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Abstract: Over the past decade, tremendous efforts have been devoted to the design of
metamaterials with ultrahigh absorption. These perfect absorbers can realize the annihilation
of incident electromagnetic waves by eliminating reflection and transmission of microwaves,
infrared, visible, and ultraviolet. However, the optical properties are usually unchanged due to
a rigid structure. In this work, we propose a mechanically stretchable metamaterial composed
of polydimethylsiloxane and gold with tunable optical properties in the mid-infrared region. A
large variation of absorptances with different gold filling ratios is demonstrated as well as the
corresponding electric field distributions. Under moderate uniaxial and biaxial tensions, the
proposed two-dimensional grating structure has achieved a dynamic tuning of infrared thermal
properties, including a sharp reflectance-absorptance switch. This mechanically stretchable
metamaterial can serve different optical and sensing functions due to its facile tunability.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metamaterials are artificial composite materials with subwavelength structure units and exhibit
unique electromagnetic responses via properly tailoring the structural features. Thus, metama-
terials demonstrate unique properties that does not exist in natural materials [1–3]. They have
been applied in various fields, for example, super-lenses and super-resolution imaging [4–8],
negative index materials [9–11], invisibility cloaking [12–14], perfect absorbers [15–18] and so
on. Recently, both broadband and narrowband metamaterial absorbers have been proposed over
a broad wavelength range covering microwaves, infrared, visible and ultraviolet light [19–25].
Ding et al. experimentally demonstrated broadband, polarization-insensitive and omnidirectional
absorbers working in the near-infrared range [26]. The proposed absorber was based on the
metal-insulator-metal (MIM) configuration, in which the highly lossy metal titanium contributed
to the decrease of the quality factor of the localized surface plasmon resonance, thus leading
to the broadband absorption. Tian et al. computationally and experimentally demonstrated
a MIM spectrally selective solar absorber. It exhibited high absorptance at solar irradiance
wavelength and low emittance at infrared thermal wavelength, which improved the energy
conversion efficiency of solar thermal engineering [27].

In addition to the unchanged optical properties, tunable metamaterials have attracted consider-
able attention in the past few years as well. Based on the phenomenon that causes the change, the
tunable metamaterials can be briefly classified into four categories: thermal, optical, mechanical,
and electrical tunability [28]. Some active materials are incorporated in the design, such as phase
change materials and elastic materials. Chen et al. proposed a tunable plasmonic perfect absorber
based on phase change material Ge2Sb2Te5 (GST), and a tuning range of 650 nm was achieved
by varying the crystallization level of GST [29]. Xu et al. investigated stretchable infrared
metamaterials utilizing mechanically flexible and deformable polydimethylsiloxane (PDMS). The
tuning ranges of 2.37 µm and 2.36 µm were numerically obtained for ring-shape and cross-shape
patterns respectively by stretching along different directions [30]. Over the past decade, great
attention has been paid on preparing metamaterials based on flexible polymers, such as PDMS,
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polyimide, polyethylene terephthalate (PET), polyethylene naphthalene (PEN), Kapton, and so
on [31–36]. The structural flexibility enables applications on non-planar surfaces and opens a
route for wearable electronic devices in a variety of sensor fields [37].

The aforementioned tunable metamaterials mainly focus on the peak shifting for narrowband
absorption. In this work, we numerically propose a gold (Au)-PDMS two-dimensional grating
structure showing sufficient tuning range in absorptance/reflectance over a broad mid-infrared
region from 7 µm to 20 µm. The calculation is based on rigorous coupled wave analysis (RCWA)
method. The relationship between the absorptance α and reflectance ρ is α = 1− ρ. The structure
is designed to be opaque in the mid-infrared region, therefore, the transmittance is negligible. It
is numerically concluded that the absorptance greatly relys on the filling ratio of the Au square
patch, especially when it is between 0.8 and 0.92, which is further validated by the electric field
distributions. The spectral tuning performance is evaluated under moderate uniaxial (along x
or diagonal direction) and biaxial tensions. A sharp reflectance-absorptance switch is realized
under a biaxial strain of 0.15.

