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a b s t r a c t

Terahertz (THz) nanoantennas have significant potential for versatile applications in THz spectroscopy
because of their capability for strong electromagnetic field localization. Electron-beam lithography or
focused ion beam machining is typically employed to fabricate nanoantenna structures. These nano-
lithography methods present limitations in the widespread utilization of THz nanoantennas because of
their high cost and low productivity. In this work, we proposed graphene-based crack lithography as a
high throughput fabrication method for nanoantenna structures. A double-layer graphene interface was
introduced to enable independent control of the nanoantenna dimensions and provide graphene-based
nanoantenna structures. We analyzed the underlying mechanism of graphene-based cracking and
developed an analytical model governing the geometric parameters of the fabricated nanostructures. As
a vital application of the fabricated nanoantenna structures, we demonstrated the highly sensitive
detection of D-Glucose molecules. Graphene-based crack lithography can provide a cost-effective method
for generating nanoantenna structures with the desired characteristics and can accelerate the devel-
opment of practical applications of electromagnetic metamaterials.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Terahertz (THz) spectroscopy has attracted significant attention
in chemical and biomedical sensing because of its noninvasive,
non-ionizing, and label-free characteristics [1]. These characteris-
tics enable the use of THz spectroscopy in the analysis of chemical
substances and biomaterials without the complexities induced by
fluorescence tagging or sample pretreatment [2e5]. Notwith-
standing this capability, THz spectroscopy has been limited to
macroscopic ensembles of material compounds because of its low
sensitivity and poor spatial resolution originating from the long
THz wavelengths. Metamaterial-based THz spectroscopy has been
nical Systems Research Divi-
), Daejeon, 34103, Republic of
developed to overcome this fundamental limitation. Nanoantennas
are crucial elements of THz metamaterials and can significantly
enhance the THz field with a broad tunability of resonant fre-
quencies [6]. THz sensing with nanoantennas has been introduced
to detect small molecules with high sensitivity [7e10]. To be uti-
lized in THz spectroscopy, thousands of nanoantennas should be
formed in an area of at least a few mm2 [7]. However, fabricating
the THz nanoantennas usually requires time-consuming and
expensive techniques such as E-beam lithography and focused ion
beam (FIB) machining [7,11e14]. The necessity for these techniques
has limited the widespread utilization of THz metamaterials.

Recently, mechanical deformation of thin-film structures via
cracking, wrinkling, and collapsing has been considered as a cost-
effective and productive method for creating nanopatterns
[15e21]. In particular, the cracking-based approach appears to be
the most promising because it can generate nanopatterns over a
large-scale substrate at the same time and can be scaled down to
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the nanometer range [18,19,22,23]. The formation of cracks with
dimensions of a few nanometers has been demonstrated, and
various nanopatterns generated from cracks have been produced at
the wafer scale. The initiation and propagation of cracks have been
controlled using the bow type structures, by varying the thickness
of thin films or using notch structures [15e19,24e28]. Despite the
progress in producing and manipulating cracks, there are some
limitations in their application to THz nanoantennas. Most ap-
proaches are only applicable to a particular class of materials or
have difficulties in independently controlling the dimensions of
patterns because a tensile cracking load affects both the width and
spacing of the cracks. For nanoantenna applications, conductive
materials should be utilized, and the dimensions of nanopatterns
such as the width, spacing, and length of the nanorods should be
controlled independently to obtain the desired resonant charac-
teristics of THz waves.

In this study, we propose a highly-productive nanoantenna
fabrication method using graphene-assisted cracking. A graphene
interface is introduced between a thin film and a polymeric sub-
strate to enable independent control of the nanoantenna di-
mensions. The well-ordered nanoantennas of graphene, metal and
graphene nanoslits with metallic rods are generated over a large
area by the proposed cracking method, and the underlying mech-
anism of the cracking is analyzed for the dimensional control of
cracks. The highly-sensitive THz detection of D-Glucose is demon-
strated using the fabricated THz nanoantennas.

