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Optical Properties of Electrochemically Gated
La,_,Sr,CoO,_s as a Topotactic Phase-Change Material

Rohan D. Chakraborty, William M. Postiglione, Supriya Ghosh, K. Andre Mkhoyan,

Chris Leighton, and Vivian E. Ferry*

Materials with tunable infrared refractive index changes have enabled active
metasurfaces for novel control of optical circuits, thermal radiation, and more.
lon-gel-gated epitaxial films of the perovskite cobaltite La,_,Sr,CoO;_5
(LSCO) with 0.00 < x < 0.70 offer a new route to significant, voltage-tuned,
nonvolatile refractive index modulation for infrared active metasurfaces,
shown here through Kramers—Kronig-consistent dispersion models, structural
and electronic transport characterization, and electromagnetic simulations
before and after electrochemical reduction. As-grown perovskite films are
high-index insulators for x < 0.18 but lossy metals for x > 0.18, due to a
percolation insulator-metal transition. Positive-voltage gating of LSCO
transistors with x > 0.18 reveals a metal-insulator transition from the metallic
perovskite phase to a high-index (n > 2.5), low-loss insulating phase,
accompanied by a perovskite to oxygen-vacancy-ordered brownmillerite
transformation at high x. At x < 0.18, despite nominally insulating character,
the LSCO films undergo remarkable refractive index changes to another
lower-index, lower-loss insulating perovskite state with An > 0.6. In
simulations of plasmonic metasurfaces, these metal-insulator and
insulator-insulator transitions support significant, varied mid-infrared
reflectance modulation, thus framing electrochemically gated LSCO as a
diverse library of room-temperature phase-change materials for applications

“flat” optics.’] While traditional metasur-
faces have a fixed geometry and therefore
a static optical response, it is possible to
add active tunability to these systems by
pairing them with materials that undergo
controllable refractive index changes to
create active metasurfaces.*>] Various
modulation mechanisms and materials
have been used to achieve this tunability,
including electrostatic modulation in mate-
rials like transparent conducting oxides!®!
and graphene,'*"  thermally-mediated
phase changes in Ge,Sb Te, (GST)!"*"¥l
and VO,,["2I electro- and photochromic
materials,?#?%!  nonlinear materials, %!
and liquid crystals.3%3 Collectively, these
tunable materials systems have enabled
dynamic behavior such as reflection!!>1%2%]
and transmission/®?] modulations, color
switching,?*31] and high-efficiency beam
steering,[>1>14 with numerous applica-
tions in the visible and infrared. The phase-
change materials VO, and GST have been
especially popular for infrared applications,

including dynamic thermal imaging, camouflage, and optical memories.

1. Introduction

Optical metasurfaces have enabled unprecedented nanoscale
control over light-matter interactions, supporting exotic phe-
nomena such as negative refractive index!'?] and subwavelength
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including telecommunicationsl!2-1419-21.23]
and thermal imaging,!'>1% due to their
significant refractive index changes in the
near- and mid-infrared. VO, undergoes
a monoclinic-to-rutile transformation at
68 °C, where the room-temperature insulating phase shows
high index and low loss, while the high-temperature metallic
phase is highly lossy.?***] In contrast to VO,’s insulator-metal
transition, GST alloys undergo a nonvolatile, thermally induced
amorphous-to-crystalline phase transition between two distinct
high-index insulating phases.['21¢17] However, phase-change ma-
terials like VO, and GST can be difficult to work with due to
the volatile nature of VO,’s phase transition (when thermally in-
duced) and the elevated temperatures required to induce phase
transitions in these materials (68 °C for the VO, insulator-metal
transition,1*2922] gver 150 °C for GST crystallization,['>%] and
over 600 °C for GST amorphization!'*!8]). In active metamaterial
devices, this necessitates the use of thermal annealing 121529 re-
sistive heating,!3141°] or pulsed lasers!'®!®] to induce the phase
change. These challenges with VO, and GST motivate the search
for alternative materials that undergo both nonvolatile and low-
power refractive index changes.

Another technique that can significantly modulate material
properties is electrolyte gating.?*¢1 Here, the traditional gate
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Figure 1. a) Schematic of a side-gated ion-gel transistor based on an epitaxial La;_,Sr,CoO;_g5 (LSCO) film on an LSAT(001) substrate operating under
positive gate voltage (V, > 0 V), at a fixed source-drain voltage (Vsp). Oxygen migrates out of the film, forming oxygen vacancies, as shown. Source
and drain electrodes are denoted (S) and (D), respectively. b) 3D schematic of the specific side-gated ion-gel transistors used in this study. Inset:
Topotactic perovskite (P) to oxygen-vacancy-ordered brownmillerite (BM) transformation in LSCO ion-gel-gated transistors under positive gate voltage
(Vg > 0V); pseudocubic axes are shown. c) Schematic of the percolation insulator-metal transition in bulk perovskite LSCO. LSCO is insulating with
small metallic ferromagnetic clusters (blue) for x < 0.18 (top panel), followed by cluster percolation at x = 0.18 (middle panel), followed by a uniform

metallic, ferromagnetic ground state at x > 0.22 (bottom panel).

oxides in transistors are replaced with high-specific-capacitance
(~10 uF cm~2) ionic liquids or ion gels (i.e., ionic liquids em-
bedded in solid-state polymer networks) and the application of
a moderate gate voltage (V,) induces large electric fields at the
interface between the target material and the electrolyte due to
the formation of nanoscale electric double layers.3*3¢ As a re-
sult, electrolyte gating has enabled dramatic voltage-driven mod-
ulation of electronic, magnetic, and optical properties, in sys-
tems such as 2D materials,*”%8] organic semiconductors,3%4
and oxides.[25343641-45] Critically, it is now understood that the op-
eration of such devices can be electrostatic (via induction of elec-
trons/holes), or electrochemical, but both can be reversible.[3*3!
In oxides, for example, the interfacial electric field can remove or
insert oxygen ions (depending on the V, polarity), generating a
nonvolatile but reversible redox-based voltage response.[3+3%]
The perovskite cobaltite La,_,Sr,CoO;_; (LSCO) has been the
subject of particularly intensive electrolyte gating studies.[*6-#8
LSCO exhibits an attractive combination of high room-
temperature diffusivity of oxygen vacancies (> 100 nm diffusion
lengths at room temperature on minute time scales),[*®! coupled
with low formation enthalpies of these vacancies.[*¥! The forma-
tion enthalpy decreases with x, due to the instability of Co as it
approaches 4+ formal valence in octahedral coordination.[*8-0]
These properties lead to enhanced electrochemical response
during electrolyte gating. As shown in Figure 1a, the applica-
tion of positive V, induces electrochemistry, the electric field
at the LSCO/ion gel interface facilitating the formation and
migration of oxygen vacancies, leading to reduction and sub-
stantial property modulation. This mechanism and its associated
non-volatility have been confirmed with numerous techniques,
including operando synchrotron X-ray diffraction and electronic
transport.[“~*] More recent electrolyte gating studies of LSCO
explored higher positive V,, inspired by the electrolyte-gate-
driven topotactic phase transformation of SrCoO,_; (SCO, i.e.,
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x = 1 LSCO) between its metallic, ferromagnetic perovskite (P)
phase, SrCoO;, and its insulating, antiferromagnetic, oxygen-
vacancy-ordered, brownmillerite (BM) phase, SrCoO, ;#5152
as depicted in Figure 1b. The BM phase of SrCoO,_; is struc-
turally very different from the P phase, exhibiting alternating
(001) planes of tetrahedrally- and octahedrally-coordinated Co
ions*°132] due to the oxygen vacancy order, and thus strik-
ingly different electronic and magnetic properties. Notably, this
voltage-driven phase transformation can be cycled reversibly,
where positive V, drives to the BM phase and negative V,
drives to the P phase.**5152] The filling of oxygen vacancies
required for reversible reoxidation is thought to be enabled by
the electrolysis of residual water in the ionic liquids and gels
used.’!) Important in the current context, recent work of our
own established that this V,-driven P — BM transition is general
to the LSCO system, not only in SCO (x = 1), but at various x
(e.g., x=0.50), as confirmed by operando synchrotron diffraction,
electronic transport, magnetometry, and optical transmittance
measurements.[*®] This is important for potential applications,
as LSCO has significantly enhanced air stability of both the P
and BM phases relative to SCO, while x provides a useful knob
to tune the phase transformation threshold voltage.[*®] Also of
importance is that LSCO’s P « BM transformation is likely
cyclable on ~Hz time scales, as returned to below, analogous to
the reversible tuning already established in SCO.[*>152]

