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Terahertz (THz) metasurfaces, which combine the low energy and high transmission properties of THz wave with
the flexible modulation characteristic of electromagnetic derived from metasurfaces, have made tremendous
research progress in the field of filtering, security, 6G communications and bio-sensing. However, the practical
application of THz metasurfaces is limited by the complex preparation process and the small sample area. Herein,
we propose a large-scale flexible metasurface by introducing laser direct writing (LDW) fabrication method
which can directly ablate the designed patterns on the wafer through the heat of laser. This proposed flexible
metasurface can achieve a typical plasmon-induced transparency (PIT) effect in the reflection spectra at terahertz
region by introducing a novel graphene assembly film (GAF) whose conductivity reaches 1.1 x 10® S-m™! that is
close to metals. In addition, the LDW processing method ablates the designed pattern on the GAF by laser heat,
which only takes 30 min to complete the large area of 229 mm x 305 mm metasurface owing to fast-scanning
speed of the mirrors and large scanning area of the LDW system, and the ablation precision can reach 50 pm. It is
foreseen that this processing method using LDW on GAF, with its advantages of rapid fabrication, large area, low
cost and flexibility, will provide a new way for the development of THz devices.

1. Introduction Taking the advantage of the strong localization capability derived from

the sub-wavelength unit cell, metasurfaces have been demonstrated

THz waves [1], the wavelength located between the microwave and
the infrared bands, have great application potentials in the fields of 6G
communication [2], material detection [3], defense and security [4],
and bio-sensing [5-7] due to the excellent characteristics of it such as
low energy, high transmission, strong coherence and molecular finger-
print [8,9]. However, the deprivation of the devices for generating and
manipulating THz waves has severely restricted the development of THz
science and technology. In addition, the relatively weak interaction
between the THz wave and matters has brought additional difficulties
for the manipulation of THz waves. Recently, metasurfaces, with their
unique capability of electromagnetic waves manipulation, have indis-
putably become the most suitable platform for manipulating THz waves.

versatile devices that enable to manipulate THz waves efficiently,
including THz modulators [10-15], absorbers [16-20] and bio-sensors
[21-25].

PIT, a quantum interference phenomenon occurring in a three levels
atomic system [26], is able to induce a narrow transparency region in
the absorptive spectrum. And PIT is the result of interference between
the bright mode which couples with free space strongly and dark mode
which couples with free space weakly, which leads to the complicated
experimental set-up in quantum optical implementations. The bright
mode is directly activated by incident light, yet the dark mode can only
be excited through the localized field formed by the coupling of the
bright mode and the excitation light field [27,28]. For instance, a simple
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metal bar can be regarded as an optical dipole. Therefore, it could
function as bright mode in PIT system [29]. Therefore, it is convenient to
construct the destructive interference between two excitation channels
involving a bright mode and a dark mode in metasurfaces. Moreover,
metasurfaces enable enhancing the light-matter interaction by localizing
the electromagnetic waves in the sub-wavelength area. In this way, PIT-
like metasurfaces have recently been extensively investigated due to the
capability for flexible THz radiation manipulation based on the design of
meta-atoms [30-40]. Nevertheless, just like other THz metasurfaces,
PIT-like metasurfaces are also restricted by the conventional micro-
processes, such as photolithography, reactive ion etching, etc., which
are not only high-cost, time-consuming, but also impossible to fabricate
in large-area.

Laser direct writing method has been adjusted to fabricate patterns
and microstructures/nanostructures at present [41,42]. Recent years
have witnessed a spurt of progress in graphene oxide, graphene and its
applications in various electronic devices. Specifically, featuring excel-
lent flexibility, transparency, conductivity, and mechanical robustness,
graphene has emerged as a versatile material for flexible electronics. In
particular, laser fabrication for graphene exhibits obvious superiority
which can fabricate flexible electronics applications [43], such as
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supercapacitors [44], sensor [45], actuators [46].

