
Briukhanova et al.

Low loss fishnet metamaterial via self-rolled nanotechnology
Daria Briukhanova,1 Mohsin Habib,1 Ibrahim Issah,1 and Humeyra Caglayan1, a)

Faculty of Engineering and Natural Science, Photonics, Tampere University, 33720 Tampere,
Finland

(Dated: 27 October 2021)

We propose and demonstrate the fabrication of a curved fishnet metamaterial integrated into a rolled-up tube (RUT)
that consists of eight alternating layers of gold (Au) and silicon dioxide (SiO2). We adopt a self-rolled technique for
the fabrication of metal/dielectric microtubes with large enough diameters for optical characterization. We experimen-
tally characterize the fabricated fishnet structure and by means of numerical calculations, we show that the fabricated
structure possesses a negative refractive index with a high figure of merit. We demonstrate that the negative refractive
index region can be tuned by precisely controlling the dimensions of the holes forming the metamaterial. The results
of this study open up the possibility to obtain a simple, fast and flexible platform for the fabrication of RUT-based
metamaterials for bioimaging and sensing applications.

The possibility to build superlens1,2, subwavelength
imaging3, invisibility cloak4, and engineer complex metallo-
dielectric5 motivated scientists to work extensively on the
topic of optical negative index metamaterials (NIM). Theo-
retically, the existence of NIM where both permittivity (ε)
and permeability (µ) are negative was proved half a century
ago6. However, due to the constraints present in obtaining
a naturally existing material with negative permeability, new
and exotic artificially engineered materials proposed by dif-
ferent authors have gained much attention in modern physics.
Typically a pair of short wires aligned with electric field sup-
ports resonance with ε<0, and the wires along magnetic field
H, direction act as magnetic resonators, providing negative
µ .7,8 Even though such arrangement supports NIM, overlap-
ping electric and magnetic resonances is a very difficult task.
As a solution to this, a fishnet structure was introduced to re-
alize both µ<0 and ε<0 at near-infrared (NIR) frequencies.910

Most of the experimentally implemented optical fish-
net metamaterials consist of a multilayer structure and re-
quire multiple evaporation steps to obtain a bulk fishnet
metamaterial11–13. The fabrication process can be laborious,
especially when many functional layers are needed with pre-
cise thicknesses. Over the past years, self-rolled nanotech-
nology is proved to be an efficient technique for the fab-
rication of curved multilayer structures14–18, as they over-
come the problem of multiple depositions steps. Rottler et
al. have shown curved fishnet metamaterial consisting of six
alternating layers, using semiconductor strained gallium ar-
senide (GaAs)/ indium GaAs (InGaAs) layers on top of alu-
minium arsenide (AlAs) sacrificial layer, that was grown by
molecular beam epitaxy (MBE)19. Upon etching the sacri-
ficial layer, the strained layers start to roll and in this way,
it simplifies the process of multiple depositions and obtain-
ing fishnet metamaterials. However, the circular nature of the
rolled-up structure brings the challenge to the spectral char-
acterization of the fishnet metamaterials especially when the
diameter is small. Therefore, although a prototype of a fish-
net metamaterial was fabricated, the NIM behaviour of such
curved fishnet structures has not been realized. One of the
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possible solutions to the problem is to achieve bigger rolled-
up tubes (RUTs) using other materials such as silicon nitride
(Si3N4), silica (SiOx/SiO2), and noble metals. Recently, such
RUTs with bigger diameters have been demonstrated for bio-
logical applications16,20–23.