What is clearly lacking from the above studies of electro-
chemically gated LSCO is a thorough understanding of the
optical properties in films with different x, both before and
after positive-V, gating. First, the refractive index of P LSCO
is expected to vary substantially with x due to a percolative
insulator-metal transition,[’*>*! illustrated in Figure 1c. At x = 0,
bulk LaCoO, (LCO) is a diamagnetic insulator at low tempera-
ture, but as the Sr doping is increased the substitution of Sr** for
La** leads to the formation of short-range clusters of a metallic
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ferromagnetic phase (Figure 1c, top panel). At x =~ 0.18, these
metallic clusters reach percolation, driving an insulator-metal
transition (Figure 1lc, middle panel), resulting in a uniform
ferromagnetic, metallic ground state at sufficiently high x (Fig-
ure 1c, bottom panel).’%>3] While this picture is consistent with
the well-studied x-dependent electronic transport properties of
bulk LSCO,1*>31 optical studies of this percolative transition are
limited. Optical conductivity measurements on bulk LSCO show
a transition from low-to-high infrared absorption with increasing
x, corresponding to the closing of an electronic bandgap, but only
exists up to x = 0.30.5*>5] Meanwhile, thin-film optical studies
only exist for LSCO at x = 0°%%7] and 0.50.°%) Perhaps most
remarkable, however, is that V,-driven changes in LSCO films at
various x have not been considered for tunable nanophotonic ap-
plications such as active metasurfaces. In fact, electrolyte gating
itself has rarely been applied to metasurfaces, with only two re-
ported cases of electrochemical induction of insulator-metal tran-
sitions in VO,*! and SmNiO,[?! for metasurface applications.

In light of the above, here we report systematic visible-to-
mid-infrared complex refractive index studies of LSCO films
across nearly the entire phase diagram (x = 0.00, 0.10,
0.28, 0.50, and 0.70), both before and after electrochemi-
cal gating at V, = +3.5 V. The gating is performed with
an ion gel electrolyte made of 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide (EMI:TFSI) (an ionic liquid)
dispersed in poly(vinylidene fluoride-co-hexafluoropropylene)
(P(VDF-HFP)). In as-grown perovskite films, Kramers-Kronig-
consistent refractive index models reveal gapped, insulating be-
havior at x = 0 and 0.10, and highly absorbing metallic behavior at
x=0.28, 0.50, and 0.70, consistent with the expected percolation
insulator-metal transition. We then show that LSCO films with x
> 0.28 transform from highly lossy metallic phases to high-index,
low-loss insulators (especially in the infrared) upon electrochem-
ical gating, accompanied by a P — BM topotactic transformation
for x = 0.50 and 0.70. LSCO films with x < 0.10 also undergo
significant refractive index changes between two high-index in-
sulating states when gated. LSCO is thus capable of both metal-
insulator and insulator-insulator phase-change via electrochem-
ically induced formation and migration of oxygen vacancies, de-
pending on the Sr doping, but with refractive index changes that
are nonvolatile, relatively low power consumption (i.e., both the
gate voltage and gate current are low), and accessible at room
temperature.

2. Results and Discussion

2.1. Structural and Electronic Characterization of Perovskite
LSCO

We begin our analysis with the characterization of our as-
deposited epitaxial P LSCO films, first through X-ray diffraction
(XRD) and electronic transport measurements. Figure 2a shows
specular XRD scans of heteroepitaxial, tensile-strained LSCO
films with in-plane strain (e,,) of 0.8% < e,, < 1.5% grown on
(LaAlO;),5(Sr,TaAlO;), ; (LSAT) 001-oriented substrates, at all
five compositions (x = 0, 0.10, 0.28, 0.50, 0.70) studied here. The
LSAT 002 reflections and well-defined P LSCO 002 reflections
(with prominent Laue oscillations) are seen at all x. Small differ-
ences in LSCO peak widths and Laue oscillation periods occur,
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Figure 2. a) High-resolution specular X-ray diffraction scans of 12-22 nm-
thick perovskite LSCO films at x = 0, 0.10, 0.28, 0.50, and 0.70 on
LSAT(001) substrates, showing the P LSCO 002 reflections present at
all x. Scans are offset for clarity. Differences in Laue fringe intensity be-
tween scans are due to sample-to-sample variations in roughness. b)
Temperature-dependent resistivity of the same LSCO films at x = 0, 0.10,
0.28, 0.50, and 0.70, again on LSAT(001) substrates. The resistivity curve
for x = 0 is the same as that in Chaturvedi et al.[6?]