In this work, we have proposed a novel method to fabricate ultra-
fast, large-area, flexible THz metasurface by using a 515 nm pico-
second laser, a scan lens, and a matching scanning system. It is noting
that the graphene assembly film (GAF) composed of flexible PIT-like
THz metasurface is obtained by reducing graphene oxide films, which
possesses a series of advantages such as superb flexibility, lightweight
and outstanding mechanical stability. Combining the scan lens and the
fast-scanning system, a flexible THz PIT-like metasurface with a size of
229 mm x 305 mm and a resolution of 50 pm can be fabricated. Obvi-
ously, the limit resolution can be further improved by optimized the
laser energy densities and the repetition rate. The PIT effect derives from
the proposed flexible THz metasurface fabricated by LDW has been
demonstrated by numerical simulations and experimental measure-
ments, and the transparency window appears at 0.509 THz. To further
validate the working mechanism of proposed PIT-like metasurface, the
theoretical analysis based on the coupled harmonic oscillator model and
distributions of the electric field and magnetic field have been investi-
gated. Undoubtedly, the good group delay performance accompanying
PIT effect is also calculated, which has potential applications in the field
of slow light and THz communication. Therefore, large-area patterns can
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Fig. 1. Schematic diagram of the fabrication setup and the designed free-standing PIT-like metasurface. (a) Schematic illustration of the LDW system. (b) The sample
of the flexible PIT-like metasurface (3 cm x 3 cm). (c) SEM image of the fabricated GAF sample and the geometric parameters have been listed in the enlarged

diagram. (d) The sample of the fabricated metasurface (8 cm x 8 cm).
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be easily fabricated in different substrates by using the proposed LDW
method, which proves that the proposed new fabricated method is able
to provide a new idea for THz devices.

2. Materials and design

The schematic of the LDW fabrication system is depicted in Fig. 1(a).
It is composed of a picosecond solid-state laser (pulse width: 1.5 ps,
adjustable repetition rate: 50-500 kHz) with an output wavelength of
515 nm, a beam expander, a telecentric scan lens, and a matching
scanning system, which consists of two scanning mirrors that can tilt the
laser beam toward x- and y-directions, respectively. Therefore, LDW
system is able to fabricate the arbitrary patterns on various different
substrates by laser ablation such as copper, graphene, etc. The GAF with
a thickness of 14.5 pm is used to fabricate the THz PIT-like metasurface,
which possesses flexible character to adapt to arbitrary external shape.

Compared with the traditional fabricated methods of THz devices,
LDW fabrication system can omit the complicated steps in micro-nano
processing technology such as spin-coating, exposure, development
and lift-off. In addition, the fast-tilting speed of scanning mirrors can
guarantee the fast speed of the fabrication and large-scale sample whose
effective area can reach 229 mm x 305 mm. However, it is inevitable
that the focus spot would undergo the distortion from circular spot to
elliptical spot for large deflection angles, which will decrease the
fabrication resolution. To eliminate the elliptical distortion of the focus
spot, a telecentric scan lens is introduced in the system. Firstly, the GAF
spread all over the translation stage horizontally. Then, the laser beam
created the trace structure on the surface of the GAF with a precisely
dosed energy input (repetitive frequency:100 kHz, power:3W), and
repeated around 30-50 times depending on the actual fabrication depth.
Finally, the proposed metasurface can be obtained by LDW method. The
photo and the scanning electron microscope (SEM) image of the flexible
PIT-like metasurface are shown in Fig. 1(b) and (c). It is obvious that the
flexible THz devices can be fabricated by LDW system which can ablate
the GAF with good mechanical properties. And the size of the unit cell
fabricated by LDW system is consistent with our optimized geometric
size: L = 240 pm, W = 120 pm, a = 220 pm, b = 50 pm and the distance
between the two nanoslots is g = 40 pm. In addition, a larger sample of 8
cm x 8 cm was easily fabricated by LDW rapidly in order to better
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exhibit its potential for processing graphene, which is shown in Fig. 1(d).
More importantly, any desired patterns can be prepared by the simple
and rapid approach. The unique property makes LDW method a pro-
spective replacement for a high-speed fabrication of large-scale and
high-quality samples. In the simulation, the conductivity of GAF is set to
1.1 x 10° S m™~! which is extracted from the reflective spectrum of
experimental data and the period of the unit cell P is set to 300 pm,
which enable ensure the PIT window appears at 0.509 THz. It is a
remarkable fact that the limit resolution of fabrication is determined by
the thickness of GAF, the threshold will increase with the decrease of the
thickness of GAF.

