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An ultrathin, flexible metamaterial filter operated at terahertz (THz) frequencies based on one-step CO2 laser-
induced graphene (LIG) is proposed. The effects of laser machining parameters on conductivity and THz
transmittance of the LIG are investigated, and a bandstop filter is fabricated from an ∼50 µm polyimide film
using the LIG method with relatively high laser power and scanning speed. At a blocking central frequency of
0.67 THz, the planar filter transmission is ∼40% with only small variations for different bending angles. The sim-
ple, low-cost LIG method enables fabrication of THz metamaterial devices with great potential for THz imaging,
sensing, and detection. © 2022 Optica Publishing Group

https://doi.org/10.1364/JOSAB.451510

1. INTRODUCTION

Terahertz (THz) radiation in the frequency range of 0.1–
10 THz has great potential in spectroscopy, biomedical
technologies, and high-speed wireless communication [1–3].
There are still considerable challenges to develop high-efficiency
and practical THz devices because most of the naturally avail-
able materials cannot be used due to their weak electric and
magnetic responses in the THz region [4]. Metamaterials are
artificial electromagnetic media composed of subwavelength
periodic structures and are the most promising candidates
for such devices because they allow THz wave manipulation
through structural design [5,6]. Additionally, space-time meta-
materials and metasurfaces [7,8] may also intrigue THz field
manipulation effects. In recent years, diverse metamaterial filters
have been proposed and widely used in imaging [9,10], sensing
[11,12], and other applications. However, most conventional
metamaterial filters are made of metal or silica, which are not
flexible and incur high manufacturing cost for lithography,
thereby limiting their application prospects.

Carbon-based materials, such as carbon nanotubes,
graphene, and graphite, have garnered extensive attention
owing to their tremendous rich functions and are used widely
in applications requiring flexible electronics, such as strain sen-
sors [13,14]. However, traditional chemical vapor deposition
is complicated and difficult for forming patterned structures
[15,16]. It is also difficult to ensure good combination during
the transfer process and large-scale integration. Ivaškevičiūtė-
Povilauskienė et al. reported the fabrication of THz zone plates
with integrated cross-shaped filters using picosecond laser

writing on thin graphite films; however, their processing cost
remained high [17]. In 2014, Tour developed laser-induced
porous graphene films from commercial polyimide (PI), which
is the most promising material for flexible electronic substrates
[18]; this fabrication method does not require conventional
lithography techniques using masks and restricted operational
conditions. Many applications have, hence, been proposed
on the basis of this method, including sensors [19], electrodes
[20,21], and microsupercapacitors [22–24]. In 2020, Wang
et al . reported the fabrication of THz traditional gratings and
Fresnel zone plates using 450 nm laser writing on PI film, which
indicates that laser-induced carbon-based materials are promis-
ing candidates for THz devices [25]. However, to the best of our
knowledge, carbon-based THz metamaterial devices using the
laser-induced graphene (LIG) method have not been reported
in literature.

Herein, we first demonstrate the relationship of laser machin-
ing parameters on the conductivity and THz transmittance of
LIG. Then, the metamaterial filter, which consists of a subwave-
length periodic array of graphene disks, is realized based on the
optimized laser power and scanning speed. The experimental
results show that the central frequency of the LIG-based meta-
material THz bandstop filter remains stable at 0.67 THz and
only the transmittance varies with the bending angles.

2. FABRICATION AND CHARACTERIZATION

Figure 1 illustrates the fabrication process consisting of a CO2

laser processing system with a focal spot size of 50 µm and
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Fig. 1. (a) Schematic of LIG fabrication; (b) representative Raman
spectra of the LIG and unprocessed PI; (c) SEM image of the fabricated
LIG; (d) cross-sectional SEM image of the fabricated LIG.

wavelength of 10.6 µm. The power of the CO2 laser is contin-
uously tunable from 0.01 to 30 W. The laser scanning speed is
varied from 1 to 1000 mm/s. With computer-controlled laser
scribing, the LIG can be readily written in various geometries
in the ambient environment. Raman spectroscopy and mor-
phological characterization of the LIG samples were performed
for comparison with the results of PI. The Raman spectrum of
LIG (black curve) in Fig. 1(b) has three prominent peaks: the D
peak at∼1350 cm−1 from disorder-induced or bent sp2 carbon
bonds, the G peak at ∼1580 cm−1 denoting the symmetry-
allowed graphene band, and the 2D peak at ∼2700 cm−1

originating from second-order zone-boundary phonons. The
Raman spectrum of the unprocessed PI film (red curve) does
not exhibit these peaks. The laser power and scanning speed
were set to 10 W and 260 mm/s, respectively. Figure 1(c) shows
the scanning electron microscope (SEM) image of the LIG
film. The randomly distributed microscale hollows appear to
be induced by the rapid liberation of gaseous products. The
cross-sectional SEM image of the LIG is shown in Fig. 1(d); the
LIG is observed to have expanded to the outside; thus, the total
thickness of the LIG (red line) and unprocessed PI (blue line) is
more than 100µm.