but these are simply due to differences in film thickness across
the compositions (12-22 nm); our prior studies with reciprocal
space mapping clearly confirm full-strain to the LSAT substrates
at these thicknesses.[®”) Consistent with the Laue oscillations
seen here, and extensive prior characterization, these films have
low surface/interface roughness and are phase-pure.[*860-63]
In Figure 2b, we highlight the corresponding temperature (1)-
dependent resistivity (p) of these LSCO films, which shows the
percolation insulator-metal transition expected for P LSCO. At
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Figure 3. a) Representative sketch of the room-temperature density-of-
states of the various bands near the Fermi level (Eg) in insulating per-
ovskite LSCO (x < 0.18). b) Representative sketch of the room-temperature
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x=0and 0.10, P LSCO films display clearly insulating behavior,
but the x = 0.10 films have room-temperature resistivity nearly
two orders of magnitude lower than at x = 0, due to hole doping.
Consistent with the x = 0.18 percolation threshold,**>*] x = 0.28
LSCO has much lower resistivity, now with a positive tempera-
ture coefficient of resistivity, indicating clearly metallic behavior
(the slope changes near 175-250 K reflect the ferromagnetic
Curie temperature). As x is further increased, p(T) maintains
a similar shape and decreases to x = 0.50, before increasing
slightly at » = 0.70. This nonmonotonicity at high x has also
been seen in bulk LSCO,*" and occurs due to redox instability as
x exceeds ~0.50, resulting in oxygen vacancies that compensate
the Sr doped holes.[#8-50:60.64]

2.2. Optical Characterization of Perovskite LSCO

We begin our optical characterization of P LSCO by discussing,
separately for insulating (x < 0.18) and metallic (x > 0.18) com-
positions, the relevant electronic transitions expected. Figure 3a
shows a qualitative, representative illustration of the density-of-
states of the bands near the Fermi energy (E;) in x = 0 LSCO
(LCO), constructed in reference to prior experimental and com-
putational studies of bulk and thin-film LCO.[56:57:6265.66] This pic-
ture is designed to be consistent with the expected insulating na-
ture of LCO at room temperature, with the known O%-Co* ¢
interband transition spanning ~2.0-3.2 eV, and with the known
Co™ t),-¢, intraband transition spanning ~1.0-2.0 eV; these are
the two main electronic transitions observed in the visible to mid-
infrared range.[>®7:¢7.68] Similarly, Figure 3b shows a represen-
tative equivalent schematic for x > 0.18 (i.e., metallic) LSCO at
room temperature (in the paramagnetic state), constructed in ref-
erence to experimental and computational studies of LSCO and
perovskite StCoO;_; (P SCO).b15+556971] Here, our depiction is
designed to capture the experimental observations of an O%-Co**
interband transition in the visible and a Co* t,-¢, Drude tran-
sition in the infrared (< 1.0 eV).13+55:58.6971] We also acknowl-
edge that O% holes have been discussed to exist at the Eg in
x > 0.18 LSCO, and we have incorporated this detail into our
schematic.[7273]

The rest of Figure 3 shows our room-temperature Kramers—
Kronig-consistent complex refractive index models for as-
deposited P LSCO films with 0 < x < 0.70, where the wavelength-
dependent imaginary refractive index (k) is shown in Figure 3c
and the real index (n) is shown in Figure 3d. Further details of
the techniques and measurements used to generate these refrac-
tive index models are provided in the Experimental Section and
the Supporting Information. Because changes in LSCO’s elec-
tronic structure are directly reflected in light absorption trends
(i-e., trends in k), we first focus our analysis on Figure 3c. Here,
LCO (x = 0 LSCO) has an imaginary index that decreases with

density-of-states of the various bands near the Fermi level for metallic
perovskite LSCO (x > 0.18). c) Imaginary and d) real parts of the 300-
K wavelength-dependent complex refractive index of as-grown perovskite
LSCO films at all x studied, obtained from fitting room-temperature spec-
troscopic ellipsometry and optical transmittance data to Kramers—Kronig
dispersion models (see Table S1, Figures S1and S2, Supporting Informa-
tion).
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wavelength, showing two absorption features centered at ~400
and #1000 nm. This imaginary index for LCO shows excellent
qualitative and quantitative agreement with previous experimen-
tal studies of LCO and with the diagram in Figure 3a, specifically
a stronger and narrower absorption peak at higher photon en-
ergy (%400 nm) due to the O%-Co* ¢, transition, and a weaker
but broader absorption peak at lower photon energy (~1000 nm)
due to the Co* t,,-¢, intraband transition.[**" ] Moving to x
=0.10 LSCO, we observe a similar spectrum overall, with a slight
reduction in the magnitude of the peak near 400 nm, and signif-
icant increases in both the magnitude and width of the longer-
wavelength absorption peak, attributed to metallic cluster forma-
tion due to Sr doping (Figure 1c, top panel). The light absorption
in x = 0.28 LSCO is then consistent with metallic cluster perco-
lation (Figure 1c, middle panel). The shorter-wavelength inter-
band absorption feature is retained (as expected from the picture
in Figure 3b), but the longer-wavelength absorption increases
with wavelength and is much stronger in magnitude, indicating
free-carrier Drude light absorption from the Co* ¢ 2576, intraband
transition.[**%%] Considering the x = 0, 0.10, and 0.28 composi-
tions together, we also note the slight decrease in the shorter-
wavelength absorption feature, and the increase and broadening
of the longer-wavelength feature, with x. We attribute this spec-
tral weight transfer to a filling-controlled insulator-metal transi-
tion, previously described in terms of a Mott insulator-to-metal
transition.[**%%] Through imaginary index trends observed in P
LSCO atx =0, 0.10, and 0.28, we thus observe optical signatures
of the percolation insulator-metal transition, where the insulat-
ing ground state in LCO gives way to more optically lossy (but
still insulating) behavior at x = 0.10, and finally to the onset of
metallic, Drude absorption at x = 0.28. These findings are con-
sistent with both our established theoretical picture (Figure 1c)
and the measured p(7T) at different x (Figure 2b).

Moving to light absorption at higher x, Figure 3c shows a no-
table increase in k from x = 0.28 to 0.50, in agreement with the
decrease in resistivity in Figure 2b. The magnitude and overall
shape of the refractive index are also similar to prior refractive in-
dex measurements of x = 0.50 LSCO films, some of which used
similar Drude-Lorentz refractive index models.l*®! Finally, x =
0.70 LSCO shows a slight decrease in k relative to x = 0.50 at
longer infrared wavelengths, but higher k at shorter wavelengths.
As discussed in Figure 2b, this decrease in longer-wavelength
light absorption is due to the valence instability of Co at x = 0.70
and the subsequent formation of oxygen vacancies that compen-
sate doped holes.[*8-506064] Qverall, the trends in the imaginary
refractive index in Figure 3c capture the relevant electronic tran-
sitions expected in LSCO across the studied Sr doping window.