2. Experimental

2.1. Growth and transfer of graphene onto a polyimide (PI)
substrate

Monolayer graphene was synthesized on Cu foil using the CVD
process. A 35-mm-thick Cu foil (JX Nippon Mining & Metals Cor-
poration) was used as a catalyst for graphene synthesis and was
pre-heated at 400 �C for 60minwith 300 sccm of Ar and 10 sccm of
H2 at 620 mTorr. It was heat-treated again at 1000 �C under 300
sccm of Ar and 10 sccm of H2 at 620mTorr for 60min. The growth of
graphene was then initiated with the Ar (300 sccm)/H2 (10 sccm)/
CH4(15 sccm) gasmixture for 15min at 700mTorr. After the growth
of graphene, the sample was cooled to room temperature with 300
sccm of Ar and 10 sccm of H2 at 620 mTorr for 120min.

Following the growth of graphene, a PET/silicone film was
attached to the graphene-grown Cu foil using a laminator. The Cu
foil was etched using a 0.1M ammonium persulfate ((NH4)2S2O8,
Sigma-Aldrich) solution with 5mM imidazole (C3H4N2, Sigma-
Aldrich) and 50mM sulfuric acid (H2SO4, Sigma-Aldrich). The
PET/silicone/graphene was rinsed with deionized (DI) water for
30min and dried. Double-layer graphene was transferred to a 25-
mm-thick PI substrate by dry transfer using the PET/silicone and a
hot roller [29].

Organic residues and metallic contaminations accompany the
CVD graphene due to the etching process of metal catalyst and
transfer process [30]. Therefore, the PET/silicone film as dispersive
adhesion mediumwas used to reduce the polymer residue [31]. On
the other hand, commonly used wet-etching transfer cannot
remove metallic impurities from transferred graphene monolayer
[32]. To remove the remaining impurities, we need to use addi-
tional process such as electrochemical etching [33].

2.2. Deposition of Al2O3 on double-layer graphene/PI

The double-layer graphene (DLG)/PI substrate structure was
loaded into a thermal ALD chamber (S200, Savannah). The chamber
was then evacuated to about 0.1 Torr under a 20 sccm N2 flow. The
deposition was carried out at 70 �C using trimethylaluminum
(Al(CH3)3, TMA, Aldrich) and H2O as precursors. ALD was set in
exposuremode to ensure uniform deposition of Al2O3. For each ALD
cycle, the H2O pulse was 0.1 s in duration, with a 20-s exposure, and
30-s purging time. This was followed by a 0.015-s duration, 20-s
exposure, and 30-s purging time for the TMA pulse.

2.3. Graphene-based crack lithography

2.3.1. Graphene nanoslits
Tensile deformation was applied on the rectangular Al2O3/DLG/

PI with a width of 10mm and a gage length of 40mm using the
tensile jig to generate cracks on the alumina film. The exposed
graphene under the cracks was removed by O2 plasma etching for
15 s at 100W. Graphene nanoslits were formed by detaching Al2O3/
upper graphene using the adhesive stamp.

2.3.2. Grapheneemetallic nanorods
To fabricate grapheneemetallic nanorods, the deposition pro-

cess of the Au layer was added to the process for fabricating gra-
phene nanoslits. After O2 plasma etching of cracked Al2O3/DLG/PI,
an Au layer with a thickness of 100 nmwas deposited on the Al2O3/
DLG/PI using a shadow mask to control the length parallel to the
cracks in the area of the deposited film. The Au layer was deposited
on the exposed area of the polymer film as well as the cracked
alumina film, and the cracked Au/Al2O3/upper graphene was then
detached using the adhesive stamp. As a result, Au nanorods with
lower graphene nanoslits are formed on the PI substrate.

2.3.3. Metallic nanorods
Au nanorods were formed by removing the graphene from the

grapheneemetallic nanorods by performing additional O2 plasma
etching for 50 s at 100W.

