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Elastic Plasmonic-Enhanced Fabry–Pérot Cavities with
Ultrasensitive Stretching Tunability
Pau Güell-Grau, Francesc Pi, Rosa Villa, Olof Eskilson, Daniel Aili, Josep Nogués,
Borja Sepúlveda,* and Mar Alvarez*
approaches have been followed in the
stretchable photonics field: i) optical structures operating in elastic mechanical conditions conserving their optical features
(e.g., stretchable light-emitting diodes
or optical waveguides),[4–6] or ii) devices
whose optical properties can be reversibly tuned by applying a mechanical
strain, which are appealing for sensing or
imaging applications[7] (e.g., tactile sensors,[8] tunable microlenses,[9] point-of-care
devices,[10] or holographic imaging[11,12]).
Within latter group of strain tunable
optical systems, interesting examples
are stretchable optical fibers, which have
shown the capacity to withstand large
deformations and to provide reversible
and sensitive light transmission changes
under mechanical deformations.[13] However, they are limited by the need of optical
interconnections. Photonic and plasmonic
micro/nanostructures on elastic substrates are interesting alternatives since
they can also provide optical responses
under mechanical deformations, i.e., mechanochromism.
Mechanochromic materials, usually based on diffractive
photonic crystals[14,15] or near-field interacting plasmonic nanoparticle arrays,[16–20] exhibit color changes under mechanical
deformations that enable active optomechanical tunability.
Elastic photonic crystals can be very sensitive, but they usually require highly reflective substrates to work in the reflection
mode and show high angular dependence, which complicates

The emerging stretchable photonics field faces challenges, like the robust
integration of optical elements into elastic matrices or the generation of large
optomechanical effects. Here, the first stretchable plasmonic-enhanced and
wrinkled Fabry–Pérot (FP) cavities are demonstrated, which are composed
of self-embedded arrays of Au nanostructures at controlled depths into
elastomer films. The novel self-embedding process is triggered by the Au
nanostructures’ catalytic activity, which locally increases the polymer curing
rate, thereby inducing a mechanical stress that simultaneously pulls the
Au nanostructures into the polymer and forms a wrinkled skin layer. This
geometry yields unprecedented optomechanical effects produced by the
coupling of the broad plasmonic modes of the Au nanostructures and the FP
modes, which are modulated by the wrinkled optical cavity. As a result, film
stretching induces drastic changes in both the spectral position and intensity
of the plasmonic-enhanced FP resonances due to the simultaneous cavity
thickness reduction and cavity wrinkle flattening, thus increasing the cavity
finesse. These optomechanical effects are exploited to demonstrate new
strain-sensing approaches, achieving a strain detection limit of 0.006%, i.e.,
16-fold lower than current optical strain-detection schemes.

1. Introduction
Flexible devices are gaining significant relevance for wearable[1]
or in situ health monitoring devices.[2,3] However, the development of stretchable photonic systems has been hampered by
the difficulty to achieve a robust and controlled integration
of the optical elements into elastic matrices. Two different
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their incorporation into functional devices. In contrast, plasmonic-based stretchable materials generally present angleindependence, but their mechanical spectral tunability and
sensitivity is lower, and they lack a wide linear detection range.
To overcome these limitations, materials that present combined
photonic and plasmonic response to mechanical stimulation
are currently investigated.[21–23] However, in both photonic and
plasmonic approaches, an accurate and stringent control of the
separation distance and size of the structures is required. Other
elastic optical structures that have been applied to tune light
transmittance are wrinkled polymer matrixes, in which the
light scattering is tuned by an applied strain.[24–26] Nevertheless,
these structures do not have spectral features, thus hampering
their use as active optomechanical sensing devices.
Another simple photonic device with high potential for
active mechanochromic applications is the Fabry–Pérot (FP)
cavity, which has been widely used for the design of interference filters, lasers, and biosensors.[27–29] However, current FP
cavities are rigid and their cavity thickness can only be varied by
applying enormous pressures or large temperature changes.[30]
Other approaches to develop electrically tuneable FP cavities
use liquid crystals, nanostructured surfaces, or nanoparticles,[31–33] which require complex manufacturing processes and
high tuning potentials. Therefore, there is a need to develop
new, easily manufactured, stretchable optomechanical devices
with large mechanical tunability, versatility, and robustness,
enabling the generation of large optomechanical effects.
Here, we present the first stretchable plasmonic-enhanced
and wrinkled FP cavities, leading to new optomechanical
effects under applied strains (Figure 1a). These cavities are
composed of arrays of plasmonic Au nanostructures selfintegrated inside elastomeric films at controlled depths by an
innovative self-embedding process. We first analyze in detail
the mechanisms that are responsible for the spontaneous penetration of the plasmonic nanostructures (Au nanodomes) into
the elastomer matrix (poly(dimethylsiloxane) (PDMS)) and the
wrinkle formation, and we demonstrate that it is due to a catalytic process generated at the Au interface that can be controlled
globally and locally by the polymer curing temperature. Then,
we characterize the optical properties of the self-embedded Au
nanostructures arrays, providing theoretical and experimental
demonstrations of the plasmonic-enhanced FP optical modes,
together with the intensity modulation influence of the wrinkled cavity. Finally, we analyze the large optomechanical effects
generated by the cavity stretching to demonstrate its versatile
applications, high sensitivity, and robustness for strain detection applications.

