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Correlated Perovskites as a New Platform for Super-

Broadband-Tunable Photonics

Zhaoyi Li, You Zhou, Hao Qi, Qiwei Pan, Zhen Zhang, Norman Nan Shi, Ming Lu,
Aaron Stein, Christopher Y. Li, Shriram Ramanathan,* and Nanfang Yu*

Strongly correlated perovskites possess widely tunable elec-
tronic structure that can host a variety of phases. Nickelates, in
particular, undergo electric-field-tunable phase transitions with
dramatic changes in the optical properties. We experimentally
demonstrate strong optical modulation utilizing the large and
non-volatile optical refractive index change associated with elec-
tron-doping induced phase change of a prototypical perovskite,
SmNiO;. Large electrical modulation of light over a broad wave-
length range, from the visible to the mid-infrared, A = 400 nm
to 17 pm, is demonstrated using thin-film SmNiO;. By inte-
grating SmNiO; into plasmonic metasurface structures, modu-
lation of a narrow band of light that resonantly interacts with
the metasurfaces is realized. Furthermore, we demonstrate
solid-state electro-optic modulators by integrating SmNiO; and
solid polymer electrolytes. Correlated perovskites with tun-
able and non-volatile electronic phases create a new platform
for active photonic devices, such as electro-optic modulators,
electrically programmable optical memories, smart windows
for controlling sunlight, and variable emissivity coatings for
infrared camouflage and thermoregulation.

There has been persistent exploration of new tunable mate-
rials and novel device architectures to dynamically control light
with larger modulation depth and increased spectral range, at
faster speed, and using less power. Optical modulators pre-
vailing in today’s consumer-based optical products are typi-
cally based on weak nonlinear electro-optic phenomena, such
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as Pockels effect, optical Kerr effect, and plasma-dispersion
effect.'?l These devices require either high operation voltages
or large device footprints to achieve large modulation depth,
and are therefore unsuitable for the increasingly demanding
requirements of device miniaturization and large-scale integra-
tion in modern photonic systems. A small electro-optic effect
can be amplified to realize large optical modulation in a narrow
spectral range by using high-quality-factor optical resonators.
For example, fast telecomm electro-optic modulators have
been demonstrated based on free carrier injection in silicon
microresonators.3

Large changes in complex refractive indices can be induced
in thin-film materials such as indium tin oxide and graphene
using field effect.’~%) However, a significant refractive index
change can only occur over small volumes, and nanophotonic
structures have to be used to enhance light-material interac-
tion. Electrochromic materials, such as transition metal oxides
and conjugated conducting polymers, show large and reversible
changes of color during electrochemical redox reactions.!'!!]
However, the change of optical refractive indices is diminish-
ingly small as the wavelength increases. For example, perhaps
the most widely studied electrochromic material WO3 can pro-
vide large modulation of light in the visible and near-infrared
but the modulation depth in the long-wavelength mid-infrared,
A = 820 pm, is very limited.'? Similarly, organic electro-
chromic materials provide limited optical modulation in the
mid-infrared due to various molecular vibrational transitions in
the organic molecules.[1314]

Phase-change materials such as chalcogenide alloys that
have been used in rewritable CDs, DVDs, and Blu-ray discs,
can be switched between the amorphous and crystalline states
by laser or electrical current pulses with controlled duration
and intensity.'>1¢l This material system has recently been used
to demonstrate all-optical, multi-level, and non-volatile memory
in telecomm integrated photonic circuits,'”) high-resolution
solid-state displays,!'¥ and optically reconfigurable planar
optical components.!'”) However, chalcogenide alloys have large
absorption coefficients in the visible and are therefore not suit-
able for modulating visible light.