In Figure 3d, we present the corresponding real refractive in-
dex (n) of P LSCO films, where the magnitude and shape of n
are directly linked to that of k (Figure 3c) via the Kramers—Kronig
relations. For x = 0, we see that n increases significantly between
~350 and 1500 nm, with shoulders around 600 and 1100 nm,
then increases more slowly between 1500-5000 nm, finally level-
ing off at n ~ 3.35. Based on the Kramers—Kronig relations, the
two shoulders observed in the n of LCO are attributed to the two
absorption features in k at similar wavelengths, while the decreas-
ing dispersion at longer wavelengths is attributed to the general
decrease in absorption at those wavelengths. LSCO at x = 0.10
also shows stronger dispersion in the visible than in the infrared,
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but greater overall dispersion than LCO, due to stronger absorp-
tion throughout the infrared. The x = 0.28, 0.50, and 0.70 LSCO
then show higher dispersion in n compared to the insulating
compositions (x = 0 and 0.10) due to strong free-carrier light ab-
sorption (k) in the infrared. When we compare LSCO at x = 0.28
and 0.50 specifically, we see that x = 0.50 LSCO has comparatively
smaller n at wavelengths below 1800 nm, but larger n at longer
wavelengths, most likely due to the interband-to-intraband spec-
tral weight transfer observed in k. This trend should also extend
to x = 0.70 but is partly obscured by the redox instability of Co
athigh x. As a final note on this Kramers—Kronig-based analysis,
we emphasize that there are certainly higher-energy interband
absorptions in LSCO at wavelengths below 350 nm, as well as
phonon-polaritonic modes at wavelengths above 5000 nm,>*%
and that incorporating those absorption features in our analysis
might slightly change the magnitudes of the refractive indices.

2.3. Electrolyte-Gating-Induced Electronic and Structural
Changes in LSCO

Having characterized the complex refractive index of as-
deposited P LSCO films, we now discuss the electrochemical gat-
ing of these films. Figure 4a first shows the 300-K source-drain
current (Isp) and gate current (I,) in electrolyte-gated films of
LSCO at various x as V, is swept (at 0.50 mV s™!) from 0 to 3.5 V.
In general, LSCO films at all x exhibit lower I, (top panel) as
gating proceeds to 3.5V, indicating the expected increases in re-
sistivity due to oxygen vacancy formation and proliferation. How-
ever, I, decreases by less than an order of magnitude with gating
in LCO films, while decreasing by 3 orders of magnitude in x =
0.10 LSCO films, and finally almost 5 orders of magnitude for x
= 0.28, 0.50, and 0.70 films. Some of the I;,(V,) curves in Fig-
ure 4a also display clear features, such as abrupt slope changes at
specific V, values. In general, these slope changes coincide with
local maxima in I, at the same voltages, emphasizing that elec-
trochemical activity is occurring at these points in the V, sweep.
More specifically, the features in Iy, and I, mark the onset of oxy-
gen vacancy formation and the transformation to BM, as we will
detail in a future paper.”*] We also draw attention to the overall
low I, magnitude (< 500 nA cm~?) for all x during the sweep, con-
firming the insulating nature of our ion gel. Complementary to
Figure 4a, Figure 4b shows 300-K four-wire resistivity measure-
ments of LSCO films before (V, = 0 V) and after (V, = 3.5 V)
gating. Consistent with Figure 2b, the resistivity in the as-grown
P phase decreases quickly from x = 0 to x = 0.50, before increas-
ing slightly at x = 0.70. After gating, however, LSCO films with x
=0, 0.10, and 0.28 show nearly identical resistivity of 10 Q cm,
while gated films with x = 0.50 and 0.70 show noticeably higher
resistivities of 29-31 Q cm. These findings broadly agree with the
results in Figure 4a, where the overall decrease in Igj, with V, in-
creases significantly from x = 0 to 0.10, then becomes largest at
x = 0.50.

In order to map the above transport results to the relevant
phase evolution, Figure 4c—f shows XRD and cross-sectional
scanning transmission electron microscopy (STEM) results
before and after gating. Focusing first on x = 0.50 and 0.70
films, Figure 4c shows specular XRD scans before (V, =0, black)
and after (V, = 3.5 V, purple and green, respectively) gating.
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Figure 4. a) Gate voltage (V,) dependence of the 300-K source-drain current (Isp) (top panel) and 300-K gate current (I;) (bottom panel) in ion-gel-
gated LSCO films at various x, as V, is swept from 0 to 3.5 V at a rate of 0.5 mV s~'. b) Sr doping (x) dependence of the 300-K four-terminal resistivity
of LSCO films at x = 0, 0.10, 0.28, 0.50, and 0.70 before (V, = 0V, closed symbols) and after (V, = 3.5V, open symbols) gating. The dashed lines
connect data points, and error bars are shown for cases where the error is larger than the data points themselves. For as-grown LSCO films (0 V), the
error bars represent the standard deviation between multiple samples. For gated LSCO films (3.5 V), the error bars represent the sum of systematic and
random measurement uncertainty. c) High-resolution specular XRD scans of as-grown (V, = 0) and gated (V, = 3.5 V) LSCO at x = 0.50 and 0.70. d)
Atomic-resolution HAADF-STEM image of gated (V, = 3.5 V) LSCO at x = 0.50 at the film/substrate interface. e) High-resolution specular XRD scans
of as-grown (V; = 0) and gated (V, =3.5 V) LSCO atx=0, 0.10, and 0.28. f) Atomic-resolution HAADF-STEM image of gated (V, = 3.5 V) LSCO at x =

0.28 at the film/substrate interface.

The peaks at ~33° and 57° after gating (the BM 006 and 0010
peaks, respectively) clearly evidence a transformation to the BM
structure. Simultaneously, the primary P 002 film peak reduces
slightly in intensity and shifts to a lower angle, transforming
into the 008 peak of the BM structure (the unit cell is quadrupled
out-of-plane). Similar gate-induced P — BM transformations
were reported in our previous work!*] in x = 0.50 LSCO and in
BM SCO.51521 (Note that the Pt 111 peaks in Figure 4c arise from
the device electrodes [see Figure 1b]). These gated x = 0.50 and
0.70 LSCO films are in fact phase-pure BM, as emphasized in
Figure S3, Supporting Information via comparisons to as-grown
BM SCO films and quantitative analyses of peak intensity ratios.
The long-range oxygen vacancy order characteristic of the BM
structure is also evident in atomic-resolution high-angle annular
dark field (HAADF) STEM images of gated x = 0.50 LSCO films,
as shown in Figure 4d, where the alternating lines of horizontal
light and dark contrast correspond to the oxygen-sufficient Co-O
octahedral planes and oxygen-deficient Co-O tetrahedral planes
of the BM structure (Figure 1b).

