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ABSTRACT

The emergence of terahertz (THz) nanoscale resonance metasurface devices represents an innovative method for modulating THz waves by
utilizing the intense, high-frequency alternating electric field in THz radiation. However, compared to traditional modulation methods that
employ electrical, optical, and other techniques, the potential of these devices still necessitates further exploration. In this work, we achieved
THz beam-splitting and field-induced nonlinear frequency shifting functions within a single THz nano-metasurface device. The device con-
sists of single split-ring resonators (s-SRRs) with a nanogap on GaAs substrate. The pattern design based on the Pancharatnam-Berry (P-B)
phase principle can split the incident wave into three beams. Meanwhile, its frequency shifting capability, which varies with the E-field, has
been thoroughly investigated. The device performance was experimentally evaluated by an angle-resolved THz time-domain spectroscopy
(THz-TDS) system and a strong-field THz-TDS system. This device could serve as a promising research platform for integrating THz with
nano-optics and holds the potential for ultrafast modulation, offering application prospects in radar, wireless communication, and electro-
magnetic protection.
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Terahertz (THz) modulators are key to the advancement of THz
applications, among which resonance modulation stands out as one of
the hot research topics. THz resonance metamaterials, with advantages
such as ease of fabrication, low cost, and flexible design, have been
widely used in the development of THz wave modulators' * and sen-
sors.”  Traditional THz metasurface modulators mainly rely on active
modulation methods,” including electrical,'**? optical,w’l’1 and thermal
mechanisms,”” " which involve relatively complex fabrication processes
and experience limitations in modulation rates due to the inherent char-
acteristics of the modulation mechanisms employed. On the other hand,
self-modulation is a promising ultrafast modulation technique, in which
researchers have already demonstrated ultrafast self-phase modulation'®

and absorption-based self-modulation.'” This is achieved by leveraging
THz pulses with picosecond-scale ultrashort pulse widths and nonlinear
effects in semiconductor materials. The recently developed nanogap-
based THz devices utilize the significant local field enhancement effect™’
at the gap to provide the high electric field sensitivity”' required for this
modulation and reduce the macroscopic incident THz E-field require-
ments to excite the nonlinear effects.”” Meanwhile, with the development
and widespread availability of strong-field THz radiation sources,” >
the implementation of this field-strength-dependent modulation tech-
nique has become increasingly feasible.

In this work, we have not only developed a multi-functional THz
nanogap modulation device with ultrafast modulation potential, but
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also further studied the self-modulating behavior of the resonance fre-
quency. In addition, we have also detailed a cost-effective method for
fabricating the 15-nm gaps. The nanogap single split-ring resonators
(s-SRRs) on GaAs substrate can perform nonlinear resonance fre-
quency shifts of up to 100 GHz, which exhibits a continuous variation
with the THz electric field. The maximum frequency shift occurs at an
incident electric field of about 160 kV/cm. With a pattern design based
on the Pancharatnam-Berry (P-B) phase principle, the metasurface is
also capable of splitting incident THz waves around 0.45THz into
three beams at designed angles under weak-field conditions. The two
functions of the device have been evaluated by two self-built time-
domain spectroscopy (TDS) systems. In addition, its ultrafast potential
has been approved by a THz-pump THz-probe technique. Our devel-
oped device represents a significant advancement in the development
of THz self-modulation devices, serves as an experimental platform for
investigating the interaction between THz and nano-optics across a
wide range of electric fields, with potential applications spanning vari-
ous fields, including radar systems, mobile communications, and elec-
tromagnetic protection.

The THz beam-splitting nano-metasurface was designed to effec-
tively split and redirect THz waves within a specified frequency range
at precise angles, as illustrated in Fig. 1(a). Constructed on a GaAs sub-
strate, the device featured a square arrangement of s-SRRs, character-
ized by a nanogap width of merely 15 nm. The transmission spectrum
manifests distinct resonance frequencies when the electric field of the
incident wave polarized along the arm with the gap (TM-polarized)
and perpendicular to the arm (TE-polarized), f; and f,, respectively.
Particularly, upon the incidence of TM-polarized strong-field THz
waves, the localized field enhancement effect at the nanogap excites
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FIG. 1. Schematic diagram of the (a) beam-splitting device functionality and (b) pat-
tern design. Device simulation design results, including (c) transmission spectra for
incident waves with two different polarizations and (d) phase difference between the
two polarizations.
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nonlinear phenomena within the semiconductor material (e.g., GaAs
or Si), including impact ionization’*”” and intervalley scattering.”®
Consequently, the resonance frequency would shift from f; to f,, while
the resonance frequency remains f, when the incident wave is TE-
polarized. This could be explained by the evolution of the resonance
mode of the SRR unit (see supplementary material Chap. 3). Details
on other structural and operational attributes of the units can be found
in Refs. 29 and 30, in which we reported the similar SRRs on a high-
resistance silicon substrate without pattern or functional design.
Compared to Si, GaAs has a much shorter carrier lifetime, which offers
potential ultrafast characteristics.

