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Tunable/reconfigurable metasurfaces that can actively control electromagnetic waves upon external stimuli are of
great importance for practical applications of metasurfaces. Here, we demonstrate a reconfigurable nano-kirigami
metasurface driven by pneumatic pressure operating in the near-infrared wavelength region. The metasurfaces
consist of combined Archimedean spirals and are fabricated in a free-standing gold/silicon nitride nanofilm by
employing focused ion beam (FIB) lithography. The deformable spirals are instantly transformed from two di-
mensional (2D) to three-dimensional (3D) by the FIB-based nano-kirigami process. The 2D–to–3D transforma-
tion induces a dramatic irreversible change of the plasmonic quadruple modes and results in significant
modulation in reflection by 137%. The suspended porous nano-kirigami metasurface is further integrated with
an optofluidics device, with which the optical resonance is reversibly modulated by the pneumatic pressure. This
work provides a strategy for tunable/reconfigurable metasurfaces, which are useful to build a promising lab-on-
a-chip platform for microfluidics, biological diagnostics, chemical sensing, and pressure monitoring. © 2020
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1. INTRODUCTION

Two-dimensional (2D) metasurfaces [1–3], as one of the most
striking photonics research topics in the past decade, have ex-
hibited an unprecedented capability to manipulate electromag-
netic (EM) waves within the subwavelength scale and have
great potential [4–6] in areas such as flat optics [2,3,7] and
meta-hologram [8–11]. Toward practical applications, there
is an urgent calling for tunable/reconfigurable metasurfaces that
can actively control EM waves upon external stimuli [12,13].
The challenges lie in the finding of appropriate strategies to
realize tunable/reconfigurable meta-atoms at the ultrathin
thickness and in the given frequency domains. In the visible
and near-infrared wavelength regions, in particular, versatile at-
tempts have been made by adopting carriers [14,15], phase-
changing materials [16–18], mechanical systems [19], elastic
platforms [20,21], and microfluidics [22]. For example, to
achieve compact optical imaging and projection systems, opti-
cal metasurfaces have been recently integrated on microelectro-
mechanical systems (MEMS) for dynamic beam steering
[23,24] and combined with liquid crystals for phase-only

transmissive spatial light modulators (SLMs) [25]. Nevertheless,
the reconfiguration schemes are still limited to a few options,
and the increased complexity in both design and fabrication
procedures needs further improvement.

Here, we propose and demonstrate a reconfigurable nano-
kirigami metasurface at the near-infrared wavelengths using
pneumatic pressure. The proposed metasurfaces consist of
combined Archimedean spirals fabricated in a free-standing
gold/silicon nitride (Au/SiN) bilayer nanofilm by focused
ion beam (FIB) lithography. The spirals are a type of deform-
able nano-kirigami pattern that can be instantly transformed
from 2D to 3D by the FIB irradiation-induced tensile stress.
Compared to the deformable spirals at terahertz frequencies
[26], the 2D–to–3D transformation induces a dramatic change
of the plasmonic quadruple resonances in the near-infrared
wavelength region, which results in significant modulation
in resonant reflection by 137%. More importantly, the optical
resonances are reversibly modulated by the pneumatic pressure
in an optofluidics chamber through using the suspending fea-
ture of the nano-kirigami metasurface. Such a miniaturized, sta-
ble, and deformable pneumatic design at optical wavelengths
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provides, to the best of our knowledge, a novel methodology to
realize tunable/reconfigurable photonic nanosystems.

2. MATERIALS AND METHODS

The schematic of the reconfigurable nano-kirigami metasurfa-
ces is shown in Fig. 1(a), where the free-standing membrane
structure is integrated onto a sealed chamber. A similar setup
has been employed in a terahertz device [26], where an MEMS
spiral was actively modulated by a pneumatic force. However,
the employed spirals in Ref. [26] had only one leg connected
to the master film, as shown in Fig. 1(b), which resulted
in dramatically nonuniform deformations (as seen in the
Supplementary Fig. 1 of Ref. [26]). Moreover, the reported
structures were too large to operate at optical wavelengths.
To meet these challenges, we employed a 2D nano-kirigami
pattern [Fig. 1(c)], which is composed of combined
Archimedean spirals [Fig. 1(b)]. Each simplified Archimedean
spiral contains a serial of 90° arcs with different radii defined as
r�n� � �n� 1�r0, n � 1, 2, 3…. Here we use a simple design
in Figs. 1(b) and 1(c) with r0 � 175 nm, r�1� � 350 nm, and
r�2� � 525 nm. Such a design has two advantages. First, the
combined spirals have four legs connected to the master film
and thus have enhanced stability. Second, and more impor-
tantly, the spiral size can be reduced down to wavelength scale,
which is desirable for the excitation of optical resonances. In
such a case, under the pneumatic pressure applied by the
gas flowing into the chamber, the initial 2D spirals can be de-
formed into 3D geometries according to the nano-kirigami
deformation principles [27,28], as illustrated in Figs. 1(c)

