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Tunable Infrared Devices via Ferroelectric Domain

Reconfiguration

Thomas E. Beechem,* Michael D. Goldflam,

Michael B. Sinclair, David W. Peters,

Anthony E. McDonald, Elizabeth A. Paisley, Andrew R. Kitahara, Daniel E. Drury,
D. Bruce Burckel, Patrick S. Finnegan, Jong-Woo Kim, Yongseong Choi, Philip J. Ryan,

and Jon F. Ihlefeld

Despite widespread use in sensing, electro-optics, and catalysis, plasmonic
elements are typically static in their spectral response. The subwavelength
spatial confinement and enhanced electric fields intrinsic to plasmons pro-
vide a lever to realize dynamic spectral tunability—and thus multifunctional
optical components—as small alterations in their dielectric environment are
amplified by these effects. Here, electric-field (DC) control of phonon modes
is leveraged in lead zirconate titante (PZT) ferroelectric bilayers to create tun-
able long-wave infrared (LWIR) plasmonic devices that demonstrate a combi-
nation of advantages—speed (>10 kHz), latching, and low-power switching
(<1 w) mm~2)—unavailable together in approaches reported heretofore.
Mechanistically, bias-induced domain reconfiguration alters the phonon ener-
gies defining PZT’s optical permittivity, which determines the gap plasmon
formed within the ferroelectric resting between patterned metal contacts. The
utility of ferroelectrics for tunable plasmonic devices is thus demonstrated
while highlighting the promise of leveraging phonons for these purposes.

1. Introduction

Plasmons confine light to spatial scales far below the free
space wavelength. Owing to energy conservation, confinement
necessarily leads to electromagnetic field enhancement.
Enhanced fields, in turn, increase light-matter interaction
that can be leveraged for function. This is the basis for plas-
monics and their utilization across the electromagnetic

spectrum in applications ranging from
optical displays,!!l biosensors,>?l and photo-
catalysisl*® to information processing,”®!
lithography,” and imaging.[1%-13]

Despite this wide ranging applicability,
upon fabrication plasmonic systems
are most often static in their spectral
response. Active spectral tuning provides
great utility, however, allowing for ultra-
compact optical systems where a single
element provides multiple functionalities.
This need is particularly acute in the mid-
and long-wave infrared where optical com-
ponents are oftentimes large and unwieldy
while practical application demands
minimization of size, weight, and power.
Spectrally tunable IR plasmonics could
therefore enable chip-based spectroscopic
sensing and hyperspectral imaging in a
form factor unattainable by traditional
means.' To this end, we demonstrate
tunable long-wave infrared (LWIR) plasmonic devices based on
lead zirconate titanate (PbZr,Ti;_,O;) ferroelectric bilayers.

Tunable IR plasmonic devices have been pursued with sev-
eral approaches including phase change,'>'® mechanics,!!”]
and charge injection.'®21 Ferroelectric domain reconfigu-
ration in PZT bilayers is pursued here instead as it offers a
suite of capability unattainable using these other approaches,
namely: high speed, low power consumption, and a multistate

T. E. Beechem, M. D. Goldflam, M. B. Sinclair, D. W. Peters,
A. E. McDonald, E. A. Paisley, A. R. Kitahara, D. E. Drury,

D. B. Burckel, P. S. Finnegan, J. F. lhlefeld

Sandia National Laboratories

Albuquerque, NM 87123, USA

E-mail: tebeech@sandia.gov

A. R. Kitahara

Department of Materi
Carnegie Mellon University
Pittsburgh, PA 15213, USA

ience and Engineering

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.201800862.

DOI: 10.1002/adom.201800862

Adv. Optical Mater. 2018, 1800862 1800862

D. E. Drury

Department of Materials Science and Engineering
Missouri University of Science and Technology
Rolla, MO 65409, USA

J-W. Kim, Y. Choi, P. ]. Ryan

Advanced Photon Source

Argonne National Laboratory

Argonne, IL 60439, USA

J. F. Ihlefeld

Department of Materials Science and Engineering @
University of Virginia

Charlottesville, VA 22904, USA

J. F. Ihlefeld

Department of Electrical and Computer Engineering
University of Virginia

Charlottesville, VA 22904, USA

(1 0f10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

O 00NN VLA W=

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59


jonihiefeld
Sticky Note
Could insert "Dept. Electrical and Computer Engineering" directly under "Dept. of Materials Science and Engineering" to save space.

jonihiefeld
Sticky Note
Can maybe do a "present address" note for the students, rather than their current universities?


