RESEARCH ARTICLE

’.) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Phonon Polaritonics in Broad Terahertz Frequency Range
with Quantum Paraelectric SrTiO;

Rui Xu, Tong Lin, Jiaming Luo, Xiaotong Chen, Elizabeth R. Blackert, Alyssa R. Moon,

Khalil M. JeBailey, and Hanyu Zhu*

Photonics in the frequency range of 5-15 terahertz (THz) potentially open a
new realm of quantum materials manipulation and biosensing. This range,
sometimes called “the new terahertz gap”, is traditionally difficult to access
due to prevalent phonon absorption bands in solids. Low-loss
phonon—polariton materials may realize sub-wavelength, on-chip photonic
devices, but typically operate in mid-infrared frequencies with narrow
bandwidths and are difficult to manufacture on a large scale. Here, for the
first time, quantum paraelectric SrTiO; enables broadband surface
phonon—polaritonic devices in 7-13 THz. As a proof of concept,
polarization-independent field concentrators are designed and fabricated to
locally enhance intense, multicycle THz pulses by a factor of 6 and increase
the spectral intensity by over 90 times. The time-resolved electric field inside
the concentrators is experimentally measured by THz-field-induced second
harmonic generation. llluminated by a table-top light source, the average field
reaches 0.5 GV m~" over a large volume resolvable by far-field optics.

These results potentially enable scalable THz photonics with high breakdown
fields made of various commercially available phonon—polariton crystals for
studying driven phases in quantum materials and nonlinear molecular

spectroscopy.

1. Introduction

Recent development of terahertz (THz) spectroscopy and imag-
ing have led to new fundamental scientific discoveries and appli-
cations in materials physics and biochemistry.?! For example,
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THz coherent control of quantum mate-
rials becomes a promising means to elu-
cidate the interaction mechanisms among
electrons, lattice, and spins, as well as
to create on-demand properties like su-
perconductivity, ferroelectricity, topology,
and magnetism.>~! Vibrational resonance-
enhanced THz polarimetry and imaging,
can reveal the long-range order of bio-
materials, including chirality, intramolec-
ular coupling, and interaction with wa-
ter, as well as detect and manipulate cell
membrane dynamics.'>!%] Many of these
applications require a high electric field,
widely tunable frequency range and po-
larization, and proper spatial resolution,
which are more commonly available to-
ward the high-frequency end (215 THz,
<20 pym, or 262 meV) and low-frequency
end (55 THz, 260 um, or $21 meV), but
less accessible for the range of 5-15 THz
(20-60 um) in between, which is sometimes
called “the new terahertz gap”.l"? This in-
termediate frequency range is important
for resonant phonon-driven phenomena
in quantum materials such as enhanced
superconductivity in K;C4, and magnetization in CeF,,[!¢17]
as well as the characterization of nucleobases in biological
studies.['®) Despite the tremendous progress, a free-space electric
field up to GV m~! in this frequency range can only be achieved
with table-top sources under extreme conditions.!'*-!] Many pho-
tonic structures can locally enhance field,[2224] but there are few
materials with low loss and high damage threshold for construct-
ing devices in 5-15 THz.

Phonon polariton (PhP) materials, which are polar crystals
that exhibit strong coupling between infrared photons and col-
lective lattice vibrations (phonons), are promising for extending
high-field, sub-wavelength photonics to the infrared and tera-
hertz bands.[>28] PhP materials exhibit much higher dielectric
strengths and lower loss than plasmon polariton materials in
applicable spectra ranges, 3% and have been employed to con-
struct many photonic devices including infrared superlens, nano-
antenna, biosensors, memory, and thermal radiators.[3*] In par-
ticular, surface phonon polaritons (SPhP), confined at the inter-
face between the phonon polaritonic and dielectric materials as
thin as a monolayer, can be launched, guided, and focused in
sub-wavelength and tunable structures.?**!] However, most pre-
vious SPhP studies only focused on materials supporting SPhP
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at wavelengths below 15 pm.[2642#] Some I11-V semiconductors
show promise for expanding infrared photonics like emitters,
waveguides, and resonators toward longer wavelengths but with
very limited bandwidth due to the narrow PhP resonance of the
materials.[’** Therefore, broadband SPhP materials for pho-
tonics in the new terahertz gap are urgently needed.