Adv. Optical Mater. 2023, 2300098 2300098 (6 of 13)

In clear contrast, the XRD scans in Figure 4e reveal no obvi-
ous BM peaks in gated films with x < 0.28. The P 002 film peaks
do downshift into the LSAT 002 peak, however (see Figure S4,
Supporting Information for more detailed confirmation of this
point), indicating substantial increases in the P out-of-plane lat-
tice parameter, meaning that significant oxygen vacancy creation
has taken place. The electrochemically generated oxygen vacan-
cies in gated films with x < 0.28 are thus disordered, in the P
phase, while those in gated films with x > 0.50 are ordered, in the
BM phase. Interestingly, the overlap of the P 002 film and P 002
LSAT substrate peaks in Figure 4e indicates that the films have
assumed near-ideal cubic symmetry, as in-plane lattice parame-
ter matching is known to be maintained in LSCO after electrolyte
gating,l’!) and the out-of-plane lattice parameter now matches
that of the substrate. It is thus possible that symmetry matching
plays a role in stabilizing this structure and the associated oxygen
stoichiometry. In agreement with Figure 4e, the HAADF-STEM
images of gated x = 0.28 LSCO in Figure 4f reveal no long-range
oxygen vacancy ordering (compare to Figure 4d), instead showing
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Figure 5. a) Imaginary and b) real parts of the wavelength-dependent complex refractive index of gated (V, = 3.5 V) LSCO films (0 < x < 0.70), along
with an as-grown brownmillerite SCO film (x = 1.00) for comparison (black, bottom panels). c) and d) show the difference in real (An, solid lines)
and imaginary (Ak, dashed lines) parts of the refractive index between as-grown (V, = 0 V) and gated (V, = 3.5 V) LSCO for compositions that show
insulator-insulator (x =0 and 0.10) and metal-insulator (x = 0.28, 0.50, and 0.70) refractive index modulation, respectively. The black circles with arrows

serve as guides to the eye.

isolated local regions with variable contrast, potentially indicating
short-range oxygen vacancy ordering. In prior work at x = 0, we
speculated on such short-range oxygen vacancy ordering or Gre-
nier phase formation,[*¥ and, interestingly, broad, low-intensity
features do arise around 29° and 55° in Figure 4e. While defini-
tive proof of short-range oxygen vacancy order in lower x films
remains to be established, the clear conclusion from Figure 4c,d
is a V,-driven P — BM transformation in LSCO films with x =
0.50 and 0.70, explaining the large modulation in Iy, and p in
these cases (Figure 4a,b). The distinctly lower p after gating for x
=0, 0.10 and 0.28 films (Figure 4b) is then simply due to a gate-
induced increase in oxygen vacancy concentration, but incom-
plete vacancy ordering into the BM structure. In essence, there
thus exists a critical x (i.e., a critical level of redox instability) in
order to gate LSCO to the fully-ordered BM phase, at least under
the gating conditions and substrate choice employed here.

2.4. Optical Characterization of Electrochemically Gated LSCO
For the remainder of this study, we return to optical properties,

beginning with the characterization of the refractive index of elec-
trochemically gated LSCO at all %, as shown in Figure 5a,b. To aid

Adv. Optical Mater. 2023, 2300098 2300098 (7 of 13)

in this analysis, we also include measurements of an as-grown
BM SCO (x = 1.00) film in the bottom panels of Figure 5a,b. We
note immediately that, at all x, gated LSCO films show significant
changes in both k and n relative to P LSCO (Figure 3c,d), with all
gated LSCO films showing insulating behavior. Electrochemical
gating of LSCO films thus produces insulator-insulator refractive
index modulation for x = 0 and 0.10, and metal-insulator mod-
ulation for x = 0.28, 0.50, and 0.70, facilitated by the V,-induced
P — P changes for x < 0.28 and the P — BM transformation for
x > 0.50, as seen in Figure 4c—f. These observations agree with
the V,-induced changes in I, and p(300 K) in Figure 4a,b. Fo-
cusing on the detailed refractive index trends in gated LSCO, we
first observe in Figure 5a that the k of LCO and LSCO films with
x=0.10 and 0.28 reaches a maximum near 420 nm, then steadily
decrease at longer wavelengths. The absorption is nearly identi-
cal in all three cases, which is unsurprising given the clear sim-
ilarities in structure, but the absorption peak slightly decreases
in magnitude and blueshifts with increasing x, and x = 0.28
LSCO also shows a slight broadening in absorption. Through
similar Kramers—Kronig-related arguments as employed above,
these light absorption trends in x < 0.28 gated LSCO films trans-
late to the real index trends observed in Figure 5b, namely an
n that is slightly blueshifted and lower in magnitude between
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LCO and x = 0.10 LSCO, followed by an n of x = 0.28 that is
slightly more dispersive and higher-index in the infrared due to
the broadened absorption peak.

Shifting to BM LSCO at x > 0.50, we now observe the pres-
ence of two absorption peaks in x = 0.50 and 0.70 gated LSCO,
and in as-grown BM SCO. Specifically, we see a stronger, shorter-
wavelength peak that occurs at similar wavelengths to the single
absorption peak in x < 0.28 LSCO, as well as a second, broader ab-
sorption peak centered at ~#750-900 nm. As x increases from 0.50
to 1.00, both absorption peaks slightly redshift and increase in
magnitude, with much larger absorption changes in the shorter-
wavelength peak. While n decreases slightly from x = 0.50 to 0.70
at visible wavelengths, the absorption trends in BM LSCO gener-
ally translate to increases in n between x = 0.50 to 1.00 composi-
tions, as expected.

Finally, we note that the presence of one vs. two absorption
features in x < 0.28 vs. x > 0.50 gated LSCO further aligns with
the presence of disordered vs. ordered oxygen vacancies in these
compositions, as described in conjunction with Figure 4. Firstly,
the presence of two absorption peaks in the visible and near-
infrared is a common optical signature for BM order, related to Co
ions in both tetrahedral (tet) and octahedral (oct) coordination, as
seen in our as-grown SCO film (Figure 5a, bottom panel) and in
prior experimental optical studies of BM SCO films.[*17173] This
further reinforces our observation from Figure 4 of full BM or-
der in x = 0.50 and x = 0.70 LSCO, but a lack thereof in x <
0.28 LSCO. Previous studies of BM SCO assert that the shorter-
wavelength feature is due to an interband transition from the O%
orbital to a mostly-octahedral Co* orbital and that the longer-
wavelength feature is due to an intraband transition between Co*
orbitals.[*1717°] Based on this picture, it is reasonable that the O%-
Co**°¢ transition is present in gated LSCO at all x (as it was also
observed in P LSCO based on our previous discussion), and does
not involve the Co***" orbital, which arises from BM ordering.
Still, the slightly stronger and broader absorption of x = 0.28 rel-
ative to x = 0 and 0.10 suggests the formation of some Co’**
regions due to oxygen vacancies (Figure 4f), and therefore the
possibility of Co? intraband transitions even at x < 0.28.