2.3.4. Metallic nanoslots
Cu nanorods with a thickness of 50 nm were formed using the

Cu material in the process of metallic nanorods. An Au layer with a
thickness of 100 nm was deposited on the Cu nanorods. Au nano-
slots were fabricated by removing the Cu nanorods using Cu
etchant with sonication for 5min. The Au nanoslots were rinsed
using DI water for 1min and dried.

2.4. Tensile test with in-situ optical microscopy measurements

Rectangular Al2O3/DLG/PI with a width of 10mm and a gage
length of 40mm was used for the tensile test. In-situ optical
microscopic observationwas carried out during the uniaxial tensile
test to study the generation and propagation of cracks of the Al2O3
layers. This observation enabled the quantitative measurement of
the cracks at a variety of applied strains without any release of the
strain. The crack density is defined as the total length of the cracks
per unit area [34,35].

2.5. THz time-domain spectroscopy measurement

The THz transmission spectrum in the frequency range from 0.2
to 2.5 THz was acquired using a commercial THz time-domain
spectroscopy system (Zomega Z-3XL). The system was operated
based on a Ti: Sapphire pulsed laser with an 800-nm central
wavelength, 100-fs pulse width, and 80-MHz repetition rate. The
laser beam was divided into two parts inside the THz system for
emission using a photoconductive antenna and detection using the
electro-optic sampling method. The THz waves were focused onto
the sample on the square metal hole (2.0mm� 2.0mm) of the
sample holder by a pair of TPX (polymethylpentene) lenses. The
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THz transmittance of the sample is defined as TðuÞ ¼ TsamðuÞ=
Tref ðuÞ ¼ jEsamðuÞj2=

���Eref ðuÞ
���2, where Esam and Eref are the trans-

mitted electric fields through the sample and the bare substrate,
respectively. For sensing applications, optimization of the nanoslot
antennas to the absorption resonance of the target material is
crucial. Thus, the absorption spectrum of the glucose in pellet form
was measured. Well-ground glucose powder using a mortar was
pressed in a pellet die under 2000 psi for 5min. The diameter and
thickness of the pellet were 8mm and 460 mm, respectively. The
absorption spectrum was measured after mounting the pellet on
the sample holder. Sensitive detection of the D-glucose molecule
using the nanoslot antennas was demonstrated as shown in the
process of Fig. S1. Aqueous solutions were prepared by dissolving D-
Glucosemolecules in DI water with a concentration of 3mg/ml, and
a 4-mL solutionwas then dropped onto a 2mm� 2mm area of both
the nanoslot antennas and bare substrate. The THz transmittance
spectrum was measured after drying the samples at room tem-
perature for 1 h to remove the water absorption signal.

3. Result and discussion

3.1. Graphene-based crack lithography for nanostructure
fabrication

Fig. 1 illustrates the process of graphene-based crack
Fig. 1. Schematic of graphene-based crack lithography for nanostructures. (a) Depositio
substrate. (b) Cracking of the alumina thin film by applying tensile deformation to the polym
Graphene nanoslits as a first structure after detaching of the cracked Al2O3/upper graphene.
Graphene nanoslits combined with metallic nanorods as a second structure after detachin
nanoslits of grapheneemetallic nanorods. (g) Metallic nanoslots as a final structure after me
microscope image of the fabricated metallic nanorods. (A colour version of this figure can
lithography. A flexible polymeric substratewas coatedwith double-
layer graphene (DLG) by dry transfer, and an alumina thin film was
deposited on the graphene by atomic layer deposition (Fig. 1a).
When a tensile force was applied on the rectangular alumina/DLG/
substrate using the customized tensile jig, interlayer sliding be-
tween the two graphene layers occurred due to small interaction
force [29], and ordered cracks were generated in the alumina film
(Fig. 1b). At that time, the upper layer of the double-layer graphene
was torn together with the alumina film, while the lower graphene
layer remained intact and became exposed to air on the cracked
regions. The exposed graphene was then removed by O2 plasma
etching (Fig. 1c). The cracked alumina filmwith the upper graphene
layer was removed by the sticky stamp consisting of polymer film
coated with a silicone adhesive layer, and the lower graphene
remained on the polymeric substrate. This is because of the low
adhesion between the two graphene layers. The resulting struc-
tures are called graphene nanoslits (Fig. 1de1).