2. Results
The fabrication process of the stretchable plasmonic-enhanced
FP device is shown in Figure 1b. First, we fabricate an array
of Au nanodomes, i.e., Au semishells on polymer nanospheres,
by colloidal self-assembly of polystyrene nanospheres (diameter
200 nm) on silicon or polyimide substrates, followed by reactive
ion etching (RIE) to slightly reduce and tune the particle size
(Figure 1c). Subsequently, Au evaporation by highly directional
electron beam vapor deposition is carried out. Next, liquid

Adv. Mater. 2022, 34, 2106731

PDMS with a 10:1 cross-linker ratio is poured on the nanodome
array, and it is cured in an oven under controlled temperature.
After releasing the cured PDMS film from the substrate, two
remarkable morphologic effects are observed: i) the swallowing
of the Au nanodome arrays by the polymer matrix (Figure 1d),
and ii) the spontaneous formation of large wrinkles on the
PDMS surface (Figure 1e). For a curing temperature of 100 °C,
the penetration depth of the nanodome arrays is ≈1 µm, and
they closely follow the surface wrinkles pattern, which exhibits
an amplitude (A) and a wavelength (Λ) of 1 and 16 µm, respectively (Figure 1d,e).
The mechanism underlying the nanodomes self-embedding process and the subsequent formation of the wrinkled
FP cavity is illustrated in Figure 2a. The self-swallowing of
the Au nanodomes and the spontaneous wrinkle formation is
caused by the stress generated by the differential curing rate in
the PDMS matrix, caused by the Au interfaces acting as local
polymerization catalysts. The PDMS polymerization is based
on a hydrosilylation reaction, which is catalyzed by transition
metal complexes.[34] Typical curing agents include platinum
complexes, but other transition metals (e.g., Au) can also
behave as a catalyst to promote local cross-linking reactions.[35]
Importantly, the accelerated curing rate of the elastomer layer
in contact to the Au interfaces produces a mechanical stress
gradient, which pulls the nanodomes toward the interior of the
PDMS. Therefore, the Au nanodomes are forced to penetrate
inside the polymer matrix when this stress becomes stronger
than Van der Waals forces between the Au nanodomes and the
substrate. Additionally, this enhanced curing reaction also generates a stiffer polymer layer in the regions in contact to the Au
surfaces, which is responsible of forming the wrinkled pattern.
However, heating is needed to trigger the catalytic effect of Au,
as curing at room temperature leads to unwrinkled surfaces
with the nanodomes half-embedded at the surface (Figure 2b).
Note that the formation of a stiff PDMS layer and the wrinkles
formation can also be clearly seen when PDMS is cured on a
flat, unpatterned Au layer (Figure 2c–e).
Two control tests were carried out to demonstrate the catalytic effect of the Au nanostructures. First, we substituted the
thermally curable PDMS by a photocurable PDMS. Since the
polymerization reaction in this case is only driven by the UV
light, the Au nanodomes stayed half-embedded at the polymer
surface and the wrinkles were not formed (Figure S1, Supporting Information). Likewise, substitution of the Au coating
by Al, which is not a catalyst for the cross-linking reaction, did
not generate any local mechanical stress and the Al nanodomes
also remained half-embedded and flat in the polymer surface
(Figure S2, Supporting Information).
The wrinkle formation, triggered by the local stiffening of the
top PDMS layer, is consistent with the linear buckling theory.
Considering a hard skin layer in contact to a soft semi-infinite
substrate, the surface wrinkles are created when the residual
strain overcomes a threshold value,[36] εc, given by
2