In the materials systems described above, optical-refractive-
index changes either have limited magnitude, or significant
refractive index changes can only occur within limited wave-
length range or over limited spatial volume (see Figure S7 and
S8, Supporting Information, for a comparison of different tun-
able optical materials). In this paper, we report experimental
results demonstrating that SmNiOs;, a prototypical phase-
change perovskite nickelate, exhibits large and reversible refrac-
tive index changes over an ultrabroad spectral range, from the
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Figure 1. Electron-doping-induced phase transition of SmNiOs. a) Perovskite structure of
SmNiOs. Each vertex of the octahedra represents one oxygen atom. b) In pristine SmNiOs,
electrons are itinerant because of the single occupancy of the Ni e, orbital, and cause strong
free-carrier absorption. ¢) When each NiOg octahedra is doped with one more electron, strong
Coulomb repulsion leads to electron localization and the interaction between electrons and
photons is suppressed. d) The conduction band of pristine SmNiO; is populated with free
electrons, which lead to strong free-carrier absorption. e) Strong electron correlation in doped
SmNiO; opens up awide bandgap and eliminates the free electrons. In (d) and (e), the horizontal
axis represents the density of states and the vertical axis represents energy; e;* in (e) means the
antibonding state of the e, orbital (i.e., the upper Hubbard band). f) Complex refractive indices
(n and k) extracted from experiments. Pristine SmNiOj has high electrical conductivity and is
optically opaque. Electron-doped SmNiO; is electrically insulating and optically transparent.
The electron doping process (doping concentration of the order of 0.1-1 carriers per unit cell,
or =102'-10?2 cm~3) can be induced via several approaches including gas phase, liquid phase,
and solid-state dopant injection. Photonic devices based on all of these approaches are pre-
sented in this study for the sake of completeness.

visible to the long-wavelength mid-infrared (A = 400 nm to
17 pm). The super broadband performance is due to strong
electron correlation effects that allow extraordinarily large band
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gap tuning of the order of 3 eV, and this
new mechanism can be exploited to create a
variety of active photonic devices.

The electronic phase diagram of corre-
lated perovskite nickelates is very sensitive
to orbital occupancy of electrons (Figure 1).
In particular, SmNiO; exhibits reversible
modulation of electrical resistivity greater
than eight orders of magnitude and an
order of magnitude change in optical band
gap at room temperature during an elec-
tron-doping-induced phase transition.?l In
pristine SmNiO;, Ni** has an electron con-
figuration of t,,%¢,' and the single e, elec-
tron causes strong optical losses through
free carrier absorption (Figure 1b), which is
characterized by a large imaginary part, k,
of the complex refractive index (Figure 1f).
By acquiring an extra electron, the fourfold
degenerate (including spin) e, manifold is
occupied by two electrons. The strong intra-
orbital Coulomb repulsion between e, elec-
trons opens a band gap as large as 3 eV and
almost completely suppresses the free car-
rier absorption (Figure 1c). Thus, SmNiO;
is transformed into an optically transparent
dielectric with n = 2.2 and k close to zero
throughout the visible, near-infrared, and
mid-infrared (Figure 1f). The drastic change
in the optical properties upon electron-
doping can also be understood on the basis
of the change in the density of states near
the Fermi level (Figure 1d.,e). The switching
between the two states can occur at room
temperature in a nonvolatile fashion and
the two states have no obvious differences
in their crystalline symmetry (within the
detection limits of X-ray and electron diffrac-
tion) (Figure 1a and Section S1, Supporting
Information).2-22l These desirable proper-
ties open up the opportunity to realize elec-
trically tunable, nonvolatile, planar photonic
devices at any wavelength from the visible
to the mid-infrared. Note that SmNiO; is
different from electrochromic materials in
terms of the mechanism of color change.
The phase transition of SmNiOj; is a result
of strong electron correlation, which is a col-
lective quantum effect, while conventional
electrochromic materials are based on redox
reactions. The major consequence is that
electron doping makes many electrochromic
materials more conductive, whereas SmNiO;
becomes insulating with electron doping due
to charge carrier localization.

We realized tunable photonic devices based

on several different architectures and utilizing a range of tech-
niques to induce the doping-driven phase transition of SmNiO;
(summarized in Figure S1, Supporting Information). In brief,
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experimentally demonstrated devices include: i) devices based
on thin-film SmNiO; providing large and broadband tuning
of optical transmissivity, reflectivity, and emissivity, where the
phase transition of SmNiOj; is induced by lithium intercalation
and de-intercalation, or hydrogenation and de-hydrogenation;
these devices have potential applications in smart windows
and variable emissivity coatings; ii) devices based on plasmonic
metasurfaces patterned on thin-film SmNiO; providing large
tuning of reflectivity over a narrow band of wavelengths, where
the phase transition is realized by ionic liquid gating, or hydro-
genation and de-hydrogenation; these devices have potential
applications in optical modulators and optical memories;
iii) solid-state devices based on thin-film SmNiO; and a solid
polymer electrolyte providing broadband modulation of
reflectivity and represent a new platform for active solid-state
photonic devices.

