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Aqueous solutions cannot be detected using transmissive terahertz metamaterials because water strongly absorbs
terahertz waves. Transmissive terahertz metamaterials are easier to integrate terahertz emitters and receivers into
single and compact devices than reflective terahertz metamaterials. The detection of aqueous solutions using
transmissive terahertz metamaterials is a big challenge. This work fabricates a transmissive terahertz metamaterial
using a folding metamaterial comprising split-ring resonators (SRRs) with nano-profiles with a high aspect ratio of
41.4. The folding metamaterial has a small transmittance of −49 dB at its resonance frequency, large transmittance
contrast of approximately 6 × 104 with respect to the transmittance of its substrate, large refractive index sensitivity
of 647 GHz/RIU, and large quality factor of 37. This result arises from the nano-profiles of the SRRs. The nano-
profiles increase the surface areas of the SRRs, increasing their surface currents and enhancing the electromagnetic
resonance of the folding metamaterial. The folding metamaterial detects a 188-μm-thick rabbit-blood layer that is
deposited on it, which cannot be detected by using a common metamaterial. This result reveals that folding
metamaterials have potential in detecting the products of live microorganisms with geometrical sizes up to several
hundreds of micrometers, such as hydrogen gas, hydrocarbons, and antibodies. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.465746

1. INTRODUCTION

Terahertz waves have attracted much attention due to their
unique physical properties, and have been widely used in many
fields, such as communications, imaging, and biomedical ap-
plications. Terahertz waves have benefits in biomedical appli-
cations [1–5]. With large wavelengths and low photon energies,
they can be used to detect live human bodies and biomedical
samples via their perspective images, so the detection is a
nondestructive and non-ionizing method. Terahertz waves
can distinguish organic macromolecules because their specific
absorptions from molecular rotation, molecular vibration, hy-
drogen bonding, and van der Waals interaction are mostly in
the terahertz region.

Metamaterials comprising split-ring resonators (SRRs) are
promising artificial materials because of their abilities to
manipulate electromagnetic waves [6–10] and sense dielectric
materials [11–14]. Such abilities arise from their electromag-
netic resonance. Metamaterials absorb incident electromagnetic
waves at their resonance frequencies, reducing their transmit-
tances at the frequencies. Metamaterials with strong electro-
magnetic resonance are fascinating due to their high contrast
ratios, quality factors, and refractive index sensitivities. Such
metamaterials have potential in biomedical sensing.

Water can be used to dilute, preserve, and disperse live bio-
medical samples. Therefore, reflective terahertz metamaterials
have been used to sense water-based biomedical samples
[15,16]. However, transmissive terahertz metamaterials cannot
detect water-based biomedical samples because water strongly
absorbs terahertz waves [17]. Transmissive terahertz metama-
terials are easier to integrate terahertz emitters and receivers
into single and compact devices than reflective terahertz meta-
materials. Therefore, the detection of water-based biomedical
samples using transmissive terahertz metamaterials is a big
challenge.

This work fabricates a transmissive terahertz metamaterial
using a folding metamaterial. The folding metamaterial is made
by increasing the height of the SRRs of a metamaterial to
20.7 μm and then removing their bulks, leaving SRRs with
nano-profiles. The folding metamaterial has an experimental
resonance transmittance and quality factor of −49 dB and 37.0,
respectively. It has a smaller (larger) resonance transmittance
(quality factor) than previous terahertz metamaterials [18–20].
Therefore, the folding metamaterial has extremely strong
electromagnetic resonance. The extremely strong electromag-
netic resonance arises from the nano-profiles of SRRs. The
nano-profiles increase the surface areas of the SRRs, reducing
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their resistances and enhancing the electromagnetic resonance
of the folding metamaterial. The folding metamaterial has a
large transmittance contrast of approximately 6 × 104 with re-
spect to the transmittance of its substrate, and can be used to
develop terahertz filters with large transmittance contrasts.
Such terahertz filters have potential in photonic integrated cir-
cuits, dielectric sensors for the Internet of Things, and super
lenses for high-resolution imaging. The folding metamaterial
is an excellent dielectric sensor because its refractive index sen-
sitivity (647 GHz/RIU) exceeds those of previous transmissive
terahertz metamaterials [11]. The folding metamaterial detects
rabbit blood due to its strong electromagnetic resonance as a
rabbit-blood layer with a thickness of 188 μm is deposited
on it. Therefore, the folding metamaterial comprising SRRs
with nano-profiles has great achievement in the detection of
aqueous solutions.

