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ABSTRACT

Barium strontium titanate (BST) thin films are distinguished for their ferroelectric behavior which makes them highly promising

for optical and microwave applications, but there is a lack of studies in the important terahertz (THz) frequency range. In this

work, we report the deposition of high-quality BST films by physical vapor deposition at high temperatures and its application in
tunable THz metadevices. The Bag ¢Sro4TiO3 film exhibits a full width at half maximum of 0.57° in high-resolution X-ray dif-
fraction (HR-XRD) spectroscopy, a real dielectric constant of 140 at 0.2 THz. By integrating interdigitated electrodes (IDEs) of
varying periodicities, we systematically investigated their impact and identified a 100 pm electrode separation as the optimal

electrode separation for maximizing THz response modulation. A metasurface using Ba, ¢St 4TiO3 thin film as the active material

working in reflection mode has been designed using finite-difference time-domain (FDTD) simulation, and the fabricated meta-

device experimentally demonstrated a remarkable resonance shifts of up to 5.5 GHz under applied voltage. These findings under-
score the potential of BST for reconfigurable intelligent metasurfaces and future electrically tunable THz device applications.

1 | Introduction

Terahertz (THz) electromagnetic radiation, spanning the fre-
quency range between the microwave and optical domains,
has attracted growing attention due to its potential in a wide
array of applications, including high-speed communication [1],
imaging [2], and sensing [3]. THz waves have the potential to
investigate subsurface layers, resonate with molecular vibrations,
and support ultrahigh data rates. Advancing THz technologies
requires the development of compact, efficient, and tunable com-
ponents, particularly solid-state devices capable of active control.
Different materials and different control methods (magnetic,
optical, electrical, thermal) have been investigated to achieve
tunable THz response [4-8].

Metamaterials and metasurfaces, engineered to manipulate elec-
tromagnetic waves through subwavelength structures, are prom-
ising candidates for THz applications owing to their versatile and
designable properties [7-10]. A critical challenge, however, lies
in integrating suitable active materials that enable dynamic tun-
ability. Several approaches have been explored, including phase-
change materials (PCMs) such as vanadium dioxide (VO,)
[11, 12] and germanium-antimony-tellurium (GST) [13], which
offer large refractive index modulation but suffer from thermal
instability and high-power consumption. Liquid crystals enable
voltage-controlled tuning with good uniformity but are limited
by slow response times [14]. MEMS-based THz modulators pro-
vide precise actuation and CMOS compatibility yet introduce fab-
rication complexity and mechanical reliability concerns [15].
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Two-dimensional (2D) materials, with their high carrier mobility
and fast response, show promise but face scalability and integra-
tion barriers [16, 17].

Ferroelectric materials, like barium strontium titanate (BST), have
attracted significant interest due to their large tunability, nonlinear
properties, and compatibility with voltage-controlled devices in
optical [18, 19] and microwave regions [20, 21] Extending these
properties into the THz region could advance device performance
and functionality especially at the frequency range between one
and several hundred GHz for 6G applications as it offers extensive
bandwidth, lower latency, and enhanced data transfer rates [1].
Tunable metadevices in the THz range using BST as the active
material have been reported based on temperature tuning [22]
and an electron transport mechanism in which the modulation
relies on carrier transport at a conductive interface in sputtered
BST films grown on silicon [23]. Electrical tuning of the dielectric
properties of BST deposited via the sputtering method for THz
device application is much more desirable and effective for
real-world applications, yet it has not been reported before.

In this work, we investigate the dielectric property and the elec-
trical tunability of BST thin films in two different compositions,
Bay ¢S104TiO3 and Bay sSr, 5TiO;, deposited by a physical vapor
deposition system at high temperatures. Using THz time-domain
spectroscopy (THz-TDS), we measure a high dielectric constant of
140 at 0.2 THz in Bay ¢S1o.4TiO3. We design and fabricate an elec-
trically tunable THz metasurface in reflection mode based on
interdigitated electrodes (IDEs) and inductor—capacitor-resistor
(LCR) resonant structures on Bag ¢Sr4TiO5. The metadevice dem-
onstrates a resonance frequency shift of up to 5.5 GHz under
applied voltage, highlighting the promise of BST for compact, tun-
able THz systems.

2 | BST Deposition and Characterization

BST thin films with two compositions, Bag sSrysTiO; (BST50)
and BagSro4TiO; (BST60), were deposited to a thickness of
450nm on g-axis-oriented magnesium oxide (MgO) substrates
using unbalanced magnetron sputtering. The substrate tempera-
ture was maintained at 900°C during deposition, with pure argon
as the process gas at a chamber pressure of 8 mTorr. MgO was
chosen due to its low refractive index and minimal loss in the
THz frequency range (Supporting Information S1), making it
an excellent platform for terahertz device applications.