In the first set of experiments, we demonstrated large
tuning of visible and near-infrared transmissivity using 80 nm
SmNiO; thin films epitaxially grown on LaAlO; substrates
(Figure 2a,b). The phase transition of SmNiO; was realized by
lithium intercalation and de-intercalation (Section S2.1, Sup-
porting Information). An electrolyte containing lithium ions
was added on the surface of SmNiO; and a voltage was applied
between SmNiO; and a lithium electrode to drive ion trans-
port. The lithium ions adsorbed on the surface and doped in
SmNiO; facilitate the incorporation of electrons into SmNiOs,
which triggers the phase transition of SmNiO;. A voltage with
reverse polarity pulls lithium ions back to the electrolyte and
the SmNiOj; film is thereby converted back to the pristine state.

The measured transmission spectra (Figure 2b) show that
the averaged transmissivity of the device with intrinsic SmNiO;
over the wavelength range of 400-1000 nm is =0.04. When
SmNiO; is in the electron-doped state (i.e., complete lithium
intercalation), however, the averaged transmissivity increases
drastically to =0.39, where optical losses are mostly caused
by the LaAlO; substrate (i.e., LaAlO; contributes to =73% of
absorption). The tuning of transmissivity averaged in the vis-
ible (A = 400-700 nm) is =0.35. The large tuning of visible
light transmission is further illustrated in Figure 2a, which is
an optical image of the device put on top of a Columbia Engi-
neering School logo to show different degrees of transparency
corresponding to SmNiOjs at its intrinsic state and at different
stages of electron doping (additional optical images are pro-
vided in Section S3, Supporting Information).

In the second set of experiments, we demonstrated large
and reversible changes to the near-infrared and mid-infrared
spectra using thin-film SmNiO; (Figure 2c-h). We took trans-
mission and reflection spectra of a 200 nm SmNiO; film depos-
ited on a 1 pm suspended Si;N, membrane after removing the
electrolyte containing lithium ions at the end of each electro-
chemical reaction. Measured transmission spectra show large
and reversible tuning of transmissivity over a broad spectral
range (Figure 2d,g). The transmissivity of pristine SmNiOj is
below 0.05 in the near-infrared (wavenumber v, from 4000 to
10000 cm™!, or wavelength A, from 1 to 2.5 pm) and below 0.17
in the mid-infrared (v = 600-4000 cm™, or A = 2.5-16.7 pm)
(Figure 2d). Electron-doped SmNiO;, however, becomes opti-
cally transparent with transmissivity around 0.7, except for a
pronounced dip around v= 1000 cm™ or A =10 pm (Figure 2d),
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which is due to optical absorption as a result of the phonon res-
onance in Si3N,. By switching SmNiO; between its opaque and
transparent state, we were able to tune optical transmissivity by
a factor as large as =270 at v=9000 cm™ or A= 1.1 pm and by
a factor larger than 10 at v> 2000 cm™ or A < 5 pm.

When SmNiOs is in the transparent state, both the transmis-
sion and reflection spectra are superimposed with Fabry—Pérot
fringes (Figure 2d,e), indicative of thin-film interference. We
were able to reach anti-reflective conditions (reflectivity < 0.01)
at six different wavelengths (Figure 2e) and tuning of optical
reflectivity at these wavelengths reaches maxima (Figure 2h).
We were also able to significantly tune optical absorptivity,
defined as (1 — reflectivity — transmissivity), for wavelengths
smaller than 8 pm (Figure 2f). This implies that the device is
capable of providing tunable thermal emission at A < 8 pm as
Kirchhoft’s law of thermal radiation states that wavelength-spe-
cific emissivity equals to absorptivity.l*!

Experimental results very similar to those shown in Figure 2
were also obtained in SmNiO; thin films, where the phase
transition was induced by hydrogenation/de-hydrogenation (or
proton intercalation/de-intercalation). The device consists of a
Pt grating patterned on a SmNiO; film, which was deposited
on a suspended Si;N, membrane (Figure 3a,b). The Pt grating
serves as the catalyst for the hydrogenation process, in which
H, molecules dissociate to atomic hydrogen, and further
split into protons and electrons that are incorporated into the
SmNiO; film. The device was annealed in O; to reverse the
phase transition. Measured transmissivity is below 0.1 over
the entire infrared spectrum when SmNiOj is in its pristine or
de-hydrogenated state, and can be up to 0.85 for hydrogenated
SmNiO; (Figure 3c). The optical transmissivity can be tuned by
a factor larger than 20 for A < 5 pm (Figure 3d). Large tuning of
optical reflection occurs at several wavelengths corresponding
to Fabry—Pérot resonances (Figure 3e,f).