3. LASER POWER AND SCAN
SPEED-DEPENDENT ELECTRICAL
CONDUCTIVITY AND THZ TRANSMISSION

Because the insulating PI can be converted into conductive
graphene, we further investigate the effects of the laser power
and scanning speed on the DC electrical conductivity of the
LIG using a four-point probe instrument. The laser scanning
speed was set to 260 mm/s. Figure 2(a) shows that, when the
laser power is low, i.e., from 6 to 8 W, the electrical conduc-
tivity remains almost zero. The threshold of the laser power for
generating LIG is ∼8 W. The electrical conductivity increases
monotonically as the laser power increases from 8 to 12 W.
This improvement in the LIG conductivity suggests that more
graphene is generated with an increase in laser power. Above
12 W, the high laser power penetrates the sample that cannot
be used. The dependence of the laser scanning speed on the

Fig. 2. (a) Laser-power-dependent electrical conductivity of the
LIG for a laser scanning speed of 260 mm/s; (b) laser-scanning-
speed-dependent electrical conductivity of the LIG at different laser
powers.

electrical conductivities of the samples is compared, and the
results corresponding to various laser powers are shown in
Fig. 2(b). The conductivity generally decreases monotonically
as the scan speed increases; this is because the heat accumulated
on the PI is low when the scan speed is high, thereby generating
less graphene. However, when the power is increased, more
graphene is generated, and the conductivity recovers. The laser
energy density8 can be calculated as [25]

8=
P

V × d
, (1)

where P is the laser power, V is the scanning speed, and d is
the laser spot diameter; moreover, a high laser fluence corre-
sponds to large electrical conductivity. It is worth noting that
the low power and scanning speed of the laser are generally
equivalent to high power and scanning speed from the formula
above. Previous reports on the generation of graphene by laser
action on PI have adopted low-power and low-speed processing
methods. Although such processing methods are suitable for
large-sized devices, they are unsuitable for processing small
structures because a large amount of heat generated in the proc-
ess of the LIG will cause the graphene units to expand outward,
and adjacent structural units will be connected as a whole. The
high-speed and high-power processing are more suitable for
the fabrication of the THz metamaterials, which consist of sub-
wavelength periodic structures. The parameters P and V work
well within certain limits for certain PI films. However, there are
optimal laser powers and scanning speeds for high-quality THz
metamaterial LIG devices.

Next, THz time-domain spectroscopy (TAS7400SP;
Advantest Corporation) was used to characterize the per-
formances of the LIG films obtained using different laser
parameters. Figure 3 shows the representative transmittance
spectra of the LIG at different laser powers and scanning speeds.
When the laser power is less than 6 W and the scan speed is
greater than 260 mm/s, the transmission is similar to that of
the unprocessed PI film, accompanied by high transmittance in
the THz band; this indicates that the carbonization of PI films
has not yet occurred. As the power gradually increases from 6 to
12 W, the THz transmission gradually decreases for a given scan-
ning speed. The curved plane (blue) of the high scanning speed
is above that of the low scanning speed, which indicates that the
transmission is higher with greater scan speeds for a given laser
power. The black plane clearly shows that when the laser power
is 10 W, the transmission is nearly zero from 0.5 to 1.5 THz at
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Fig. 3. THz transmission of the LIG film and its dependency on the
tunable laser power and scanning speed.

a scan speed of 260 mm/s; in this case, the reflections are nearly
zero or very low and are not shown. This is attributable to the
porous microstructure of the LIG, as shown in Fig. 1(c), which
greatly enhances the antireflectance capability.