The design of the unit cell is performed with the electromagnetic
simulation method (see supplementary material Chap. 1 for details).
The transmission spectra are depicted in Fig. 1(c), along with the phase
difference illustrated in Fig. 1(d). The simulation results indicate reso-
nant peaks at approximately 0.4 and 0.5THz for each polarization
condition. The designed frequency range was chosen based on the cen-
tral frequency of the strong-field THz radiation source we constructed
here, which is 0.45 THz [see Fig. 3(f) for the spectrum].

The final designed parameters include the following: s-SRRs’ side
length of 81 um, a one-dimensional periodicity of 150 um, a ring width
of 4.5 um, a gold thickness of approximately 80 nm, a nanogap width
of 15nm, a substrate thickness of 500 um, and an overall metasurface
size of 2 X 2 cm.

Having the unit design completed, we adopted the P-B phase
principle for the pattern design, which is a type of polarization-related
geometric phase and has been widely used in metasurface design. This
principle aims to provide an additional phase to incident circularly
polarized waves by geometrically rotating the light modulator. The the-
ory remains applicable to linearly polarized waves as it can be decom-
posed into a combination of left-handed (LCP) and right-handed
circularly polarized (RCP) waves. When the unit of metasurface rotates
by an angle 0, the output of circularly polarized light can be expressed
by the following equation, and the complete theoretical derivation pro-
cess can be found in Refs. 31 and 32:

- (£33t 1] o

The subscripts R and L represent RCP and LCP incident waves,
respectively. The symbols 4+ and — correspond to the RCP and LCP
waves, respectively. It can be observed from this expression that a por-
tion of the circularly polarized light wave is converted into circularly
polarized components orthogonal to it, carrying an additional phase
of 20.

As depicted in Fig. 1(d), the phase difference between the two
designed polarization states is approximately 7/2. Under this condi-
tion, we have £, = ¢™/* and t, = ein/4, resulting in £, + ¢, = V2 and
te—t, = \/fj Substituting these into Eq. (1), we can calculate the out-
put light for linearly polarized light incident on resonator regions with
orientations @ =0 and 6 = 7/2, respectively. The corresponding
results are given in the following equations:
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Based on the above results, we find that the THz waves emitted
from the two patterns have identical amplitudes with a phase differ-
ence of /2. In this way, by constructing a metasurface composed of
two types of s-SRRs with orthogonal gap orientations to build an
“imperfect” binary grating, we could achieve the beam-splitting func-
tion within the specific frequency range.

Based on the desired emission angle and the unit design parame-
ters mentioned above, we designed the phase arrangement guided by
antenna array theory (see the supplementary material, Chap. 2, for
detailed calculation method). We first determined a continuous phase
sequence, which was then discretized into 0 and 7/2, each correspond-
ing to one of the two unit orientations. This approach completed the
design of the device. As the desired emission angle o increased, the
phase variation became more significant, resulting in fewer adjacent
units with the same gap orientation. For example, as illustrated in
Fig. 2(f), the black dashed boxes in the optical micrograph each high-
light a single column of s-SRRs. For a 30° emission angle, a single
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FIG. 2. (a) Multi-exposure process. (b) Complete fabrication process of the nano-
gap. (c)Schematic illustration of tilted evaporation method and (d) SEM image of
the fabricated structure. (e) Photograph of the sample designed for a 10° emission
angle, (f) optical micrograph of units with two different orientations, and (g) localized
zoom-in micrograph of the nanogap and gold stick.
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phase consists of four columns of s-SRRs. In comparison, 10° and 20°
correspond to 13 and 6 columns, respectively.

The device fabrication predominantly adhered to standard photo-
lithography procedures, with the key point of the process revolving
around creating nanogaps in two distinct gap orientations utilizing a
titled sample evaporation method, thereby obviating the necessity for
focused-ion-beam (FIB) or electron beam lithography (EBL) processes.
The fabrication process encompasses three rounds of exposure and
metal deposition, as delineated in Fig. 2(a). These three exposures
sequentially fabricate gold sticks and the resonator rings with two dif-
ferent gap orientations. Figure 2(b) illustrates the process of fabricating
the nanogap using the tilted sample method. The first five steps specifi-
cally detail the fabrication of gold sticks: photoresist LORIA and
AZ6130 are sequentially coated on the substrate, followed by exposure
through a mask, removal of the exposed photoresist, and gold deposi-
tion to form the gold sticks (two orientations of the sticks can be proc-
essed simultaneously). Then, during the deposition of gold rings
(which follows a standard process like the gold stick fabrication), the
substrate with gold sticks is tilted at a specific angle, as shown in
Fig. 2(c), enabling the creation of the desired nanogap. The tilted sam-
ple method has been used twice during the fabrication process: once to
fabricate s-SRRs with one orientation, and once to fabricate the
remaining s-SRRs with the other orientation. Different substrate tilt
orientations were employed during the two exposure steps. Figure 2(d)
shows the scanning electron microscope (SEM) image of the fabricated
nanogap. The finalized samples are illustrated in Figs. 2(e)-2(g), with
Fig. 2(e) showing the photograph of the sample with 10° emission
angle.