2.5. Electrochemically Gated LSCO for Infrared Active
Metasurfaces

In the final section of this paper, we place the refractive index
modulation observed in electrochemically gated LSCO in the
broader context of active metasurfaces, specifically for the in-
frared. First, we return to the observation that electrochemically
gated LSCO is capable of both insulator-insulator (x = 0, 0.10)
and metal-insulator (x = 0.28, 0.50, 0.70) voltage-driven refrac-
tive index modulation, stemming from the combination of the
x-dependent percolation insulator-metal transition in as-grown
P LSCO and the significant electrochemical reduction induced
Dby electrolyte gating. For additional emphasis on this point, the
refractive index of as-grown P and gated LSCO at each x are
plotted together in Figure S5, Supporting Information. To bet-
ter quantify these voltage-induced refractive index changes at all
x, Figure 5¢,d shows the index modulation (An) and loss modula-
tion (Ak) in LSCO, grouped by compositions that show insulator-
insulator and metal-insulator contrast, respectively. In Figure 5S¢,
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we observe significant index modulation in low-x LSCO (~0.6 for
LCO and up to 1.3 for x = 0.10 LSCO in the infrared). The refrac-
tive indices themselves of LCO and x = 0.10 LSCO are attractive,
with both compositions displaying high index (n > 2.5) with mod-
erate to low loss (k < 1.0) throughout the infrared, both before and
after gating. Based on these attributes, ¥ <0.10 LSCO can be com-
pared with chalcogenide alloys such as GST, which transform
between an n > 3.5 amorphous phase and an n > 6 crystalline
phase, with both phases showing moderate to low loss in the
infrared.['216177] While electrochemically gated LCO and x = 0.10
LSCO show both lower index and lower index modulation than
GST, these compositions can still tune the optical response of
metamaterials significantly, as seen in the case of electrochemi-
cal modulation of lower-index TiO,.[**] Analogously, in Figure 5d,
we observe significant loss modulation (Ak) in LSCO at x = 0.28,
0.50, and 0.70, due to the opening of an electronic bandgap dur-
ing gating, with the gated phases of these compositions again
showing high index and low loss. These metal-insulator transi-
tions are reminiscent of similar changes in VO, and SmNiO;,
where the insulating phase of each material supports resonant
effects in many metamaterial geometries, but the strong opti-
cal loss in the metallic phase removes the resonance.['*?2%] In
LSCO, however, we observe for the first time the ability to achieve
both types of refractive index modulation using a single material
system, along with the significant additional convenience of non-
volatile, low power, room-temperature phase changes.

To clearly illustrate the significant modulation achievable with
electrochemically gated LSCO, we used finite-difference time-
domain (FDTD) simulations to design a tunable plasmonic meta-
surface for these two different cases, using the refractive indices
measured for LCO and x = 0.50 LSCO (Figure 6). As shown
in Figure 6a, the chosen structure consists of a metal-insulator-
metal geometry, comprised of a thin film of LSCO sandwiched
between an Au nanodisk metasurface and an optically-thick Au
back reflector. These FDTD simulations were performed without
the ion gel to capture the ex situ modulation discussed through-
out this study, but future demonstrations that include the ion gel
are certainly feasible, as they can be designed to avoid absorp-
tion bands in the gel.”® To understand how LSCO’s refractive
index changes affect the resonance of the plasmonic nanostruc-
ture, we plot the local electric field intensity normalized to that
of the incident plane wave (|E|*/|E,|?) around the cross-section
of a single nanodisk before and after gating for LCO (Figure 6b)
and x = 0.50 LSCO (Figure 6¢). In Figure 6b, it is evident that
both as-grown (V, = 0V) and gated (V, = 3.5 V) LCO support a
surface plasmon resonance in the Au nanodisk. Upon gating, the
spectrum blueshifts (A4 = 600 nm) and there is a slight increase
in electric field intensity, which occur because of the decrease in
both index and loss in LCO upon gating. This same metasurface
absorber behaves very differently for the case of x = 0.50 LSCO,
however, as shown in Figure 6¢. Here, the field profiles for as-
grown (V, = 0 V) and gated (V, = 3.5 V) LSCO show that at a
single mid-infrared wavelength, the surface plasmon resonance
can be turned “off” and “on” owing to the substantial contrast
between the highly lossy metallic P phase and the high-index,
low-loss BM phase.

In the rest of Figure 6, we show how this voltage-tunable
metasurface resonance — when extended to the whole nanodisk
array — creates significant mid-infrared reflectance modulation
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Figure 6. a) Schematic depiction of a tunable plasmonic absorber metasurface utilizing the electrolyte-gate-induced refractive index changes in LSCO,
modeled with FDTD simulations. The LSCO layer was varied in terms of composition (x = 0 or 0.50) and thickness (20-100 nm). The thickness of the
Au reflector was fixed at 100 nm in all cases. b,c) Cross-sections of the nanodisk metasurface used in FDTD simulations, showing local electric field
intensity (E?) normalized to the intensity of the incident plane wave (E,?) for b) x =0 and c) x = 0.50 LSCO. In each case, the left panels show the fields
with as-grown LSCO (V, =0V) and the right panels show fields with gated LSCO (V, =3.5 V). d) Simulated wavelength-dependent reflectance spectra of
the plasmonic absorber with as-grown (V; = 0V) and gated (V, = 3.5 V) x= 0 LSCO (LCO), as the LSCO channel thickness increases from 20-100 nm.
e) Resonant wavelength shift of the plasmonic metasurface between as-grown (V, = 0 V) and gated (V, = 3.5 V) x= 0 LSCO at different film thicknesses,
shown in the filled circles. Open circles denote the shift in the resonant wavelength achieved at shorter wavelengths for the case with no nanodisks
present. f) Simulated wavelength-dependent reflectance spectra of the plasmonic metasurface with as-grown (V, = 0V) and gated (V, = 3.5 V) x=0.50
LSCO, as the LSCO channel thickness increases from 20-100 nm. g) Single-wavelength reflectance modulation of the plasmonic metasurface between
as-grown (V, = 0V) and gated (V, = 3.5 V) x = 0.50 LSCO at different film thicknesses, shown as filled circles. Open circles denote the change in

reflectance for the corresponding case without nanodisks.

in the far-field, even at LSCO film thicknesses as low as 20 nm.
First considering the case of LCO, we observe in the top panel of
Figure 6d that both as-grown (V, = 0 V) and gated (V, = 3.5 V)
LCO films of 20 nm thickness produce distinct minima in an
otherwise high reflectance (R) spectrum, again accompanied by a
significant resonant wavelength blueshift of A4 = 822 nm upon
gating, for similar reasons as described above. As the thickness
of the LCO layer increases from 20 to 100 nm (Figure 6d, lower
panels), we observe the same blueshift and strengthening of the
reflectance minimum from 0 to 3.5 V in each case, but also an
overall strengthening of both reflectance minima as thickness
increases. In fact, the resonance supported by 60-nm-thick
gated LCO (Figure 6d, middle panel) becomes so strong that
the reflectance becomes nearly zero (R = 0.02) near 2700 nm,
thus signifying perfect light absorption in the metasurface; in
100-nm-thick LCO we observe near-perfect absorption at both

Adv. Optical Mater. 2023, 2300098 2300098 (9 of 13)