In this work, we experimentally demonstrate a curved fish-
net metamaterial that consists of eight alternating layers of
gold (Au) and silicon dioxide (SiO2). RUTs are fabricated by
utilizing resist as a sacrificial layer. The nanohole structures
are then milled through the upper wall of a tube. The resist-
based RUTs provide the possibility to include different kinds
of materials into the layers of a tube with controllable diam-
eters. The fabricated structure exhibits a negative index of
refraction at a range from 700 to 900 nm with the maximum
figure of merit (FOM) of 2.76. In addition to efficient design,
we experimentally demonstrate that the reflectance from the
fishnet structure on rolled-up tubes exhibits low loss. More-
over, we tune the wavelength of the negative refractive index
range by adjusting the length and the width of the nanoholes
forming the fishnet metamaterials.

The fishnet structure consists of rectangular nanoholes on
eight alternating layers of Au and SiO2 with the periodicity of
400 nm along both x- and y- axes. The schematic of the struc-
ture is shown in Fig. 1 (a). To investigate the effect of the size
of rectangular holes on the resonance, we simulated the fish-
net structure using a commercially available Ansys Lumerical
Finite-Difference Time-Domain (FDTD) solver. The size of
the hole is fixed along the x-axis to w=230 nm and is changed
from l=190 to 270 nm with the step size of 20 nm along y-
axis. The reflectance spectra of fishnet structure with differ-
ent hole sizes excited with y-polarized plane wave source are
presented in Fig. 2. By increasing the size of the hole along
y-axis we observe a blueshift in the resonance from 828 to 727
nm. The holes embedded in the RUT generate two resonances
relative to the direction of the incident electric and magnetic
field components. The cross-section along the magnetic field
exhibits magnetic resonance whilst the opposite cross-section
along the electric field exhibits electric resonance. These two
resonance effects result in the negativity of µ and ε of the
proposed fishnet structure.

To experimentally realize the fishnet structure, we adopted
a resist-based rolled-up technique to reduce the deposition
steps for metal and dielectric layers. Instead of costly and
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FIG. 1. a) Schematic representation of a fishnet structure unit cell,
where Px and Px are set to be 400 nm, w=230 nm and l is changed
from 190 to 270 nm. b) Schematic representation of RUT.

tedious MBE deposition, we used spin-coated photoresist as
a sacrificial layer. Such sacrificial layer can be easily etched
without compromising the quality of obtained tubes. In ad-
dition, the fishnet structure integrated into the wall of RUT
eliminates an undesirable effect caused by the substrate of de-
creasing negative refractive response, especially prominent in
the structures with small number of functional layers24. We
deposited 60 nm of SiO2 and 20 nm of Au on top of a pho-
toresist. By quickly removing the photoresist with acetone we
were able to form tubes with large diameters (∼10 µm). The
schematic image of RUT is given in Fig. 1 (b). The fishnet
structures were created using FIB milling method. The large
diameter of RUT supported an array with 20 unit cells along
x-axis and 30 unit cells along y-axis on the upper curvature of
the tube. The number of unit cells was limited by the size of
the curvature of the tube. As the length of the tube is suffi-
cient, we fabricated all of the five designs on the same tube to
maintain the same material environment and focusing surface
for the measurements. The array size of 8×12 µm2 is suf-
ficiently large to be characterized using a 100X microscope
objective. Overall, we fabricated five different fishnet struc-
tures on 75 µm long RUT (see the supplementary material).
Figure 3 shows microscope and scanning electron microscope
(SEM) images of the fabricated structure on top of RUT. The
RUTs formation was confirmed by taking microscopy images.
We took the SEM images from the top of the tube to verify
the quality of the structure, see Fig. 3 (c-g). For structural
analysis such as the RUT quality and the number of layers,
cross-sectional SEM image was taken, as shown in Fig. 3 (h).