2. MATERIALS AND METHODS

Figure 1(a) presents the design of a folding metamaterial,
which is made by folding a thin metamaterial. The folding
metamaterial comprises SRRs with nano-profiles. A common
metamaterial is used to evaluate the electromagnetic resonance

of the folding metamaterial. The common metamaterial com-
prises SRRs without nano-profiles. The fabrications of the fold-
ing and common metamaterials are presented in Appendix A.

Figure 1(b) presents the geometrical dimensions of folding
and common metamaterials. The folding metamaterial is de-
signed to have a width (d ), linewidth (w), gap (g), height (h),
short side (s), long side (l ), period in the x direction, and period
in the y direction of 500 nm, 6 μm, 20 μm, 20 μm, 50 μm,
60 μm, 70 μm, and 80 μm, respectively. The folding and
common metamaterials have the same geometrical dimensions,
but the latter has a height of 500 nm. A folding metamaterial is
expected to have extremely strong electromagnetic resonance.
The folding metamaterial is a biosensor if it is integrated into a
microfluidic channel. Figure 1(c) presents the illustration of a
biosensor based on a folding metamaterial.

Figures 2(a) and 2(b) present scanning electron microscope
images of the folding metamaterial at 45° and 80° angles of
incidence, respectively. The folding metamaterial has a height
of 20.7 μm, and the nano-profiles of its SRRs have a width of
500 nm. Therefore, the SRRs in the folding metamaterial have
slightly bent nano-profiles due to the high aspect ratio (41.4)
of the height (20.7 μm) of the SRRs to the width (500 nm)
of their nano-profiles. Figures 2(c) and 2(d) show that the
common metamaterial has a height of 500 nm. The folding
metamaterial has a larger height than the common metamate-
rial, so the former has a larger surface area than the latter.

3. RESULTS AND DISCUSSION

A. Experimental Results
Figure 3 presents the experimental and simulated spectra of the
folding and common metamaterials. The spectra are obtained
from a terahertz spectrometer (TPS 3000, TeraView) in trans-
mission mode, and the polarized direction of incident terahertz
waves is set parallel to the gaps of the SRRs of the folding and
common metamaterials. The folding (common) metamaterial

Fig. 1. (a) Design of folding metamaterial. The folding metamate-
rial comprises SRRs with nano-profiles. (b) Geometrical dimensions of
folding and common metamaterials. (c) Illustration of biosensor based
on folding metamaterial.

Fig. 2. Scanning electron microscope images of folding metamate-
rial with height of 20.7 μm at (a) 45° and (b) 80° angles of incidence.
Scanning electron microscope images of common metamaterial with
height of 500 nm at (c) 45° and (d) 80° angles of incidence.
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has an experimental transmittance of −49 �−25� dB at its res-
onance frequency of 0.776 (0.654) THz. In addition, the bent
wall generates a strong electromagnetic resonance caused by the
gap distance being reduced when it is at half its total height.
Therefore, the folding metamaterial has extremely strong
electromagnetic resonance.

The quality factor of a metamaterial can be used to evaluate
the sharpness of its electromagnetic resonance. The quality
factor is defined by f 0∕Δf 3 dB, where f 0 is the resonance fre-
quency of the metamaterial, and Δf 3 dB is the bandwidth of
the cut-off frequencies of the transmittances that exceed the
resonance transmittance of the metamaterial by �3 dB [21].
The quality factor is inversely proportional to the resistances
of the SRRs of the metamaterial, and so will significantly in-
crease when the resistances are small enough [22].

