can creale reso-
nant polaritons but require the demanding fabrications of
sulating hBN. Here, we offer an alternative and recontia-
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urable facile patterning approach to devise the polariton
cavily, using the spatially patterned SNO with a large
conirast of conductivitics. "lo this cnd, we realived a trian-
aular cavity by applving 10V with the c-AFM tip on SNO.
[0046] FIGS. 3D and 3E show the near-field amplitude 5.
and surtace potential SKPM images of the cavity, which
agree with our numerical modelings (111G, 617). We model
the polariton distribulion in a cavily, is an cxample ol
triangle shape, by the interference of the polaritons reflected
at the edges of the substrate cavity. The detailed modeling
lechnigue is provided in the method section. Our resulls also
show a sharp dillerence ol polaritons propagating inlo and
oul to triangle cavity (UGG, 613), further conlirming the
distinguished properties of SNO in g different phase and
hence the large configurability of polaritons. Moreover,
dillerent near-ficld images can be arbilrarily crealed via our
modified SNO. FIGS. 6(-61 show a patlerm writlen on SNO
and imaged al 6.9 pm laser wavelength with and withoult
hBN flake (thickness 50) on top of SNO, demonstrating
desired metasurfaces by wnaging at polariton wavelength
{liI¢r. 611) or vuiside the range of HPhP wavelength (171¢.
6). These cxamples show (hat a simple Up-based high-
resolution patterning of the oxide surface, instead of com-
plicated fabrication of vdW materials themselves or sub-
strates could provide a tailorable polariton cavity and other
desired designs, allowing us (o tailor the on-demand con-
figuration ol polaritom conligurations.

[0047] FIGS. 8A-8F show anisotropic propagation of
polaritons in hBN. Referring to FIGS. 8A-8F, [R s-SNOM
second harmonic near-field amplitude s, images of hBN/
SNO-(F are shown al 6.45 pm (UG 8A), 6.9 pm (I1G. 813),
and 6.95 pm (II¢. 8C), in which the blue dashed line shows
where grating starts. FIG. 8D shows the effective permit-
tivity of the substrate, in which the red, blue, cvan, and green
lines represent the permitllivity ol SNO in insulator phase,
SNQO in moetallic phase. SNO-( parallel (o ribbon and
SNO-(; perpendicular o ribbom. respectively. Pl 81
shows the calculated polariton momentum with the substrate
of insulator SNO (red dashed line), metallic SNO (blue
dashed line). along SNO-(Gr (eyan solid line) and perpen-
dicular o S8NO-(Gr (green solid line) directions. UG, 8f
shows an amplitude s, line profile as indicated in FIG. 8C,
with green and cvan lines showing polariton propagating
parallel and perpendicular 1o the grating,.

[0048]  Tunable Polaritonics with 8NGO Mo, Archilee-
tures
[0049]  Tremendous recent interest has been locused on

in-plane anisotropic PhPs, in materials of c-MoO >+
a-V,0.", and others*®. The dispersion of those materials
can be engineered by interealation®”#%° or the twist*! 3L
Ilere, we point oul another avenue of nable dispersion ol
in-planc anisotropic PhPs via our largely (unable correlated
oxide wetasuriaces, a reconfigurable substrate that provides
nanoscale on-demand dielectric patterns enabling the active
manipulation ol nano-conlimed ficlds. "The structures were
made by c-AI'M with 10V vollages, and a-Mo(Q; is exlo-
listed and transferred on top of them. FIGS. 9A-9L show
hyvperbolic polaritons in o-MoO, at different wavelengths.
[0050] FIGS. 9A-9L shows IR s-SNOM second harmonic
near-ficld amplitude s, images of pristine a-MoQ,  SNQO al
7=10.1 pm (IIG. 9A0. 3=10.25 um (111G, 913). and 2=10.76
(IiI¢r. 9C). The lithography patlern {2 circle with 5 pm
diameter) was made by applyving 10 ¥V potemrial at the
c-AFM tip, and a flake of 120 nm «-MoQ, is transterred on
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the top at part of the devices shown at FIGS. 9A, 9B and 9C.
FIGS. 913910 [urther shows 1R s-8SNOM second harmonic
near-licld amplitude s, Images ol pristine a-Mo€);  SNO at
2 101 (FIG. 9Dy, & 1005 um (FIG. 9E), and & 10 pm
(FIG. 9F). The lithography pattern (a square with 4 (un side)
was made by applying 10V polential al the ¢-AL'M Lip. and
a flake of 120 nm a-MoQ); s translerred on the top at of the
devices ol FIGS. 9A, 913 and 9C. PIGS. 9G-i show (he
dispersion of polaritons of 100 nm thick a-MoO; on top of
the correlated oxide metasurface with different permittivity,
al the frequency ol 990.09 cm™. UIGK. 911, show the
dispersiom ol hyperbolic polaritons of 100 nm thick a-MoQ),
on top of correlated oxide metasurtaces with different per-
mittivity, at the frequency of 200.9 cm™.