0N VTR WN

UTUTUTUUTUTOUTUTULD DD BEDADBDDBRARARERBAEDRDWOWWWWWWWWWNNNNMNMNNNNNNRRRRRRRRR 2O
OO UTRA WNRPRP O VOO ULRANR WNRFROUVUOXNAOAOULAE WN PR OOV ULAE WN PR OV ULEAE WN RO

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

unpowered response (i.e., latchable switching). The following
describes the origin of these characteristics by highlighting the
unique interplay of electric polarization, phonon dynamics, and
optical properties within ferroelectrics.

Tuning of a plasmonic system is correlated to the overlap
integral of the electric field and change in optical dielectric
permittivity (g, + ig;) within the medium of plasmon propa-
gation.'Yl Hereafter, permittivity will be used in reference to
a material's optical properties. Field enhancements due to the
plasmon are on the order of 50-100 relative to the incoming
light and, to first order, comparable regardless of the metal
structure used for its excitement.?” Designing tunability there-
fore reduces to an exercise in achieving large changes in the
permittivity of the plasmonic or local dielectric media.

Phase change (e.g., VO,,2*?l Ge;Sb,Tes (GST)®) is attrac-
tive owing to substantial permittivity changes intrinsic with
atomic rearrangement. This rearrangement is realized ther-
mallyl?>?%l resulting in resonance shifts in excess of 100 cm™'12°!
that are persistent in nonvolatile systems (e.g., GST) even after
the thermal load is removed. Thermally induced phase change
requires significant energy dissipation, however. Addition-
ally, the thermal load associated phase change devices prohibit
their use in many IR applications that require cooling. Similar
atomic rearrangement and spectral tuning can be realized
mechanically via strain to a plasmonic system—induced electro-
statically,*’] thermally,?®! or optically!?’! albeit with the necessity
of moving parts.

Alternatively, electrostatic (i.e., gate) control of charge car-
rier concentration can be leveraged to alter the permittivity of
the plasmonic medium as has been used to create tunable IR
elements with graphenel3®3!l and indium tin oxide?” among
others.3233 While electrostatic control can be high speed
and low power, the integration of a low-defect gate dielectric
that is benign to the infrared response is imperative.¥] Com-
monly employed dielectrics such as SiO,, HfO,, and Al,O;3,
however, exhibit phonons within the IR that impact the optical
response.4 Electrostatic control also demands constant appli-
cation of the gate bias to achieve any spectral state except
that which is intrinsic to the system resulting in larger power
consumption.

A tunable IR plasmonic element would ideally exhibit a low-
power, fast, and multistate means to alter the permittivity of the
medium. For utility and scalability, feature sizes would be suffi-
ciently large for fabrication with conventional photolithography.
Here, a tunable infrared plasmonic device possessing these
characteristics is demonstrated using ferrolectric PZT bilayers.
PZT’s noncentrosymmetric unit cell supports an electric polari-
zation (P) with displacements of the Ti or Zr ions relative to
the O-octahedra within the center of the perovskite structure.
This displacement—and hence the electric polarization—can
be influenced by the application of either an electric or strain
field.}5) With electric polarization, the dielectric constant
(6)—used hereafter to denote PZT’s electrical (DC) dielectric
response—is modified. Controlling the dielectric constant
is thus the genesis for PZT’s commercial use in capacitors,
sensors, and piezoelectric devices.>3¢)

Displacement of the Ti or Zr ions relative to the oxygen tet-
rahedra also affects the high-frequency dielectric response and
thus the material's interaction with electromagnetic waves.
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For this reason, PZT has long been recognized for its tunable
optical response owing to its nonzero, linear (Pockels), electro-
optic tensor that is on the order of 102 pm V! in the visible.]”]
The resulting voltage tunable optical properties have been sug-
gested for optical memory*#% and implemented commercially
for shutters in printers.3% While less thoroughly characterized
within the infrared, theory has shown that in PZT the electro-
optic effect originates from optical phonons that themselves
have LWIR energies and are related to the displacement of
ions along the polar axis.*!l This atomic displacement is also
the cause of PZT’s voltage tunable dielectric constant. By exten-
sion, the IR permittivity of the PZT is then tunable as well.[*l
Voltage-modified IR permittivity, in turn, provides a path to
tunable plasmon-enhanced elements.