The deposited BST films showed smooth and uniform surfaces
free of cracks, as confirmed by the atomic force microscopy
(AFM, Bruker, Dimension ICON) (Figure S2, Supporting
Information). Figure 1a is the photo of the BST on the MgO sam-
ple (2 cm X 2 cm) put on the A'STAR logo shows the high trans-
parency of our BST films.

Structural characterization of the films was conducted using
high-resolution X-ray diffraction (HRXRD, Huber, 90000-
0216/0 system) to evaluate the crystal quality and transmission
electron microscopy (TEM, FEI, Titan) to examine microstruc-
tural features. Both BST50 and BST60 exhibited a single-crystal
structure oriented along the (001) direction, as illustrated in

Figure 1b. BST60 demonstrated better crystal quality than
BST50, as indicated by its smaller full width at half maximum
(FWHM) value of 0.57° versus 0.82° for BST50 (Figure 1c). In
addition, higher tetragonality and relaxation were observed in
BST60 based on reciprocal space mapping measurements of
spreading out the BST along (002) (Figure 1d,e) and (—204)
(Figure 1f,g). Figure 1h,i represent the TEM images where the
BST layers are visible (layer by layer), with a well-defined grain
structure, indicating that the growth is highly oriented. Fast
Fourier transform (FFT) analysis indicates high crystallinity
and well-ordered structure as shown by the sharp lattice diffrac-
tion spots.

THz characterization of the BST film is performed using THz-
TDS in transmission mode to provide insights into the dielectric
response and in reflection mode to evaluate the tunability and
resonance shift of the active THz metasurface under an applied
electric field. The THz-TDS measurements were conducted up to
1 THz [24], in which the BST film covered only half of the MgO
substrate with the other half of the bare MgO substrate used as a
reference. Figure 1j shows the evolution of the real dielectric con-
stant and the tangent loss (tan §) with frequency for both BST50
and BST60. At 0.25 THz, the real dielectric constant (¢) of BST60
was 125, higher than that of BST50 of value 100, which aligns
well with values reported for the same composition [25]. The soft
mode for BST60 was observed at around 0.3 THz and the corre-
sponding ionic polarization relaxation was found to decrease the
dielectric loss making it suitable for applications at lower tera-
hertz frequencies [26]. Both compositions showed a monotonic
decrease in the dielectric constant as frequency increased, with-
out exhibiting dielectric domain behavior. On the other hand, the
tangent loss (tan &) increased monotonically with frequency. It
can be seen from Figure 1j that BST60 possesses a higher dielec-
tric constant and lower tangent loss than BST50. The improved
performance of BST60 can be attributed to its higher Ba content,
which enhances ionic polarizability and introduces beneficial lat-
tice strain. Combined with better crystalline quality (as indicated
by HR-XRD), these factors contribute to both higher dielectric
constants and reduced energy dissipation. Notably, the BST60
film reported here outperforms commonly studied materials such
as lithium niobate in terms of dielectric response in the THz
regime [27].

3 | BST for Tunable Metasurface
3.1 | Tunability of BST Film at THz Range

To evaluate the dielectric tunability of the BST films under electri-
cal bias, interdigital electrodes (IDEs) were fabricated on both
BST50 and BST60 films. Each IDE pattern had a finger width of
10 pm and a gap of 100 pm (Figure 2a). The IDEs were patterned
by photolithography and standard lift-off process, where Cr/Au
electrical contact was deposited by e-beam evaporation. A scanning
electron microscope (SEM) image of the fabricated IDEs is shown
in Figure 2b, illustrating well-defined and uniform structures.

Dielectric tunability was characterized using THz-TDS in trans-
mission mode under varying electric fields. Upon applying a DC
electric field, the Ti** cations at the B-site in the perovskite
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FIGURE1 | Structural and dielectric constant characterization of the deposited BST films on MgO substrate. (a) Photo of the obtained BST film on
top of the A"STAR logo. (b) HR-XRD 26-w scan for both BST50 and BST60 films. (c) The comparison of the FWHM of the (002) peak for BST50 and BST60
films. (d-g) RSM plots along the (002) and (—204) directions for BST50 and BST60 films. (h,i) TEM images of the BST layers, along with their FFT images.
(j) Comparison of the real part of the dielectric constant (solid circles) and tangent loss (solid squares) for BST50 (red) and BST60 (blue) films measured at

room temperature.

structure are displaced relative to the negatively charged oxygen
octahedra, forming electric dipoles [28]. This lattice polarization
alters the interaction between the THz field and the material,
reducing the dielectric constant as the polarization response
becomes saturated.