[0051] In FIG. 9A, we observed the elliptical shape with
the largest Ph’s wavelength along the [001] (blue plot in
FICr. 9A) and the smaller value along the | 100] {green plot
in UIG. 9A). More importantly, as we go o the [-RI3
(around 10.76 m) the interlerence pallems show an almond
shape (FIG. 9C) with the largest wavelength along the [100]
and almost no propagation along the orthogonal [001]
direetion. which is in agreement with (he latest (indings™®. In
those images, one could notice that HPhPs mostly propagale
ingide the dielectric-phase SNO, being confined, while the
dramartic differences of the fhinge periodicity are observed
inside and outside of SNO circles. Furthermore, in FIGS.
913911 we show hyperbolic modes on square pallermns that
are bwisted 45° angle [rom the sample axis [001] as shown
in FIG. 9D for the 10.1 pm, 10,03 pm, and 10 pm laser
wavelenath, respectively. HP'H reflecting from edges propa-
gale with almost the same wavelength at |-R13. while that in
twisted angle ol 43% wilh respeet w0 the [001] axis the
anisolropy s not scen. exhibiting the similar patierns and
behaviors with recent findings nsing the a-MoO, nanocavi-
ties*™ and supgesting the realized nanocavities using the
shaped diclectric substrate.

[0052] Owur correlated oxide metasurtaces have unlocked
the broad opportunities of lunable devices. To [urther dem-
onstrate the greal promise ol ils application in lunable
polartonics, we plotted the analytical isotrequency disper-
sion of poladton of 100 nm thick o-MoO, on top of
correlated oxide metasurfaces with dillerent values of per-
mitlivily. as shown in FIGSE. 9G91. The large changes ol
momentum in different resistrahlen bands ol a-MoQ), are
ohserved, suggesting the various confinement of polaritons
and different levels of light-matter interactions. Further-
more. the lepological transitions may also be available ifone
[urther extends the possible permitlivity range 1o the nega-
tive values, as demonstrated in recent findings of a-Mo(,
on top of nepative-permittivity substrate®>>*, which could
be studied in future work.

[0053] Methods

[0054] Scanning probe microscopy (SPM) is a general
term that includes techniques with AFM (a sharp metal
probe is used in tapping mode and contacted mode). We used
the Cypher APM (Oxlord instrument) 1o acquire c-AM and
SKPM. In order to make the lithography (writing) pattern
nsing ¢-AFM (FIGS. 1A-I3, 2A-21, and 3A-3H), a contacted
mode ALUM was performed while applying 5V-10V through
a melal TYIr coated tp (Asyeleetric.01-R2 Trom Oxlord
instrument). In c-AlM. the current is passed through the tip
and into a transimpedance amplifier, and it converts current
10 a voltage.
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[0055] Scanning Kelvin probe microscopy (SKPM) is a
lechnigue that detects the polential difference between the
probe and the sample. This technigue is based on the AC bias
applied o the lp o produce an clectric Torce on the
cantilever, which is proportional to the potential difterence
between the tip and the sample. Using an AC bias, the probe
is driven electrically and the potential difterence between the
lip and the sample causes the probe o oscillate. These
oscillations are canceled by a polential feedback loop. and
the voltage required to match the probe to the sample is
recorded as the surface potential in the software.