2. Results

To this end, bilayers composed of PbZr,,TizgO; (top: PZT
20/80) and PbZr,,Tiy;0; (bottom: PZT 70/30) were prepared
on top of a platinized silicon wafer resulting in a film =300 nm
thick. Ferroelectric bilayers, as opposed to monolithic films,
were used because the bottom rhombohedrally symmetric PZT
layer alleviates mechanical clamping and enables larger domain
reconfiguration of the upper tetragonally symmetric PZT layer.
This, in turn leads to larger tuning of the dielectric constant
and permittivity.>#] Full details of synthesis are provided
in the Experimental Section with structural characterization
presented in the Supporting Information (Figure S1). Subse-
quently, gold (Au) gratings having periods (A) ranging from 4 to
7 um were fabricated atop the bilayers using standard photo-
lithographic lift-off processes. Metal widths (w,,) were chosen to
cover 30-70% of the period. The minimum feature size among
all devices examined was 1.2 pm. The grating also serves as a
top electrical contact while the bottom Pt-electrode is contacted
through a selective etch of the PZT. Schematic and SEM images
of the resulting 1 x 1 mm? devices are shown in Figure la—c.
Bias-dependent (-10 to 10 V) infrared reflectance was meas-
ured using a microscope coupled to a Fourier transform infrared
(FTIR) spectrometer (Bruker Hyperion) under TM-illumination.
Angles of incidence stemming from the use of the Schwarzs-
child objective ranged continuously from =8° to 23°. Represent-
ative spectra for a 6 pum period device with w,, = 3 um are shown
in Figure 1d under both biased and unbiased conditions. Unlike
bare PZT films, which exhibit a single minimum near 700 cm™*
due to the E(LO3) phonon, three distinct resonances at =800,
1100, and 1600 cm™! were observed. For two of the resonances,
reflectance reaches a minimum near 15%. Near-perfect absorp-
tion was observed for other devices having differing periods and
metal widths exhibiting a reflectance minimum <3% albeit with
smaller amounts of tuning (see Figure S2, Supporting Informa-
tion). The depth of these peaks, their energy displaced from that
of the phonons, 9l together with a quality factor (Q) >12 suggest
that the response is plasmonic in origin. The nature of the plas-
monic response will be addressed in detail subsequently.
Distinct, reversible, and repeatable shifts were observed
in the reflectance spectrum as shown in Figure 1d,e with
application of bias. Specifically, for DC electric fields greater
than the coercive field, each resonance blueshifts resulting

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Device architecture and tunable infrared response. a) Schematic of tunable device composed of a Pt back-plane, PZT bilayer, and Au grating
electrode along with accompanying b,c) false-colored SEM images. d) FTIR reflectance spectra from a device at two different voltages exhibiting tuning

near 800 cm™

in field-dependent variations of LWIR reflectivity reaching
nearly 10%. Similar field-dependent tuning of the reflectance
was measured for each of the more than 40 devices fabricated
on four separate wafers examined. It is therefore concluded
that this response is common to the material system and not
the result of a single sample possessing fortuitously labile
domains. Comparing to tuning mechanisms relying on elec-
trostatic charge injection, the spectral shifts observed here are
smaller.'*?1#7] However, the present devices—unlike those pre-
viously reported—have feature sizes 10x (i.e., 1 um vs 100 nm)
bigger and will be shown to have multiple unpowered states.

