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ABSTRACT: Optical devices with switchable optical properties
have attracted great interest in recent years because of their
extensive engineering applications. The dynamic tuning of optical
properties can be triggered by various types of external stimuli. In
this work, a mechanically induced elastomeric optical transmittance
modulator is reported. The design is composed of poly-
(dimethylsiloxane), a silicone-based rubber transparent at visible
wavelengths, with gold nanofilms deposited on the surface. The
influence of geometric parameters on the total transmittance is
studied utilizing the Rigorous Coupled Wave Analysis model.
Taking advantage of the excellent stretching capacity of the
elastomer, reversible modulation of both normal and total transmittance is achieved. A 42% rise in the total transmittance is realized
under a strain of 80%. Cycle testing illustrates stable structural integrity and optical performance even after repeated strain cycles.
This elastomeric optical transmittance modulator opens avenues for practical applications due to its simple design and facile
tunability.
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■ INTRODUCTION

The dynamic tuning of optical transmittance has recently
attracted significant attention due to various promising
applications, such as smart windows,1−5 sensing devices,6 and
optical data storage.7,8 Many strategies and materials have been
introduced to realize switchable optical properties. Notable
techniques include suspended particles,9 liquid crystals,10 and
chromogenic materials designed to respond to external
optical,11,12 thermal,13 electrical,5,14,15 and chemical stimuli.16

However, barriers to practical applications still persist, such as
complicated fabrication processes and chemical instability.17

Among the aforementioned external stimuli which are used to
tune optical properties, reversible tuning by mechanical forces
is the most straightforward method and possesses the merit of
a rapid responsive time, thus drawing a great deal of
attention.18,19

Polymer science has been designated as “the gateway to the
future,” as it deals with our capability to develop ever-more
sophisticated materials to suit the desires of society and the
planet.20 Polymers are serving a vital role in various state-of-
the-art sustainable energy technologies such as triboelectric
nanogenerators,21−23 supercapacitor,24,25 and piezoelectric
generator.26,27 Poly(dimethylsiloxane) (PDMS), an optically
transparent elastomer, is commonly used for engineering
applications such as smart windows due to its transparency
over solar wavelengths and mechanical properties favorable for
stretching. Many elastomer-based devices have been proposed
in recent years, which utilize various dynamic tuning strategies,
including mechanically controlled voids,28 surface-texturing

with nanopillars,29,30 magnetically tunable structures,31 embed-
ded silica nanoparticles,1 crumpling of metallic nanofilms,
graphene films, and graphene oxide films.32−34 Jiang et al.
proposed a generalized synthesis strategy for fabricating
reversible surface wrinkles on elastomeric PDMS substrates
with different skin layer materials, such as poly(vinyl alcohol).
The bilayer film can be switched between a transparent
stretched state and an opaque released state upon moderate
stretching.35 Li et al. reported a highly effective one-step
fabrication method by ultraviolet/ozone etching the surface of
a freestanding PDMS film. A large transmittance tuning range
was realized by harnessing the wrinkling−cracking patterns on
the surface.17 It should be noted that in these studies, the high
transmittance change is actually normal transmittance. The
surface roughness helps to scatter the incident light rather than
block or absorb the light, resulting in a slight total
transmittance reduction as a result of an increased strain.17

In this paper, a PDMS-based elastomeric grating with
nanometer-thick gold (Au) layers deposited on the surface is
presented. A SU-8 grating mold is fabricated using photo-
lithography, which is followed by PDMS curing and electron
beam evaporation. Two deposition scenarios are fabricated.
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For Scenario 1, Au is present on all of the surfaces of PDMS,
shown in Figure 1a, such that the original unstrained state is
totally opaque. For Scenario 2, Au is only on the PDMS grating
fabricated by the oblique angle deposition method. A
geometric parameter study is also conducted using the
Rigorous Coupled Wave Analysis (RCWA) model, which
considers the width and period of the grating, as well as the
thickness of Au layers. For Scenario 1, when subjected to
mechanical stress, the average normal optical transmittance can
be tuned from 5 to 20%, and the experimental results match
well with the calculated RCWA results. The optical tuning
range can be further improved when considering the total
transmittance instead of just the normal transmittance.
Transmittance modulators utilizing surface wrinkles are only
able to affect the normal transmittance, as their surface
geometries scatter incident light instead of reflecting it.17 In
contrast, Au utilized herein reflects the incident light, allowing
for the dynamic tuning of total transmittance and further