For fabricating other structures, a metal layer was selectively
deposited using a shadowmask for length control of metal patterns
on the strained structure before detaching the cracked alumina thin
film (Figs. 1de2). The metal was deposited on the alumina film and
the exposed area of the polymeric substrate. The metal/alumina/
upper graphene was detached using the sticky stamp, and the
remaining structures of the metal/lower graphene/polymeric sub-
strate are called grapheneemetallic nanorods (Fig. 1e).
n of alumina thin film on the transferred double-layer graphene on a flexible polymer
eric substrate. (c) Removal of the exposed, lower graphene by O2 plasma etching. (d-1)
(d-2) Deposition of metal using a shadow mask for length control of metal patterns. (e)
g the upper part. (f) Metallic nanorods as a third structure after removing graphene
tal deposition and lift-off process on metallic nanorods. Upper right: photo and optical
be viewed online.)
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Furthermore, metallic nanorods were fabricated by removing the
graphene layer from the grapheneemetallic nanorods using O2
plasma etching (Fig. 1f). Finally, the metallic nanoslots were fabri-
cated by additional deposition of a metallic layer and using the
subsequent lift-off process starting from the nanorods (Fig. 1g,
Fig. S2). To summarize, several types of nanostructures (graphene
nanoslits, grapheneemetallic nanorods, metallic nanorods, and
metallic nanoslots) were successfully produced by the proposed
graphene-based crack lithography. The upper right corner of Fig. 1
shows macroscopic and optical microscope images of the metallic
nanorods.

Fig. 2 shows scanning electron microscopy (SEM) images of the
fabricated nanostructures. The left images show arrays of the
nanostructures, while the right images show magnified top and
cross-sectional images of the marked areas in the left images. To
obtain cross-sectional SEM images of the nanostructures, Pt was
deposited on the samples to protect them from the focused ion
beam and focused ion beam milling was then performed on the
samples. The graphene nanoslits have an array of long nano-
rectangular apertures made of graphene. In the
grapheneemetallic nanorods, Au nanorod arrays were formed with
a graphene nanoslit layer. In the metallic nanorods, Au nanorod
arrays were formed and the surface of the polymeric substrate was
etched down by approximately 100 nm during the plasma etching
of the graphene layer. Themetallic nanoslots have an array of nano-
rectangular apertures made of a thin Au layer. AFM analysis was
performed to verify the existence of graphene in the graphene
nanoslits and the graphene-nanorods (Fig. S3). In the graphene
Fig. 2. Characterization of the nanostructures. SEM images of graphene nanoslits, grap
nanostructure arrays, Right: Magnified top and cross-sectional images of the marked areas
nanoslits, the graphene layer is transferred on the surface of the PI
substrate and the substrate is exposed in the slit area where the
graphene has been removed. In graphene-metallic nanorods, Au
nanorods are imaged together with the wrinkled graphene layer. In
case of metallic nanorods and metallic nanoslots, the graphene
layer is not detected. Furthermore, significant lower friction of the
graphene nanoslits and the graphene-metallic nanorods than that
of the PI substrate indicates that there is a graphene layer on the
structures (Fig. S4).

