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Abstract. In this paper, a Bag 5S¢ 5Ti03 (BST) ferroelectric film is prepared and characterized in the terahertz
band. Subsequently, based on the prepared BST film, a metasurface is proposed to manipulate electromagnetic
waves. The experimental results indicate that the designed BST metasurface can effectively achieve abnormal
beam reflection at around 0.750 THz. Furthermore, by taking advantage of the property that the dielectric
constant of the BST film can be altered with an external electric field, a programmable metasurface is proposed.
By adjusting the dielectric constant of the BST film, the proposed programmable metasurface can achieve a 1-bit
phase response within the frequency range of 0.404-0.410 THz. The far-field simulation results demonstrate that
the proposed BST programmable metasurface is capable of realizing dynamic beam steering.
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1 Introduction

Metamaterials and metasurfaces have been receiving
extensive attention in recent decades due to their
unprecedented ability in manipulating electromagnetic
waves. By meticulously designing and arranging the
patterns, metasurfaces can control the amplitude, phase,
polarization, and orbital angular momentum (OAM) of
electromagnetic waves, achieving functions such as radar
cross section (RCS) reduction [1], abnormal beam deflec-
tion [2], non-reciprocal transmission [3-5], energy focusing
[6], holographic imaging [7], polarization conversation [8],
and vortex beam generation [9,10]. Furthermore, by
introducing tunable semiconductor devices like positive-
intrinsic-negative (PIN) diodes [11], varactors [12], and
field effect tubes (FET) [13], mechanical components such
as rotating motors and actuators [14,15], the reconfigurable
and programmable metasurfaces have been realized. For
example, by switching the state of PIN diode, a
programmable metasurface with 2-bit phase resolution
has been reported, which can achieve a beam scanning
coverage up to +50° at 26.1 GHz [16]. By loading different
voltages to alter the capacitance of varactor, a 2-bit
programmable metasurface has been proposed to enable
dynamic beam steering [17]. Additionally, a micromotor
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based multifunctional programmable metasurface has been
developed, realizing beam scanning, OAM beam genera-
tion, and RCS reduction [18].

As the operating frequency increases into the terahertz
frequency band, semiconductor lumped components and
mechanical components commonly used in microwave and
millimeter wave programmable metasurfaces become
ineffective due to significant parasitic effect and limited
physical size. As an alternative, some tunable materials like
liquid crystal (LC) [19-22], graphene [23,24], phase-change
materials such as vanadium dioxide (VOj) [25-27],
germanium telluride (GeTe) [28], as well as micro-
electromechanical systems (MEMS) [29] have been applied
to enable programmable and reconfigurable metasurfaces.
For instance, utilizing the dielectric constant tunability of
LC molecules, a terahertz programmable metasurface has
been proposed, which can achieve dynamic beam scanning
with a coverage range of 20° to 60° at 0.645 THz [21]. By
adjusting the Fermi level of graphene, a transmissive
programmable metasurface operated at 0.70 THz has been
developed to realize dynamic beam scanning and focusing
[24]. A VO, based programmable metasurface worked at
0.425 THz has been reported, facilitating the deflection of
beam over an angle range of 42.8° by varying the
temperature distribution [25].

Recently, ferroelectric materials based programmable
and reconfigurable devices have garnered significant
research interest, owing to their multifield tunability,
large tuning range, low power consumption, and fast
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Table 1. The relative parameters of BST film fabrication.
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Sputtering pressures Substrate temperature RF power

Sputtering time Annealing temperature Annealing time

5 mTorr 400 °C 100 W

6 h

650 °C 0.5h

switching speed [30-36]. For example, utilizing the
characteristic that the dielectric constant of ferroelectric
film changes with the external electric field, a tunable
frequency selective surface based on Bag ¢St 4TiO5 film has
been proposed at 12 GHz, capable of beam steering in
transmission mode [37]. A Bag 55r¢ 5TiO3 (BST) film based
reconfigurable reflectarray has been developed, which can
achieve continuous beam steering from 0° to 25° at 32 GHz
[38]. Furthermore, leveraging the property that the
dielectric constant of ferroelectric film can be changed
with temperature, a Bag ¢Srg 4TiO3 film enabled thermally
tunable spatial filter has been proposed, realizing tuning
from 0.826 to 0.905 THz [34].

In this paper, BST ferroelectric film is applied to design
terahertz metasurface. At first, a 420-nm-thick BST film is
prepared using radio frequency magnetron sputtering
technology. The dielectric constant of the fabricated
BST film is measured using a terahertz time-domain
measurement system. Based on the prepared film, a BST
based metasurface is designed, fabricated, and measured.
The experimental results indicate that the designed BST
metasurface can effectively achieve abnormal reflection of
electromagnetic waves at around 0.750 THz. Furthermore,
leveraging the tunability of BST film dielectric constant, a
terahertz programmable metasurface is proposed, which
can achieve a 1-bit phase response at about 0.410 THz. The
far-field simulation results demonstrate that the dynamic
steering of terahertz waves can be achieved by applying
different coding sequences. The relevant results in this
study provide a strong impetus for the development of
terahertz programmable metasurfaces based on ferroelec-
tric film, showcasing broad application prospects in
terahertz wavefront manipulation technology.