Figure 2c compares the tunability of BST50 and BST60 under an
applied electric field of 5 V/pum. BST60 exhibited a significantly
higher tunability, which is attributed to its superior crystal qual-
ity and enhanced tetragonal phase. These characteristics promote
more efficient field-induced dipole reorientation and polarization
modulation. The additional fluctuations observed in its tunability
spectra likely originate from local polarization inhomogeneities
and bias-induced soft-mode dynamics. The higher dielectric con-
stant and lower energy loss of BST60 also contribute to its
improved performance. Interestingly, this trend contrasts with
previous observations in the microwave regime, where BST50
generally outperforms other compositions [20].

The effect of IDE gap size on the tunability in the THz frequency
range was further investigated using BST60. Three different gap
sizes: 20, 100, and 200 pm, were fabricated on BST60 films depos-
ited under identical conditions. The dielectric tunability results
were measured at an applied electric field of 2.5V/pm and

illustrated in Figure 2d. The diagrams indicate that the 100 pm
gap size resulted in the highest dielectric tunability at lower
THz frequencies, followed by the 200 pm gap, while the 20 pm
gap size had the lowest tunability. This observation could be attrib-
uted to the electric field distribution and interaction volume within
the BST film, where the dielectric tunability percentage depends on
two factors: the applied DC field (changes the dielectric constant),
and the THz electric field which probes these changes. To support
the experimental findings, FDTD simulations were performed. The
THz transmission spectra were simulated for three different gap
sizes using the experimentally extracted dielectric constants. The
results, presented in the (Figure S3, Supporting Information), con-
firm that a pronounced resonance dip in the transmission spectrum
appears only for the 100 pm gap, validating the observed superior
tunability. The enhanced resonance originates from the localiza-
tion of the THz wave at 100mm gap pattern, where overlap
between the modulated dielectric region and the incident field
is maximized. This creates a more efficient tuning environment,
amplifying the BST film’s response under bias. A more detailed
analysis of the THz electric field distribution and transmission
behavior under varying voltages for the 100 pm gap is provided
in Figures S3 and S4, Supporting Information. These findings guide
the optimized design of the electrically tunable THz metasurface
based on BST presented in the following section.

Small Structures, 2026

3 of 7

85UB01 T SUOWIWIOD BA 181D 8|qeol(dde 8y} Aq pausenob afe Sae YO 8sN Jo SajnJ 10} ARIgIT 8UIUQ AS]IA UO (SUONIPUOD-PUE-SWSY/0O" A8 1M ARe.d jBu [UO//:SdnL) SUOIPUOD Pue SWie | 8U1 89S *[9202/90/8T] U Akeiqiauliuo A8]im ‘eddeyolid usexeld Ad 658005202 115S/200T 0T/I0p/W09 A8 |1 Aleiq 1 puuoy/sdny wolj pepeojumod ‘T ‘9202 ‘29078892



3 @ 5V/um
2
= 15} 1
Q
(3]
S BST6
o 10} e 1
5 BST50 4
Ny
() g
2 sh../
0.25 0.50 0.75 1.00
(b) (d) Frequency (THz)
e @ 2. 5V/um
% " 100 pm
S |1 ¢
E= R
3ty
£ <500 im
S P 5m20 pme,
a of ]
0.25 0.50 0.75 1.00
Frequency (THz)

FIGURE2 | Dielectric tunability of BST films under applied electric field using IDE structures. (a) 3D Schematic of the IDE configuration patterned
on the BST films. (b) SEM image of fabricated IDEs with a 100 pm gap. (c) Measured tunability of BST50 and BST60 films at 5V/pm electric field.
(d) Comparison of dielectric tunability in BST60 for IDE gaps of 20 pm (black), 100 pm (blue), and 200 pm (red).

3.2 | Electrically Tunable THz Metasurface antenna structure placed atop the BST film. The optimized
geometrical parameters of the unit cell are: Px=100 um,

An electrically tunable terahertz (THz) metasurface operating in Py=180pm, A=75pm, W=8pm, G=12pm, and D =12 pm.

reflection mode was designed using the BST60 thin film as the

active material. The metasurface unit cell, shown schematically Figure 3b illustrates the overall metasurface layout, consisting of

in Figure 3a, consists of an inductor-capacitor-resistor (LCR) an array of LCR unit cells integrated with IDEs to facilitate
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FIGURE 3 | Electrically tunable metasurface on BST. (a) Schematic of LCR unit cell geometry. (b) Layout of the metasurface array with IDE struc-
tures and external voltage pads. (c) Simulated electric field distribution showing field localization at the LCR gap. (d) Simulated reflection spectra for
applied fields ranging from 0 to 5V/pm.
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Experimental characterization of the THz metasurface. (a) SEM image of the fabricated metasurface with zoom-in of the unit cell shown

in the inset. (b) Experimental setup for testing the tunable metasurface in reflection mode, with the inset showing the fabricated sample mounted on a
PCB. (c) Measured reflection spectra at applied fields of 0, 2.5, and 5 V/um. (d) Extracted resonance frequency shift versus applied electric field.

external voltage application. The IDE fingers and antenna lines
were fabricated using 200-nm-thick Au with 10 pm width. The
IDE structure allows lateral electric fields to be applied across
the BST layer, thereby modulating its dielectric properties.