3.2. Controlling dimensional parameters of the nanostructures

Since the nanostructures are fabricated from the crack tem-
plates, the nanostructures are expected to be formed according to
the characteristics of the cracks. Therefore, we conducted an in-situ
tensile test with optical microscopy measurements to observe the
crack characteristics in the multilayer structures with the graphene
interface. Fig. 3a shows the variation in crack density with respect
to the applied tensile strain depending on the thickness of the
alumina film. The cracks occur initially at a strain of about 0.4%, and
the crack density rapidly increases before becoming saturated at a
strain of about 1%. Saturated crack density depends on the thick-
ness of the alumina. When there is a graphene interface, the strain
at which the crack density is saturated is greatly reduced [29].
These small saturated strains can be explained by the interlayer
sliding of the graphene interface. The graphene interface relaxes
the tensile stress that is transferred from the polymeric substrate to
the thin film, which prevents further cracking [36,37]. As the tensile
heneemetallic nanorods, metallic nanorods, and metallic nanoslots. Left: Images of
in the left images. (A colour version of this figure can be viewed online.)



Fig. 3. Controllable dimensional parameters of nanostructures (a) In-situ tensile test results of Al2O3/DLG/PI. (b) The spacing between two adjacent metallic nanorods with
respect to tensile strain by varying the alumina thin film thickness. (c) Width of metallic nanorods with respect to tensile strain by varying the alumina thin film thickness. (A colour
version of this figure can be viewed online.)
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strain increases, the width of the cracks, rather than the density,
increases. The alumina thickness affects the crack density such that
the thicker the alumina, the lower the crack density. To sum up,
crackwidth and density depend on tensile strains and the thickness
of alumina, respectively because graphene interface makes crack
density saturated at small strains. Therefore, dimensional param-
eters of cracks can be controlled independently by the graphene
interface.

To check how the nanostructures were affected by alumina
thickness and tensile strain, width and spacing of metallic nanorods
in the graphene-metallic nanorodswere analyzed. As can be seen in
Fig. 3b, the spacing of metallic nanorods decreases and saturates
with the tensile strain. The saturated spacing of metallic nanorods
is proportional to the thickness of the alumina film. Fig. 3c shows
thewidth of themetallic nanorods according to the tensile strain by
varying the thickness of the alumina film. The width of the metallic
nanorods increases with the alumina thickness, and the width in-
creases with the strain when the thickness of the alumina is con-
stant. Nanostructures were also found to have the same
characteristics as cracks.
3.3. Analysis of graphene-based cracking using an elastic-plastic
shear lag model

A shear lag model that describes stress transfer by interfacial
shear stress was adopted to understand the behavior of cracks in
the multilayer structures. We utilized the elastic-plastic shear lag
model to analyze the effect of the graphene interlayer, as illustrated
in the schematic of Fig. 4a [38]. In this model, the crack density n
can be expressed as a function of the strain, as follows:

n¼Ggp
2Eq

�
½εi � ε�cosh

�
sinh�1

�
gp

ffiffiffiffiffiffiffiffiffiffi
trMr

p

ε� εi

��
þ ε

þgp
ffiffiffiffiffiffiffiffiffiffi
trMr

p
sinh�1

�
gp

ffiffiffiffiffiffiffiffiffiffi
trMr

p

ε� εi

���1

(1)

Here, G is the shear modulus of the graphene layers, gp is the
plastic onset shear strain of the graphene layers, E is the elastic
modulus of the alumina thin film, and εi¼ s*/E is the crack onset
strain of the alumina layer where s* is the effective tensile strength
of the alumina thin film. The applied strain is denoted by ε, tr¼ p/q



Fig. 4. Analysis of graphene-based cracking using an analytical model. (a) Schematic of the elastic-plastic shear lag model. (b) In-situ tensile test results of Al2O3/DLG/PI and the
results of the shear lag model. (c) Simplified equation of crack spacing and the spacing of metallic nanorods according to the thickness of the alumina layer. (d) Simplified equation
of crack width and metallic nanorods width according to the thickness of the alumina layer and tensile strain. (A colour version of this figure can be viewed online.)
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is the thickness ratio of the graphene interface and the alumina thin
filmwhere p is the thickness of the graphene interface, and q is the
thickness of the alumina layer, andMr¼G/E is the ratio of the shear
modulus of the graphene interface to the elastic modulus of the
alumina thin film.