[0056] A combination of 5-8NOM and nano-1"TIR is used
to acquire topography, near-field images and IR nano-
spectra of SNO sample prepared by PVD on LaAlO, sub-
strates. The experimental setup (FIG. 1B, neaspec co.) is
based on a lapping mode AUM with a cantilevered moetal-
coaled Lp thal oscillales al a resonance [requency £2--280
kHz and tapping amplitude of ~100 nun. Either a coherent
broadband intrared beam in the trequency range 700-2100
cm™! (for nano-FTIR) or a monochromatic IR laser (for
5=-8NOM) is [ocused by a parabolic mirror o the tip. lor
nano-1"I'TR operation. the backscattered near-ficld light [rom
the tip-sample junction is detecied via mixing with an
asymuetric Fourer transtorm Michelson interferometer.
This detection method enables recording of both the ampli-
tude s{oy) and phase ¢(w) spectra of the backscattered light.
To extract background free local near-liclds, the delector
signal s demodulated at a higher harmenic n€2 ol the tip
mechanical resomance frequency €2, Normalized amplitude
(Sn[.mmi_p.l’r?:r'lllSn(mﬁ?mm?ﬁ}) and phase (('Pn-:.mni_px’a?]_q"n(rpﬁ?rﬁmm}) IR
near-field spectra are acquired by first taking reterence
specttum on a reference area (silicon is used in these
experiments), lollowed by taking spectra at desired positions
ol the sample. (see Methods Tor details).

[0057]  Materials Synthesis

[0058] SNO: SmNiO, thin films were prepared using
magnetron co-sputlering [rom pure Sm and Ni targel at room
lemperature. The subsirales were cleaned using acelone and
isopropanol and dried by blowing N, gas. uring deposition,
the chamber was maintained at 3 mtorr with flowing 40 scem
Arand 10 scem O, gas mixture, The sputtering power was
set as 170 W (RF) for Sm and 85 W (DC) for Ni to abtain
stochiometric ratio. The as deposited (ilms were subsce-
quently anncaled at 5007 C. lor 24 hin high pressure oxygen
gas al 1400 psi to [orming (he perovskile phase.

[0059]  T13N: The hexagonal boron nitride crystal lakes
were grown al almospheric pressure using an iron-chromium
solvent, isotopically-enriched boron-10 (=99% '“B) and
nitrogen. The crystal growth process was previously
described in detail™.

[0060] MoO,: Bulk a-Mao(), crystals were syithesized via
physical vapor deposition. Commercial MoO, powder
{Sigma-Aldrich) was cvaporated in a horlzontal ube lumace
al 7T85? (. and bulk crystals were deposited at 5360° C. The
deposition was carried oul in 4 vacuum environment, with
argon as the carrier gas for vapor (ransport (1 lorr). Subse-
quently, the bulk crystals were mechanically extoliated
vsing adhesive tape and flakes were transferred on to 300 nn
Si02 on 51 substrates for characterization.
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[61] Numerical modeling: To model the polaritonic

distribution at position ¢, we take the linear combination of
the polaritons launched by the lip and that rellecled by the

edie, which should lollow™

1]

() indieates text missing o lleyible when filed

[0062] 1lere. the first lerm is the omsile polarilon signals
launched by the tip, and IRle™" denote the reflection char-
acteristic at the edge by its amplitnde (IR and phase
parammeters (0,). The addition propagation length accounting
{or the polariton propagating o and rellected by the edge is
included in the lerm ™% where d, is the distance belween
the examination position and the edge and k, being in-plane
complex peolariton momentum. Here, for simplicity, we
assume that RI=1 and the reflection phase shill is §,=1.5x,
which is reasonable and gives a beller lilling in main LexL
[(M}63] A number ol embodimenis ol the disclosure haye
been described. Nevertheless. it will be understood that
various modifications may be made without departing from
the spirit and scope of the invention. Accordingly, other
embodiments are within the scope of the lollowing claims.
[064] By way ol non-limiting illustration, examples of
certain embodiments of the present disclosure are given
below.

[65] The structures, compositions and methods of the
appended claims are not limited in scope by the specific
structures, composiions and methods described  herein,
which are inlended as Mustrations ol 4 lew aspects ol the
claims and any structures, cotmpositions and methods that
are functionally equivalent are intended to fall within the
scope of the claims. Various modilications ol the composi-
tioms and methods in addition Lo those shown and described
herein are intended Lo 1all within the scope of the appended
claims. Further, while only certain representative coposi-
tions and method steps disclosed herein are specifically
described, other combinations of the struclures, composi-
tioms and method steps also are intended Lo 1all within the
scope of the appended claims, even if not specifically
recited. Thus, a combination of steps, elements, structures,
components, or constitments may be explicitly mentioned
herein; however, other combinalions ol sieps, elements,
structures, components, and constiluents are included, even
thongh not explicitly stated.