expanding the applicability of this technique. Moreover, the
Au-deposited elastomer can be reversibly cycled without
sacrificing structural integrity or optical performance. This
elastomeric optical transmittance modulator sheds light on
optical systems that make tunable interactions with light
possible and can also be leveraged for potential applications
such as smart windows.

■ RESULTS AND DISCUSSION

Figure 1a schematically shows the stretching process of the Au-
deposited elastomer. The width of the grating is represented by
w, and Λ is the grating period. PDMS substrate, PDMS grating,
and Au thicknesses are, respectively, given by h1, h2, and h3.
Two elastomer fabrication scenarios are introduced: Au
deposited on all surfaces of PDMS (Scenario 1) and Au
deposited only on the PDMS grating surfaces (Scenario 2).
When the Scenario 1 elastomer is subjected to lateral
mechanical stress perpendicular to the length of the grating,

Figure 1. (a) Schematic illustration of the stretching process of the Au-deposited elastomer. Scenario 1: Au deposited on all surfaces of PDMS.
Scenario 2: Au only deposited on PDMS gratings. (b) Sample of Scenario 1 stretching from the original, unstrained state to a state with 50% strain.
The scanning electron microscopy (SEM) images of (c) a Scenario 1 sample, (d) a Scenario 2 sample, and (e) the cross section view of a Scenario
1 sample.

Figure 2. Total transmittance spectra for the grating structure (shown in the inset of (b)) from 350 to 2500 nm, calculated using the RCWA model.
(a) Transmittance spectra of three different grating structures. Solid lines show TM polarizations, and dashed lines show TE polarizations. The unit
in the legend is μm. (b) Transmittance spectra of the grating structure with w/Λ = 50/100 μm. (c) Grating structures with varying values of h3.
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additional PDMS substrate becomes exposed to the incoming
light. Two PDMS areas with equivalent widths appear on
either side of Au layers between the gratings; thus, modifying
the way light interacts with the structure as a whole. In
Scenario 2, the widths of gratings and grooves elongate in the
same proportion. The precise control of strain is realized by a
custom-built stretching device based on a high-precision
displacement-sliding table (Figure 1b). The morphology of
the elastomer is shown by scanning electron microscopy
(SEM) images. Figure 1c,1d provides top views of the
corresponding scenarios, in which w and Λ are 50 and 100
μm, respectively. Figure 1e presents the cross section of one
grating for Scenario 1 with h2 equals to 25 μm.
The geometric parameters of the grating structure are

studied using the RCWA model to identify a suitable structure
for experimental tests. The thickness of the PDMS grating
layer h2 has little impact on the calculated transmittance
because the PDMS substrate layer h1 is much thicker than h2.
Therefore, this layer is removed for calculation for the sake of
simplicity. Similarly, little attention is paid to variations in the
thickness of the PDMS substrate h1. This value must be thick
enough to maintain a freestanding structure but not too thick

to render stretching difficult. Therefore, a value of h1 = 0.7 mm
is chosen to satisfy both structural stability and elasticity. In the
following analyses, h3 = 50 nm for Figure 2a,b and w = 50 and
Λ = 100 μm for Figure 2c. Figure 2a shows the total
transmittance over visible and near-infrared wavelengths with
varying periods with w/Λ fixed at 0.5. Three cases are taken
into consideration: Λ = 0.02, 0.4, and 2 μm. It is observed that
there is a larger discrepancy between transverse electric (TE)
and transverse magnetic (TM) polarizations when the period is
decreased. This discrepancy tends to be smaller and can be
ignored with larger periods, as exemplified by the nearly
overlapping TE and TM curves in Figure 2b with a period of
100 μm. The total transmittance is the average of TE and TM
values, and it depends on the filling ratio w/Λ rather than the
period Λ. Therefore, a larger period Λ = 100 μm is chosen for
the experiment, and it is easy for fabrication by photo-
lithography.
The influence of Au layer thickness (h3) is studied in Figure