and 1(d). Moreover, if the deformation is within the elastic
deformation range, such a deformation will be reversible and
can be used to dynamically modulate the optical resonances
of the metasurfaces, providing a simple scheme for reconfigur-
able metasurfaces.

To implement the proposed scheme, numerical simulations
were performed using COMSOL, a commercial finite element
software. The mechanical transformations of nano-kirigami
meta-atoms were obtained by adopting a bilayer stress distribu-
tion model [27] on a suspended Au/SiN bilayer film with pre-
designed patterns. The optical reflections were simulated under
an x-polarized incidence that propagated in the negative z-axis
direction. Periodic boundary conditions were applied to corre-
sponding unit cells to realize square lattice geometry in the
x–y plane.

For experimental fabrications, all the structures were pre-
pared using the FIB-based nano-kirigami method [27,28] on
self-supporting Au/SiN nanofilms. The bilayer nanofilms were
prepared by coating a commercial SiN film window (bonded
on silicon frame, 100 μm × 100 μm × 30 nm in mesh size,
3 × 3 meshes, Norcada Inc.) with 30 nm thick gold film by
e-beam evaporation. The nano-kirigami method included a
high-dose milling (>600 pC∕μm) and a relative low-dose irra-
diation (∼10–40 pC∕μm), which were implemented by em-
ploying the same FIB facility (FEI Helios 600i) in one
fabrication process. For the 2D combined Archimedean spirals
in a square lattice, the unit separation was designed at 1.5 μm,
and the size of sample areas was chosen as 40 μm × 40 μm
under the consideration of optical performance, mechanical sta-
bility, and fabrication simplicity. Another consideration is that

Fig. 1. (a) (I) Perspective view, top-view, and side-view schematic diagrams of a chamber for the pneumatic reconfiguration of metasurfaces (the
yellow structure). One end of the chamber is inflated with nitrogen and the other end is connected to a barometer to measure the pneumatic pressure
applied on the samples. (II) Schematic illustration of the fabrication process. (b) Top-view schematic of the unit cells consisting of (left) the reported
single MEMS deformable spiral for terahertz polarization modulation [26], and (right) the proposed combined four Archimedean spirals in this
work. Each spiral contains two 90° arcs with radius r�1� and r�2�, respectively, and is rotated around the unit center (noted by the central red dot).
The size of the combined spiral is reduced by two orders of magnitude and the stability is enhanced by its four legs connected with the master film.
(c) and (d) Schematic illustrations of the proposed reconfigurable Au/SiN bilayer metasurfaces under pneumatic forces: (c) initial 2D porous spirals
in a square lattice and (d) corresponding deformed 3D spirals under pneumatic pressure.
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the pneumatic pressure required for reconfiguration will be
dramatically increased with the reduction of the suspended
structural size, although the structures could be further scaled
down for operation at shorter wavelengths. The sample was
finally fixed into a chamber [as illustrated in Fig. 1(a)] by
applying a two-component adhesive of epoxy evenly around
the nanofilms.

Optical reflection spectra were measured by using a home-
made spectroscopy system. Specifically, white light from a
supercontinuum light source (SC400-4, Fianium) was focused
onto the samples by using a near-infrared objective lens (10×,
NA 0.25, Olympus). The reflected light was collected by the
same objective and delivered to a spectrometer (Ocean Optics,
NIRQuest). The spectra were continuously measured during
the inflation and exhaustion of nitrogen gas with an integration
time of 10 ms.