4. THz METAMATERIAL FILTER AND
DISCUSSION

The characteristics of the THz metamaterial bandstop filter
based on LIG were investigated next. Figure 4(a) shows the
schematic of the proposed graphene metamaterial THz filter,
which is symmetric. The linearly polarized THz wave is inci-
dent normally with the electric field E along the x axis (or the
y axis) direction. The filter is composed of a single layer of a
graphene disk array, which is fabricated on a PI film of thick-
ness approximately 50 µm. To ensure that the generated LIG
metamaterial is of high quality, the optimized laser power and
scanning speed of 10 W and 300 mm/s, respectively, were used.
Figure 4(b) shows an image of the graphene metamaterial as
seen under an optical microscope, where the radius of the disk
is r = 100 µm and period of the filter is P = 320 µm. It is
observed that the black area in Fig. 4(b) is carbonized to generate
graphene. The small asymmetry in the disk and period due to
the LIG method has little effect on the transmission spectra of
the filter. The PI spacer is considered as a lossy material with
a dielectric constant of ε= 3.23 and dielectric loss tangent of
tan δ = 0.0334. A commercial electromagnetic solver (CST
Microwave Studio 2018) was used for the simulations. The
equivalent electrical conductivity of LIG is set to 0.6 S/m. The
thickness of the graphene disk array is set to 50µm as our LIG in
the metamaterial filter experimentally has a thickness of about
50 µm and expands to the outside from the PI film, which can
be seen from the cross-sectional SEM image of the LIG. The
typical bandstop frequency selection effect can be observed
in the transmission of the metamaterial LIG between 0.3 and
0.8 THz. The experimental result (black line) shown in Fig. 4(c)
indicates that the modulation depth reaches 63% at a frequency
of 0.67 THz, which is slightly different from the simulated
result (red line). This difference may be caused by the fabri-
cation, measurement, and simulation tolerances. The filter’s
−3 dB bandwidth is∼0.11 THz, and the Q value is 6.09. The

Fig. 4. (a) Schematic of the proposed THz metamaterial filter con-
sisting of the graphene disk array; (b) image of the graphene metamate-
rial under an optical microscope; (c) transmission spectra of the filter:
simulated (red line) and experimental (black line) results; (d) simulated
THz electric field hotspot distribution of the filter at a resonance fre-
quency of 0.67 THz.

Fig. 5. (a) Schematic illustration of the flexible THz metamaterial
filter; inset, photograph of the fabricated flexible THz filter; (b) trans-
mission spectra of the filter for different bending angles.

simulated THz electric field distribution of the metamaterial
filter at 0.67 THz is shown in Fig. 4(d); hotspots are observed
at the rim of the graphene disks at the resonance frequency on
which biological samples can be placed for detection.

Owing to the small thickness of the PI film, the filter has good
mechanical flexibility. To gain further insights into the flexible
THz characteristics, the filter was bent to form a curved surface
for measurement. As shown in Fig. 5(a), θ is the bending angle
of the flexible filter, H is the height from the top of the arc to
the test bench, and D is the distance between the highest point
of the arc to the edge of the sample along the test bench. When
D and H are 11 and 7.8 mm, respectively, tan θ = 0.709 such
that the bending angle is 35◦. The transmittances of the filter
in the planar state and at different bending angles are shown
in Fig. 5(b). There are slight differences in the transmissions
among all the bending angles, and no remarkable resonance
frequency shifts are observed.

Unlike previously reported LIG devices, the unit of the pro-
posed LIG metamaterial is smaller in size and more suited for
flexible THz metamaterials. The properties of the unit can also
be adjusted easily by tuning the laser processing parameters to
change the graphene morphology, thereby changing the THz
characteristics of the LIG device. In addition, LIG has excellent
photothermal conversion capacity, high thermal conductivity,
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good thermal stability, and porous structure, which can be used
to add microparticles, thus making it a promising candidate
for THz applications. However, this technology is still in its
infancy; owing to the limited wavelength of the CO2 laser, the
resolution of the metamaterial unit is a little poor. The precision
and performance of the LIG THz metamaterial device are,
therefore, available for further improvement. The structural
properties can be optimized by a more precise laser machining
system or doping metal nanoparticles in the porous structures
of the LIG devices. In addition, temporally modulated THz
metamaterials based on LIG are worth studying [26].

5. CONCLUSION

In summary, we propose an ultrathin flexible THz metamaterial
bandstop filter fabricated by one-step LIG using a PI film. Based
on different laser powers and scanning speeds, the conduc-
tivity and THz transmittance of the LIG are easily adjusted. A
prototype filter was fabricated using optimized laser machining
parameters, with the modulation depth attenuated to∼40% at
0.67 THz. The experimental results agreed well with numerical
simulations. Furthermore, the central resonance frequency
remained stable for different bending angles, which indicates
that the proposed filter is not only suitable for planar but also
curved geometries. The LIG method, thus, offers a one-step,
large-area, and fast approach without masks for fabricating cost-
effective, reliable, and flexible carbon-based metamaterial THz
devices, which are expected to be applicable to various purposes,
ranging from THz communication to THz biological detection
and sensing in the near future.
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