The folding (common) metamaterial has an experi-
mental quality factor of 37.0 (11.9) due to its Δf 3 dB of

0.021 (0.055) THz. The quality factor (37.0) of the folding
metamaterial is smaller than that (58.0) of the superconducting
metamaterial [23]. However, the superconducting metamate-
rial cannot be operated at room temperature. In addition,
the requirement of a low-temperature facility for the operation
of superconducting metamaterials hinders the practical appli-
cations of terahertz devices. The folding metamaterial has a
larger quality factor than previous terahertz metamaterials op-
erated at room temperature [18–20].

The transmittance contrast C of a metamaterial is given
by C � �T sub − T res�∕T res, where T res is the transmittance
of a metamaterial at its resonance frequency, and T sub is the
transmittance of its substrate at the frequency. The folding
metamaterial has a linear (decibel) transmittance of 1.26 × 10−5

(−49 dB) at its resonance frequency, and its polyethylene ter-
ephthalate (PET) substrate exhibits a linear (decibel) transmit-
tance of 0.751 (−1.24 dB) at the frequency. Therefore, the
folding metamaterial has a transmittance contrast of approxi-
mately 6 × 104. The common metamaterial has a linear (deci-
bel) transmittance of 3.16 × 10−3 (−25 dB) at its resonance
frequency, and its PET substrate exhibits a linear (decibel)
transmittance of 0.65 (−1.84 dB) at the frequency. As a re-
sult, the common metamaterial has a transmittance contrast
of 2 × 102. The transmittance contrast of the folding meta-
material is higher than that of the common metamaterial by
300 times. This result reveals that the folding metamaterial
can be used to develop terahertz filters with large transmittance
contrasts. Such terahertz filters have potential in photonic in-
tegrated circuits, dielectric sensors for the Internet of Things,
and super lenses for high-resolution imaging.

B. Simulated Results
A simulation is performed using CST software to verify the
experimental spectra of the folding and common metamateri-
als. SRRs with and without nano-profiles are used in the sim-
ulation, as presented in Fig. 1(b). The PET substrates of the
SRRs have a refractive index of 1.73 in the simulation [11].
Silver has an electrical conductivity of 6.30 × 107 S∕m in the
simulation. A periodical boundary condition is also used in
the simulation.

Figure 3(a) presents the simulated spectra of folding and
common metamaterials. Table 1 presents a comparison of the
simulated and experimental data of folding and common meta-
materials. The folding metamaterial has a larger simulated res-
onance frequency, smaller simulated resonance transmittance,
and larger simulated quality factor than the common metama-
terial. Simulated data verify the experimental data in Fig. 3(a).
Therefore, the folding metamaterial has stronger electromag-
netic resonance than the common metamaterial. The folding
metamaterial exhibits a discrepancy between the experimen-
tal resonance transmittance and the simulated one, and has

Fig. 3. (a) Experimental (solid lines) and simulated (dashed lines)
spectra of folding and common metamaterials. (b) Surface current dis-
tributions of SRRs with and without nano-profiles. (c) Theoretical
models of SRRs with and without nano-profiles.

Table 1. Comparison of Simulated and Experimental Data of Folding and Common Metamaterials

Type

Resonance Frequency (THz) Resonance Transmittance (dB) Δf 3 dB (THz) Quality Factor

Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp.

Folding 0.790 0.776 −53 −49 0.006 0.021 131.7 37.0
Common 0.650 0.654 −26 −25 0.008 0.055 81.3 11.9
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a discrepancy between the experimental quality factor and the
simulated one. The discrepancies between the experimental
data and simulated data arise from the defects [23] and cou-
pling [21,24,25] of the folding metamaterial.