The preparation steps of the GAF are as follows (Fig. 2(a)). Firstly,
the GO slurry was diluted with ultrapure water and then stirred evenly
to obtain a GO suspension with a concentration of 15 mg mL ™', The GO
assembly film was obtained after the evaporation of GO suspension in a
glass container at room temperature. Then, GO assembly film was
annealed at high temperatures of 1300 °C for 2 h and 3000 °Cfor 1 hina
high-temperature furnace which was in Ar gas atmosphere. Thus, the
pre-GAF was obtained. Finally, the GAF was sandwiched into two
polyethylene terephthalate (PET) substrates and statically calendered
for 0.5 h at room temperature with a pressure of 100 MPa, and the GAF
with the dense structure were obtained. As shown in Fig. 2(b) and (c),
the dense layer-stack structure of the GAF with a thickness of 14.5 pm
can be found in the cross-sectional scanning electron microscope (SEM,
JSM-7100F) image.

The GAF has a high electrical conductivity of 1.1 x 10° Sm™!, which
was obtained by four probe test method. The GAF with such high elec-
trical conductivity has a highly graphitized structure, which can be
proved by the X-ray diffraction (XRD) patterns. The XRD patterns were
performed by X-ray D/MAX-RB instruments with Cu Ka radiation. The
sharp diffraction peak of (002) crystal plane laid at 20 = 26.5 show an
interlayer distance of 0.336 nm of the GAF (Fig. 2(d)). The (004) crystal
plane and Raman spectroscopy of the GAF also illustrate the highly
graphitized structure of the GAF. The Raman spectroscopy of the GAF
was collected by a Renishaw Raman Spectrometer. The weak D band
located in 1344 cm™! and the obvious G band located in 1579 cm™?
(inset of Fig. 2(d)) show a low-defect and highly graphitized structure of
the GAF.
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Fig. 2. Characterization of GAF. (a) Schematic illustration of GAF preparation process. SEM images of GAF (b) cross-section and (c) the locally magnified. (d) XRD

pattern of GAF (Inset: Raman spectrum of GAF).
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3. Results and discussion

Babinet’s principle [47-50] associates not only transmittance and
reflectance between a structure and its complement, but also the field
modal profiles of the electromagnetic resonances as well as effective
material parameters — a critical concept for metamaterials. The PIT of
complementary asymmetric structure appears as a sharp peak in the
reflectance spectrum, in contrast to PIT in positive structure, which
appears as a transparent window in the transmittance spectra. In order
to investigate the mechanism of the PIT characteristic, we perform nu-
merical simulated reflectance spectra based on the Babinet’s principle,
which links the field modal profiles of electromagnetic resonances and
effective material properties, in addition to transmittance and reflec-
tance between a structure and its complement [51]. Simulated reflec-
tance spectra with the results of two separate nanoslots illustrates the
formation process, as shown in Fig. 3(a). The single split-ring resonator
(SRR) slot array exhibits a strong resonance at 0.44 THz when the
excitation field is parallel to the y-axis. And the reflectance spectra of the
closed wire resonator (CWR) slot array excited at 0.64 THz is similar to
SRR slot. We define the closed wire resonator (CWR) as bright mode

(a)
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while the SRR as quasi-dark mode (ref. [27,52,53] regards it as a bright
mode). When the two slots are integrated within one unit, we can
observe a sharp transparency peak of 91% at 0.509 THz between the
resonant frequency located at 0.43 THz and 0.68 THz. The bright mode
couples with the quasi-dark mode, thereby forming an analogue of the
PIT effect.

To explore the formation mechanism of the PIT effect, we use a
simple two-particle PIT model [54]. By introducing this theory, where
we consider a bright (designated as “particle A”) and a quasi-dark
(designated as “particle B”) particle coupled to the incident THz elec-
tric fieldE = Eye'!, the effectiveness of this PIT can be analyzed. Hence,
the analytical model can be described by the following coupled differ-
ential equations [27,39,54]:

Fo(1) +7,%(1) + 02x, () + x5 (1) = q.E o

my,
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Fig. 3. (a) The simulated reflectance spectra of the integrated PIT structure as well as the couple units (SRR and CWR). (b) Simulated data and the theoretically
fitting calculations by the two particles model. (c)—(e) simulation of |E| distributions at the resonant frequency of (c) f = 0.43 THz, (d) f = 0.509 THz, (e) f = 0.68