εc =

1  3ES  3 (1)


4  EL 

where EL and ES are the Young’s modulus of the skin layer
and the substrate, respectively. If this condition is fulfilled, the
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Figure 1. a) Schematics of the wrinkled plasmonic-enhanced Fabry–Pérot (FP) cavity showing low-optical-quality cavity and the strained high-quality
cavity together with their corresponding reflection spectra. b) Schematic of the fabrication process. c) Scanning electron microscopy (SEM) image of
the self-assembled nanodomes on the substrate. d) Cross-section SEM image of the wrinkled PDMS with swallowed Au nanodomes. The amplitude,
A, and the wavelength, Λ, of the wrinkles are indicated in the figure. e) Confocal microscopy image of the wrinkled PDMS surface. The wavelength, Λ,
of the wrinkles is indicated in the figure.

 rinkles’ amplitude (A) and wavelength (Λ) are governed by the
w
following equations
A = hL

ε − ε c (2)
εc
1

 E L 3 (3)
Λ = 2π hL 

 3ES 
where hL is the thickness of the skin layer and ε is the generated strain. Therefore, the wrinkle dimensions depend on the
Young’s modulus mismatch and the hard skin layer thickness.
In the case of the Au-enhanced cross-linking, the differential
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curing rates inside the PDMS induce an increase in the Young’s
modulus of the thin layer in contact with the Au surface, which
generates the stress responsible for the wrinkles formation.
Remarkably, both the nanodomes penetration depth and
the associated wrinkles dimensions (A, Λ) can be accurately
controlled and tuned with the curing temperature. As can be
observed in Figure 2f, both the nanodome penetration depth
and the wrinkle wavelength are sharply reduced as the curing
temperature increases up to 140 °C, above which the reduction is much slower. The lower penetration depth at high
curing temperature can be explained by the very rapid viscosity
increase generated by the cross-linker in the whole PDMS
matrix, which hampers the Au nanodomes penetration inside
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Figure 2. a) Schematic of the Au nanodomes self-embedding process due to the differential curing rate and the generation of mechanical stress in the
material. b) Confocal image of the PDMS cured on the nanodomes arrays at room temperature showing the absence of surface corrugations (scale bar
= 20 µm). c) Picture of a PDMS film (scale bar = 5 mm) cured on a glass slide that is partially coated by a flat Au layer, showing the whitish wrinkled
surface in the part cured over Au (left). d) Confocal image of the wrinkled pattern of Au cured on a flat Au film (scale bar = 5 µm). e) Cross-section
SEM image (scale bar = 1 µm) of the PDMS cured on flat Au showing the formation of a hard skin polymer layer. f) Dependence of the nanodomes
penetration depth and wrinkle wavelength on the curing temperature. g) Photothermal gradient curing: wrinkle wavelength as a function of the temperature generated by the laser-induced nanodomes heating. h) Thermographic image of the laser-irradiated sample (color bar ranges from 20 to
75 °C), where the yellow rectangle represents the sample. i) Confocal microscopy image of half of the photothermally cured sample. The dashed red
arrow shows the temperature gradient (from high to low temperature).