The tunable response derives from bias-induced changes in
the electric polarization of the PZT driven by domain recon-
figuration. Changes in the polarization alter the permittivity
and hence the optical response. Variations of the optical proper-
ties, in turn, modify the dispersion of the gap plasmon formed
between the two metal layers (see note on use of plasmon(ic]
nomenclature in the Supporting Information). Alterations in
the plasmonic dispersion cause a variation in the resonances
observed in Figure 1d,e. To assert the veracity of these claims,
the following examines the field-dependent changes in elec-
tric polarization, their effect on the optical properties of the
PZT itself, and then describes the origin of tuning within the
plasmonic system.
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as highlighted by the inset. e) The resulting alteration in reflectance (6R) reaches near 10%.

Polarization versus electric field of the bilayer PZT film is
shown in Figure 2a. The response displays clear hysteretic
polarization switching with a remanent P, value of 28 uCcm™2,
saturation polarization approaching 39 uCcm™, and coercive
voltage of 3 V (E, = 100 kV cm™). The hysteretic and nonlinear
response results from the tuning of the dielectric constant with
applied voltage. The tuning is attributed to domain wall motion
and domain structure changes in line with previous investiga-
tions of PZT bilayers.[*>*

The link between tunable polarization and domain recon-
figuration—rather than phase change—is deduced from field-
dependent in situ Raman and synchrotron X-ray diffraction
(XRD) investigations acquired on a bilayer film possessing an
optically thin (2-3 nm) and 90 nm thick top Pt contact, respec-
tively. Figure 2b plots the Raman spectrum of the bilayer where
the response is dominated by the tetragonal 20/80 top-layer
regardless of field as evidenced by the sharpness of the modes
at energies less than 300 cm™..1l As expected for these PZT
compositions at room temperature, persistence of the tetrag-
onal response indicates that phase change is not the root of the
polarization tuning. This deduction is further supported by the
bias-driven intensity modifications observed in the A1(TO3)
and E(LO3) modes near 600 and 700 cm™!, respectively (see
the inset of Figure 2b). Correlated to the relative fraction of

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Characterization of PZT-bilayer ferroelectric response. a) Polari-
zation versus electric field for a A = 6um, w,, = 3um device. b) Raman
response of a bilayer film under bias where variations in the LO modes
are indicative of domain reconfiguration as emphasized by the inset.
c) Lattice strain in a-(200) and ¢-(002) domains as a function of electric
field measured using synchrotron X-ray diffraction.
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Table 1. Optical properties of PZT films deduced from a combination of
IR-VASE and field-dependent FTIR. All units are in wavenumbers (cm™).
£.,=6.09.

Field [kV cm™] Ocroz) Teroz @eroz) Teoz @erosy Terosy @errosy Teos)
0 214 21 426 33 533 87 702 72
—266 214 21 426 33 533 87 704 77

a- to c-domains, alterations in these modes’ Raman intensity
are indicative of domain reconfiguration.*8!

Field-dependent XRD further supports these conclusions. As
shown in Figure 2c, lattice strain varies inversely for the a- to
c-domains, as evidenced by the contrasting trends observed for
the respective (200) and (002) modes. Domains form to mini-
mize depolarization fields (electrostatic boundary conditions)
and stress (mechanical boundary conditions) within the lattice.
Evolving lattice strain thus necessitates domain reconfigura-
tion, which results in modification of the electric polarization.
Equally, application of an electric field modifies the electric
polarization and hence the strain state. Reaching magnitudes
in excess of 0.02%, the strains induced by the applied fields
appreciably alter the phonon energies dictating the IR optical
properties of PZT. It is these field-dependent strains—and the
associated phonon energy change—that drive the tunability
of the plasmonic response. Equally, these same changes in
phonon energy could be utilized in alternative manner to elec-
trostatically tune surface-phonon polaritons.[214%

This link is substantiated through characterization of the
PZT’s optical properties. First, the intrinsic optical properties
of individual PZT layers were measured using infrared vari-
able angle spectroscopic ellipsometry (IR-VASE). In line with
previous reports,®5! the resulting data were fit using a trans-
verse optical/longitudinal optical (TOLO) factorized oscillator
permittivity model having the form