As the speed of bulk phase transition is inversely propor-
tional to the total volume of SmNiO; being switched (since
the electron doping process is diffusional in nature beyond
the screening length), one has to use ultrathin SmNiO; films
in order to achieve, for example, high-speed optical modulation
and high-speed programming of optical memory. However, as
the amount of phase-change material is reduced, the magni-
tude by which light can be modulated decreases. The challenge
is therefore maximizing modulation strength while simultane-
ously minimizing the amount of phase-change materials used.
The challenge can be solved by integrating SmNiO; into metas-
urface structures, which consist of 2D arrays of densely packed
optical antennas with subwavelength dimensions,?*2% and
are able to mediate strong light-material interactions on a 2D
plane.

We successfully fabricated metasurface structures on
SmNiO; films and demonstrated tuning of reflected light in a
narrow band of mid-infrared spectrum (Figure 4). The metasur-
face modulator is based on a 2D array of cross-shaped platinum
(Pt) aperture antennas (i.e., cross-shaped voids cut in Pt thin
films) (Figure 4c) patterned on a substrate consisting of, from
top to bottom, thin films of SmNiO3, SiO,, and Pt (Figure 4a).
We used two methods to induce phase change of SmNiO;:
hydrogenation/de-hydrogenation (Section S2.2, Supporting
Information) and ionic liquid gating (Section S2.3, Supporting
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Figure 2. Broadband tuning through the visible, near-infrared, and mid-infrared using thin-film SmNiOj3, where the phase transition was realized by
lithium intercalation and de-intercalation. a) Optical image of a device placed on top of a Columbia Engineering School logo. The device consists of a
80 nm SmNiO; thin film deposited on a 500 pm LaAlO; substrate. Visual transparency can be clearly seen upon electron doping. b) Measured visible
and near-infrared transmission spectra taken from different regions of the device. c) Schematic of another device consisting of a 200 nm SmNiO; film
deposited on a T pm suspended SisN, membrane. d—f) Measured transmission, reflection, and absorption spectra of the device in (c), respectively,
showing good reversibility and repeatability of the device performance. g,h) Extinction ratio of optical transmission and reflection, respectively, of the
device in (c) during two representative cycles of phase transition.
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Figure 3. Broadband tuning of near-infrared and mid-infrared transmissivity and reflectivity using thin-film SmNiOj; patterned with a Pt grating, where
the phase transition of SmNiOj; was realized by annealing the device in H, and Os. a) Schematic of the device. b) Optical image of fabricated structure.
Bright vertical lines are Pt grating fingers with a periodicity of 2 ym. c) Transmission spectra of the device. d) Extinction ratio of optical transmission
during two representative cycles of SmNiO; phase transition. €) Reflection spectra of the device. f) Extinction ratio of optical reflection during two

cycles of SmNiO; phase transition.

Information). When SmNiO; is at its optically transparent state,
incident infrared light generates strong plasmonic resonance
in the aperture antennas. The plasmonic resonance manifests
itself as strongly localized optical near-fields and oscillating
electric currents at optical frequencies in the vicinity of the
apertures (Figure 4b). Because of optical losses in the metallic
antenna structure and in SmNiOj; (electron-doped SmNiO; has
small but non-zero imaginary part of the complex refractive
index), the plasmonic resonance leads to significant absorption
of optical power, which results in a dip in the reflection spectra
(Figure 4d,th). The spectral location of the dip is controlled by
the size of the aperture antennas: longer apertures resonantly
interact with light with proportionally longer wavelengths.
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When SmNiO; is at its pristine state, however, strong optical
losses completely damp the plasmonic resonance so that the
reflection spectra are featurelessly flat (Figure 4d,fi). The
resonant interaction between light and the aperture antennas
leads to substantial tuning within a narrow band of spectrum
(Figure 4e,g) while SmNiO; is switched between the opaque
and transparent states. The cross-shaped apertures are chosen
because they work for light with arbitrary state of polarization.
The Pt back mirror is used to create image dipoles of the aper-
ture antennas. The near-field coupling between the aperture
antennas and their image dipoles reduces the radiation losses
and leads to narrow spectral features. The narrow spectral fea-
ture enables tuning of a narrow band of infrared light or optical

wileyonlinelibrary.com

o
o
3
=
G
2
a
-
o
<=




=
o
=
<
—
=
=
=
=
o
v

ADVANCED A
JAATERTALS Ma\"\).‘%,,>

www.advmat.de
www.MaterialsViews.com

(a) Platinum aperture antenna  (b) (c)