The local electromagnetic fields of the LCRs overlap with the
BST60 thin film, leading to the creation of strong coupling
between the fields and the material. The electric field distribution
of the THz wave has been simulated and is shown in Figure 3c.
The resonance of the THz wave is determined by the parameters
of the LCRs, especially sensitive to the Gap G. The response of the
metasurface to the THz wave is highly sensitive to the environ-
ment change in the LCRs. Any modification in the dielectric
properties of the BST60 thin film will directly affect the reso-
nance behavior of the metasurface by inducing a shift in the res-
onance frequency. By applying a voltage to the IDE pads, the
dielectric constant of the BST thin film will be tuned, which,
in turn, will change the metasurface resonance. Figure 3d shows
the simulated spectral response of the THz metasurface to the
applied external voltage (Figure S5, Supporting Information).
The resonance frequency shifts from 0.330 to 0.335 THz when
the dielectric constant of the BST60 thin film is reduced by
11%, corresponding to an electric field increase from 0 to 5 V/pm.

Figure 4a is the SEM image of the fabricated THz metasurface
and zoom-in image of the unit cell together with IDE in the inset,
showing well-defined structures without defects. The fabricated
metasurface was mounted on a printed circuit board (PCB) and
tested in reflection mode, as illustrated in Figure 4b. The mea-
sured reflection spectra of the metasurface at different electric
fields are shown in Figure 4c and matched well with the simula-
tion results. We observed resonance peaks with central frequen-
cies near 0.325, 0.329, and 0.3305 THz for the electric fields of 0,

2.5, and 5V/pm, respectively. The resonant frequency of the
metasurface increases with increasing electric field applied
between the IDE fingers. The electric field-induced resonance
tuning has a close to linear relationship between the resonant
frequency and the applied external voltage, as depicted in
Figure 4d. The strength of the electric field in the gap region
makes the LCR resonance frequency sensitive to changes in
dielectric constant of the BST film, which directly affects the
effective capacitance C. The resonant frequency shifts to high fre-
quency as the dielectric constant of the BST film decreases with
increasing electric field.

The reflection spectra in the experiments exhibit a broader and
more diffuse peak compared to the simulated data at the reso-
nance frequencies. This suppression of the resonance peak is
likely caused by background noise originating from the detection
and small differences between the designed and fabricated devi-
ces due to fabrication deviation. Regardless of these discrepan-
cies, the results confirm the effective electrical field-induced
tunability of the metasurface in the THz frequency range, with
the linear shift in resonance frequency with applied voltage. The
results highlight the ability and potentials of using BST as the
active material for dynamic THz tuning and control.

4 | Conclusion

Highly epitaxial BST thin films with two compositions,
Bay sSro sTiO5 (BST50) and Bag ¢Sr 4TiO5 (BST60), were success-
fully deposited on MgO substrates and characterized for THz
applications. BST60 exhibited superior dielectric performance
and stronger electrical tunability compared to BST50, in contrast
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to trends typically observed in the microwave regime. IDE struc-
tures were used to apply lateral electric fields, with a 100 pm gap
identified as optimal, validated through both experiments and
simulations, for achieving maximum dielectric tunability at
lower THz frequencies. A reflection-mode THz metasurface
incorporating LCR unit cells on a 458-nm-thick BST60 film dem-
onstrated a resonance frequency shift of up to 5.5 GHz under a
5V/um electric field. These findings establish BST thin films as a
promising platform for developing compact, electrically reconfig-
urable THz photonic devices.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Refractive index (n) and imag-
inary part (k) of the MgO substrate measured using THz-TDS.
Supporting Fig. S2: AFM images of BST thin films: (a) BST60 and
(b) BST50. Supporting Fig. S3: FDTD-simulated transmission spectra
illustrating gap-size-dependent resonance behavior. Electric field distri-
bution of the IDE patterns simulated using FDTD software for a gap size
of: (a) 20 pm, (b) 100 pm, and (c) 200 pm. Supporting Fig. S4: Simulated
transmission amplitudes of the IDE patterns with a gap size value of 100
obtained at 0 V/pm (a) and 2.5 V/um (b). Supporting Fig. S5: Real
dielectric constant of the BST60 thin film under different applied voltages
from 100 V (purple) to 500 V (green). Supporting Table S1: Lattice
parameter values for both BST(60) and BST(50) thin films grown on
MgO substrate.
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