the polymer. Therefore, lower curing temperatures enable
longer penetration time before the polymer matrix is fully
cross-linked and stops the penetration process.
The correlation between nanodomes penetration depth and
wrinkles wavelength shows a linear dependence, as expected
from Equation (3), which can also be used to estimate the
Young’s modulus of the hard PDMS skin layer. Introducing
the experimental values in Equation (3) yields a Young’s
modulus of 65 ± 14 MPa for the skin layer, which is consistent
with the stiffening of the polymer matrix plus the contribution of the hard Au nanodomes. The importance of the Au
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interface catalytic activity to promote the polymer stiffening is
observed in the wrinkles formed in PDMS layers cured on flat
Au films, whose dimensions are also temperature dependent
(Figure S3, Supporting Information). In this case, the wrinkle
dimensions are smaller in comparison to the PDMS cured
on top of Au nanodomes (Figure 2c,d). This effect is probably due to the smaller Au surface area and the lack of Au
penetration inside the polymer in the case of the Au films,
which leads to a thinner “hard layer” (Figure 2e) and therefore
smaller wrinkle dimensions, in accordance to Equations (2)
and (3).
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Interestingly, both the particle penetration and the wrinkle
pattern can be spatially controlled by exploiting the high photo
thermal efficiency of Au nanodomes[37,38] to locally generate
the necessary heat to activate the polymerization reaction at
the Au interfaces (Figure 2g–i). To demonstrate the effect, we
used an IR light beam (diameter 2 mm, wavelength 1064 nm,
intensity 6 W cm−2) to irradiate the Au nanodome array covered
by liquid PDMS. The Gaussian shape of the laser spot (with
decreasing light intensity along the radius of the laser spot) and
the heat diffusion induce a temperature gradient in the PDMS
(Figure 2g–i). As a result, the photo-induced heat by the nanodomes cross-links the PDMS and generates a clear gradient in
the wrinkle wavelength, which increases as the temperature
decreases (Figure 2g,i). This behavior further confirms the
dependence of the wrinkle morphology on the curing rate.
The new capacity to self-integrate arrays of plasmonic nanoparticles at controlled depths inside a transparent elastomer
matrix forming a plasmonic-enhanced wrinkled optical cavity
enables the generation of novel optomechanical effects. This
remarkable ability can be observed in the reflection spectra of
the nanodome arrays inside the PDMS cured at different temperatures and under increasing strains in Figure 3a,b. In the
case of 140 °C curing temperature, which yields a nanodome
penetration of 700 nm, the reflection spectra present three
clear peaks. The spectral positions and intensities of the peaks
experience an intense blueshift and intensity increase as the
film is stretched (Figure 3a). In contrast, the samples cured
at 100 °C showing a nanodome penetration depth of 1000 nm
(Figure 3b), give rise to four narrower reflection peaks that also
show blueshifts under increasing strains, although the intensity increase is slightly lower. This optomechanical behavior is
in stark contrast with the spectral response of the nanodome
arrays that are directly transferred to the flat surface of cured
PDMS (Figure S4, Supporting Information). This sample
shows a broad reflection peak from 650 to 1100 nm, whose
peak position and intensity barely change under stretching. The
optical response generated by the optical cavity is also observed
in Figure S5 in the Supporting Information, which compares
the reflection spectra for nanodomes arrays that are: i) transferred onto the surface of cured PDMS (Figure S5a, Supporting
Information), ii) half-embedded at the PDMS interface (Figure
S5b, Supporting Information), and iii) self-embedded inside the
polymer at a controlled depth.
To understand the nature of these multiple peaks and their
changes under applied strains, both the Au nanodome penetration depth and the geometry of the wrinkles should be
considered. The self-embedded nanodome array behaves as a
plasmonic-enhanced and broadband highly reflective interface inside the PDMS matrix, thereby creating a wrinkled FP