Figure 3(b) presents the surface current distributions of
SRRs with and without nano-profiles. As SRRs with and with-
out nano-profiles have electromagnetic resonance, the excited
currents flow on their surfaces. An SRR with a nano-profile has
a larger surface current than that without a nano-profile because
the former has a larger surface area than the latter. Therefore,
the folding metamaterial has stronger electromagnetic reso-
nance than common metamaterials.

C. Theoretical Analysis
An SRR can be regarded as a resistor–inductor–capacitor
(RLC) circuit in series [26]. The magnitude jZ j of the imped-
ance of the RLC circuit is given by [27]

jZ j �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 �

�
ωL −

1

ωC

�
2

s
, (1)

where ω is the angular frequency of a normally incident electro-
magnetic wave; R is the resistance caused by the collision of
electrons driven by the electric field of the wave in the SRR;
L is the inductance caused by the electric current in the loop
of the SRR; and C is the capacitance caused by the opposite
charges at the gap of the SRR. As the SRR has electromagnetic
resonance, the angular resonance frequency ω0 of the SRR is
given by ω0 � 1∕

ffiffiffiffiffiffiffi
LC

p
. Equation (1) reveals that jZ j � R is

satisfied at the electromagnetic resonance of the SRR due to
ω0L � 1∕ω0C . Each of the planar SRRs in Fig. 3(c) is an
optically thick SRR due to h ≥ 2 δ, where h and δ are the
height and skin depth of that SRR, respectively. The skin depth
of a planar SRR at its electromagnetic resonance is given by
δ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2∕ω0μ0σ

p
, where σ is the conductivity of the SRR,

and μ0 is the permeability in vacuum. R for a planar SRR is
given by [26]

R � l
σA

� 2a� 2b − 4w − g
σ × w × δ

, (2)

where l , A, a, b, w, and g are the loop length, surface area, long
side, short side, linewidth, and gap of the SRR, respectively.
Substituting δ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2∕ω0μ0σ

p
into Eq. (2) yields

R � 2a� 2b − 4w − g
w

×
ffiffiffiffiffiffiffiffiffiffi
ω0μ0
2σ

r
: (3)

Equation (3) reveals that R is a function of the geometrical
dimensions and conductivity of the SRR. Suppose a planar
SRR is deposited on a substrate with an impedance of Z sub,
and air with an impedance of Z air surrounds the SRR. The
normalized transmittance T of the SRR at its resonance fre-
quency is given by

T � Z sub � Z air

Z sub

�
1� Z air

jZ j
�
� Z air

: (4)

Substituting jZ j � R into Eq. (4) yields

T � Z sub � Z air

Z sub

�
1� Z air

R

�
� Z air

: (5)

Equation (5) depicts that a small resistance in an SRR de-
creases its resonance transmittance. In addition, Eq. (2) reveals
that the resistance of an SRR can be reduced by increasing its
surface area. Therefore, an increase in the surface area of an
SRR is crucial to enhance its electromagnetic resonance. This
work uses the nano-profile structure with a high aspect ratio of
41.4 to increase the surface areas of SRRs, so the folding meta-
material has extremely strong electromagnetic resonance.

Figure 3(c) presents the theoretical models of SRRs with and
without nano-profiles. The SRR with the nano-profile com-
prises a planar SRR and thin nano-subprofiles. The SRR with-
out a nano-profile is a planar SRR. The two planar SRRs in
Fig. 3(c) have the same geometrical dimensions. Suppose the
planar SRRs have an identical resistance of R, and each of the
nano-subprofiles has a resistance of Rsub. The resistance Rnano of
the SRR with the nano-profile is obtained by connecting the
planar SRR and nano-subprofiles in parallel, and is given by

Rnano �
R × Rsub

Rsub � NR
, (6)

where N is the number of nano-subprofiles. Equation (6) re-
veals that Rnano < R due to Rsub∕�Rsub � NR� < 1. Rnano < R
depicts that the SRR with the nano-profile has a smaller resis-
tance than that without a nano-profile. In addition, Eq. (5)
reveals that an SRR with a small resistance has a small trans-
mittance at its resonance frequency. Therefore, the folding
metamaterial has a smaller resonance transmittance than the
common metamaterial. This result verifies that the folding
metamaterial has stronger electromagnetic resonance than
the common metamaterial.