Here, we report phonon polaritonics in the new THz gap uti-
lizing the quantum paraelectric SrTiO;. Certain perovskite ox-
ides are known to have ultrastrong light-phonon coupling, which
leads to an ultrabroad coupling gap (called the Reststrahlen
band).’! In SrTiO;, such strong coupling was attributed to the
soft mode of ferroelectric instability.*®] Due to quantum fluctu-
ations, this mode is not condensed or overdamped even at zero
temperature, giving the name “quantum paraelectric”. The rela-
tively low-loss and low-frequency mode not only results in unique
physics such as mesoscopic fluctuating domains and unusual
superconductivity but also was theoretically suggested to enable
THz phonon polaritonics.7-%2] Indeed, the dielectric function of
SrTiO, supports high-quality SPhP across the entire wavelength
range from 20 to 60 um (5-15 THz) across the entire temper-
ature range of 20-300 K.[%3% The combination of broad band-
width, low loss, and temperature insensitivity relies on quantum
paraelectricity because, without quantum fluctuations, the con-
densation of soft phonons in materials with broad Reststrahlen
bands such as BaTiO; and KNbO; leads to lossy, temperature-
dependent, and anisotropic optical properties. Among known
quantum paraelectric materials, SrTiO; is the best for phonon
polaritonics, because its additional phonon resonance inside the
Reststrahlen band of the soft mode (x5 THz) is relatively weak,
unlike KTaO; which has a strong lossy resonance at 6 THz.[%!
As a proof of concept, we designed SrTiO;-based ultrafast SPhP
concentrators compatible with high THz fields and all polariza-
tions. The design uses a patterned dielectric layer to modulate
SPhP without micromachining the flat, single-crystalline SrTiO,
substrate itself. To launch SPhP from free space, we used cou-
pled mode theory to determine the optimal dielectric thickness
and established a quasi-phase matching condition to determine
the planar geometry. Numerical simulation results showed that
the concentrators can coherently enhance incoming focused THz
fields by another order of magnitude with a wide frequency tun-
ability from 7 to 13 THz. In contrast to tip or gap enhancement in
previous PhP resonators, the peak field of the concentrator is dis-
tributed in an area large enough for far-field optical spectroscopy.
We then experimentally verify the temperature-insensitive field
enhancement with THz-field-induced second harmonic genera-
tion (TEFISH) spectroscopy. Finally, we demonstrate an intense,
multicycle THz field of 0.5 GV m™! with the SPhP device in a
tabletop setup without any sign of damage or nonlinearity. Our
results may inspire new types of THz photonics to facilitate quan-
tum materials engineering and on-chip molecular sensing.

2. Results and Discussion

The generation and propagation of SPhP requires a negative per-
mittivity of materials, analogous to surface plasmon polariton
(SPP).I%] Unlike SPP in metals or highly-doped semiconductors,
SPhP is particularly suitable for sub-wavelength applications in
far-infrared frequencies, where dielectrics have a much better
permittivity match with the environments.[23% SPhP also ex-
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Figure 1. The Reststrahlen band of typical dielectrics and corresponding
quality (inverse dielectric loss tangent) of surface phonon polaritons in in-
frared and terahertz region. The dots mark the minimal loss tan &, at the
corresponding wavelength A, for each material. The horizontal lines indi-
cate the wavelength range in which tang (1) remains smaller than 4tané,.,.
SrTiO; exhibits the broadest Reststrahlen band and the lowest dielectric
loss in isotropic materials, providing more freedom for phonon polari-
tonic engineering. For comparison, the loss of plasmon polaritons in some
metals is also shown in dashed lines, which are significantly higher than
phonon polaritons.