2 2 2 .
Wio—0W + lr',Low
c@=c.J[5—5— (1)
i1 Wiro =@ + il ro®

presuming an isotropic response owing to the random crystal-
lographic orientation indicated by XRD analysis (see Figure S1,
Supporting Information). The fitted parameters are provided
in Table 1 with the accompanying fits to the data displayed
in Figure S3 (Supporting Information). Phonon frequencies
deduced from ellipsometry and Raman spectroscopy were
comparable. Subsequently, the reflectivity of a PZT bilayer
possessing a semitransparent top contact of 2-3 nm of Pt was
analyzed as a function of electric field using FTIR as presented
in Figure 3a. The spectrum is dominated by the zero crossing
of the real permittivity (¢;) due to the E(LO3) phonon mode
feature near 700 cm™. This phonon originates from the dis-
placement of the oxygen and Ti/Zr-ions (i.e., the displacement
linked to electric polarization).’!l The reflection dip shifts
slightly and broadens with applied bias as highlighted by the
inset of Figure 3a, indicating field-induced modifications of the
E(LO3) phonon properties. Mechanistically, domain reconfigu-
ration modifies the strain and thus the phonon energy and its
scattering rate. These two changes are the origin of the tuning
in Figure 3a.
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Figure 3. Optical response of PZT devices under electric field when utilizing an a,c) unpatterned and b,d) grating top electrode. a) The unpatterned
device exhibits a small reflectance minimum near 700 cm™" owing to the E(LO3) phonon mode. b) The patterned device possesses much deeper
reflectance minima (see inset) present at energies defined by the grating electrode dimensions rather than the PZT phonons. ¢,d) The magnitude of
tuning—OR—is 5x greater in the patterned versus the unpatterned device. Simulations reproduce the response of both devices using identical material
properties in which only the energy and linewidth of the E(LO3) mode are impacted by the applied electric field.

To substantiate this conclusion, the reflectance response
under electric field was fit by altering the TOLO parameters
within a transfer matrix method (TMM) formalism. Repro-
duction of the gross trends of the experiment was attained
by modifying only the energy and linewidth of the E(LO3)
phonon mode as delineated in Table 1. Variations between
experiment and simulation are ascribed to uncertainty in
the thicknesses of the top metal layer and PZT. The 2 cm™!
shift in the E(LO3) mode (Aw) implies a strain (€) of 0.01-
0.025% assuming the previously reported dependence of
phonon frequency to stress (7)l°>* and elastic modulus (E)
of PZT according to € = Aw/yE.**! This value of strain is
comparable to that obtained directly from field-dependent
XRD as shown in Figure 2c. Optically, the associated change
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in refractive index (see Figure S4, Supporting Information)
stemming from the alteration in permittivity results in a
deduced electro-optic coefficient of =200 pm V! at the major
resonance near 800 cm~!. This value is equivalent to that
measured within the visible regime for epitaxial films near the
morphotropic boundary.”®! Modifications to the permittivity
deduced from the FTIR results are therefore self-consistent
and reasonable. By extension, we conclude that PZT’s optical
properties are altered owing to electric polarization-induced
modifications of phonon energies and scattering rates. This
interpretation agrees with previous theoretical predictions
that have linked the origin of the electro-optic coefficient in
PbTiO; to the influence of Zr/Ti-atom displacement on the
phonon response.[*1]
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The impact of voltage-induced permittivity changes can be
enhanced by their leveraging within a plasmonic system. Specif-
ically, Figure 3a,b compares the field-dependent (—266 kV cm™)
response for devices having an unpatterned and grating elec-
trode, respectively. The grating device exhibits much deeper
reflectance minima and a tuning magnitude (i.e., 0R), that is,
five times larger than its unpatterned counterpart as shown in
Figure 3c,d. The resonances of the grating device are spectrally
separated from the E(LO3) phonon mode by nearly 100 cm™,
suggesting that the resonance’s origin derives from more than
just the light interaction with the PZT lattice.

The 300 nm thick PZT bilayer supports the formation of
a gap plasmon within a metal-insulator-metal (MIM) wave-
guide—formed between the grating and Pt backplane that
is mediated by the PZT. More specifically, metal-dielectric
interfaces support surface plasmon polaritons (SPPs).57%8) If
two SPPs are in close proximity, they can hybridize forming
a gap plasmon.’®-%1 The Au/PZT and Pt/PZT interfaces can
each support SPPs within the LWIR and are separated by only
300 nm. They therefore hybridize into a gap plasmon that is
tunable based on the biased-induced permittivity variation of
the PZT. The grating electrode device is capable of exciting
this mode whereas the unpatterned device is not. Plasmonic
excitement thus leads to greater tuning.