In Fig. 4b, the results of the model are compared to the exper-
imental data of crack density. The measured parameters are n, q,
and ε. The thickness of the graphene interface p was obtained by
doubling the thickness of a single layer of graphene. The parame-
ters to be fitted using the model are gp, G/E and εi¼ s*/E. Table S1
lists the parameters that were fitted to the shear lag model. The
correlation coefficient is 0.98, indicating that the model and test
results agree well. As crack spacing is the reciprocal of crack den-
sity, this model allows the design of a multilayer structure with a
graphene interface with a specific crack spacing. The shear lag
model was simplified and the equation for crack spacing (S) was
obtained as follows (see Supplementary Information S1 for details):

S¼2s�q
Ggp

(2)

This simplified equation shows that the saturated crack spacing
is proportional to the thickness and effective tensile strength of
alumina and is inversely proportional to the shear modulus and the
plastic onset strain of the graphene layers. Meanwhile, strain en-
ergy by tensile deformation increases the overall area of the cracks
by widening or generating more cracks. Assuming that the area
increased by the tensile deformation is equal to the area of the total
cracks, the crack width (w) can be expressed as

w¼2s�qε
Ggp

¼ Sε (3)

The simplified equation of crack width indicates that the crack
width can be controlled by changing the tensile strain when the
crack spacing has a certain value. Fig. 4c shows that the saturated
spacing of metallic nanorods can be described by Equation (2).
Characteristics of the width are described well by Equation (3), as
shown in Fig. 4d. As the broadening of the fabricated structures
occurs in the shadow-mask approach [39], the approximated value
of the width of the crack was added to the difference in width
between the crack and the metallic nanorods made using the crack
template. Therefore, we can see that the spacing and width of
cracks can be adjusted using several physical parameters.
3.4. THz time-domain spectroscopy results of nanostructures

Antenna dimensions such as width, spacing, and length are
important parameters for THz transmittance. The field enhance-
ment increases with the decrease in width of the antennas because
the THz field is strongly localized and enhanced by antenna
structures [13], and the behavior of the electromagnetic coupling
between antennas depends on the spacing of the antennas [40].
Furthermore, the resonant wavelength of the antennas satisfies the
condition leff¼ 2neffl, where neff and l are the effective index of
refraction of the antenna-substrate composite and the length of the
antennas, respectively [41,42]. Therefore, control of the dimen-
sional parameters of the antenna structures was required to obtain
the desired characteristics of THz transmittance. As shown in
Fig. S5, THz time-domain spectroscopy was used to verify the
performance of the fabricated nanostructures as THz antennas.
Among the fabricated structures, graphene or graphene hybrid
nanostructures have been usually studied as active metamaterials,
where the external electric voltage-induced doping of graphene
contributes to the modulation ability [43,44]. Because the effect of
graphene in the THz sensing application beyond the scope of this
study, graphene nanostructures such as graphene nanoslits and



Fig. 5. THz transmission spectra of nanostructures. (a) Left: Schematic of the
metallic nanorods. Right: THz transmittance of the metallic nanorods. w¼ 512 nm,
l¼ 100 mm, dx¼ 52 mm, dy¼ 140 mm. (b) Left: Schematic of the metallic nanoslots.
Right: THz transmittance of the metallic nanoslots. w¼ 521 nm, l¼ 98 mm, dx¼ 43 mm,
dy¼ 138 mm. (A colour version of this figure can be viewed online.)
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grapheneemetallic nanorods were excluded from the measure-
ments of THz transmittance. Fig. 5 shows the THz transmittances of
metallic nanorods and metallic nanoslots under two different
incident polarizations: parallel and perpendicular to the slot di-
rection. Here, the THz transmittance of the structure is defined as
TsðuÞ ¼ jEsðuÞj2=