2c. The transmittance is almost the same for gold thickness
values of 50, 80, and 150 nm. Thinner values for the gold layer
yield higher transmittance, as shown for the 20 nm case,
indicating that transmittance is negatively correlated with Au

Figure 3. Fabrication process of the Au-deposited elastomer, including photolithography, PDMS curing, and electron beam evaporation. There are
two scenarios for fabricated elastomers: Au on all of the surfaces of PDMS (Scenario 1) and Au only on the PDMS gratings (Scenario 2).

Figure 4. Microscopic images of the Au-deposited elastomer in its original unstrained state, under an applied stress, and after the stress is released.
(a) Scenario 1 and (b) Scenario 2.
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layer thicknesses mainly between 20 and 50 nm. At thicknesses
above 50 nm, Au can be regarded as a “bulk” material because
its transmittance does not change greatly as a function of
thickness above this value. Moreover, there exist maxima fixed
at λ = 500 nm, corresponding to the natural color of the metal.
The maxima of the transmission spectra are conditioned by the
existence of bulk absorption modes according to their

dispersion equation kc/ ( )ω ε ω= , where k is the complex
wavenumber, c is the light speed in vacuum, and ε(ω) is the
complex, frequency-dependent dielectric function. Therefore,
the maximum occurs at λ = 500 nm in the transmittance
spectra of Au films, offering an explanation for the natural
yellowish color of Au.36

Next, Au/PDMS elastomers are fabricated to expand upon
RCWA results. Figure 3 shows the fabrication process of the
Au-deposited elastomer. A SU-8 mold is fabricated using
photolithography. The base and curing agent of PDMS are
mixed to a mass ratio of 10:1, degassed, and cured in a 60 °C
oven. Au is deposited on the PDMS substrate using electron
beam evaporation. More details on the fabrication process are
provided in the Experimental Section. Scenarios 1 and 2 of Au-
deposited elastomers are fabricated to enable experimental
testing with the following parameters: h1 = 0.7 mm, h2 = 25
μm, h3 = 75 nm, w = 50 μm, and Λ = 100 μm.
The stretching process is observed utilizing an optical

microscope to clearly show how this Au-deposited elastomer
behaves under applied stress. In Figure 4, the elastomers of
both scenarios are stretched and then released to the original
state. When no stress is applied to the elastomers, Au covers all

of the surfaces of the PDMS substrate for Scenario 1 (Figure
4a) and only the PDMS gratings for Scenario 2 (Figure 4b).
After stretching the elastomers, for Scenario 1, two non-
reflective areas of equal widths are observed between each Au
stripe. As shown in the sketch of Figure 4a, these areas are due
to the elongation of the PDMS substrate between the two
layers of Au. The sketch represents an ideal case, where the
thicknesses of the PDMS substrate, the PDMS grating, and the
Au layer remain unchanged during the stretching. The widths
of PDMS gratings and Au stripes are also considered as
constant across the structure. For Scenario 2, it is shown that
the widths of gratings and grooves elongate in the same
proportion. Moreover, due to the Poisson’s effect, compression
along the transverse direction induces wrinkling in Au stripes, a
phenomenon that is more apparent in Scenario 2. After
releasing the tensile strain, wrinkling patterns become
flattened, and the film surface reverts to the initial smooth
state. This strain-tunable surface topography is used to regulate
optical transmittance.
A spectrophotometer is then used to measure the normal

transmittance (zeroth order) of the Au-deposited elastomer for
Scenario 1 under different strains from 0 to 80% (Figure 5a).
An increase in the normal transmittance through the visible
and near-infrared wavelength regions is notable for increased
amounts of strain. This is caused by the exposure of a more
bare PDMS substrate when the elastomer is subjected to
mechanical stress. An average transmittance tuning range from
5 to 20% is achieved by modulating between 0% strain and
80% strain. To verify the experimental results, the normal
transmittance of this grating structure is calculated utilizing the