hibits a smaller damping rate due to a longer phonon scatter-
ing lifetime.I>?] Last, SPhP dielectrics can potentially sustain
extremely intense electric fields (xGV m™'), when plasmonic res-
onators may break down due to field emission from metals.!?*]
However, the drawback of conventional PhP materials is their
relatively narrow bandwidth compared with plasmonics. Figure
1 summarizes the PhP properties of typical dielectrics and corre-
sponding inverse dielectric loss tangent tan™'6 = Re(e,)/Imfe,) ,
which is sometimes called the quality factor of the materials,
calculated based on data from previous literature.[26:3441:45:47.66-71]
The useful PhP band of the materials is chosen to be the wave-
length range where the loss tangent is less than 4 times the min-
imal value. Among all polaritonic materials in the same spec-
tral range, single-crystalline SrTiO, exhibits the broadest cov-
erage with the highest quality. This makes SrTiO; an excel-
lent material platform for phonon polaritonics in the new THz
gap.

A technical challenge for the development of SrTiO; pho-
tonic devices is the difficulty to deposit or pattern high-quality
single crystals. For traditional phonon—polariton structures, the
etching and patterning of the substrate material itself are
necessary, 2672731 but the process would create surface defects and
may increase loss. Fortunately, it is possible to control SPhP by
dielectric layers on top of flat bulk substrates like the scheme pre-
viously shown in the mid-infrared region.**! In this work at THz
frequency, we simply choose the SU-8 photoresist as the dielec-
tric coating, because it enables direct patterning of gratings with
variable thickness via standard photolithography, and exhibits a
relatively low dielectric loss in THz frequencies.’*! Figure 2a il-
lustrates our SPhP concentrator designed to magnify a focused,
THz pulse with a Gaussian beam profile at normal incidence
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Figure 2. a) The schematic diagram of the polarization-independent SPhP concentrators made of SrTiO;. Dielectric concentric ring gratings are de-
posited on top of the single-crystalline PhP substrate to launch and focus SPhP propagating toward the central disk resonator. The sizes are taken from
the device working at 11 THz. b) Cross-sectional view of the concentrator in the red dashed box in (a). The vertical distributions of the in-plane electric
field (E,, yellow solid line) exhibit large contrast between the SU-8 ridge and the air groove regions, allowing incident plane waves to couple into the
grating. The resonant frequency of the grating can be tuned by the geometrical parameters, including the widths of the ridges (P4) and grooves (P;), as
well as the thickness (T) of the ridges. c) The SPhP dispersion in air/SrTiO; interface and air/SU-8/SrTiO; structure with varying SU-8 thickness T. The
large wavevector of the SPhP in multilayer allows subwavelength compression of the incoming terahertz pulses.

from the free space. A series of concentric ring gratings cou-
ple the incident electric field in phase to SPhP (Section 4, Sup-
porting Information) and guide the energy to a central disk res-
onator. The resonance frequency of the coupler and the resonator
can be tuned by varying their widths and thickness, as shown
in the vertical cross-section in Figure 2b. The SU-8 layer itself
has a moderate dielectric constant of 3.28 near 10 THz and a
thickness much smaller than the wavelength of incident light.
Without the SPhP substrate, SU-8 gratings have tiny scattering
power and do not support subwavelength confinement (Section
7, Supporting Information). Therefore, we emphasize that the
key coupling mechanism is the modification of the SPhP field
profile by the SU-8 (yellow solid lines in Figure 2b). The pene-
tration depth of the SPhP field is less than 2 pm into the SrTiO,
substrate, which can be regarded as semi-infinite. The rotational
symmetric geometry allows the concentrator to coherently mag-
nify round beams with arbitrary polarizations and preserve the
polarization of the electric field inside the central resonator, as
opposed to previously reported THz rectangular slit’>7¢! or split
ring resonator,?*”’] which only work for one linear polarization.
Similar bull’s eye antennae have been investigated to enable effi-
cient collection of SPP energy in optical frequencies, but never
experimentally demonstrated in mid- to far-infrared.’*-! Be-
sides the new frequency range, our work offers two other distinc-
tions. First, the concentrators are optimized to match the spa-
tial and spectral profile of multicycle THz pulses to achieve not
only spectral enhancement but also an intense transient field,
which is crucial for non-equilibrium processes such as Floquet
engineering.[®2] A spatial match means that the size of the con-
centrator is larger than the beam size of the THz pulse to en-
sure efficient coupling. Spectral match means that the bandwidth
of the concentrator is comparable to that of the incident pulse.
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Bandwidth matching is important because there is a trade-off be-
tween transient field magnitude and spectral intensity for high-
quality resonators. The spectral intensity scales with the quality
factor Q, but the ring-down time also scales with Q, such that the
field strength scales with Q2. On the contrary, if resonator Q
is much lower than the incident pulse, then both the spectral in-
tensity and field amplitude reduce with lower Q. Therefore, the
transient field strength is optimized at matching bandwidth. Sec-
ond, the area with nearly uniform field enhancement exceeds a
few um?, which is far-field resolvable by optical probes and fa-
cilitates advanced spectroscopy without the need for near-field
setups and/or complicated interpretations.[3$7683]