2 Material and methods

Radio frequency (RF) magnetron sputtering is applied to
prepare the BST film. A 1-inch-diameter sapphire (Al;O3)
is used as the substrate for depositing the film, which is
beneficial to reduce lattice mismatch and thereby facilitat-
ing the growth of a high-quality BST film. The main
parameters of preparation are summarized in Table 1. The
Al,O3 substrate is firstly cleaned using chemical reagents to
remove impurities. Then, the substrate is put into the
deposition chamber and heated to about 400 °C. After 15
minutes of pre-sputtering, the substrate shutter is opened
and started to deposit the BST film. The sputtering power
is set to 100 W to obtain a moderate deposition rate of BST
film. After 6 hours (h) of deposition, the BST film is
annealed at 650 °C for 0.5 h in a box oven with an oxygen
flow under atmosphere pressure to decrease the defects and
improve performance. Finally, a BST film with a thickness
of approximately 420 nm is obtained.

3 Results and discussion

3.1 Terahertz dielectric response measurement
of BST film

To characterize the dielectric response of the BST film, a
terahertz time-domain spectrometer is used. The corre-
sponding measurement setup is shown in Figure la. The
dielectric constant of the BST film is measured using the
transmission method. A picosecond-level time-domain
pulse is emitted by the transmitter (Tx), and then received
by the receiver (Rx) after passing through the sample.
Based on the measured spectra, the dielectric constant of
the prepared BST film in the terahertz frequency range can
be calculated. The corresponding calculation method can
be found in [39]. Figure 1b presents the measured time-
domain results in three cases, respectively: air (as a
reference), Al,O3, and BST/Al,O3. It should be noted that
due to the weak intensity of terahertz time-domain pulse,
the measured dielectric constant values of the prepared
BST film exhibit severe fluctuations within the terahertz
frequency band. According to reference [40], the dielectric
constant of the prepared BST film is set as 400, which is
proved to be reasonable in the subsequent design and
measurement of the proposed BST metasurface.

3.2 BST metasurface design and measurement

Based on the fabricated BST/Al,O3 sample, a BST
metasurface is subsequently designed. Figure 2a presents
the designed BST meta-atom, which is consisted of three
layers, from top to bottom: BST film, Al,O3, and gold. The
corresponding thickness are 420 nm, 226 wm, and 300 nm,
respectively. In the simulation, the loss tangent tan § of the
prepared BST film is set to 0.02 [37,41]. By changing the
side length “a” of the top layer BST film, the meta-atom can
generate different frequency responses. The simulated
amplitude and phase response curves are provided in
Figures 2b and 2c, respectively. When a = 0, corresponding
to no BST film, at this point, the designed meta-atom
exhibits resonance around 0.738 THz. On the other hand,
when a changes to 200 wm, the resonance frequency of the
meta-atom shifts to around 0.698 THz. Correspondingly,
the phase response curves appear significant variation in
the above two states. Specifically, the designed meta-atom
shows amplitude difference of no more than 0.1 and phase
difference (corresponding to the APhase curve in Fig. 2¢)
within 180° 4 20° in the frequency range of 0.706-0.724 THz
(corresponding to the gray region), which can be defined as
1-bit phase coding.

To demonstrate the effectiveness of the proposed BST
metasurface in manipulating terahertz waves, abnormal
beam reflection is simulated. According to the generalized
Snell’s law, under the condition of plane wave incident
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Fig. 1. THz dielectric response measurement of the BST film. (a) The schematic diagram of the measurement setup. (b) The measured

THz time-domain transmission spectra.
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Fig. 2. The proposed BST meta-atom and its simulated amplitude and phase response curves. (a) The structure of the proposed BST
meta-atom. The period of the meta-atom is P = 200 pm. (b) The simulated amplitude response curves when ¢ = 0 and a = 200 pm,
respectively. (c) The simulated phase response curves and the corresponding phase difference when a = 0 and a = 200 pm, respectively.

normally, the abnormal reflection angle of a metasurface
can be calculated as:

-1 )\0
6 = sin (1") (1)
where I' represents the phase gradient period of the
metasurface, Ay is the working wavelength of the
electromagnetic waves in vacuum, and 6 is the abnormal
reflection angle. In the simulation, an 18 x 18 array scale is
applied, where every two columns of meta-atoms possess
the same coding state. As verification, Figure 3a shows the
first coding pattern, corresponding to a state of
“000000000” coding. At this time, the calculated 6 should
be 0°, which means the incident waves should be reflected
perpendicularly. Figures 3b and 3c respectively present the
simulated two-dimensional (2D) and three-dimensional
(3D) far-field scattering patterns, where a primary beam
can be observed at 0°. Subsequently, a periodic coding of
“110011001” is applied, and the corresponding coding
pattern is shown in Figure 3d. The phase gradient period I"
is 800 pwm, and the calculated 6 should be +31.4° at
0.720 THz. The simulated far-field scattering patterns
are demonstrated in Figures 3e and 3f. It can be seen that

the strong perpendicular reflection disappears, replaced by
two oblique reflection beams at about +31.5° which is
highly consistent with the theoretical calculation.
Subsequently, the fabrication and measurement of the
proposed BST metasurface are conducted. The BST film is
patterned processing using lithography technique.
Figure 4a presents the fabricated BST metasurface along
with the corresponding micrograph. To verify the abnor-
mal reflection of the fabricated BST metasurface, the THz
time-domain spectroscopy measurement system is applied,
as shown in Figure 4b. The Tx illuminates the BST
metasurface vertically, while the Rx rotates around the
metasurface and simultaneously detects the THz signal
reflected to different directions. When the Rx rotates to
—30°, a distinct quasi-periodic oscillation waveform is
received, as shown in Figure 4c. Next, fast Fourier
transform (FFT) is applied to obtain the frequency domain
spectrum, which is provided in Figure 4d. It can be
observed that, compared with other frequencies, the
measured amplitude value is significantly enhanced near
0.750 THz, indicating that the energy of the electromag-
netic waves is specifically deflected after manipulation by
the BST metasurface. A similar phenomenon can also be
observed when the Rx rotates to +30.5°, as shown in
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coding. (b) and (c) The simulated 2D and 3D far-field scattering patterns for “000000000” coding at the operating frequency of 0.720
THz. (d) The pattern for “110011001” coding. (e) and (f) The simulated 2D and 3D far-field scattering patterns for “110011001” coding
pattern at the operating frequency of 0.720 THz.
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Fig. 4. Characterization and measurement of the BST metasurface. (a) The fabricated BST metasurface and the corresponding
optical micrograph. (b) Schematic of the terahertz far-field measurement setup for the BST metasurface. (c) and (d) The measured
terahertz reflection time-domain and frequency-domain spectrum at —30.0°. (e) and (f) The measured terahertz reflection time-domain
and frequency-domain spectrum at +30.5°.

Figures 4e and 4f. It should be noted that compared to the

simulated results, a certain frequency shift occurred, which

may be caused by the fabrication errors of the BST
metasurface and the thickness deviation of Al,Os. Never-
theless, the above results demonstrate the capability of the
proposed BST metasurface in manipulating terahertz waves.

3.3 BST programmable metasurface

Furthermore, taking advantage of the property that the
dielectric constant of the BST film can be altered by an
external electric field, a BST based terahertz programma-
ble metasurface is proposed. Figure 5a illustrates the



Y. Fu et al.:

EPJ Appl. Metamat. 13, 9 (2026) 5

Tunable Area
(a)
ly

Y
ool \,;(‘)‘ -------------
—

(c)
200

100

) i %
1 [ g o
4
—_— 1 : 3
\ 1 ' £ | -
: | 0 i :: =195
) BST Metasurface Array | 63 c— ;gg e= 195
| . T
: ! £=210 =200 — =225
I : 0.0 ——e =225 = APhase
) A
I i 038 039 040 041 042 043 044 038 039 040 041 042 043 044
BET WA MO0l - . Frequency (THz) Frequency (THz)
(d) (e) ) "
The(t)a °) ——— Simulation The(t)a ) o The(t)a ©) —