Figure 5. Experimental and calculated transmittance spectra for Scenario 1 structure from 350 to 2500 nm. (a) Experimental normal transmittances
for strains varying from 0 to 80%. (b) Comparison between the experimental and calculated (RCWA) transmittances at three different strains: 20,
50, and 70%. (c) Calculated total transmittances for strains varying from 20 to 80%.

Figure 6. (a) Strain test for the pure PDMS grating sample and the Au-deposited elastomer. (b) Average transmittance of the Au-deposited
elastomer through the cyclic stretching and releasing process.
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RCWA method, and the assumption of a constant Au width is
made. In Figure 5b, at three different strains, the calculated and
experimental results match quite well. Besides the perpendic-
ular incidence, we also measure normal transmittances at
incident angles of 0, 15, 30, and 45° when the Au/PDMS
elastomer is in its original unstretched state (Figure S1a) as
well as at a strain rate of 60% (Figure S1b). It is obviously
shown that the normal transmittance is reduced with larger
incident angles. This is because with oblique incident angles,
the elongated PDMS between two layers of Au is blocked by
the adjacent grating though non-Au-covered side walls are
exposed to the light (Figure S1c). This transmittance tuning
range can be further improved when considering the total
transmittance, as scattering losses caused by the grating
structure and the wrinkling pattern on Au stripes are present
when evaluating the normal transmittance. Thus, there exists a
discrepancy between the normal and total transmittance. As
shown in Figure 5c, the total transmittance (all orders)
calculated by the RCWA method is higher than the normal
transmittance under the same strain in Figure 5a. The average
total transmittance for 80% strain is 42%, double the average
normal transmittance corresponding to the same strain.
In addition to a large transmittance modulation range, the

maximum strain and durability are also key concerns for usage
in practical applications. A strain test is carried out for the pure
PDMS grating sample and the Au-deposited elastomer. From
Figure 6a, it is seen that the two curves almost overlap,
indicating that the mechanical properties of the two samples
are similar. The pure PDMS and Au/PDMS elastomer
fractures at 110 and 118% strains, respectively. The deposited
nanometer-thickness Au has little influence on the Young’s
modulus of PDMS, which proves the feasibility of the
mechanically induced transmittance modulator. A cyclic
stretching and releasing experiment is conducted to verify
the durability of the elastomer. One cycle consists of stretching
the sample to 80% strain and then releasing the tensile force to
return the sample to its original unstretched state. Figure 6b
shows that over 50 cycles, the average transmittance is
consistent when the elastomer is in the stretched state (20%
transmittance) or original state (5% transmittance). Figure
S2a,b shows the top-view SEM images of the sample before
and after 50 cycles. After 50 cycles, the Au/PDMS interface
still exhibits a good contact, and there is no obvious deposited
Au peel-off, except that some wider cracks are generated due to
the repeating stretching-releasing process. Thus, the Au-
deposited elastomer can be reversibly cycled without sacrificing
structural integrity and optical performance.
This Au/PDMS elastomer provides a facile method to

accomplish dynamic tuning of optical transmittance. In the
previous work, reversible tuning by mechanical forces has been
proposed, which harnesses surface wrinkles to scatter the
incident light.17,35 While a large normal transmittance
modulation is achieved, the total transmittance change is
limited. In this work, both normal and total transmittance
modulations have been realized through a stretchable Au/
PDMS elastomer. When the elastomer works in its original
state under solar irradiation, it blocks almost all of the
incoming light. Upon stretching to 80% strain, the elastomer
exhibits a large solar energy modulation of 42%, with a
promising application in smart windows.