2. Results and discussion

Figure 1 shows the schematic of the proposed two-dimensional grating structure, which consists
of a PDMS substrate and Au square patches on top. The thicknesses of the Au square patch and
the PDMS substrate are 50 nm and 700 µm, respectively. The PDMS with thickness of 700 µm
is easy to accomplish in a practical experiment. Each Au patch is in a square shape, therefore the
side length wx is equal to wy. The periods in both x and y directions, Λx and Λy, are equal to each
other in the original state, which can have distinct values when the tensile force is applied to the
structure. The original filling ratio ϕ = ϕx = ϕy, here ϕx = wx/Λx and ϕy = wy/Λy.

Fig. 1. (a) Schematic of the Au-PDMS two-dimensional grating structure. The thicknesses
of the Au square patch and the PDMS substrate are 50 nm and 700 µm, respectively. (b) Top
view of the structure. The side lengths of Au square patches, wx and wy, are the same. The
periods in x and y directions are Λx and Λy, respectively.

The calculation is performed by RCWA method to study the infrared thermal properties of
the proposed reconfigurable metamaterial. The direction of propagation of the incident light
is along z direction. The dielectric functions of Au and PDMS can be found in these works
[38,39]. The mid-infrared spectrum from 7 µm to 20 µm can be tuned substantially, which
greatly depends on the filling ratio ϕ. In Fig. 2(a), both periods Λx and Λy are fixed at 1 µm.
The absorptance is dramatically changed from close-to-unity to nearly zero by increasing the
filling ratio. Since PDMS with 700 µm thickness is opaque to the mid-infrared light (Fig. S1),
the transmittance of the structure can be negligible. Therefore, the reflectance can also be tuned
substantially, but in an opposite trend to the absorptance. It is demonstrated in Fig. 2(a) that
the variations of absorptance occur when the filling ratio is larger than 0.8. Therefore, with a
small change in filling ratio from 0.8 to 0.92, the structure is switched from high absorptance to
high reflectance. In this case, the periods are fixed and different side lengths of the Au square
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patches lead to varying filling ratios accordingly. The tunability can also be realized by changing
the periods while the geometry of the Au square patch is fixed (Fig. S2). Since PDMS is an
elastomer, it can be easily stretched, thus changing the periods and the filling ratios as well. This
provides a convenient way to dynamically manipulate the mid-infrared spectrum by mechanical
deformation. In this calculation, the geometric parameters of the Au square patches are assumed
to keep unchanged during the stretching process, including the thickness and the side length, as
the Young’s modulus of Au is much larger than that of PDMS. Moreover, the slight variation
of the thickness of the PDMS substrate is neglected for calculation simplicity. The thickness
would be thinner when stretched, however, with the strains discussed in the following analysis,
the thickness of PDMS is larger than 300 µm, and it is still opaque to the mid-infrared light (Fig.
S1). The penetration depth (δ) is calculated via δ = λ/4πκ [40] and plotted in Fig. 2(b), where λ
is the wavelength and κ is the extinction coefficient. It is demonstrated that from 7 µm to 20 µm,
the penetration depth of a PDMS bulk is below 80 µm. Thus, it is confirmed that the thickness
variation of the PDMS has little impact on the mid-infrared spectra.

Fig. 2. (a) Absorptance spectra of the structure with varying filling ratios ϕ. Both periods
Λx and Λy are fixed at 1 µm. (b) Penetration depth of a PDMS bulk in the mid-infrared
region from 7 µm to 20 µm.