We first optimized the SPhP grating couplers according to
quasi-phase matching and coupled mode theory. The quasi-phase
matching is determined by the width of the dielectric ridges (P)
and grooves with the bare substrate (P,) analogous to previous
SPP works.[884 However, unlike SPP in this wavelength range,
the wavevectors of SPhP in the ridge (k;) and groove regions (k)
are very different and must be treated separately (Figure 2c). For
an incoming beam at normal incidence, the maximum coupling
occurs when the SPhP experiences opposite phases in the ridges
and grooves, that is, k; X P; = k, X P, = z. For any desired res-
the bare interface of PhP substrate and k,(T) at the dielectric lay-
ers with various thickness T are shown in Figure 2c. Here ¢,(w)
is the real part of the permittivity of the PhP substrate, and k,(T)
is calculated by transfer matrix method analogous to previous
works(®3] (Section 15, Supporting Information). The optimal
thickness of the grating is determined by the coupled mode the-
ory so that the energy transfer from the free space to the concen-
trator is maximized at the critical coupling. The coupling between

onance frequency w,, the SPhP dispersion k(@) = k,
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Figure 3. Designing ultrafast concentrators that maximize the transient electric field of broadband, transformation-limited terahertz pulses. a) The field
strength at the center frequency of 11 THz at the center of the grating as a function of ridge width (P4) and height (T) simulated for a 2D grating model.
The dashed line indicates the quasi-phase matching condition. The optimal thickness, linked with the coupling strength of the grating, is determined
from the lateral size of the light source according to the coupled mode theory. The star indicates the optimal geometry found by 3D simulation, which
slightly deviates from the 2D model due to curved wavefront and non-uniform illumination. The inset indicates the polarization of the incident light,
which is along the grating vector. b) Cross-sectional view and 2D top view (inset) of E-field enhancement for a horizontally polarized incident pulse at
the center frequency. The field magnitude is normalized by that of the free-space THz source. Scale bar: 30 um. c) The peak spectral enhancement of
ultrafast concentrators designed across a broad range between 7 and 13 THz. d) The local enhancement of the transient E-field by up to 6 times at the

center of concentrator #5 compared to a normalized incident pulse with a bandwidth of 1 THz.

the incident field and the SPhP is proportional to the dielectric
contrast of the grating, which should be optimized according to
the lateral size of the incident beam. We first simulated the field
strength in the SPhP gratings, which increases with the coupling
efficiency, at different frequencies with varying thickness and the
width of the dielectric ridges P; by 2D finite-difference time-
domain method (See Experimental Section). Here P, = k£ is fixed