Electron-doped
SmNiO,

T 05 0 05 1 -1 -05 0 051
(1m) X (nm)

X
[E|@ A=4.94um Sy

Platinum back mirror

1.0 T T T T T T T T (e) T T T T T T T T
0.9 e 3.0+ Antenna size
st w3 e
0.8 VER 2.0 um
[0} 2.5 —
2.5 H
>‘0.7- E
$0.6 e
g o201
é) 0.54 _g
o 04 o
= 1.57
0.3 Antenna e doped pristine 7 g
o2 size sNO  sNnO ] 2
: 15um  —— e £ 1.0
0.1+ 2.0pmi T BeeEE qw
25ym  —— e
0.0 T T T T T T T T 0.5 T T T T T T T T
2 4 6 10 12 14 16 2 4 10 12 14 16
G) A (um) ®) A (um)
0.9 T T T T T T T T 8 T T T T T T T T
< > Antenna size
08 £ 7 1.5 um 1
2] AR A e bt 20um ——

o 2 6 25um —
0.6 Q 3.0 pH =
2 -J .f“_ 5+ 35um — -

205 o
O O 44 =]
o} 24
% 0.4 &-;
14 Antenna e doped pristine 3 H
0.31 size NO "SNOq §
1.5 um E—  AREERE = 24 =
0.2 20im  — 18
25um  —— g, i
0.1 30um  —— qw’
B0t —— o[
)\,8( )10 14 16
um 5
L O . o NE——— T
0.8 0.84
> >
0.6 5 0.6+
g 8
(3] (5]
&= =
&0.4‘ Antenna size & 0.4 Antenna size
1.5um 1.5 um —
20 yum—— 2.0 pum—
0.2 25 m— | g2 25um-——
3.0um-—— 3.0um-——
3.5 um—— 3.5 um ——
OG T T T T T T T T 0‘0 T T T T T T T T
2 4 8 10 12 14 16 2 4 6 8 10 12 14 16
A (um) A (um)

Figure 4. Narrowband tuning of infrared reflectivity in devices consisting of plasmonic metasurfaces patterned on SmNiOj; thin films. a) Schematic of
the unit cell of the device consisting of a Pt aperture antenna separated from a Pt mirror by thin films of SmNiO; and SiO,. b) Simulations showing
optical near-field distributions (i.e., |E|) around one aperture antenna. The antenna is 2 pm X 2 pm in size and incident light at A = 4.94 ym is polar-
ized along the x-direction. Strong plasmonic resonance occurs when SmNiO; is doped with electrons, while the plasmonic resonance is damped
when SmNiO; is in the pristine state. ¢) SEM image of part of a device consisting of Pt cross apertures 2 ym x 2 pm in size patterned on SmNiOs.
d) Measured reflection spectra of devices where SmNiO; phase transition was induced by ionic liquid gating. ) Extinction ratio of the reflection spectra
in (d), showing large tuning of reflectivity over narrow spectral ranges. The spectral location of peak tuning is determined by the size of aperture
antennas. f) Measured reflection spectra of devices where SmNiOj; phase transition was induced by hydrogenation and de-hydrogenation. g) Extinction
ratio of the reflection spectra in (f) showing large tuning of reflectivity over narrow spectral ranges. h,i) Simulated reflection spectra when SmNiOjs is
at the electron-doped and pristine states, respectively.
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Figure 5. Electrically controllable solid-state electro-optic modulators based on SmNiOs.
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a) Schematic of the device consisting of a 200 nm SmNiO;

film, a solid polymer electrolyte with high ionic conductivity, and a LiCoO, electrode. The lithium ions are provided by bis (trifluoromethane)sulfonamide
lithium salt (LiTFSI) and the polymer is based on poly(ethylene glycol) (PEG). b) Measured infrared reflection spectra during repeated phase-transition
cycles of SmNiO;. ¢,d) Temporal response of reflectivity at A = 1.55 pm during complete lithium intercalation and de-intercalation processes, respec-
tively. e) Temporal response of reflectivity during repeated partial phase-transition cycles of SmNiO;. f) Zoom-in of (e) showing one cycle of modulation.