D. Refractive Index Sensitivity
Figure 4(a) displays the near-field distributions of SRRs with
and without nano-profiles. An SRR with a nano-profile has a
larger hot spot than that without a nano-profile because the
former has a larger surface area than the latter. This result
reveals that an SRR with a nano-profile has a stronger near
field than that without a nano-profile. In other words, an SRR
with a nano-profile interacts more with air than that without

Fig. 4. (a) Near-field distributions of SRRs with and without nano-
profiles. (b) Experimental spectra of fluidic cells with folding meta-
materials at various heights (h) of SRRs.
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a nano-profile. Therefore, the folding metamaterial is highly
sensitive to dielectric layers that are deposited on them.

The refractive index sensitivity S of a metamaterial is de-
fined as the ratio of the shifting range of the resonance frequen-
cies of the metamaterial to a change in the refractive indices of
the two dielectric materials that are deposited on it separately
[28,29]. The effect of the heights of folding metamaterials
on their refractive index sensitivities is studied. The folding
metamaterials have various heights of 8.5 μm, 13.5 μm, and
20.7 μm in this work. Each of three empty cells is obtained by
separating a PET substrate with a folding metamaterial and
bare PET substrate using plastic spacers with a thickness of
188 μm. The empty cells are filled with air or glycerol. The
fluidic cells with the folding metamaterials are obtained follow-
ing the filling. Glycerol and air have refractive indices of 1.47
and 1.0, respectively, in the terahertz region [11].

Figure 4(b) presents the experimental spectra of the fluidic
cells with the folding metamaterials at various heights (h) of
the SRRs. As the air layers in the fluidic cells are replaced
with the glycerol layers, the folding metamaterials have fre-
quency shifting ranges of 218 GHz, 260 GHz, and 304 GHz
at h � 8.5 μm, 13.5 μm, and 20.7 μm, respectively. The
folding metamaterials have refractive index sensitivities of
464 (�218/0.47) GHz/RIU, 553 (�260/0.47) GHz/RIU,
and 647 (�304/0.47) GHz/RIU at h � 8.5 μm, 13.5 μm,
and 20.7 μm, respectively. The refractive index sensitivities
of the folding metamaterials increase with an increase in their
heights. The folding metamaterial at h � 20.7 μm has a larger
refractive index sensitivity than previous metamaterials due to
the large hot spots of the SRRs of the former [30–34]. This
result is a great achievement for the development of terahertz
metamaterials with large refractive index sensitivities. The un-
expected fluctuation of the experimental spectra in Fig. 4(b)
arises from the multiple reflections of the fluid cells [35].

A figure of merit (FoM) parameter is interesting to study
the sensing performance of the folding metamaterial. The
FOM is defined as the ratio of sensitivity (S) and 3 dB-
bandwidth (Δf 3 dB) in this work. The folding metamaterial
in this work has an FOM of 30.8 RIU−1 (�0.647/0.021),
which is larger than 3.1 RIU−1 (�0.170/0.055) of the
common metamaterial. In addition, to compare with previous
works of ultrasensitive flexible metamaterial sensors, the sensi-
tivity is defined as the ratio of frequency shift (%) and
the change of analyte refractive index (RIU). The sensiti-
vity (%/RIU) of folding metamaterial is 81.9%/RIU
(�38.5%/0.47 RIU) which is larger than those in previous
works [36–38].