to simplify the optimization. Figure 3a shows the field hstrength
at the center of a SU-8 grating on top of SrTiO; for an incident
Gaussian pulse with a full width at half maximum (FWHM) of
180 um and a center frequency at 11 THz. The dashed line in-
dicates the theoretical quasi-phase matching condition, which
matches well with the numerical result. The maximum percent-
age of energy dissipated inside the grating, corresponding to the
highest field strength, is 68% for transverse-magnetic polariza-
tion with a grating thickness 2.6 um. The remaining energy is
either reflected back into the air or launched into the SPhP mode
at the air/StTiO; interface from the outer edge of the grating.
The optimal thickness from 2D simulation can be obtained for
the frequency range of 7-13 THz (Section 1, Supporting Informa-
tion), which is the starting point for designing the 3D bull’s eye
concentrators.
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Next, to achieve large transient field enhancement, we simul-
taneously optimized the diameter of the central disk resonator
and refined the thickness of the entire concentrator in full-scale
3D simulation. Both the disk resonator and the surrounding ring
grating have matching frequency and bandwidth with the experi-
mentally generated THz pulses so that all frequency components
are coherently enhanced. The star in Figure 3a marks the final
choice of geometry (T = 2.8 um and P, = 9 ym). The main dif-
ference between 3D and 2D structures is that the coupling ef-
ficiency does not depend on incident polarization, but roughly
half of the energy is immediately reflected from the grating area
where the polarization is effectively transverse-electric. The field
profiles in both the incoming beam and SPhP also significantly
deviate from the ideal 2D coupled mode theory. Nevertheless,
about one-fourth of the energy at the center frequency coupled
into the concentrator is eventually delivered to the disk resonator
and dissipated by dielectric loss (Section S5, Supporting Informa-
tion). The peak magnitude of the electric field, measured at the
center of the top surface of the resonator, reaches ~10 times the
free space value at the center frequency (Figure 3b). The energy
is also distributed over a large volume with a spatial FWHM of
8 um, sufficient for far-field optical probes. The results are also
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Figure 4. Experimental demonstration of coherent THz field enhancement inside the ultrafast concentrators by TEFISH. a) The optical image of the
fabricated device #5. Scale bar: 30 um. b) Cross-sectional view of the simulated spectral enhancement at the resonant frequency in the center disk
marked by a white dashed line in (a). c) Time-resolved TEFISH signal averaged in the center disk compared with the TEFISH signal obtained from a
SU-8 thin film of the same thickness, showing sixfold enhancement and reaching up to 0.5 GV m~'. d) The averaged spectral enhancement across
the central disks in three devices designed for different resonant frequencies. The experimental results agree well with the simulations, demonstrating
excellent tunability of the devices. For simplicity of fabrication and measurement, device #8 has sub-optimal thickness compared with #6, resulting in
less enhancement than Figure 3c (see Experimental Section). €) The spectral enhancement is nearly unchanged in cryogenic temperatures.

polarization-insensitive due to the symmetric ring structure, en-
suring the magnification performance applies to the THz pulse
with any polarization (Section 9, Supporting Information). We
define spectral enhancement as the ratio between the spectral en-
ergy density ¢,F%(w) to that of the incident THz source ¢, E. ()
at the center of the beam, which reaches up to 90 at 11 THz over
the top surface of the central disk (Figure 3c). The central disk
alone can offer 5-7 times of enhancement, and the remaining
enhancement factor comes from the grating coupler (Section 6,
Supporting Information). Comparable enhancement can be real-
ized within a broadband of 7.3 to 12.7 THz with seven different
sets of T, P;, and P, (devices #1 to #7 with parameters in Table S1,
Supporting Information). Finally, considering the enhancement
of all the spectral components, we found the amplitude of the in-
stantaneous field E, (t) in concentrator #5 is locally enhanced by
a factor of 6 (Figure 3d, Section 2, Supporting Information), indi-
cating excellent in-phase superposition from different frequency
components. Transient field enhancement is more important for
studying nonlinear phenomena in materials but is also more dif-
ficult to achieve than spectral enhancement, which can be simply
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increased by resonators with higher quality factors. We also em-
phasize that the disk and grating structure itself without SrTiO,
substrate cannot enhance the THz field (Section S7, Supporting
Information). The SU-8 dielectric layer can neither support a con-
fined waveguide mode nor make an efficient Fresnel phase plate.
The phonon-polaritonic substrate and the SPhP mode are indis-
pensable for the deep sub-wavelength field confinement and the
large enhancement.