To reveal the physical mechanism of the tunable infrared thermal properties, the electric
field |Ey | for TE polarization is plotted at 12 µm, which is in the wavelength region of interest.
Figure 3(a) is a schematic of one unit of the proposed structure. The origin of the coordinate
system is at the center of the Au top surface. The y − z plane is at x = 0, and the x − y plane is at
z = 0.025 µm. From Figs. 3(b) and 3(d), it is noted that as ϕ = 0.5, the electric field is strongly
confined between adjacent Au square patches along y direction. When ϕ is increased to 0.92
(Figs. 3(c) and 3(e)), this strong confinement almost disappears, and the Au-PDMS structure
exhibits high reflectance feature of Au, since the filling ratio now is quite large. The electric
field distributions for multiple units are displayed in Fig. S3. To further validate the results,
the transmittance spectra of a single Au grating layer and the spectra of a bare PDMS film with
thickness of 700 µm are plotted in Fig. S4 and Fig. S5, respectively. The absorptance of the bare
PDMS film is close to unity. When the Au filling ratio is as large as 0.8, the transmittance is still
higher than 0.8. Thus, the transmitted light is absorbed by the PDMS substrate. As the filling
ratio rises to 0.92, there is no transmitted light, and this high-density Au arrays behave as a thin
film of Au exhibiting high reflectance.

Next, three common stretching scenarios are discussed. The tensile force is applied only in
x direction, in the direction with 45◦ to the x axis, and in both x and y directions, respectively.
When the tensile force is applied only in x direction (Fig. 4(a)), the PDMS is stretched along the
x direction and compressed in the y direction. There should be a maximum x-direction strain
εxmax when the PDMS strips between two adjacent Au square patches in y direction totally vanish.
The relationship between the original filling ratio ϕ and εxmax can be derived as εxmax = 2(1 − ϕ).
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Fig. 3. (a) Schematic of one unit of the Au-PDMS structure. The y − z plane is at x = 0.
The x − y plane is at z = 0.025 µm, and z = 0 represents the top surface of the Au layer. The
electric field distributions at y − z plane for filling ratios equal to (b) 0.5 and (c) 0.92. The
electric field distributions at x − y plane for filling ratios equal to (d) 0.5 and (e) 0.92. The
while lines present the side views and top views of the Au grating structure. All electric field
distributions are at wavelength of 12 µm.

Based on the results from Fig. 2(a), we focus on the filling ratio ϕ from 0.8 to 0.92, when the
dramatic change in the absorptance occurs. Two original states are selected with filling ratios
equal to 0.92 and 0.8 for Figs. 4(b) and 4(c), and their respective εxmax are 0.16 and 0.4. The
deformation strain in the y direction εy is calculated based on the fact that the Poisson’s ratio for
PDMS is 0.5. In Fig. 4(b), at the stretched state, εx is 0.15, and εy equals 0.075. It is shown that
the reflectance decreases from close-to-unity at the original state to around 0.5 at the stretched
state, and the absorptance increases from near zero to around 0.5. In Fig. 4(c), the original state
has high absorptance over 0.8. With a strain of 0.3, both absorptance and reflectance can be
tuned to around 0.5.

In Fig. 5(a), when the force is applied in the direction with 45◦ to the x axis (x′ axis), each unit
enclosed by red dashed lines is assumed to deform from a square shape to a rhombus, while the
Au square patches are still in the center of each unit. A new x′ − y′ coordinate and a new unit
with blue dashed lines are introduced here. The blue unit still remains a rectangular shape upon
stretching, which helps us to build the model in RCWA calculation and perform the analysis. The
limiting case happens when adjacent vertexes of the Au square patches contact in the y′ direction.
The relationship between the original filling ratio ϕ and εx′max can be derived as εx′max = 2(1− ϕ).
The original filling ratios for Fig. 5(b) and (c) are 0.92 and 0.85, respectively. Therefore, εx′max
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Fig. 4. (a) The deformation process when the tensile force is applied in x direction. (b)(c)
Absorptance α and reflectance ρ from 7 µm to 20 µm as the structure is in the original or
stretched state. The original filling ratios for (b) and (c) are 0.92 and 0.8, respectively. The
strains in x direction for stretched states in (b) and (c) are 0.15 and 0.3, respectively.

are 0.16 and 0.3, respectively. Similar variation trends are observed for both absorptance and
reflectance as compared with the results in Fig. 4. The structures show high reflectance (Fig. 5(b))
and high absorptance (Fig. 5(c)) at their original states, while the reflectance and absorptance
become closer to each other at the stretched states.