E. Detection of Rabbit Blood Using Folding
Metamaterials
The detection of an aqueous solution using folding and
common metamaterials is proposed. The folding and common
metamaterials have heights of 20.7 μm and 500 nm, respec-
tively. One of two empty samples is obtained by separating
a PET substrate with the folding metamaterial and bare PET
substrate using 188-μm-thick plastic spacers, and the other is
obtained by separating a PET substrate with the common
metamaterial and bare PET substrate using 188-μm-thick plas-
tic spacers. The empty samples are filled with air or rabbit

blood. The fluidic samples with the folding and common meta-
materials are obtained following the filling.

A rabbit-blood sample without a metamaterial is used to
evaluate the performance of the folding metamaterial. An
empty sample is made by separating two bare PET substrates
using 188-μm-thick plastic spacers, and then is filled with rab-
bit blood. Blood samples were taken from a healthy rabbit by a
qualified clinician. The blood samples were taken and immedi-
ately stored in a blood collection tube with an anticoagulant.
The blood samples were centrifuged to split them into blood
cells and plasma. The plasma was taken out of the blood col-
lection tube using a syringe. Then, the blood cells were injected
into folding and common metamaterial cells. The rabbit-blood
sample without a metamaterial is obtained following the filling.

Figure 5(a) presents the experimental spectra of the fluidic
sample with the folding metamaterial imbedded into the air
and rabbit-blood layers. The green curve in Fig. 5(a) is the
terahertz spectrum of the rabbit-blood sample without a meta-
material. The rabbit-blood sample without a metamaterial has
low transmittances at the frequencies in its terahertz spectrum.
This result reveals that the rabbit-blood layer with a thickness
of 188 μm in this sample strongly absorbs the incident tera-
hertz waves.

The black curve in Fig. 5(a) reveals that the fluidic sample
with the folding metamaterial imbedded into the air layer has a
resonance frequency of 0.788 THz. The resonance frequency
arises from the RLC resonance of the folding metamaterial. The
transmittance (−40.1 dB) of the rabbit-blood sample without
a metamaterial is larger at 0.788 THz than that (−53.0 dB) of
the fluidic sample with the folding metamaterial imbedded into
the air layer. This result implies that terahertz waves are strong
enough to induce the RLC resonance of the folding meta-
material as the air layer in the fluidic sample with the folding
metamaterial is replaced by a rabbit-blood layer. The red curve
in Fig. 5(a) depicts that the fluidic sample with the folding
metamaterial imbedded into the rabbit-blood layer has a signifi-
cant spectral peak at 0.420 THz. The spectral redshift of the
folding metamaterial from 0.788 THz to 0.420 THz arises
from the sensitivity of the near fields of its SRRs to a change
in the refractive indices of air and rabbit blood. The spectral
redshift reveals that the folding metamaterial detects rabbit
blood.

Fig. 5. (a) Experimental spectra of fluidic sample with folding meta-
material imbedded into air and rabbit-blood layers. The green curve
is the terahertz spectrum of the rabbit-blood sample without a meta-
material. (b) Experimental spectra of fluidic sample with common
metamaterial imbedded into air and rabbit-blood layers.
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Figure 5(b) presents the experimental spectra of the fluidic
sample with the common metamaterial imbedded into the air
and rabbit-blood layers. The black curve in Fig. 5(b) reveals
that the fluidic sample with the common metamaterial im-
bedded into the air layer has a resonance frequency of
0.655 THz. The transmittance (−33.2 dB) of the rabbit-blood
sample without a metamaterial is smaller at 0.655 THz than
that (−27.5 dB) of the fluidic sample with the common meta-
material imbedded into the air layer. This result implies that
terahertz waves are too weak to induce the RLC resonance
of the common metamaterial as the air layer in the fluidic sam-
ple with the common metamaterial is replaced by a rabbit-
blood layer. The red curve in Fig. 5(b) depicts that the fluidic
sample with the common metamaterial imbedded into the rab-
bit-blood layer has no spectral peak at a frequency smaller than
0.655 THz. No spectral peak reveals that the common meta-
material does not detect rabbit blood.