The experiments were carried out on two self-built THz-TDS sys-
tems. Figure 3(a) depicts the weak-field THz-TDS system utilized in
this research. A femtosecond fiber laser was used to power the system,
and both the THz transmitting (TX) and reception (RX) modules fea-
tured low-temperature grown GaAs (LT-GaAs) photoconductive
antennas. THz waves emitted from the TX module were collimated by
a convex lens and then directed onto the sample as a parallel beam.
The transmitted THz waves were focused onto the RX module by
another convex lens and subsequently detected. The RX module was
linked to a lock-in amplifier for demodulating the THz signal. A note-
worthy aspect of this configuration was that the TX and RX modules
were mounted on independent, programmable rotatable arms, along
with the rotatable sample stage, making it particularly well-suited for
detecting THz signals at different angles.

We aligned the TX, sample stage, and RX co-linearly, configuring
the system in a standard arrangement to record the THz-TDS signals
when nothing was placed on the sample stage. The obtained waveform
is depicted in Fig. 3(c), with its corresponding frequency spectrum
shown in Fig. 3(d), spanning a spectral range exceeding 1 THz.

In addition, a strong-field THz-TDS system was developed to
evaluate the device’s performance under strong THz electric field con-
ditions, as illustrated in Fig. 3(b). The system employed a Ti: sapphire
laser (with a wavelength of 800 nm, repetition rate of 1000 Hz, pulse
width of 35fs, and maximum output power of 5W) as its driving
source. The wavefronts of ultrafast laser pulses were tilted by a reflec-
tive grating to excite a LINbO; crystal, thereby generating linearly ver-
tically polarized (perpendicular to the ground) THz radiation. The
THz radiation was captured using a gold-coated off-axis parabolic mir-
ror (OAP1), with the focal point positioned between OAP2 and
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FIG. 3. Schematic diagrams of experimental systems in this work, including (a)
weak-field angle-resolved TDS system and (b) strong-field TDS system. For the
weak-field system, (c) the THz time-domain waveform at 0° transmission with no
sample placed on the sample stage and (d) the corresponding frequency spectrum.
For the strong-field system, (e) the THz time-domain waveform and (f) the corre-
sponding spectrum when no sample was placed.

OAP 3 to achieve a substantial THz electric field, where it served as the
location for sample placement. Subsequently, the THz radiation and
the probe laser were co-focused onto a 1 mm ZnTe crystal. The detec-
tion of strong-field THz signals was carried out via the electro-optic
sampling method. By adjusting the angle of the wire-grid polarizer
pair situated between OAP 1 and OAP 2, we could adjust the incident
THz electric field at the sample position.

ARTICLE pubs.aip.org/aip/apl

When utilizing the laser at maximum power without placing any
polarizer or sample, the obtained time-domain spectrum of THz radia-
tion and its corresponding frequency-domain spectrum are illustrated
in Figs. 3(e) and 3(f), respectively. The spectral bandwidth available is
approximately 1.5 THz, with a central frequency of about 0.5 THz.

We designed and fabricated three types of samples with an emis-
sion angle of 10°, 20°, and 30°, respectively. The simulation outcomes
are depicted in Figs. 4(a)-4(c), revealing a difference in the signal
around 0.45 THz. Furthermore, owing to the existence of resonance
peaks, the overall frequency component near 0.45THz appeared
diminished compared to neighboring frequency components.

We conducted angle-resolved measurements on the three sam-
ples using the THz-TDS system depicted in Fig. 3(a). We obtained
spectra at different emission angles by performing Fourier transforms
on the collected time-domain waveforms. The experimental results of
the three samples are displayed in Figs. 4(d)-4(f), respectively. We
could observe that there are distinct emission components around 10°,
20°, and 30°, respectively, with frequencies concentrated near
0.45 THz. The white dashed circles in the figures denote the diverted
signal components, whose frequencies and diversion angles align with
the simulation expectations. The gray solid line in the figure represents
the distribution of the 0.45 THz frequency component (along the white
dashed line) at different angles. Spectra at different emission angles are
provided in supplementary material (S.6). According to the calculation
from the data represented by gray solid line, for samples with emission
angles of 10° and 20°, the components emitted near the designed angle
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FIG. 4. Comparison of simulation results and experimental results using the rotating
TDS system: (a)-(c) Simulated result of samples whose expected emission angle is
10°, 20°, and 30°, respectively, and (d)—(f) experimental result of these three
samples.
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constitute approximately 40% of the total; while for the sample with an
emission angle of 30°, the component emitted near 30° is slightly
lower.