To experimentally verify our design and quantitatively charac-
terize the THz field enhancement of the ring cavities, we mea-
sure the amplitude of the local THz field in the fabricated SPhP
concentrator (Figure 4a) by phase-sensitive, heterodyne THz-
field induced second harmonic generation (TEFISH) (See Exper-
imental Section).®”] Both SrTiO; and SU-8 are centrosymmetric
materials, and thus do not have intrinsic second harmonic gen-
eration. The THz electric field inside the materials induces an
effective second-order nonlinearity according to y = Ep, x®),
which is probed by a far-field pulse with the center wavelength
of 800 nm. The spot size of the probe pulse covers the entire
central disk but is still sub-wavelength with respect to the THz
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field. At this probe wavelength, the y® nonlinearity of SU-8 is
much stronger than that of SrTiO,. Therefore, the generated sec-
ond harmonic signal represents the average E;y, value inside
the SU-8 disk resonator. Numerical simulation shows that the
average spectral enhancement is approximately one-third of the
peak spectral enhancement at the top surface of the disk res-
onator (Figure 4b, Experimental Section). Figure 4c shows the av-
eraged time-resolved TEFISH signal in the central disk of device
#5 and that in a SU-8 thin film on fused silica as the reference.
The free-space multicycle pump pulse is centered at 11 THz with
an FWHM of 1 THz and has a peak electric field of 0.1 GV m™!
(See Experimental Section). Thus, the field inside the SU-8 film
is 82% of the incident field, or 0.08 GV m~!, due to reflectance
according to numerical simulation (Section 8, Supporting Infor-
mation). We observe that the instantaneous field amplitude in
device #5 is enhanced by sixfolds compared with that in the SU-
8 thin film. Therefore, the average in-plane electric field reaches
0.5 GV m™! inside the disk resonator and the net enhancement
from the free-space field is ~5 times. The main envelope of the
incoming multicycle pulse is largely preserved in the concentra-
tor, showing good temporal coherence during SPhP propagation
and negligible THz polarization dependence (Section 9, Support-
ing Information).

To analyze the spectral enhancement of the concentrators, we
apply Fast Fourier Transform to the time-domain signal from
both the SPhP concentrators and the thin film (Section 10, Sup-
porting Information). We then take the ratio of the spectral inten-
sity and convert the ratio to the averaged spectral enhancement
with respect to the free-space pulses. The average enhancement
of 32 corresponds to the peak enhancement of 90 on the top sur-
face, which also agrees with the simulation (Figure 4d). Moreover,
we experimentally verified that the spectral enhancement for con-
centrators designed in other frequencies (Section 11, Supporting
Information) all agree well with the simulation in terms of en-
hancement ratio and linewidth. A minor redshift of resonance
frequency may be due to either a small thickness deviation of
the SU-8 coating or the error in dielectric functions of SU-8 and
SrTiO; used in simulations, which are based on previous liter-
ature, from their actual value in experimental conditions. Pre-
cise determination of dielectric functions may be conducted via
techniques such as broadband THz time-domain spectroscopy
or spectroscopic ellipsometry in the future.l®] For simplicity of
fabrication and measurement, all concentrators are fabricated to-
gether on one chip with the same dielectric thickness of 2.8 ym.
At 10 THz, the thickness is very close to the optimal value (Sec-
tion 1, Supporting Information). Meanwhile, at 12 THz, where
the optimal thickness is 2 um in device #6, the enhancement is
slightly less in device #8, but remains robust and agrees with the
simulation using sub-optimal thickness. These results prove that
the SrTiO,; SPhP concentrators can provide intense periodic THz
fields easily accessible by far-field optical spectroscopy, as well as
wide tunability within the new terahertz gap.