The fabricated fishnet structures were characterized using
100X objective and y-polarized broadband white light source
(Energetiq EQ-99XFC LDLC, spectrum 190-2100 nm). The
reflection spectrum of the fishnet from the upper curvature
of RUT was obtained with respect to the acquired reflection
from the unpatterned area of the Si/SiO2 substrate. Figure 4
presents the reflectance measurements for different hole diam-
eters. The resonance for the smallest hole size appears at 870
nm, and blueshifts towards the lower wavelength as the size
of the hole is increased. These results are in a good agreement
with the simulated results presented in Fig. 2. In this work,
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FIG. 2. Numerically calculated reflectance from the fishnet with five
different hole sizes.
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FIG. 3. a) A microscope image of RUT with 8 alternating metal and
dielectric layers with a fishnet pattern on the upper curvature (top
view). b) SEM image of the same RUT. A zoom-in of a fishnet with
a hole size c) 270, d) 250, e)230, f) 210, and g) 190 nm. h) An SEM
cross-section image of the RUT wall.

we overcome the characterization limit of nanostructures on
the RUT walls.

Finally, we analytically calculated the refractive index of
the simulated and fabricated fishnet structures using the pa-
rameter retrieval method (S-parameter)25 (see supplementary
material for details). The negative index is observed around
the resonance region of the reflectance spectrum of the struc-
tures. Therefore, we limited the calculation range of the S-
parameters from 700 to 950 nm. In addition to resonance
wavelength, the quality factor (Q-factor) of the resonance is
important. The Q-factor of the last two structures (Fig. 3 (f)
and (g)) is low. Therefore, we only focused on the index of
the first three structures (190, 210, and 230 nm). Figure 5 (a-
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FIG. 4. Experimentally measured reflectance from the fishnet with
five different hole sizes.

c) shows real and imaginary parts of refractive index for 190,
210 and 230 nm case, respectively. The fishnet design with
a high Q-factor (190 nm case) has the largest negative index
value compared to two other cases. The negative index re-
gion is highlighted by gray colour in each graph. However,
the large value of the real index (Re(n)) is not the only cri-
teria to design NIM. In order to define a high-quality NIM,
one needs to define the imaginary part (Im(n)) as well as the
Re(n). Figure of merit (FOM) was used to calculate the ratio
between Re(n) and Im(n) (FOM = Re(n)/Im(n)). The maxi-
mum value of the calculated FOM for the fabricated structures
is 2.76. This FOM is three times higher than in the work based
on the rolled-up structures reported earlier19, which indicates
the low-loss feature of the fishnet metamaterial in this work.

In conclusion, we demonstrated the fabrication of low-loss
fishnet metamaterials integrated in RUT consisting of eight
alternating layers of metal and dielectric. In our fabrication,
we used resist-based rolled-up nanotechnology to simplify the
fabrication procedure of RUTs and achieved microtubes with
a diameter as large as 10 µm. FIB technique was used to ob-
tain the nanoholes with different dimensions on the fabricated
RUT. We experimentally characterized the obtained curved
fishnet metamaterials which are in good agreement with the
theoretical calculations. By the numerical calculations, we
also demonstrated that our structures exhibit a negative index.
We showed that the negative index region can be tuned by pre-
cise control of the holes size, from λ = 887 nm to λ = 717 nm.
We obtained FOM as high as 2.76 in the NIR range.

The curved metamaterial, in general, opens up the possi-
bility to prepare three-dimensional devices. It is favorable to
control the region of negative refractive index. We found out
that by controlling the size of the fishnet, we can tune the NIM
response. The results that we obtained are especially benefi-
cial from the point of view of the easily available fabrication
materials. Indeed, our results show a simple and flexible plat-
form that can be used for fabrication of RUT-based metama-
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FIG. 5. The refractive index calculated with S-parameter retrieval
method for fishnet structure with hole size a) 190 b) 210 and c) 230
nm. d) FOM of all fishnet structures versus the holes’ size.

terials. It is possible to shift the NIM response towards visible
spectrum by using Ag based RUTs. Moreover, the RUT with
embedded fishnet structure can possibly serve as microfluidic
channel where biological imaging and sensing can be done.

SUPPLEMENTARY MATERIAL

See the supplementary material for the S-parameters calcu-
lations and sample fabrication details.
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