We characterized the multi-function nano-metasurface using the
strong-field THz-TDS system depicted in Fig. 3(b). The 10° emission
angle sample was positioned at the THz beam’s focal point, and we
have ensured that only one orientation of the s-SRRs was illuminated
by the focused THz beam. The beam radius at the focal point was
approximately 0.8 mm, as measured by a THz camera, while the width
of a single fringe in the sample was 1.95 mm. The sample was evalu-
ated under TM-polarized and TE-polarized conditions, respectively.
The incident THz electric field was adjusted by rotating a pair of wire-
grid polarizers.

The transmission spectra of the sample under three electric
fields of 37.5, 60, and 160 kV/cm are presented in Figs. 5(a), 5(c), and
5(e), respectively, corresponding to the spectra of the two polarization
directions in Figs. 5(b), 5(d), and 5(f). Notably, under the increasing
electric field, the resonance frequency of the THz transmission
spectrum under the TE-polarized condition remains essentially
unchanged at approximately 0.39 THz. In contrast, the resonance
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FIG. 5. Experimental results under strong-field conditions. THz pulses with peak
electric field of 160, 60, and 37.5 kV/cm were respectively incident onto the sample,
resulting in time-domain waveforms (a), (c), (€), and their corresponding frequency-
domain spectra (b), (d), and (f). The spectra corresponding to TM and TE polariza-
tions were acquired by manipulating the sample orientation. (g) The transmission
phase difference spectra between the two polarization conditions obtained under
the three electric field conditions above. Under TM-polarized incidence condition, by
adjusting the THz electric field, we reached (h) the sample excitation curve, specifi-
cally, the variation of resonant frequency with changes in THz electric field.
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frequency for TM-polarized condition gradually diminished. Under
the three electric field conditions, the resonance frequencies were,
respectively, 0.49, 0.48, and 0.42THz, converging toward the one
associated with TE polarization. Figure 5(g) depicts alteration in
phase difference between the two polarization conditions with varying
electric field. The phase differences under the three conditions were
approximately 55°, 45°, and 40°, respectively, indicating that as the
electric field amplified, the phase difference diminished. By utilizing
the resonance peak frequency of the spectra under TM-polarized con-
dition as a characterization feature of the sample’s excitation level,
the variation of this feature with THz electric field is demonstrated in
Fig. 5(h), where the THz electric field was calculated with the method
described in Ref. 23. It is discernible that the excitation process con-
tinues to evolve from 0.49 to 0.41 THz, as the electric field varies
from 375 to 165kV/cm. The resonance frequency remained at
0.41 THz when the electric field reached 165kV/cm or higher, indi-
cating that the sample was essentially fully excited (with the fre-
quency shift reaching saturation). In addition, we have also
conducted a THz-pump THz-probe (TPTP) experiment to evaluate
the ultrafast modulation potential of the device, demonstrating that
the recovery time for this resonance frequency shifting is on the order
of hundreds of picoseconds (see the supplementary material, Chap. 5,
for detailed experiment information).

In this work, we introduced a multi-functional THz nano-
metasurface device capable of beam-splitting under weak-field condi-
tions and nonlinear resonance frequency shifting under strong-field
conditions. Furthermore, a fabrication process involved multiple
exposures and a tilted sample method was developed to fabricate
nano-metasurface. Using our strong-field THz-TDS system, we
observed a shift in the resonance frequency from 0.5 to 0.4 THz as
the incident THz electric field varied from 20 to 150kV/cm.
Additionally, the resonance frequency remains unchanged as the elec-
tric field increases beyond 165kV/cm, indicating well excitation of
the sample.

Similar to Si, GaAs demonstrates nonlinear effects under THz
electric fields. However, its considerably shorter carrier lifetime com-
pared to Si endows it with the potential for ultrafast modulation, war-
ranting further scientific exploration.

This device further explored the modulation capability of nano-
metasurfaces on THz waves with varying electric field, offering a
robust research platform for integrating THz with nano-optics. The
device represents a significant advancement in the development of
THz self-modulation and ultrafast modulation devices and holds sig-
nificant potential in communication, radar, and electromagnetic pro-
tection applications.

See the supplementary material for detailed information about
the simulation method and pattern design method applied for device
design, research on the resonant behaviors of unit structure, transmis-
sion spectra at different angles, and the THz-pump THz-probe
experiment.

This work is supported by the National Key Research and
Development Program of China (2022YFA1604402), the National
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