cavity. Therefore, the reflected light presents peaks at the wavelengths that fulfil the cavity resonance conditions. However,
the observed resonances are not equally intense, and the peaks
located at longer wavelengths are higher due to the strong coupling between the FP modes and the localized plasmon resonances of the Au nanodomes. The pure plasmon resonance
modes of the Au nanodome arrays when the Au nanodomes
are on the flat surface of a PDMS layer yield a broad reflection
band maximized in the 650 to 1100 nm range (as shown in
Figures S4 and S5, Supporting Information). Similar plasmon
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resonance reflectance spectra were also observed in the finite
difference time domain (FDTD) simulations of Au nanodome
arrays on flat PDMS with diameters spanning from 140 to
170 nm, i.e., in the same range of the observed experimental
diameters (average diameter davg = 160 ± 12 nm) (Figure S6,
Supporting Information). As a result, the coupling between the
FP and the plasmon resonance modes produce an enhancement in the intensity of the FP resonance peaks within the
plasmon resonance range, thus increasing the efficiency of the
FP cavity in this region (between 650 and 1100 nm). Note that
the dimensions of the Au nanodomes and the Au thickness can
be used to tune the plasmonic-enhanced reflectivity spectral
range to longer wavelengths.
The FP cavity also explains the higher number of resonant
peaks of Figure 3b observed for a lower curing temperature due
to the deeper nanodome penetration and the thicker FP cavity,
as well as the resonances blueshift induced by film stretching.
The strain parallel to the film yields a compression in the
perpendicular directions given by the material Poisson ratio.
Consequently, the strain parallel to the film reduces the polymer
cavity thickness resulting in large resonance blueshifts. To corroborate that the blueshifts are not due to plasmonic near-field
interactions between nanodomes, we experimentally analyzed
the optomechanical response using polarized light parallel and
perpendicular to the stretching direction (Figure S7, Supporting
Information). A strong near-field interaction between nanodomes would produce a blueshift for light polarization parallel
to the stretching direction due to the increase in nanodome separation, and a redshift for the polarization perpendicular to the
strain due to the compression of the material in this direction.
However, we observe similar blueshifts in both polarization
directions, thereby confirming the FP cavity shrinking effect.
The negligible near-field interaction between Au nanodomes is
responsible for the minimal optomechanical response observed
for Au nanodome arrays transferred to flat cured PDMS (Figure
S4, Supporting Information).
The FDTD simulations mimicking the nanoplasmonic
FP cavity and the mechanical strain are consistent with the
observed experimental spectral shifts (Figure 3c). We selected an
array of Au nanodomes with 150 nm diameter and 700 nm penetration depth to model the sample cured at 140 °C (Figure 3a).
The induced strains in the direction parallel to the film ranging
from 0% to 30% are modeled by increasing the pitch of the
nanodome arrays in that direction, and taking into account
the shortening in the perpendicular directions given by the
PDMS Poisson ratio.[39] The simulations exhibit the expected
multiple peaks from an FP cavity and the effect of the nanodomes plasmonic coupling. They also show the peaks blueshift
for increasing strain, yielding a 78 nm shift at 30% strain for
the peak initially located at 1050 nm, which accurately agrees
with the experimental results (i.e., 76 nm blueshift). However, although the spectral shifts are accurately modeled, the
FDTD simulations do not predict the large intensity increase
experimentally observed in the strained samples (Figure 3a,b),
which can be attributed to the wrinkled cavity (Figure 3d). The
cavity corrugation generates the light reflection and refraction at higher angles following the Snell law, thus causing an
important reduction of the quality factor or finesse of the optical
cavity. As the stretching reduces the amplitude of the wrinkles,