The results in Figs. 5(a) and 5(b) reveal that the folding
metamaterial detects the rabbit-blood layer with a thickness
of 188 μm. Therefore, the folding metamaterial has the poten-
tial for detecting the products of live microorganisms with geo-
metrical sizes up to several hundreds of micrometers, such as
hydrogen gas, hydrocarbons, and antibodies [39–41].

4. CONCLUSION

The new design, fabrication, characterization, simulation, and
application of the folding metamaterial comprising SRRs with
nano-profiles that have a high aspect ratio of 41.4 are proposed
in this work. The resonance transmittance (−49 dB) of the
folding metamaterial is smaller than that (−25 dB) of the
common metamaterial, and the quality factor (37.0) of the for-
mer is larger than that (11.9) of the latter. The SRRs of the
folding metamaterial have larger surface currents than those
of the common metamaterials because the former has larger
surface areas than the latter. Therefore, the folding meta-
material has extremely strong electromagnetic resonance. The
folding metamaterial has a large transmittance contrast of ap-
proximately 6 × 104 with respect to the transmittance of its
substrate, and so has potential in terahertz photonic circuits,
dielectric sensors for the Internet of Things, and super lenses
for high-resolution imaging.

The folding metamaterial exhibits a large refractive index
sensitivity (647 GHz/RIU) of the folding metamaterial, and
can be used to develop terahertz metamaterials with large re-
fractive index sensitivities. The folding metamaterial has a
significant resonance peak as the rabbit-blood layer with a
thickness of 188 μm is deposited on it. Therefore, the folding
metamaterial has the potential for sensing the products of live
microorganisms with geometrical sizes of up to several hun-
dreds of micrometers, such as hydrogen gas, hydrocarbons,
and antibodies.

APPENDIX A: SAMPLE PREPARATION AND
FABRICATION

The folding metamaterial is fabricated using a photolitho-
graphy, thermal evaporation, and lift-off process as presented
in Fig. 6(a). A thick positive-photoresist layer (EPG 562,
Everlight Chemical Industrial) is deposited on a PET substrate

using a spin coater at a spin speed of 1000 r/min for 40 s, and
is baked using a hot plate at 110°C for 2 min. The pattern on
a photomask is transferred to the positive-photoresist layer at
the irradiation of UV light for 60 s. The irradiated positive-
photoresist layer is immersed into a developer (EPD 48) for
1 min, and then rinsed in deionized water for 1 min. A positive-
photoresist pattern is obtained following the rinse. A silver
film with a thickness of 500 nm is deposited on the positive-
photoresist pattern using a thermal evaporator. A thin negative-
photoresist layer (ENPI202, Everlight Chemical Industrial) is
deposited on the silver film using the spin coater at a spin speed
of 3000 r/min, and is baked using the hot plate at 100°C for
2 min. The aforementioned pattern on the photomask is trans-
ferred to the negative-photoresist layer at the irradiation of UV
light for 30 s. The irradiated negative-photoresist layer is de-
veloped by a developer, which is prepared by an aqueous sol-
ution containing isopropyl alcohol (IPA) with a concentration
of 25% (volume fraction), for 50 s, and then is rinsed in deion-
ized water for 1 min. A negative-photoresist pattern is obtained
following the rinse. The silver film not covered by the negative-
photoresist pattern is etched using a metal etchant for 30 s, then
rinsed in deionized water for 1 min. The PET substrate is im-
mersed into acetone to remove the positive and negative photo-
resists. A folding metamaterial is obtained following the
removal of the photoresists.