Finite-element and analytical methodologies were used to
further examine the plasmonic response as a function of both
period and metal width. The TOLO parameters used in these
studies are shown in Table 1. Details of the simulations are
provided in the Experimental Section. By simulating over the
full angular range of the Schwarzschild objective (=8°-23°) and
computing a numerical average of the results, we are able to
account for each of the three observed resonances and predict
tuning that correlates well with experiment (see Figure 3b,d).
For computational tractability, Figure 4a,b maps reflectance only
at normal incidence across the entirety of the examined param-
eter space. Two bands of low reflectance are clearly apparent
and closely predict the measured energies of minimum reflec-
tance for both variable metal width (Figure 4a) and period
(Figure 4b). The near vertical bands of Figure 4b highlight that,
for a given metal width, the response is nearly independent of
period except for the Wood’s anomaly at A = A.[%?] Figure 4a, in
contrast, emphasizes the acute sensitivity to the width of the
grating fingers (wy,). The dependence on metal width suggests
the creation of a Fabry-Pérot resonance associated with gap
plasmon propagation under the metal trace. Such an effect has
been utilized previously for gap plasmons to achieve tunability
in the infrared.'*2% This perspective is supported by the elec-
tric field maps of Figure 4c,d where a standing-wave profile is
clearly observed and enhanced when on resonance. Addition-
ally, the Poynting vector is observed to “bend” toward the metal
grating near resonance but travel “straight through” at other
wavelengths.

Energies at which gap plasmons form the Fabry—Pérot reso-
nance were calculated by recognizing that constructive interfer-
ence occurs when the round-trip phase equals integer multiples
of 2720 Mathematically, this is expressed as

4ATW o Negr

T W =ma 2)
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where ng is the effective index of the gap plasmon, A, is the
free-space wavelength of the resonance, ¢ is the phase picked
up by reflection at the edge of a given metal finger, and m is
an integer. The effective index is a function of the PZT permit-
tivity and the gap plasmon’s wavelength. The latter is obtained
using the transcendental equation defining the plasmon disper-
sion, which was solved using the methodology of Kekatpure
et al.[®l From Equation (2) and assuming ¢ = 25° and 50° for
m =1 and 3,% respectively, the resonant energies are plotted
as dashed lines in Figure 4a. Agreement between the full-wave
simulations, analytical calculations, and experiment is evident,
thus definitively proving the plasmonic nature of the optical
response. Finally, we note that the resonance observed near
1100 cm™ in Figure 1d arises from the m = 2 resonance, which
due to symmetry is excited only for offnormal excitation.!"!

The tuning observed in Figure le can therefore be under-
stood in context of its plasmonic origin. From Equation (2),
tuning is directly proportional to alterations in the effective
index, neg, of the gap plasmon. The effective index, in turn,
is a function of PZT’s permittivity, which is tunable based on
modifications of the phonon energy that occur with domain
reconfiguration. To demonstrate, Figure 4e predicts the
changes in reflectance that occur when modifying the permit-
tivity using the parameters in Table 1. Sizable tuning (=5% at
—266 kV cm™!) is observed for each of the Fabry-Pérot reso-
nances comparable to that observed in Figure le. The link
between electric polarization, plasmonics, and tuning is there-
fore completed. The implications of this link are twofold. First,
permittivity changes implicit with electric polarization present
a new material class, namely ferroelectrics, for the pursuit of
tunable infrared elements. Second, tuning of phonons, and
by extension phonon—polaritons,[®! provides an entirely new
paradigm under which to assess materials and mechanisms for
these same ends.[*’)

The tuning presented in this paper not only emphasizes
alternative pathways to tunable IR elements, but the devices
themselves have practical utility exhibiting comparatively
fast switching, consuming little power, and exhibiting mul-
tiple unpowered spectral states. These characteristics were
demonstrated by acquiring time-dependent reflectance data
using a wavelength-tunable quantum cascade laser (Daylight
Solutions) while applying a time-varying bias. Details are
provided in the Experimental Section. Figure 5a presents the
time-dependent reflectance for a 10 kHz applied bias. Reflec-
tance correlates directly with the bias but switching speed
is limited by the RC time constant of the device, which was
designed for optical interrogation rather than high-frequency
operation. Domain reconfiguration can occur at nanosecond
timescales!® implying that with proper design much higher
speeds could be achieved.