2106731 (5 of 10)

© 2022 Wiley-VCH GmbH

www.advancedsciencenews.com

www.advmat.de

Figure 3. a,b) Optomechanical response of the reflection spectra as a function of the strain (in %, i.e., (∆L/L) × 100, where L is the length of the sample)
for self-embedded arrays of Au nanodomes inside the PDMS cured at 140 (a) and 100 °C (b). c) FDTD reflection simulations of the optomechanical
response of the Au nanodome FP cavity mimicking the sample cured at 140 °C for increasing mechanical strain parallel to the sample surface. d) Schematic of the light reflection in the wrinkled FP cavity before and after applying mechanical strain, together with the optical microscopy images of the
wrinkled surface in the sample cured at 140 °C, for 0% and 30% strain. Scale bar = 20 µm. e) Reflection variations, ΔR, under applied compression in
the sample cured at 140 °C by measuring the reflection from the flat PDMS side. f) Spectral variations in the sample cured at 140 °C under temperature
changes induced by the photothermal effect of the Au nanodomes using a 1064 nm laser.

the light reflection and refraction angles shift toward the incident direction, thus increasing the cavity quality factor and the
reflectance spectral modulation. The improvement in the cavity
quality is evident in Figure 3b, in which the resonant peak initially located at 790 nm experiences a substantial narrowing of
the full-width at half-maximum, from ≈130 nm for 0% strain
to 90 nm at 27% strain (Figure S8, Supporting Information).
These effects are also clearly observed in the optical images of
the wrinkled PDMS surface (Figure 3d), showing the wrinkles
flattening and the color shift from dark red to a combination
between red and green for increasing strain, which agrees with
the detected blueshifts in the resonant peaks.
A similar intensity increase was seen for samples undergoing
compression (Figure 3e). In this case, the set-up consisted on
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a transparent glass substrate where the PDMS sample was
mounted with the wrinkles facing upward, and a motorized
reflecting upper plate (mirror) (Figure S9, Supporting Information). Due to the experimental constrains in this configuration, the light from the bifurcated optical fiber illuminated the
sample trough the transparent glass and the flat PDMS side.
The light went through the sample, was reflected on the upper
plate, went through the sample again, and was finally analyzed
by the spectrometer. The reflecting mirror was step wise lowered using a motorized micrometer screw, thus compressing
the samples with a defined pressure between 1.7 and 42.6 MPa.
In this range, the samples were compressed from an initial
thickness of ≈900 up to 550 µm for the highest load. The samples compression resulted in a distinct increase in the reflection
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in the 550 and 1000 nm spectral regions. No noticeable spectral
blueshifts were seen due to the cavity compression (Figure S9,
Supporting Information). In this configuration, in which the
light has to go through the nanodomes layer at least twice to
observe the cavity effects, the optical absorption of the nanodomes prevents the efficient excitation of the FP resonance
modes, but the flattening of the wrinkled layer of nanodomes
and its high reflectance are responsible for the observed reflection increase (Figure S9, Supporting Information).
Another effect related to the wrinkled FP cavity is the
observed spectral sensitivity to the temperature variations
(Figure 3f), which is provided by the very large thermal expansion coefficient of PDMS. We exploit the high photothermal
efficiency of the Au nanodomes in the near-infrared to heat the
sample with a laser (emission at 1064 nm).[37,38] The induced
temperature increase is spectroscopically detected as a redshift
and intensity decrease of the FP resonance peak (Figure 3f).
This response is due to the large volumetric thermal expansion
of the PDMS, which increases the FP cavity thickness and the
amplitude of the surface wrinkles.
The rich spectral response of the elastic and wrinkled FP
cavity opens the path to create new optomechanically controlled devices, such as light intensity modulators, emitters, or
sensors. Here, we demonstrate a new strain sensing concept
that, in addition to the classical wavelength shifts (Δλ), enables simultaneously detecting the reflectivity variations (ΔR).
Therefore, the ability of the wrinkled FP cavity resonances to
yield both wavelength and intensity variations under induced
strains is exploited to develop a novel detection method denoted
as spectral area based on the product of both measurements,
i.e., SA = ΔR·Δλ, taking as a reference the spectral position and
reflectivity in the relaxed state.
To demonstrate the potential of the elastic FP cavity for strain
detection, we have analyzed the optomechanical variations of
the dip and peak initially located at 941 and 778 nm, respectively, for the sample cured at 140 °C (Figure 4a), and we determine their sensitivity to the strain changes as ηM = dM/dσ,
where M is the selected detection parameter (ΔR, Δλ, or SA)
and σ is the strain. Moreover, to compare the final performance
of the three different detection methods and to enable a direct
comparison with other strain sensors using different working
principles, we determine the limit of detection in each case,
which is defined as LOD = 3 NM/ηM, where NM is the noise of
the measurements. We employ a polynomial fitting of the spectral curves to simultaneously extract the values of wavelength
and reflectivity corresponding to the peaks or dips, and to determine ΔR, Δλ, or SA. The noise of each parameter is obtained as
the standard deviation of the acquired value over 40 consecutive
spectra at a prestrain of 13.6%S.
The sensitivity of the systems to strain deformations
depends on the selection of the dips or peaks. The dip initially located at 941 nm exhibits a linear wavelength blueshift
for increasing strains (Δλd in Figure 4a), showing a sensitivity
of −4.02 nm %S–1 (Figure 4b), which is larger than that of the
plasmonic strain sensors reported to date, limited to the 0.7 to
3.5 nm %S–1 range.[18,40–46] In contrast, the peaks show a lower
spectral variation. However, even though the spectral variation
of the peak initially located at 778 nm Δλp exhibits a lower sensitivity to the strain (i.e., −2.2 nm %S–1), it displays very high
Adv. Mater. 2022, 34, 2106731