Fig. 5. (a) The deformation process when the tensile force is applied in the direction with
45◦ to the x axis (x′ axis). (b)(c) Absorptance α and reflectance ρ from 7 µm to 20 µm as
the structure is in the original or stretched state. The original filling ratios for (b) and (c) are
0.92 and 0.85, respectively. The strains in x′ direction for stretched states in (b) and (c) are
0.15 and 0.25, respectively.

Based on the aforementioned two stretching scenarios, a quite large tuning range has been
achieved for absorptance and reflectance. Furthermore, it is possible to make this tuning range
even larger, for example, from high reflectance to low reflectance (high absorptance). Based on the
relationship between the absorptance and the filling ratios in Fig. 2(a), this reflectance-absorptance
switch can only be achieved when both ϕx and ϕy increase or decrease simultaneously. Therefore,
in Fig. 6(a), the tensile forces are applied in both x and y directions. The original filling ratio
of the structure is 0.92, when it shows a high reflectance feature (Fig. 6(b)). Upon stretching
to εx = εy = 0.15, the structure switches to a high absorptance, while the reflectance is mainly
below 0.2 in the mid-infrared region from 7 µm to 20 µm. Same stretched state can be obtained
as the tensile forces are applied in the diagonal directions (the orange arrows). In summary, with
only a small biaxial strain of 0.15, the optical characteristics can be totally reversed. Moreover,
reflectance spectra at various incident angles of 15◦, 30◦, 45◦ and 60◦ are investigated. Figure



Research Article Vol. 29, No. 23 / 8 Nov 2021 / Optics Express 37373

S6a, b and c demonstrate the unstretched state, uniaxially stretched state in x direction and
biaxially stretched state, respectively. The original filling ratios for these three cases are all
equal to 0.92. In all three cases, the reflectance of the Au-PDMS structure varies under different
incident angles. However, the changes are not magnificent. Combined with the corresponding
normal incidence results in Fig. 4(b) and Fig. 6, this structure exhibits an angle-independent
characteristic with incident angles up to 60◦.

Fig. 6. (a) The deformation process when the tensile forces are applied biaxially. (b)
Absorptance α and reflectance ρ from 7 µm to 20 µm as the structure is in the original
or stretched state. The original filling ratio is 0.92. The strains in x and y directions for
stretched states are both 0.15.

3. Conclusion

Metamaterials exhibiting extraordinary properties that cannot be found in nature have aroused
tremendous attention over the past decade, such as negative index materials, invisibility cloaking
and perfect absorbers. To increase the flexibility of metamaterials, there are literatures reporting
the tuning mechanisms, for example, semiconductor diodes, ferroelectric materials and liquid
crystals. Herein, a reconfigurable and stretchable metamaterial composed of two-dimensional
Au gratings and PDMS substrate is reported. Easily tunable absorptance and reflectance in the
mid-infrared region from 7 µm to 20 µm is presented under controllable mechanical deformation,
especially when the filling ratio is in a small range between 0.8 and 0.92. The electric field
distributions with distinct filling ratios are shown to better understand the physical mechanism of
the tunable infrared thermal properties. Two uniaxial and one biaxial stretching scenarios are
investigated, all of which exhibit an outstanding spectral tuning capability. Therein, the biaxial
stretching scenario shows the largest tuning range and achieves a sharp reflectance-absorptance
switch. Furthermore, the simplistic tunable approach employed herein may be easily applied to
other soft materials and geometries to further enhance tunability.
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