0 and 3.5 V. We also observe in Figure 6d an overall blueshift
of the reflectance minima with increasing LCO thickness. We
attribute this thickness-dependent effect to the cavity-like nature
of this geometry, in which a larger LSCO thickness blueshifts the
resonance.l®””] Aside from these details, we emphasize that elec-
trochemical gating of LCO films produces significant wavelength
shifts (A4) in the reflectance spectra of plasmonic metasurfaces,
regardless of film thickness, as shown by the filled circles in
Figure Ge. This A4 is much larger than what is achievable solely
based on thin-film interference between the LCO film and the Au
back-reflector, which together form an asymmetric Fabry—Per6t
cavityl’®! (open circles in Figure 6e). These thin film modes are
responsible for the reflectance minima at shorter wavelengths (<
1200 nm) observed in Figure 6d, and are more clearly displayed
in Figure S6, Supporting Information. However, the lower A
observed in the thin film resonance is partly due to its location

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

IpuOD) pue Swid 1, 341 20 “[€202/90/61] U0 ATeIqrT SUIUQ K[ “QIT BIOSIUIAl JO ANSIOATU) Aq 86000£Z0T WOPE/Z001°01/10p/Wioo" Ka[iav ATeaqijaus|uoy:sdiy woiy papeoumod 0 “1L01$612

ssdny)

10)/W00" KoM A

pi

ASULIIT suowwo)) aanear) a[qedrjdde oY) £q pauIdA0S ale sa[oNIR Y SN JO AN 10J AIeIqr] auluQ A3[IA\ Uo (Suonip



ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

at shorter wavelengths, where the refractive index modulation in
LCO is not as high (Figure 5c). Nevertheless, the presence of the
Au nanodisk metasurface is clearly instrumental in producing
significant A4 and in pushing the resonant wavelengths into the
mid-infrared.

Next, considering the case of reflectance modulation using
x = 0.50 LSCO, Figure 6f shows that turning the plasmonic
nanostructure resonance “off” and “on” translates to high broad-
band reflectance with metallic as-grown LSCO (V, =0 V), vs. a
resonance-induced reflectance minimum with insulating gated
LSCO (V, = 3.5 V). Even an LSCO thickness as low as 20 nm
supports reflectance modulation of AR > 60% near 3200 nm (Fig-
ure 6f, top panel). As the LSCO thickness increases to 100 nm,
we observe a trend similar to that in LCO, in which the in-
sulating LSCO-supported resonance blueshifts and strengthens
to the point of near-perfect light absorption. We also find a
thickness-dependent decrease in reflectance for the V, = 0 V
(as-grown LSCO) case as light traverses a progressively larger
optical path length, leading to more absorption by the metallic
LSCO film. Figure 6g further emphasizes that electrochemically
induced changes in x = 0.50 significantly modulate mid-infrared
reflectance (AR) at a single wavelength, regardless of the specific
film thickness in the range studied here. Analogous to LCO, Fig-
ure 6g also shows that this geometry enables over twice the AR
observed from thin film reflectance modulation alone, again with
the caveat that AR is lower for thin film resonances due to lower
refractive index modulation at shorter wavelengths.

Finally, we comment more broadly on the potential for active
metasurfaces based on the room-temperature, nonvolatile refrac-
tive index changes obtained in electrochemically gated LSCO.
While LSCO can be realized in many other geometries, even
the single plasmonic nanostructure shown here has numerous
potential applications, particularly in the mid-infrared. A tunable
plasmonic absorber featuring insulator-insulator modulation in
LSCO could achieve dynamic thermal imaging/detection, for
example, in which a single “pixel” is voltage-tuned to several
wavelengths, corresponding to different temperatures.['>1618]
Metal-insulator modulation in LSCO could also be used for adap-
tive camouflage,”! in which one could switch between being
“seen” (metallic LSCO) to “invisible” (insulating LSCO). Other
applications, possibly in the near-infrared, include chemical
sensing based on analyte-induced resonant wavelength shifts!®]
(insulator-insulator modulation) and optical memory devices in
which different light intensities can be encoded at a single wave-
length (metal-insulator modulation).*®] We are confident that
these applications can be experimentally realized in our proposed
structure, where an epitaxial metallic film that is lattice-matched
to LSCO could serve as a back reflector instead of Au. To enable
these applications, electrochemically induced transitions in
LSCO will require significant reversibility, switching frequency,
and endurance; there is substantial evidence, however, that these
advances are possible. Reversibility over several cycles has been
demonstrated for the P «— BM transformation in SCOI*35152]
and will be the focus of a future study of ours on x = 0.50 LSCO.
Simple theoretical estimates of switching frequencies (i.e., by
calculating diffusion times using reported values of oxygen
vacancy diffusivityl®*] and assuming ~10 nm film thickness)
suggest potential operation at 1 Hz or more, particularly with
top-gate geometries. Thus, we believe the work presented here
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sets the stage for the proliferation of infrared-active metasurfaces
based on both insulator-insulator and metal-insulator reversible
refractive index modulation in electrochemically gated LSCO.

3. Conclusion

We have presented comprehensive optical studies of ion-gel-
gated epitaxial La;_, Sr,CoO;_; (LSCO) films across nearly the
entire phase diagram (0 < x < 0.70), highlighting key insights
from structural/electronic transport measurements, and mo-
tivating the use of electrochemically gated LSCO for tunable
nanophotonic applications such as active metasurfaces. Kramers-
Kronig-consistent complex refractive index models of as-grown,
perovskite-phase LSCO films show optical absorption trends con-
sistent with the percolation insulator-metal transition that occurs
in perovskite LSCO at x = 0.18. LSCO films at all x experience
significant refractive index changes upon positive-voltage elec-
trochemical gating, where films with x < 0.10 show insulator-
insulator modulation between two high-index insulating per-
ovskite phases, and films with x > 0.28 show metal-insulator
modulation accompanied by a topotactic perovskite to brownmil-
lerite phase transformation for x = 0.50 and 0.70. To illustrate
the power of LSCO’s refractive index changes to induce signifi-
cant optical modulation in active metasurfaces, we then used the
refractive index models for LCO and x = 0.50 LSCO to perform
FDTD simulations of a tunable plasmonic metasurface. These
simulations highlight the potential ability to shift a mid-infrared
spectrum by A4 > 600 nm using insulator-insulator modula-
tion in LCO and to modulate mid-infrared reflectance by AR >
60% using metal-insulator modulation in x = 0.50 LSCO. Given
the significant, nonvolatile, room-temperature effects, and the di-
verse sets of refractive index changes at various x, electrochemi-
cally gated LSCO can be utilized as a library of tunable photonic
materials for infrared active metasurfaces, potentially enabling
diverse applications such as dynamic thermal imaging, camou-
flage, and optical memory devices.