A common metamaterial is used to evaluate the electro-
magnetic resonance of the folding metamaterial. Figure 6(b)
presents the fabrication process of a common metamaterial.
A silver layer with a thickness of 500 nm is deposited on a PET
substrate with a thickness of 188 μm using the thermal evapo-
rator. A thin negative-photoresist pattern (ENPI202, Everlight
Chemical Industrial) is deposited on the silver layer using
the aforementioned photomask via photolithography. The sil-
ver film not covered by the negative-photoresist pattern is
etched using a metal etchant for 30 s, then rinsed in deionized
water for 1 min. The PET substrate is immersed into acetone
to remove the negative-photoresist pattern. The common
metamaterial is fabricated following the removal of the thin
negative-photoresist pattern.

Folding metamaterials at nanoscale may be fabricated via the
proposed method in this work. Such metamaterials are able to

Fig. 6. Fabrication of (a) folding and (b) common metamaterials.
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manipulate visible light. Folding metamaterials at a nanoscale
can be used in biosensing, such as dangerous viruses, body
tissues, and cancer cells.

APPENDIX B: TIME-DOMAIN SPECTROSCOPY
SYSTEM

All the folding and common metamaterials are measured by
using a terahertz spectrometer (TPS 3000, TeraView) in trans-
mission mode, and the polarized direction of incident terahertz
waves is set parallel to the gaps of the SRRs of the metamate-
rials. The infrared light from a femtosecond Ti:sapphire laser
(pulse duration: <100 fs; repetition rate: 80 MHz; average
power: 300 mW) irradiates a GaAs dipole antenna to generate
terahertz waves. The terahertz waves that pass through a meta-
material are received by another GaAs dipole antenna. The
time-domain spectrum of the metamaterial is obtained by
the antenna, and is converted into its frequency-domain spec-
trum by fast Fourier transform via a computer. The frequency
of the spectrometer ranges from 0.1 THz to 3.0 THz, and its
frequency resolution is 3 GHz.

APPENDIX C: SOLID METAMATERIAL

Figure 1(b) shows that the SRRs in the folding metamaterial are
hollow because their bulks are removed. It is interesting to
study the electromagnetic resonance of a metamaterial with
solid SRRs using simulation. The insets in Fig. 7 present the
simulated models and surface current distributions of the fold-
ing and solid metamaterials. The SRRs in the solid and folding
metamaterials [Fig. 1(b)] have the same geometrical dimensions
in the simulation, but the SRRs in the former have bulks.
Figure 7 displays the simulated spectra of the folding and solid
metamaterials with a height of 20.7 μm. The folding meta-
material has stronger electromagnetic resonance than the solid
metamaterial since the former has a smaller transmittance at its
resonance frequency than the latter. The surface currents are
more concentrated at the bottom arms of the SRRs of the
folding metamaterial than those of the SRRs of the solid meta-
material. In addition, the currents of the SRRs in the fold-
ing metamaterial are distributed over the inner surfaces of
their profiles besides the outer surfaces. Therefore, the folding

metamaterial has a larger surface current than the solid meta-
material. In other words, the folding metamaterial has stronger
electromagnetic resonance than the solid metamaterial.

A previous work reported that a 9-μm-thick solid metama-
terial was fabricated using electroplating [42]. The experimen-
tal resonance transmittance (−14 dB) of the 9-μm-thick solid
metamaterial is larger than that (−49 dB) of the 20.7-μm-thick
folding metamaterial, as presented in Fig. 3(a). The 9-μm-thick
solid metamaterial exhibits weak electromagnetic resonance
because the rough surface caused by the voids and seams
of electroplating reduces the current in the metamaterial.
Therefore, electroplating cannot fabricate metamaterials with
strong electromagnetic resonance. This work proposes a simple
method to enhance the electromagnetic resonance of meta-
materials by increasing the heights of their SRRs and then re-
moving the bulks of the SRRs, and the method is compatible
with all geometrical structures of metamaterials. The fold-
ing metamaterial with a nanoscale structure is possible to be
fabricated by using electron-beam lithography. However, the
electromagnetic resonance frequency of folding metamaterial
is blueshifted when its structure is reduced from microscale
to the nanoscale.
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