THz. (f)-(h) The simulation of H, distributions at the reflectance dips and peak.
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displacements, the effective charge, effective masses of two particles
(the SRR and CWR elements), resonance angular frequencies, and the
loss factor of the particle A (B), respectively. In the theoretical model,
the resonance frequencies of the bright and the quasi-dark modes are
kept constant which are calculated to be around 4.2 x 102 rad-s! and
2.7 x 10'2 rad-s~!. The values of the loss factors are obtained from the
linewidths of the curves which are calculated to be about 8.2 x 10!
rad-s~! and 4.1 x 10! rad-s7!, respectively. And x defines the coupling
coefficient between the bright and quasi-dark particles. In the above
coupled equations, we substitute g, = % and m, ="z, where A and B are
the dimensionless constants, which represent the free space coupling
strengths of bright and the quasi-dark modes with the incident THz light,
respectively. Some special PIT-like metasurfaces, involving the proposed
asymmetric planar metasurface, the split-closed rings metasurface [52]
and the cut-continuous strips metasurface [55], incorporate a “quasi-
dark” element, which is also activated by the incident wave via near-
field coupling in a certain extent. Therefore, g, cannot be neglected
anymore because of the quantity g, proportional to the coupling
strength between the quasi-dark element and the incident wave under
the circumstances [56].

By solving the above coupled equations Eq. (1) and Eq. (2), x, and x;
can be obtained by the following equations:

((0)¢ + (0~ o + o)) ()
K — (07 — w2 + iwy,) (@ — o} + ioy,)

3

Xqg =

(@) + (@ - o + ior,) ) (1)
K — (0? — @2 + ioy,) (0* — 0} + ivy,)

4

Xp =
The effective polarization of the graphene metamaterial is expressed

by:

P = quxa +qpxp %)
Consequently, the linear susceptibility y of the graphene meta-

material can be written as:

A(B + 1)K + A*(0* — @) + B(0* — 0?)

Kt — (w2 — wi — iwyd) ((u2 — (u,z, — i(uy,,)

P K

X = ®)
EUE A’B A2 B
+iw— 7 + By,

K= (cu2 -’ — iwyu) (a)2 —wj; — ia)yh)

The simulated reflectance in Fig. 3(b) is fitted by the imaginary part
of the nonlinear susceptibility expression. Here, Re[y] stands for the
dispersion and Im|[y| shows the absorption (loss) within the medium. The
Kramer-Kronig relations state that the transmission coefficient is defined
as T = 1 —Im[y] which comes from the conservation of energy relation T
+ A =1 (normalized to unity), where A = Im[y] is the absorption/losses
in the medium [39]. The designed metasurface we proposed has a
complementary relationship with the analytical coupled equations due
to Babinet’s principle the proof of the behavior of interchange between
the reflectance and the transmittance when the polarization direction of
the light is rotated by 90°. In our case, we can calculate the reflection
utilizing the transmission equation in normal fabricated structure.
Moreover, we disregard further non-resonant scattering losses since they
have no impact on the system’s performance. By substituting the fitting
parameters y,, 7,, @q, @y and by putting A = 6.5 and B = 3.2, we plot the
theoretically fitting reflectance spectra in Fig. 3(b), which exhibit good
agreement with the corresponding numerically simulated curves.

To further understand the mechanism physics, the numerical simu-

lations electric field E = , /E2 +E§ + E2? and z component of the mag-

netic field distributions are presented in Fig. 3(c)-(h). Please notice that,
for complementary structure, Babinet’s principle states that each elec-
tric field component and its magnetic counterpart should be inter-
changeable if the incident polarizations are perpendicular. It is quite
distinct that the two slots are excited individually acting as the bright

Optics and Laser Technology 164 (2023) 109431

mode in which the E-field distributions are confined at the inner top and
bottom of each slot at the reflectance dips f = 0.43 THz and 0.68 THz, as
shown in Fig. 3(c)-(e). The PIT phenomenon is attributed to the simul-
taneous excitation of the two slots at f = 0.509 THz, which verifies that
the transparency window is mainly related with the weak hybridization
of two dipolar modes.