[0066] The term “comprising” and variations thereof as
nsed herein is vsed synonymonsly with the term “inclnding™
and vanations thereol and are open, non-limiling lerms.
Although the lerms “comprising” and “including” have been
nsed herein to describe varions embodiments, the terms
“consisting essentially of” and “consisting of " can be used
in place of “comprising™ and “including™ to provide for
more specilic embodiments ol the inventlion and are also
diselosed. Other than in the examples, or where olherwise
noted, all numbers expressing quantities of ingredients,
reaction conditions, and so forth vsed in the specification
and ¢laims are Lo be understood al the very least, and nol as
an atlempl o imit the application of the docirine of equiva-
lents Lo the scope of the claims, Lo be construed in light of
the number of significant digits and ordinary rounding
approaches.
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‘What is claimed is:

1. A device having a melasurface, comprising:

a substraie;

a pallermed correlaled oxide on the substrale; and

a van der Waals phononic exfoliable material on the

patterned correlated oxide.

2. The device of claim 1, wherein the van der Waals
phononic exloliable matenial is a flake thereol.

3. The device of claim 1. wherein the van der Walls
phononic exfoliable material comprises hexagonal boron
nitride (h-BN) and/or Molybdenum Trioxide (ct-MoO).

4. The device of claim 3. wherein the van der Walls
phononic exloliable malenal comprises a layer o 100-120
nm lor a-Mol),.

5. The device of claim 3, wherein the van der Walls
phononic exfoliable material comprises a layer of 503-60 nm
lor hBN.

H. The device of claim 1. wherein the comelaled oxide
comprises samariuwm nickelate (SMNiOL)(SNOY, vanadium
dioxide (V). niobivm dioxide (NbO.,} and/or correlated
electron perovskite rare-earth nickelates, such as RNiO,,
where R 15 i rare earth element.

7. The device ol claim 1, wherein a patiem ol the
patterned correlaled oxide s changeable by application of a
predetermined voltage.

8. The device of claim 5, wherein the pattern may be
changed 10 a new pallern by the application of the prede-
lermined voltage n the new pallern.

9. The device ol claim 1, wherein the pallerned comrelated
oxide includes hydrogen dopant.

10. The device of claim 1, wherein the substrate com-
prises LaAlQ),

11. The device of claim 1, wherein nanoscale reconlig-
urable conduclivily 1% controllable by the application of a
predetermined voltage.

12. The device of claim 1 enabled for manipulation of
sub-diflraction light-maller interaclion and/or control ol
propagating nano-conlined lields by the application of a
predetermined voliage.

13. A method of controlling nanoscale conductivity in a
device according to claim 1, the method comprising con-
rolling oxygen dopants in the correlaled oxide by applied
electromagnetic lield, lemperature and/for hydrogen incor-
poralion.

14. A method of manipulating sub-diffraction of light-
matter interaction in a device according to claim 1, the
method comprising: changing a patlern of the pailemn ol the
correlaled oxide by application ol applied electromagnetic
field, temperature and/or hydrogen incorporation.

15. A method of controlling propagating nano-confined
fields in a device according to claim 1, the method com-
prising: changing a patlern ol the patlem ol the correlaled
oxide by application of applied electromagnetic lield, em-
perature and/or hydrogen incorporation.

16. A method of propagating phonon polaritons (PhPs) via
a metasurface device according to claim 1.

17. A method of making a device having a correlated
oxide melasurlace, the method comprising;

providing a substrale;

depositing a correlated oxide on the substrate;

patterning the correlated oxide via lithography: and

depositing a van der Waals phononic exfoliable material
over the patterned correlated oxide.
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18. The method of ¢laim 17, forther comprising changing
the pattern of the correlaled oxide by the application of a
predetermined vollage.

19. The method of claim 17, wherein the van der Waals
phononic extoliable materdal is a flake thereof.

20. 'The method ol claim 17, wherein the van der Walls
phononic exfoliable material comprises hexagonal boron
nitride (h-3N} andfor Molybdenum Trioxide {a-Mo(),).

21. The method of claim 20, wherein the van der Walls
phononic extoliable material comprises a laver of 100-120
nm [or a-Mo(,.

22. 'The method ol claim 20, wherein the van der Walls
phononic extoliable material comprises a layver of 50-60 nm
for hBN.

23. The method of ¢laim 17, wherein the correlated oxide
comprises samarium nickelate (SmNIQLSNO), vanadium
dioxide (V(,). niobium dioxide (Nb(.) andfor correlated
electron perovskite rare-earth nickelates, such as RNiO),,
where R is a rare earth element.

24, The method of claim 17, wherein the patterned
correlated oxide includes hydrogen dopant.
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