4. Experimental Section

LSCO films with 0 < x < 0.70, along with BM SCO films (x =
1.00), were deposited on (LaAlO3)q3(Sr,TaAlOg)g 7 (001) (LSAT) sub-
strates using high-pressure-oxygen sputtering using previously-optimized
conditions.[46-48.61.6264] First 10 x 10 x 0.5 mm commercial LSAT(001)
substrates from MTI were annealed at 900 °C under 1 Torr of ultra-high-
purity (99.998%) O, for 15 min. LSCO films with 0 < x < 0.70 were then
sputtered from polycrystalline ceramic LSCO targets at 600 °C substrate
temperature (700 °C in the case of x = 0[62]), 45-65 W of DC power, and
1.5 Torr O, pressure, after which the films were cooled to room tempera-
ture in 600 Torr O, pressure. BM SCO films were grown at a substrate tem-
perature of 700 °C using 40 W of DC power and cooled to room tempera-
ture at the growth pressure of 1.5 Torr O,. The resulting LSCO films ranged
from 12-22 nm in thickness across all compositions, as determined from
wide-angle XRD Laue fringes. All LSCO films at a particular composition
were grown under identical conditions and therefore have the same thick-
ness within 0.5 nm. LSCO films were grown on both one- and two-side
polished LSAT substrates to enable subsequent spectroscopic ellipsom-
etry measurements and intensity reflection/transmission measurements,
respectively.

Electric double-layer transistors (EDLTs) based on LSCO were fabri-
cated following established methods.[*6-48] 3.5 x 4.0 mm? center channels
in the LSCO film were first defined with Ar ion milling using a steel mask.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Mg (5 nm)/Pt (50 nm) films were then deposited through a second
mask to form the source, drain, and gate electrodes, and subsequently
rapid-thermal-annealed at 450 °C for 10 min in flowing O,. As shown in
Figure 1b of the main text, the EDLTs were fabricated in a side-gate geom-
etry so that the LSCO channel could be probed by XRD and various optical
spectroscopy techniques. The ion gel electrolytes used for gating ex-
periments consisted of the ionic liquid 1-ethyl-3-methylimidazolium
bis (trifluoromethylsulfonyl)amide (EMI:TESI) embedded in
poly (vinylidene fluoride-co-hexafluoropropylene) (P(VDF-HFP)).[81 Using
acetone as the solvent, a 1:4:7 by-weight mixture of polymer:ionic lig-
uid:solvent was spin-coated onto glass wafers, then treated under vacuum
at 70 °C to remove the solvent.[81] The “cut-and-stick” nature of these ion
gels allows one to easily cut sections of the dried gels with a blade and use
tweezers to apply them directly onto the device, completing the EDLTs.[3]

Electrolyte gating experiments and temperature-dependent resistivity
measurements of LSCO EDLTs were performed in a Quantum Design
Physical Property Measurement System and a closed-cycle He refrigera-
tor. Keithley 2400 source-measure units were used to measure channel re-
sistances and apply gate voltages. All gating experiments were performed
under the identical conditions of 300 K and vacuum (< 10~ Torr). The
gating was accomplished by sweeping V, from 0 V to +3.5 V at a sweep
rate of 0.5 mV s~', during which in situ source-drain current measure-
ments were also obtained with a constant source-drain voltage (Vsp) of
0.2V, and in situ gate current measurements were concurrently made be-
tween the gate electrodes (working electrode) and source-drain electrodes
(counter electrode). Ex situ high-resolution wide-angle X-ray diffraction
was performed using a Rigaku Smartlab XE diffractometer with a 5-axis
goniometer, HyPix-3000 high energy resolution detector, ~1.54 A (Cu Ka)
incident wavelength, and a spot size of 2 x 2 mm?2. STEM samples were
prepared using an FEI Helios Nanolab G4 dual-beam focused ion beam
(FIB) microscope. The sample was coated with amorphous carbon prior to
ion beam exposure in the FIB, to prevent damage to the film surface. The
sample was first thinned using 30 keV Ga ion beams followed by a 2 keV ion
beam shower to remove damaged surface layers. HAADF-STEM imaging
was performed on an aberration-corrected FEI Titan G2 60-300 (S)TEM
which is equipped with a monochromator and a CEOS-DCOR probe cor-
rector. The microscope was operated at 200 keV, with a probe current of
100 pA and probe convergence angle of 18.2 mrad. The HAADF detector
inner and outer collection angles used were 58.5 and 200 mrad, respec-
tively.

All optical measurements were performed ex-situ under ambient con-
ditions. Spectroscopic ellipsometry was performed on LSCO EDLTs grown
on one-side polished substrates using a J.A. Woollam VASE ellipsometer in
the wavelength range of 350-1100 nm. Unless otherwise specified, all el-
lipsometric measurements were performed at a 40° incident angle, which
produces a spot width small enough (< 4 mm) to probe only the LSCO
channel and not the surrounding electrodes. Separately, optical transmit-
tance measurements were performed on LSCO EDLTs grown on two-side
polished substrates. Transmittance data from 350-2500 nm were collected
using a Cary 7000 UV-vis—NIR spectrophotometer, where samples were
mounted on an opaque holder with an opening smaller than 3.5 x 4.0
mm? in area such that only the LSCO channel was illuminated. Trans-
mittance data from 2500-5000 nm were collected using a Bruker Hype-
rion 2000 FTIR microscope with a liquid N,-cooled MCT detector cou-
pled to a Bruker Invenio-R FTIR spectrometer. All transmittance spectra
were collected at normal incidence using unpolarized light and were nor-
malized to the transmittance of air. For each composition of LSCO, the
corresponding transmittance data were loaded into the J. A. Woollam el-
lipsometry software, and both the ellipsometric and transmittance data
for that composition were then fit together to Kramers-Kronig-consistent
refractive index models of LSCO ranging from 350-5000 nm following a
previously-demonstrated technique.!®2] To enable this fitting process for
LSCO, the refractive index of each two-side-polished LSAT substrate used
for this study was separately modeled in a similar manner.

FDTD simulations of LSCO plasmonic metasurfaces (depicted in Fig-
ure 6a) were performed using Ansys Lumerical software. These metal-
insulator-metal structures consisted of an array of Au nanodisks, a planar
LSCO layer, and a planar Au reflector on the bottom. For all FDTD sim-
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ulations, the Au nanodisks were modeled with 400 nm diameter, 90 nm
height, and 800 nm pitch, the LSCO thickness was varied from 20-100 nm,
and the Au reflector thickness was fixed at 100 nm. The ion gel was not in-
cluded in the model in order to model ex situ modulation, mirroring the
optical studies presented here. A broadband plane wave source was in-
jected in the z-direction, periodic boundary conditions were used in the x-
and y-directions, and perfectly matched layers were used as boundary con-
ditions in the z-direction. The refractive index of LSCO was directly taken
from the oscillator models developed in this study, and the refractive index
of Au was taken from the literature.[®3] To model the same structure with-
out the Au nanodisks present (Figure S6, Supporting Information and Fig-
ure 6e,g), the reflectance spectra of LSCO films of different x and thickness
on optically-thick (100 nm) Au were calculated with open-source MATLAB
code designed for transfer-matrix modeling, using the same refractive in-
dices described above.[34]
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