We observed no sign of damage to either the dielectric layer
or the substrate under the intense field, demonstrating the ad-
vantage of phonon polaritonic devices over plasmonic struc-
tures to study nonlinear physics. We note that the maximum
ionic displacement in SrTiO, in our experimental condition is
=1.18%x 107 Cand M =3.11 x 10726 kg
Sre the effectlve charge and mass of the soft phonon mode,
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respectively.®] This displacement is not insignificant compared
with the typical ferroelectric displacement of ~10 pm and may
induce an anharmonic shift to the soft phonon mode itself.
Fortunately, the non-resonant dielectric function above 7 THz
is insensitive to such shifts (Section 13, Supporting Informa-
tion). Therefore, we do not expect the performance of SPhP
concentrators to show nonlinearity in our experimental condi-
tions, which is also experimentally confirmed (Section 12, Sup-
porting Information). Last, we also confirmed that phonon po-
laritonics based on SrTiO; works for a wide temperature range,
despite the material having complex phase transitions in cryo-
genic temperatures, and the dielectric function being known to
be temperature-dependent due to phonon-softening.[764+%] As
the changes in dielectric function are minor above 7 THzI%
(Section 13, Supporting Information), the concentrator’s per-
formance should exhibit negligible temperature dependence.
Figure 4e shows the comparison of THz field response spec-
tra of device #5 at room temperature and at 30 K, where
the phonon softening saturates in the quantum paraelectric
phase.®!l Indeed, both simulated and experimentally measured
spectra show almost identical center frequency, enhancement
factor, and FWHM as designed at the two temperatures. The
stable performance of SPhP concentrators can support future
studies of non-equilibrium quantum materials in these extreme
conditions.

The performance of the SPhP concentrators, such as the tran-
sient field enhancement, uniformity of the field, and spectral en-
hancement may be further adjusted or improved according to
the design principles illustrated in this work by introducing new
materials and structures. For example, dielectric materials with
very low loss in the target frequencies, including hydrocarbon
polymers (tané = 0.003)1®) and tellurium (tans = 1.6 x 107#),[%?]
are promising to replace SU-8 ( tané = 0.06) for the modulation
of SPhP. By reducing the dielectric loss, the spectral enhance-
ment can be boosted by another factor of 3 (Section 14, Sup-
porting Information). When the coupler’s loss is reduced, addi-
tional Bragg reflectors outside the concentrators will provide sig-
nificant contributions to the energy collection. Finally, to achieve
polarization-independent, extremely intense electric fields, the
central disks may be replaced by resonators with higher confine-
ment factors, like dual-arm bowtie antennas working in the large-
wavevector regime in the SPhP dispersion curve.[81:93%4]

3. Conclusion

In summary, we experimentally proved the concept of phonon—
polaritonics in the “new terahertz gap” frequencies based on
single-crystalline quantum paraelectric SrTiO;. We realized
polarization-independent THz field concentrators using simple
design principles of quasi-phase matching condition and cou-
pled mode theory, along with a fabrication process that mini-
mized materials damage. The concentrator resonantly enhances
multi-cycle THz pulses to achieve an intense periodic electric
field on the order of GV m™! over a volume that is optically re-
solvable without the need for near-field microscopy. The method-
ology is not limited to SrTiO; but can be generalized to cover
electronic, vibrational, or spin resonances over 3.3-19 THz using
other commercially available, polished single-crystalline SPhP
substrates listed in Figure 1, or materials with reduced fabrica-
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tion challenges, which may still function for narrowband applica-
tions with acceptable performance. Finally, we envision that such
SPhP devices can be easily integrated with a wide range of spec-
imens, which can be directly placed on the disk resonators and
coupled to the strong THz fields, for condensed matter physics
and biomaterials research in the future.

4. Experimental Section

Numerical Simulation: Numerical simulations were conducted via
commercial Finite-Difference Time-Domain software (Lumerical). The di-
electric functions of SrTiO3 and SU-8 in the THz region were acquired from
previous literature.[®74] Gaussian beam source with parameters close to
the experiments was used. PML boundary condition, which absorbed all
the electromagnetic energy reaching the boundary of the simulation re-
gion with minimal reflection, was applied to all the boundaries to study
the performance of single-ring concentrators. The lateral dimension of the
simulation region was 400 um X 400 um, which was twice the size as the
concentrator structure and was large enough to avoid artifacts from the
PML boundaries. Convergence tests regarding simulation regions, mesh
size, and simulation time were carefully checked for the accuracy of re-
sults. Both time and electric field monitors were placed at the top surface
of the central disk for data collection. Averaged spectral enhancement was
acquired by calculating the square of averaged E field enhancement at each
frequency within the central disk volume. Since the field distribution was
almost the same along the z-direction (Figure 4b), the integration could
be simplified as extracting data at the top surface.