reflectivity variations (ΔRp in Figure 4c), with the highest sensitivity value of 1.33%R %S–1 when the strain is around 14%S.
Considering the product of both variations, the spectral area
SAp shows a steep slope for strains larger than 10%S, with a
maximum sensitivity of 66.5 nm %R %S–1 at a strain of 18%S
(Figure 4d). Considering these sensitivities, the comparison of
the limit of detection (LOD) of the three different parameters
is presented in Table 1. As can be observed, the reflectivity
variation ΔRp in the peak outperforms the detection limit of
the wavelength shift in a factor 1.6, whereas the best performance is achieved by the spectral area, whose detection limit
is 2.4-fold lower than Δλp. Consequently, the new spectral
area parameter is the best option to detect small strain variations using prestrained samples. In contrast, for large strains,
the linear behavior of Δλp can provide a simpler detection
method. These results could be further improved in the spectral peak initially located around 1.1 µm, which presents larger
variations in both wavelength and reflectance under strain by
using a spectrometer sensitive to longer wavelengths. Remarkably, compared to other stretchable strain sensors based on the
detection of changes in light intensity, whose LODs are around
0.1%S,[47–49] the plasmonic-enhanced stretchable FP enable a
16-fold improvement, thus reaching a detection limit as low
as 0.006%S for the spectral areal SAp measurements. Unfortunately, a direct comparison with the wavelength-based sensors
cannot be performed, since typically only information related
to the sensitivity and not to the LODs is presented. However,
considering that the wavelength sensitivity of the stretchable
FP cavity is higher and the spectral area is able to improve the
LOD, a substantial enhancement with respect to wavelengthbased detectors is also expected.

3. Conclusions
We have developed the first stretchable plasmonic-enhanced
wrinkled FP cavities, by exploiting a novel fabrication method
in which arrays of Au nanodomes are self-embedded into a
PDMS matrix at controlled penetration depths. The Au nanodomes self-embedding and the formation wrinkles at the
PDMS surface are caused by the nanodomes Au surface acting
as polymer cross-linker catalyst. This effect generates a differential curing rate between the bulk PDMS and the polymer surrounding the Au surfaces that can be controlled by the curing
temperature, which pushes the nanodomes into the polymer
matrix. The optomechanical analysis has shown that the reflection spectrum of the self-embedded nanoplasmonic arrays
is composed by multiple FP resonances that are amplified at
the wavelength range of the nanodomes plasmonic resonance.
The FP cavity resonances blueshift and present a large reflectivity increase upon stretching due to the shrinking of the FP
cavity and the flattening of the surface wrinkles. In contrast,
a temperature increase induces a resonance redshift and a
reflectivity drop as a consequence of the volumetric expansion in the PDMS matrix. These new optomechanical effects
could be exploited to develop innovative optomechanically controlled modulators, emitters, or detectors. In the case of strain
sensing, the optomechanical response of the soft FP cavity in
terms of wavelength shifts, reflectivity changes, or the new
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Figure 4. a) Representation of three measurement methods based on the variations in the wavelength (Δλ), reflectivity (ΔR), and spectral area
(SA = ΔR·Δλ). b) Wavelength shifts as a function of the strain for the dip (Δλd) initially located at 941 nm. The straight line is a linear fit to the data,
yielding a sensitivity of 4.02 nm %S. c) Reflectivity changes induced by the strain in the peak initially located at 778 nm (ΔRp), and the calculated strain
sensitivity. d) Variations in the spectral area, ΔR·Δλ, as a function of the strain and the associated sensitivity. The lines in (c) and (d) are guides to the
eye.

spectral area variations clearly surpasses the detection limit
of current optical strain sensors. As shown in Figure 3f, the
high thermal expansion coefficient of the PDMS enables the
application of the stretchable cavities for wireless thermometry. Another particularly interesting application could be the
self-embedding of plasmonic-enhanced emitters at controlled
depths to mechanically tune their spectral emission response.
These elastic wrinkled cavities could also be applied in the
optical detection of pressure variations (Figure 3e) or even
sound waves. Finally, the developed self-embedding fabrication method could be used for the robust integration of any
Au-coated micro/nano-optical, electric, or magnetic structure
inside the PDMS matrix at controlled depths, which could be
appealing for wearable applications. The capacity to locally
control the self-embedding process with a focused light beam
opens the path to individually adjust the penetration depth of
different objects within the same elastomer film. Therefore,
these results and the simple fabrication process highlight the
competitivity, sensitivity, and versatility of this innovative optomechanical strategy, thereby setting the foundations for the
development of new active flexible and stretchable photonic
systems.
Table 1. Data corresponding to the analysis of sensitivity, noise, and
limit of detection (LOD) for the three different detection parameters.
Δλp

ΔRp

SAp = ΔRp·Δλp
66.2

Sensitivity

2.21

1.33

Noise

0.012

0.0044

0.15

LOD (%S)