■ CONCLUSIONS
Switchable optical properties have garnered great attention in
recent years due to their promising engineering applications,
such as smart windows. Compared with chromogenic materials
in response to external optical, thermal, electrical, and chemical
stimuli, the tunable optical transmittance induced by
mechanical force is the most straightforward and simple to
accomplish. In this work, an elastomeric optical transmittance
modulator is presented, composed of a stretchable PDMS
substrate and employing Au as the reflective layer. The
influences of geometric parameters on the total transmittance
are evaluated by the RCWA method and show great
agreement, indicating the applicability of this method for
evaluating strain-based optical tuning. Microscopic images
clearly show mechanisms by which the transmittance
modulator deforms under a moderate strain and help to
explain the optical behaviors that the modulator exhibits. The
average normal transmittance is tuned from 5% at 0% strain to
20% at 80% strain, while the total transmittance can reach 42%
at the same stretched state. The cycle test results promise both
adequate structural integrity and consistent optical perform-
ance after repeated stretching and releasing processes. This
mechanically induced elastomeric optical transmittance mod-
ulator is suitable for applications within many emerging optical
systems that can leverage this technology. Furthermore, the
simplistic tunable approach employed herein may be easily
applied to other materials and geometries to further enhance
tunability.

■ EXPERIMENTAL SECTION
Mold Preparation. The mold of the grating structure is built on a

4 inch diameter silicon wafer using photolithography. The wafer is
cleaned using successive washes of acetone, methanol, and deionized
water and dried on a hot plate. Photoresist SU-8 2025 is spin-coated
onto the wafer using a Laurell Spinner. The thickness of the SU-8
layer is set at 25 μm by choosing an appropriate spinning speed and
time. Soft baking, exposure, and post exposure baking are performed
according to basic photolithography procedures. The exposure time
to ultraviolet light is 20 s, performed using Quintel 4000 mask aligner.
The unexposed resist is dissolved by a SU-8 developer, while the
exposed resist remains since SU-8 is a negative photoresist.
Photolithography transfers the pattern from the mask to the
photoresist layer.

Sample Preparation. PDMS samples are prepared using a
commercially available kit (Sylgard 184, Dow Corning). The base and
curing agent are mixed to a mass ratio of 10:1, degassed in a vacuum
chamber for 30 min. The mass of the base and curing agent is
calculated to achieve a PDMS substrate thickness of 0.7 mm. The
mixture is then poured onto the SU-8 mold and cured in an oven at
60 °C for 150 min. The gold pellets (purity: 99.999%, 1/8″ diameter
× 1/8″ long) are purchased from Kurt J. Lesker Company. Seventy-
five nanometer Au is deposited on the PDMS substrate using the
electron beam evaporation method at a vacuum of 2 × 10−6 Torr. The
deposition rate is 3 Å s−1. For Scenario 2, the oblique angle deposition
method is utilized. The sample is fixed on an adaptor, which changes
the incident angle from the Au source. The incident angle depends on
the geometric parameters of the PDMS grating.

Material Characterizations. The transmittance spectra in the
range of 350−2500 nm are measured by the Jasco V770
spectrophotometer. The custom-built stretching device with a sample
clamped on it is placed vertically to the optical path in the sample
chamber. Without using the integrating sphere, only the normal
transmittance is received by the detector. The background measure-
ment is conducted when there is nothing inside the sample chamber.
Different strains of the sample from 0 to 80% have been realized by
this custom-built stretching device based on a high-precision
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displacement-sliding table, and the corresponding normal trans-
mittance data are recorded. For the cyclic test, the sample is stretched
to 80% strain and then released to its original unstretched state. This
stretching-releasing process is performed 50 times. Accessory for
variable incident angle (VTA-752) is utilized for the measurement of
oblique incidence. The morphology and structure of the Au-deposited
elastomer are characterized by scanning electron microscopy (Supra
25 SEM). The microscope images are obtained using Metallurgical
Microscope (AmScope, ME520TC-18M3) in the brightfield mode.
The strain test is conducted using MARK-10 motorized test stands
ESM303.
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