3. RESULTS AND DISCUSSION

To demonstrate the proposal, the initial 2D spirals are modeled
in Fig. 2(a), with r�1� � 350 nm and r�2� � 525 nm. Such a
spiral structure can be deformed into 3D by applying a stress of
σ � 2.1 GPa across the sample with a mechanical model [27],
as shown in Fig. 2(b). The deformation not only results in an
increase of the structural height along the vertical direction by
Δh � 130 nm, but also induces a complex 3D twist as the out-
lines in Fig. 2(a). As a result, the reflection spectrum of the spirals
array, initially showing a strong resonance dip at wavelength

λ � 2076 nm, is shifted to 1986 nm after the 3D deformation,
as shown in Figs. 2(c) and 2(d). This shift in the optical reso-
nance results in a dramatic modification in reflection with a con-
trast of ΔR∕R � 181% at λ � 2100 nm (ΔR � R 0

–R, and R
and R 0 are the reflections of the metasurface before and after the
deformation), providing an efficient way to accomplish optical
reconfiguration.

To understand the mechanism behind this highly sensitive
spectral shift, the electric-field (E-field) distributions of the
meta-atoms before and after the deformation are plotted in
Fig. 2(e). It can be seen that in the initial 2D spirals, the nor-
malized E-field is almost completely concentrated within the
gaps between the arms due to the plasmonic resonances excited
at λ � 2076 nm. The mode distribution reflects the features of
electric quadruple modes that are highly sensitive to the
changes in structural parameters. In the case of 3D deformed
spirals, the spiral plasmonic gaps are no longer uniform in
width, but are twisted in 3D space. Consequently, the E-field
distribution is strongly modified due to the broken symmetry,
with decreased amplitude within the gaps and increased ampli-
tude on the arms. The amplitudes of the vertical component of
the E-field at the arms are also increased significantly due to the
excited surface plasmons. As a result, a new resonance is excited,
of which the resonant wavelength is shifted to the shorter
wavelengths due to the decreased arm length in the projected
x–y plane.

For experimental demonstrations, the designed 2D combined
Archimedean spirals [Fig. 2(a)] are successfully fabricated using

Fig. 2. (a) Schematics of the spiral unit cell and (b) the simulated 3D deformed counterpart with a deformation height of 130 nm. The violet lines
in the left-side image of (a) denote the top-view outlines of the deformed spirals in (b). The right-side image of (b) shows the degree of the vertical
deformation. Each spiral contains two 90° arcs with radii of 350 and 525 nm, respectively. (c) Calculated (Cal) and experimental (Exp) reflection
spectra of the 2D porous metasurface. (d) (left) Calculated reflection spectrum of the deformed metasurface under a vertical deformation of 130 nm
and (right) corresponding modification contrast in reflection (ΔR∕R) versus wavelength. The reflection spectral dip shifts from 2076 to 1986 nm
with a dramatic modification of 181% at wavelength 2100 nm. (e) Top-view and side-view simulated (left) E-field distributions (jE j) and (right)
their vertical component (Ez) for the 2D and 3D spirals at wavelength 2076 nm. The left and right scale bars correspond to the field of jE j and Ez,
respectively.
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FIB, as the top-view scanning electron microscopy (SEM) im-
ages shown in Figs. 3(a)–3(c). The size of the lithographed gap is
as small as ∼63 nm, and the periodicity of the square lattice
is 1.5 μm. The uniform array in Figs. 3(b) and 3(c) shows
clearly the repeatability of the fabrication and the potential
for large-scale patterning. Importantly, the experimental 2D spi-
rals show prominent and consistent optical resonance at the main
dip compared to the simulations, as shown in Fig. 2(c), which
again proves the high accuracy and robustness of the FIB
fabrication.

To test the deformable characteristics of the nano-kirigami
patterns, the 2D spirals are instantly transformed into 3D by
the same FIB through low-dose irradiation (<40 pC∕μm),
which induces equivalent tensile stress when grain coalescences
occur around the bombardment areas of the gallium ions [27].
The side-view SEM images in Figs. 3(d) and 3(e) clearly
illustrate the transformation from a 2D pattern to a twisted
3D array after the nano-kirigami process. Accordingly, the re-
flection spectral dip shifts from λ � 2077 to 1989 nm, with an
irreversible modification of ΔR∕R � 137% at λ � 2090 nm.
The consistence between calculations and experiments regard-
ing the resonant wavelengths of 2D and 3D spirals indicates the
vertically deformed height of the 3D spirals is about 130 nm. It
should be mentioned that such a change is irreversible due to
the elastoplastic deformation induced by FIB. Nevertheless, the

observation not only proves the deformation features of the
2D spirals, but also confirms the proposal in tuning optical
resonances by structural deformations, which opens up great
flexibility in mechanical designs.