Being in essence an MIM capacitor, losses associated with
the switching are comparatively small. Quantitatively, the
area of the hysteresis curve defines energy dissipation. Inte-
grating the curve associated with a maximum applied field
of 233 kV cm™! yields an energy dissipation over the entire
loop of 1.5 puJ mm=. Switching requires bias application of
only a single polarity and thus the power dissipated will be
halved to 0.75 pJ mm™2. This power output is comparable or
reduced relative to electrostatic and nanomechanical tuning
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Figure 4. Plasmonic response of MIM waveguide created by the Au/PZT/Pt stack. Simulated surface maps of reflectance for constant a) period and
b) metal width (w,, = 2.5 um). Symbols represent measured locations of minimum reflectance while dashed lines are analytical predictions to the
Fabry—Pérot resonance of the gap plasmon. ¢,d) Maps of electric field (vertical direction) overlaid with streamlines of the Poynting vector for energies

c) off and d) on resonance. e) Tuning of the response calculated by taking the difference of reflectance in simulations when using the two sets of optical

parameters in Table 1 corresponding to a field of —266 kV cm™.

approaches as they also rely on capacitive means to drive  Figure 5b demonstrates this capability where a butterfly-loop
switching. Thermal phase change, on the other hand, requires  characteristic of ferroelectric materials was observed in the
at least ten times greater energy input requiring both heating  measured reflectance. As this loop is not centered, owing to a
of the crystal (i.e., specific heat) and rearrangement of the degree of imprint within the PZT bilayer, two different optical
bonds (i.e., enthalpy of fusion). responses are attained in an unpowered state. The multistate

The PZT-based devices also exhibit “latchable” spectral  operation emerges directly from the remanence of the ferroe-
tuning in which differing spectral responses can be realized lectric as the unbiased PZT will have varying polarization based
by temporary bias application. This is in contrast to electro-  on its “history” and thus so too its optical properties. Larger
static approaches in which the variations of charge concentra-  remanent polarization will therefore lead to greater tuning
tion needed for tuning are induced only when the bias is “on.”  between the unpowered states.
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Figure 5. Demonstration of time-dependent and multistate optical
response for devices possessing resonances near the measured wave-
lengths of a) 8 um and b) 10 um. a) Time-dependent reflectance meas-
ured when device is biased at 10 kHz. Speed is limited by the RC time
constant of the device rather than domain reconfiguration. b) Remanent
polarization provides differing states of reflectance at 0 electric field (i.e.,
multistate response highlighted by markers) as seen by the uncentered
reflectance “butterfly-loop.”

3. Conclusion

Altogether, the results unmistakably demonstrate the utility of
ferroelectrics for use in tunable IR devices. Low-power, scal-
able feature size, speed, and multistate operation provide an
ensemble of opportunities that as of yet have not been realized
in a single approach. Here, they have. Ferroelectrics provide a
material advantage owing to the electrostatic tunability of their
polarization. Changes in polarization alter the optically active
phonon energies and their scattering, resulting in a net modifi-
cation of the optical constants. Properly leveraged, a plasmonic
system effectively amplifies small alterations in the optical con-
stants resulting in a tunable optical device. Thus, the current
effort not only presents the utility of an entirely new material
class possessing promise for tunable IR applications—namely
ferroelectrics—but also highlights the more general value of
implementing phonons toward these purposes.