���Eref ðuÞ
���2, where Es and Eref are the transmitted

THz fields through the fabricated structure and a bare substrate,
respectively [9]. The transmittance of the fabricated nanostructures
is normalized to resonance transmission to clarify THz sensing
performance by the field enhancement effect. For the metallic
nanorods shown in Fig. 5a, the THz wave mostly penetrates under
perpendicular polarization, and a transmission dip at 0.8 THz is
observed under parallel polarization. The metallic nanorods exhibit
the characteristics of a THz nanoantenna with a polarization
extinction ratio of 18.84 dB. For the metallic nanoslots shown in
Fig. 5b, the transmittance is close to zero under parallel polariza-
tion, while it is maximum at 0.8 THz under perpendicular polari-
zation. The metallic nanoslots exhibit the characteristics of a THz
nanoslot antenna with a polarization extinction ratio of 30.62 dB.
We found that the metallic nanorods and metallic nanoslots
Fig. 6. THz measurements for glucose with nanoslot antennas. (a) Absorption spectra o
Glucose on the same nanoslot antennas. (A colour version of this figure can be viewed onl
functioned as high-performance THz nanoantenna structures.
3.5. Nanoslot antennas for THz sensing of D-Glucose

A trace of a target molecule can be detected using a THz spec-
troscopy system assisted by THz nanoantenna structures. We per-
formed measurements of D-Glucose, which is used as an energy
source within living organisms, to demonstrate the sensitive
detection of the target molecule using the nanoslot antennas. The
D-Glucose molecule has a strong absorption peak at 1.4 THz, as can
be seen in Fig. 6a [7]. Nanoslot antennas with resonant frequencies
of 1.4 THz were fabricated. The average length and width of the
antennas were 59.5 mm and 521 nm, respectively. The enhance-
ment factor of the antennas was found to be 37.2, which is similar to
antennas made with conventional nanolithography [7,14]. When
the D-Glucose samples were applied on the glucose-targeted
nanoslot antennas, the resonance frequency wasn’t shifted to-
ward a lower frequency. This is because the inside of the slot was
filled with a polymeric substrate and so the effective refractive
index around the slot changed little. However, THz transmittance
decreased by 24% at the resonance frequency while there was a
negligible reduction in transmittance by D-Glucose samples on bare
substrates without nanoslot antennas (Fig. S6a). This demonstrates
the highly sensitive detection of D-Glucose using the glucose target
antennas. The reason for this sensitive detection is that the ab-
sorption area of the detection molecule increased significantly
because of the strong localization and enhancement of the THz
electric field by the nanoslot antennas [7,14]. Furthermore, when
nanoslot antennas that were not targeted at D-Glucose were
applied, that is, when the resonant frequency of the nanoslot an-
tennas did not match the absorption peak of D-Glucose, the varia-
tion in transmittance was negligible in comparison to the
resonance-matched result (Fig. S6b). In short, the produced THz
nanoslot antennas demonstrated high sensitivity of THz detection
for D-Glucose.
4. Conclusion

In this study, we proposed graphene-based crack lithography as
a high-throughput fabrication method for THz nanoantenna
structures. Several unique nanostructures were fabricated using the
graphene interface, which enabled independent control of nano-
antenna dimensions and provided graphene-based nanostructures.
We also analyzed the underlying mechanism for graphene-based
cracking and developed an analytical model for predicting the
geometric parameters of the nanostructures fabricated by crack
lithography. Based on the analytical model, we can efficiently
design and generate THz nanoantenna structures with a targeted
operating frequency and a high enhancement factor. As an inspiring
f glucose. (b) THz spectra measured for the glucose target nanoslot antennas and D-
ine.)
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application of the fabricated THz nanoantenna structures, we also
realized the highly sensitive detection of D-Glucose molecules,
which is an essential indicator for biological and medical purposes.
The proposed method is a cost-effective fabrication route for THz
nanoantenna structures over conventional nanoscale techniques
such as E-beam and FIB lithography, which has been an obstacle to
the commercialization of THz nanoantenna structures because of
its low effectiveness and high fabrication cost.
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