For the reconfiguration test, the 2D spirals sample is inte-
grated into a microfluidics chamber, as shown by the image of
the real device in Fig. 4(a). In such a configuration, the free-
standing porous metasurface is fixed between two subcham-
bers. When a certain gas or liquid is input into the subchambers
with different pressures, the gas or liquid will flow through the
porous metasurfaces and induce 3D vertical deformations due
to the differential stress between the top and bottom surfaces.
In such a way, the optical resonances from the 2D metasurface
can be engineered. To test this scheme with the pneumatic
force, the Port21 is connected to high-pressure nitrogen gas
(with pressure P2), and the Port22 is connected to a barometer,
while subchamber #1 is open to ambient environment (with
pressure P1). When the pressure difference �ΔP � P2 − P1�
exists between subchambers #1 and #2, a differential force
ΔF � ΔP · S (S is the effective area of the free-standing pat-
terns) is introduced between the bottom and top surfaces of the
structure. As a result, differential stress is induced across the
sample thickness, which deforms the 2D spiral into 3D and
subsequently causes a modification in the optical response.
As shown in Fig. 4(c), as ΔP is tuned from 0 to 137 kPa,

Fig. 3. (a) Top-view and side-view SEM images of a single spiral fabricated by FIB. (b) and (c) Top-view SEM images of the fabricated spirals in a
square lattice. The overall size is 40 μm × 40 μm, with a periodicity of 1.5 μm. (d) and (e) Side-view SEM images of (d) 2D spirals and (e) the
deformed 3D spirals by FIB-based nano-kirigami. (f ) (left) Measured reflection spectra of the fabricated 2D spirals and deformed 3D spirals. (right)
Corresponding modification contrast in reflection versus wavelength. The reflection spectral dip shifts from 2077 to 1989 nm with a significant
modification of 137% at wavelength 2090 nm. Scale bars of (a), (b), (d), and (e) are 1 μm.
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the reflection from the metasurface is changed accordingly.
Importantly, such a modification is reversible with the inflation
and exhaustion of nitrogen gas; i.e., the spectral modification
is repeatedly switched between ΔP � 137 and 0 kPa.
Specifically, the changes in the optical reflection, calculated
by ΔR � R 0 − R (R and R 0 are the reflections of the metasur-
face without and with applied pressure), illustrate a good re-
peatability with a modulation contrast (ΔR∕R) of ∼20% at
two specific wavelengths, as shown in Fig. 4(d) where ΔP is
tuned alternatively between 0 and 137 kPa in three cycles.
Although the modulation strength in such a reversible case is
smaller than that of the irreversible case [Fig. 3(f )] due to the
limited pressure, it unambiguously demonstrates the potentials
of reconfigurable nano-kirigami metasurfaces triggered by
pneumatic pressure. It should bementioned that the operational
pressure range of this prototype structure is kept from 70 kPa to
137 kPa, where the maximum deformation ratio of the porous
spirals is about 8.7%, and the repeatability is well reservedwithin
the elastic deformation range. A further increase of ΔP
(>180 kPa) may result in damage to the free-standing master
film (not the porous spirals) by the high pressure due to its
limited bonding strength onto the silicon frame. Therefore,
further improvements of the reconfiguration performances
could be made by decreasing the film thickness, optimizing
the structural designs, or employing tightly bonded master film.

4. CONCLUSIONS

In summary, we have demonstrated a scheme to reconfig-
ure near-infrared nano-kirigami metasurfaces by applying

pneumatic pressure. The metasurfaces consisted of 2D com-
bined Archimedean spirals, and the 3D deformable features
were successfully tested by the FIB-based nano-kirigami pro-
cess, which induced a significant modification in reflection
by 137%. By using pneumatic force as the external stimulus,
reconfiguration of the near-infrared optical resonances has been
achieved by integrating the suspended porous metasurfaces
with an optofluidics chamber, with which the optical resonan-
ces were reversibly modulated by engineering the pneumatic
pressure. Our work provides what we believe, to the best of our
knowledge, is a novel and simple strategy to realize tunable/
reconfigurable metasurfaces, and creates a promising lab-on-
a-chip platform for applications in reconfigurable optical devi-
ces, microfluidics, biological diagnostics, chemical sensing, and
pressure monitoring.
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