0.016

0.010

0.006
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4. Experimental Section
Fabrication: The Au nanodomes/wrinkled-PDMS fabrication is as
follows. The Au nanodomes were fabricated by colloidal self-assembly
of polystyrene nanospheres (carboxyl terminated, diameter 200 nm)
(Life Technologies) into hexagonal close-packed structure on Si (Siegert
Wafer) or Kapton (HN200, Isovolta) substrates. The silicon substrates
were either individual chips of 1 × 1 cm2 or 4 in. wafers. Kapton
substrates of 1 × 1 cm2 were employed in the photothermally cured
samples to reduce the heat transfer to the substrate. To do the assembly,
the close-packed monolayer of spheres was first formed at the air/
water interface that was on the immersed Si wafer. Once the monolayer
was fully formed, the water was drained and the layer of spheres was
deposited on the Si substrate. After drying, the polystyrene nanospheres
were isotropically etched by RIE (Oxford Instruments), by using oxygen
gas (100 W, 80 mTorr, 30 sccm, 30 s), obtaining an ordered pattern
of nanospheres of 160 nm of diameter. Then, a 40 nm Au film was
deposited by electron beam physical vapor deposition (UNIVEX 450,
Leybold). 1 nm of titanium was deposited prior to the Au layer to ensure
good adhesion between the polystyrene beads and the Au. Then, PDMS
(Sylgard 184) was mixed at a 10:1 ratio with the curing agent, degassed
and poured onto the array of Au-coated polystyrene nanobeads on the Si
substrate. The PDMS was cured in an oven at the desired temperature
for at least 20 min. Once the substrate was cooled to room temperature,
the wrinkled-surface PDMS could be freed from the Si substrate with
the help of conventional laboratory tweezers. The photothermal curing
was done using an IR laser at λ = 1064 nm (KA64FAMFA-5.000W, BWT
Beijing), and a lens with focal length of 25 mm (Thorlabs) to focus
the spot to the sample. For this experiment, the substrate was a 1 cm2
polyimide film (DuPont). The temperature measurement was performed
using a thermographic IR camera (ETS320, FLIR LLC). The photocurable
PDMS (SI5055, Loctite) used for the control experiments was cured
using an ultraviolet lamp (5000 Flood, Dymax).
Morphological Characterization: A scanning electron microscope
(Quanta FEG650, FEI ThermoFisher) was used to examine the selfassembly of polystyrene nanospheres, the etching rate of RIE, the
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amplitude and wavelength of the PDMS wrinkles, and the nanodomes
embedding inside the polymeric matrix. The amplitude and wavelength
of the PDMS surface wrinkles were also examined by confocal
microscopy (Sensorfar), as well as a custom-made optical microscope
(Cerna, Thorlabs).
Simulations: The FDTD calculations of the optical response were
performed using the Lumerical software, using periodic boundary
conditions, planewave light source, and a mesh of 1 nm in the metal region.
Optomechanical Stretching Characterization: The UV–visible–NIR
reflection spectrometry was carried out using a fiber-coupled halogen
light source (HL2000, Ocean Optics), a bifurcated optical fiber
bundle (M25L01, Thorlabs), and a silver mirror as a reference (PF1003-P01, Thorlabs). The optical spectra were recorded by a visible–NIR
spectrometer (SR-193I-A:Shamrock 193 imaging spectrograph equipped
with iDus 416 CCD camera, Andor) using an acquisition time of 0.0337 s
and 20 accumulations. The controlled stretching for the optomechanical
measurements was carried out using a home-made methacrylate clamp
mounted on two micropositioners (XR25P/M, Thorlabs). The uniaxial
strain was applied parallel to the sample surface. The photogenerated
heat necessary to analyze the temperature effect in the cavities
was generated using the same laser as for the curing experiment
(KA64FAMFA-5.000W, BWT Beijing).
Optomechanical Compression Characterization: Samples were
compressed using a rheometer (Discovery HR-2, TA Instruments,)
equipped with a stainless-steel geometry (ø 8 mm) (Plate SST 8mm TA
Instruments). Reflection spectra were measured using a fiber optic
setup: light source (Ocean Optics HL-2000-HP-FHSA, Ocean Optics),
detector (Ocean Optics QE65 Pro, Ocean Optics), using 50 ms exposure
time and 10 accumulations, and a bifurcated optical fiber (Ocean Optics,
1000 µm, Ocean Optics). A reference measurement was measured at
sample height. The steel geometry was then lowered in increments of
50 µm after which 10 spectra were acquired and averaged. Pressure was
noted at every measure point.
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