4. Experimental Section

Synthesis of PZT Bilayers: Bilayer PZT films were synthesized on
platinized silicon wafers via chemical solution deposition.l®¥l The
solutions had nominal compositions of Pb, 15Zrq ;Tig30; (bottom: PZT
70/30) and Pb; 3Zro,TigsO3 (top: PZT 20/80) and were prepared with
an inverted mixing order approach.®’] Excess lead was batched into the
solutions to compensate for volatility and diffusion into the substrate
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metallization. Titanium isopropoxide and zirconium-butoxide (80 wt%
in butanol) were reacted in the desired ratio, acetic acid was added as
a chelating ligand, and methanol added as a solvent. The solution was
heated to 90°C and lead (V) acetate added. Upon dissolution of the lead
(V) acetate, the solution was cooled and alternating doses of methanol
and acetic acid were added until a final molarity of 0.35 m was achieved.
The solutions were spin cast onto platinized silicon wafers at 4000 RPM
for 30 s. A single layer of PZT 70/30 was deposited first and pyrolyzed
at 450°C for 1 min. After cooling to room temperature, three PZT 20/80
layers were deposited. Each PZT 20/80 layer was pyrolyzed at 300 °C for
1 min before subsequent depositions. After all layers were deposited, a
single crystallization anneal was performed at 700°C for 10 min.

Characterization: Raman Spectroscopy: Raman measurements were
performed with a WiTec alpha300R confocal Raman system under 532 nm
illumination through a 50X/0.55 NA objective. Power through the objective
was kept below 5 mW to minimize heating. Collected light was dispersed
on a 600 | mm™ grating that when combined with a CCD-imaging
camera resulted in spectral accuracy of xlcm~'. Measurements were
acquired while devices were biased using a Keysight E4980A LCR meter.
Synchronization between the applied bias and the spectral acquisition was
accomplished via the Raman system’s electronic control. Presented results
derive from averaging over hundreds of periods of the applied bias.

Characterization: Synchrotron X-Ray Diffraction: X-Ray diffraction
was taken in AC mode at beamline 6-ID-B at the Advanced Photon
Source at 10 keV using a Huber PSI diffractometer. Beamline 6-1D-B
is equipped with a liquid nitrogen cooled silicon 111 (333) double
crystal monochromator. A triangular wave + voltage driving the
piezoelectric bilayer film was applied in concert with a triggered time
gated multichannel processor, which then time-tagged and binned
the detected X-ray pulses. The 6-26 diffraction scans were typically run
with each angle point accumulating time separated photons, which were
then assigned the appropriate applied voltage—estimated as the central
voltage of each time bin.

Characterization:  Infrared Variable Angle  Ellipsometry: Infrared
ellipsometry was obtained at three different incidence angles spanning
the spectral range from 250 to 6000 cm™ ( J.A. Woollam Co.). Data
were fit using the functional form of Equation (1) with the resulting
parameters provided in Table 1. Data accompanied by the fit are
provided in Figure S3 (Supporting information).

Characterization: ~ Time-Dependent  Reflectance: ~ Time-dependent
reflectance data were acquired using a wavelength-tunable quantum
cascade laser (Daylight Solutions). Light was focused on the device,
collected after reflection, and measured with a mercury cadmium telluride
detector with a time resolution of 10 ns. Bias with variable frequency was
applied between the metal grating and the platinum back-gate while
reflectance was monitored in a high-speed oscilloscope. Time-dependent
data shown in Figure 5a were obtained at A = 8 um from a sample with
6 um periodicity and a 70% duty cycle of metal coverage. Field-dependent
data were measured from a device with 6 um periodicity and a 30% duty
cycle at A = 10pum with an applied 1 kHz sine wave. All data were the
result of averaging several thousand periods of periodic voltage.

Characterization: Ferroelectric Characterization: Polarization hysteresis
was characterized using a Radiant Technologies Multiferroric Il
ferroelectric property tester at a period of 100 ms.

Optical Simulations: Full-wave optical simulations predicted the
optical response and its tuning using commercial finite element
(COMSOL) and FDTD (Lumerical) packages along with a rigorous
coupled wave analysis (RCWA) approach. Results between the three
techniques were nearly identical. Optical properties of the PZT layers
were acquired as described in the text. Properties for the Au and Pt
layers were taken from ellipsometry measurements of films analogous to
those used in the devices.

Supporting Information

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