————— Calculation
30

—@®)

~~~~~ Calculation
30

/

=90 190 -90

E-field

10 08 06 04 0.2 00 0.2 04 06 0.8 1.0 1.0 0.8 06 04 0.2 0.0 0.2 0.4 0.6 0.8 1.0
E-field

190 -90 ——v———v—vtt 190
1.0 0.8 06 04 02 00 0.2 04 06 08 1.0

E-field

Fig. 5. The design and simulation of the proposed BST programmable metasurface. (a) Structure of the designed meta-atom and bias
network, and the specific parameters are Py = 200 pm, I; = 95 pm, l, = 128 pm, l5 = 70 pm, and /; = 85 pm. (b) and (¢) The simulated
amplitude and phase response curves of the meta-atom when the dielectric constant “¢” of the BST film is 180, 195, 210, and 225,
respectively. The calculated and simulated far-field scattering patterns of the proposed BST programmable metasurface when the
coding sequence is (d) “11001100110” and (e) “11100011100”. (f) The calculated far-field scattering patterns for different coding
sequences. The curves (1)-(6) correspond to the calculated reflection angle of 0°, £10°, £20°, +30°, +£40°, and +50°, respectively.

structure of the proposed meta-atom, which is achieved by
combining the designed metal pattern with the BST film.
The metal pattern is composed of two symmetrical
rectangular metal rings on the left and right sides. While
achieving specific frequency resonance, they respectively
act as the positive and negative electrodes for loading
external voltage. In the simulation, the BST film with
tunability is set to the rectangular area between two metal
rings, as depicted in Figure 5a. Based on the relevant works
that previous researchers reported, the dielectric constant
tuning range is set varies from 225 to 180, corresponding to
a reasonable tuning ratio of 20% [38, 40]. Figures 5b and 5¢
present the simulated amplitude and phase response curves
of the meta-atom, respectively. As the dielectric constant
“e” changes from 225 to 180, the resonant frequency of the
meta-atom shifts from 0.402 to 0.413 THz, resulting in a
significant variation in the simulated phase curves
accordingly. Particularly, when ¢ is set to 225 and 180,
the phase difference of the meta-atom within the frequency
range of 0.404-0.410 THz satisfies the condition of 1-bit
phase coding.

Subsequently, a BST programmable metasurface con-
sisting of 22 x 22 meta-atom is simulated, for which every
two columns of meta-atoms have the same coding state.
Figures 5d and 5e display the simulated far-field scattering
patterns when the coding sequence is “11001100110” and
“11100011100”; respectively. It can be concluded that
different beam pointing can be obtained by switching
coding sequences. It is worth noting that for the
“11001100110” coding sequence, the calculated 6 at 0.410
THz is about +66.2°, while the simulated beam pointing in
Figure 5d is approximately +61.0°. The discrepancy may

Table 2. The calculated coding sequences of different
reflection angles.

Reflection angle (°) Required coding sequence

0 00000000000
+10 00111110000
+20 01110011100
+30 11001100110
+40 11010010010
+50 10110101001

be caused by both the 1-bit phase quantization errors
and the limited array scale. In Figure 5f, the simulated
and calculated 6 are basically consistent. However, the
asymmetric electric field intensity distribution of
the simulated beam is observed, which can be ascribed
to the intensification of asymmetry of the “11100011100”
coding sequence. Overall, by utilizing the tunability of BST
dielectric constant, the proposed programmable metasur-
face can achieve 1-bit phase response, thereby enabling
dynamic beam steering in the terahertz band.

Furthermore, the arbitrary beam pointing of the
proposed BST programmable metasurface in the one-
dimensional (1D) direction can be realized. The reflection
angle and the required phase distribution of the metasur-
face can be calculated as follows:

(2)

2
O = T ndsind
0
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where ¢,, is the phase of the mth column meta-atom,
d represents the period of the meta-atom. For the
proposed programmable metasurface, the required
coding sequences when 6 is 0°, £10°, +20°, =+30°
+40°, and £50° are calculated and listed in Table 2. As
verification, Figure 5f shows the calculated far-field
scattering patterns when different coding sequences
are applied to the BST programmable metasurface. It
can be observed that as the coding sequence changes,
the angle of the reflected beam also varies, effectively
pointing toward the target direction. It is worth noting
that for 1-bit phase coding scheme, symmetrical
double-beam reflection is inevitable when a plane
wave is incident vertically, which reduces the overall
performance of the metasurface. When the phase
quantization is increased to 2-bit and higher bit, the
metasurface can obtain a better beam manipulation
effect, which can be realized jointly by adjusting film
preparation process to increase the tuning ratio, and
optimizing the structure of the meta-atom to enhance
the phase response sensitivity. In terms of hardware
implementation, due to the nonlinear response rela-
tionship between the dielectric constant of the BST
film and the applied electric field, a digital-to-analog
converter with high resolution is required to output
more precise voltage values.

4 Conclusion

In conclusion, we prepare BST ferroelectric film, and
characterize the dielectric response in the terahertz band.
According to the measured terahertz transmission
spectrum, the dielectric constant of the BST film is
determined. Based on the measurement results, a BST
metasurface with 1-bit phase response is designed and
fabricated. The experimental results show that the
designed BST metasurface can effectively achieve abnor-
mal beam deflection around 0.750 THz. Furthermore, by
taking advantage of the property that the dielectric
constant of BST film can be varied with external electric
field, a BST programmable metasurface is proposed. By
altering the dielectric constant of the BST film, the
proposed metasurface can achieve a 1-bit phase response
in the frequency range of 0.404-0.410 THz. The far-field
simulation results manifest that the proposed BST
programmable metasurface can effectively achieve dynamic
scanning of terahertz waves. The above results demonstrate
the feasibility of developing ferroelectric film based metasur-
face devices, which is expected to be applied in terahertz
wireless communication in the future.
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