memory devices that can only be read by light of selected wave-
lengths. For example, the device patterned with cross apertures
2 pm X 2 pm in size could tune optical reflectivity by a factor of
7 at A =5.7 pm (blue curve in Figure 4g), while the tuning of
light at A > 8 pm of the same device is insignificant. Figure S3
and S4 (Supporting Information) show repeatability of device
performance during several cycles of SmNiOj; phase transition.

To demonstrate the potential of using SmNiO; in all-solid-
state devices, we fabricated devices consisting of 200 nm
SmNiO; films, solid polymer electrolytes (SPEs) containing
lithium ions, and LiCoO, cathodes (Figure 5a). The SPE trans-
ports lithium ions between the LiCoO, electrode and SmNiO;
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film to induce phase change of the latter. We chose a specific
SPE (Section S2.5, Supporting Information) because its high
ionic conductivity could accelerate lithium intercalation/de-
intercalation cycles and its resistance to lithium dendrite for-
mation could ensure safe operation of the device for many
cycles.””l Our measurements show reversible modulation
of reflectivity dR/R = 10%-25% in the wavelength range of
A=1-2.5 pm on an area of the solid-state device without the top
LiCoO, electrode (Figure 5b). By applying voltages of +3.5 and
=5 V to drive lithium intercalation and de-intercalation pro-
cesses, respectively, we measured =18% modulation of dR/R at
the telecommunications wavelength of 1.55 pm (Figure 5c,d).
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In this case, bulk phase change of 200 nm SmNiO; took =120 s
for the intercalation process and =280 s for the de-intercalation
process (time constant is defined here as the duration in which
relative reflectivity dR/R changes from 0% to 80% of its peak
value). If we allow partial phase change of the SmNiO; film
(i-e., phase change only occurs near top layers of the film), the
response time can be substantially reduced, while the optical
modulation strength decreases correspondingly. For example,
a modulated reflectivity AR/R of =5.5% at A = 1.55 pm was
achieved when the applied voltage was repeatedly switched
between +3.8 and —5 V (Figure 5e,f), and the intercalation time
for each cycle was only =5 s, while the de-intercalation time was
~23 s. The response time is limited by the diffusion of lithium
ions in the SPE and does not represent the intrinsic response
time of SmNiO; phase transition. The modulation strength
can be substantially increased by using optical metasurface
structures to enhance light-material interaction. The reflec-
tion spectra in Figure 5b were stable after removal of applied
voltage, demonstrating the non-volatility of the devices.

Perovskite nickelates as a new platform for photonics has a
number of unique and desirable features:

i)  The phase change of SmNiO; is induced by filling-con-
trolled Mott transition?8-3% and there is no crystal symme-
try change during the phase-change process.?*?2 This is
unlike the structural symmetry breaking seen in the ther-
mal phase transitions of nickelates and VO,,3'-** or switch-
ing between amorphous and crystalline states in phase-
change chalcogenide alloys.'>™* This quite unusual
feature implies that fast switching between the two phases
of SmNiOj; is possible, only limited by the speed of car-
rier injection and removal. We have so far demonstrated
a switching time ranging from seconds to minutes in Sm-
NiOj; films a couple hundred nanometers in thickness.
The operation speed can be boosted by using nanometer
thick SmNiO; films, and large optical modulation depth
can still be achieved by using metasurface structures to en-
hance the interaction between light and small volumes of
SmNiO;. Therefore, SmNiO; has the potential to be used
in planar optical modulators and spatial light modulators
that allow for molding optical wavefronts in time and in
space.

ii) The phase transition of SmNiO; is induced by electron
doping at room temperature; high-quality SmNiO; thin
films can be reliably synthesized and are stable in ambient
conditions. These properties make the material suitable
for electric-field tunable solid-state devices and compare
favorably to other tunable optical materials where light,
temperature, or magnetic field, instead of electric field, is
used to change the materials properties. These properties
also compare favorably to organic electrochromic materi-
als and some inorganic electrochromic materials (such as
Li Tis01,1%%) that are unstable in the presence of oxygen
and moisture.