In Fig. 3(f)-(h), the H, (z component of the magnetic field) distri-
butions are clearly expressed in the xoy plane. Only SRR or CWR is
strongly excited at the resonant frequencies but both are excited in 0.509
THz. At relatively low resonance (CWR is excited by the incident wave)
the field is out-of-phase while at relatively high frequency they are in-
phase, similar to two straight slots placed in parallel [57]. Moreover,
we clearly observe the magnetic fields with comparable densities in the
two resonators are out-of-phase. The PIT feature can be clearly obtained
by the field components with quadrupolar symmetry. In other words,
the phase destructive interference between the two anti-phase distri-
bution modes leads to the transparency window so that the incident light
propagating on the meta-atoms will be totally reflected as if no slots
existed in the metal.

The measured reflectance spectrum is performed using terahertz
time domain spectroscopy (THz-TDS), which is depicted in Fig. 4(a). The
normal transmission spectrum from the sample is determined as

ol -

E‘s(a))/ER(a))‘ where Es(w) and E"R(w) are the electric field

amplitude of the sample and reference, respectively [31]. We can
experimentally observe a sharp reflectance peak in the asymmetry
paired slots because of the weak hybridization of two resonant modes.
The slight reduction of the reflectance peak intensity may be associated
to the inaccuracies of graphene structure, likewise, broadening of the
dips and peak widths. A remarkable feature of the PIT phenomenon is
accompanied with strong dispersion, which causes a slow wave effect
because of an alteration of the group velocity which is the inverse of the
derivative of the wave number with respect to the angular frequency
through the device. It is highly desired that the slow light of PIT effect in
metasurface can be applied in strong interactions between light and
matter and improved nonlinear effects. The group delay is a key metric
to describe the slow wave performance in PIT system. The group delay is
expressed as t; = —Z—Z where ¢ and @ = 2zf refer to the reflection phase
shift and angular frequency, respectively [58]. Fig. 4(b) shows the
calculated reflection phase shift and group delay of our designed met-
asurface. The arctangent-based definition of the phase analysis is
wrapped in the region| — 7z, +7]. However, true phase values may exceed
the 2z range, which cause discontinuities in the recovered phase. We
identify discontinuities on the wrapped phase and solve them to obtain
the unwrapped phase. While a region of the positive group delay is
realized near the transparency window, a strong slope of the phase shift
can be seen. Around the resonance frequencies of dips, the metasurface
is described as negative group delay. The positive and steepest phase
slope is around the PIT window, and the sharp dispersion region which is
depict in light yellow region leads to the maximum group delay of 9.93
ps. The result, such a large positive group delay, provides a strong evi-
dence in the slow light capability of PIT metasurface. That is, the THz
radiation experiences a delay of around 9.93 ps at 0.509 THz, where
91% of PIT reflectance is attained. This delay is comparable to the time
delay of a 2979 pm distance of free space propagation. Our work will be
strategically important in the practical applications of slow light appli-
cations devices.

4. Conclusions

In this work, a novel LDW system which can support high-speed,
large-scale, and high-resolution fabrication of sample is applied to
directly print THz PIT-like metesurface. The LDW system composed of
picosecond laser with a focal spot 10 pm, telecentric scan lens, and the
large 2D fabrication platform is able to fabricate the THz devices with an
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Fig. 4. (a) The simulated (red line) and measured reflectance curve (blue line). (b) The unwrapped phase (blue dash dot) and simulated group delay (red line) of

the reflectance.

area of 229 mm x 305 mm. The speed of fabrication is mainly effected
by the geometric configuration and complexity of the unit cell, while the
scanning mirrors with the fast-tilting speed has been introduced in the
LDW system. In addition, the large power of the picosecond laser (~8 W)
and tunable repetition rate (50 ~ 500 kHz) can adjust the energy of
ablation flexibly to adapt to different materials. In this way, using the
GAF with ultra-high conductivity, we have designed and fabricated a
THz PIT-like metasurface through both simulation and experimental
studies. Accordingly, we employ the coupled harmonic oscillator model
to describe the near field coupling between the nano-slots in metasur-
face that agrees well with the simulation results, and the inner physical
mechanism has also been investigated by the distribution of electro-
magnetic field. The proposed novel ultra-fast and large-area, fabrication
method dependent on LDW system can not only develop the THz PIT-
like metasurface which shows strong potential in slow light applica-
tions but also open up a new way for the next generation THz devices.
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