SPhP Concentrator Fabrication: Nanofabrication of the THz SPhP con-
centrator was conducted in the Nano-Fab Clean Room at Rice Shared
Equipment Authority. As-grown, single-crystalline, double-side polished
SrTiO; in (100) orientation with a size of 10 mm X 10 mm and a total thick-
ness of 0.5 mm was purchased from Biotain Crystal. SU-8 6002 (Kayaku
Advanced Materials) was used as purchased and spin coated on SrTiO3.
The solution was first spread out to uniformly cover the SrTiO; substrate
with a spin speed of 500 rpm for 5 s, and then increased to 3200 rpm for
60 s, giving a final desired thickness of 2.8 um, as designed for Concen-
trator #5. Prior to the photolithography, SU-8 was soft-baked under 110 °C
for 3 min. The ring patterns were written by maskless photo-lithography
(Bruker SF-100 Lightning) under 365 nm ultraviolet light emitting diode
exposure with built-in intensity in the system and an exposure time of
0.76 s. The geometrical parameters of the patterns can be found in Section
3 (Supporting Information). Patterned devices were then post-baked un-
der 110 °C for 2 min and developed in SU-8 developer (Kayaku Advanced
Materials, used as purchased) for 3 min. The sample was then rinsed with
a fresh developer for another 30 s and dried with pressurized nitrogen.
Dose tests were also conducted for optimal exposure quality and repro-
ductivity.

TEFISH Measurements: Details for the TEFISH setup (Section
16, Supporting Information) are described elsewhere.l3”] Briefly, the
frequency-adjustable, intense, narrowband multicycle THz pulse in the
new THz gap was generated by chirped-pulse difference frequency gen-
eration in DAST. The THz beam was focused onto the sample with a spot
size of 180 pum by a set of three parabolic mirrors. The fluency of the pulse
was measured to be 600 1) cm~2 with a pulse width of 350 fs. This gave a
peak E field of 0.1 GV m~". The probe pulses with a center wavelength
of 800 nm and a duration of 40 fs were co-focused on the sample with a
spot size of 30 um. For the heterodyne TEFISH detection of THz electric
field, a local oscillator (LO) field of 400 nm was produced by a 10 um-thick
Barium Borate (BBO) crystal and co-propagate with the probe beam. The

interference of the TEFISH field E;CEOF'SH = Xs(jznpleEz)ETHZ with the LO field
E'Z'S results in a total signal intensity I;‘;‘a', which was given by:

Total TEFISH LO\2
IZw & (EZw + EZw)
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2
@) @) LO LOy2
& [(xsamplel‘”) ITHz + zxsamphleTHzEzw + (Ezw) (1)

where 7
X

sampl
sample (SU-8 in our case), Erpy, (E,) is the electric field magnitude of the
THz source (800 nm probe), and I, (/,,) denotes the intensity of the THz
source (800 nm probe).

When the LO was set to be much stronger than TEFISH, the change in
signal was dominated by the interference term. Therefore, the measured
oscillating signal was approximately proportional to the THz field inside
the sample volume:

. is the third nonlinear optical susceptibility of the measured

3
AIZw & Xs(az’nple ImETHzE’iQ? (2)

Here it was assumed that the probe pulses were much shorter than
the periodicity of the THz field. As a result, both the amplitude and phase
information could be obtained by this heterodyne detection. The output
signal Al,,, was filtered by a series of 400 nm bandpass filters and detected
by a photomultiplier tube. The TEFISH signal mainly came from SU-8 and
its intensity was linearly proportional to the average THz field inside the
probe spot. A flat SU-8 thin film was used on fused silica with the same
thickness as the concentrators as the reference sample, whose electric field
was 82% of the free-space THz pulse (Section 8, Supporting Information).
The signal was also normalized by the area of SU-8 covered by the probe.

Supporting Information

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