iii) The optically opaque and transparent states of SmNiOj; are
highly stable, non-volatile, and its intermediate states with
various degrees of transparency can be addressed reversibly
by controlling the level of doping. The non-volatile, multi-
level optical states of SmNiO; could be exploited to create
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reconfigurable, low power planar photonic devices, such as
programmable holograms and optical memories.

iv) Strong electron correlation as a result of electron dop-
ing in SmNiOj; drastically opens up the optical band gap,
and leads to a substantial change in its optical refractive
indices over an exceptionally broad spectrum, from the
visible to the long-wavelength mid-infrared (Figure 1f).
This property has enabled us to experimentally demon-
strate tuning of optical reflectivity and transmissivity
that is record-breaking in terms of modulation depth and
bandwidth (Figure S7 and S8, Supporting Information).
The super broadband performance of SmNiO; and its sec-
ond-to-minute level phase-change time demonstrated so
far could be exploited for applications in smart windows
and variable emissivity coatings. Smart windows are tradi-
tionally based on electrochromic materials. The change of
their optical refractive indices is often not uniformly large
over the entire visible and near-infrared spectra, which
leads to imperfect control of sunlight. In comparison,
we show in simulations that 200 nm SmNiO; films allow
for continuous tuning of optical transmissivity between
=0.05 and =0.6 averaged over A = 400-2500 nm, where
solar energy culminates (Figure S5, Supporting Informa-
tion). As SmNiO; shows large tunable absorptivity also in
the mid-infrared, it could be an ideal candidate for build-
ing variable emissivity coatings, which could find useful
applications in infrared camouflage (matching thermal
radiation of an object to background thermal radiation)
and radiative thermal control of spacecrafts. Figure S6
(Supporting Information) shows the design of a coat-
ing that provides variable emissivity between =0.09 and
~0.7 averaged over A = 4-16 pm.

The electron-doping-induced phase change is expected to be
a universal effect for rare earth nickelates as they have similar
electronic structure with the extent of band gap modulation
dependent on the phase metastability.?”! Therefore, our pho-
tonic design can be extended to a wider range of materials. The
ease of reversibly inducing the phase change, however, depends
on the thermodynamic stability of Ni** and Ni?" valence state
in the material. The stability of Ni3* valence state in the lattice
(with respect to Ni%*) is related to the tolerance factor of the per-
ovskite, which is directly associated with the ion size of the rare
earth element. With decreasing rare earth ionic radii, it con-
sumes less energy to form Ni*, but requires more energy to
reverse back to the Ni** state.’”] This provides another degree
of freedom that allows us to minimize the switching energy by
engineering the Ni valence stability with proper rare earth ele-
ments or their alloys.

In summary, we have demonstrated that the phase transi-
tion of a model correlated perovskite nickelate SmNiO; has
great potential for active photonic device applications. Large
tuning of light using a hybrid structure consisting of plasmonic
metasurfaces and thin-film nickelates is demonstrated. Solid-
state modulators that are electric-field tunable are also realized.
The ability to modulate optical band gap by controlling strong
electron correlations in a quantum material without thermal
constraints represents a new paradigm for realizing tunable
photonic devices.
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Experimental Section

SmNiO;3 Thin-Film Synthesis: SmNiO; thin films were grown by
physical vapor deposition followed by ultrahigh pressure annealing,
which is thermodynamically required for the formation of perovskite
phase. Before sputtering, the substrate wafers were cleaned by acetone,
isopropyl alcohol, and deionized water and then dried by N, gas. The
SmNiO; thin films were deposited by co-sputtering from Sm and
Ni metal targets at room temperature. The growth pressure was set
at 5 mTorr in a constant flow of 40/10 sccm Ar/O, mixture. The d.c.
power for the Ni target was adjusted to 75 W and radio frequency power
for the Sm target was 150 W to obtain an =1:1 Sm:Ni cation ratio, as
determined by energy-dispersive X-ray spectroscopy. Growth time ranged
from 30 min to a few hours to vary the film thickness. The as-sputtered
samples were then transferred to a home-built high pressure vessel. The
vessel was then inserted into a tube furnace and annealed at 500 °C for
24 h under 1500 psi pure O,. Detailed instrumentation information and
high pressure thermodynamic conditions for phase formation could be
found in ref. [38]. The device fabrication procedure and the method for
synthesizing the solid polymer electrolyte can be found in the Supporting
Information.

Supporting Information

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