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in thermal radiation management have 
been envisioned, for examples, thermal 
stealth,[15,16] passive radiative cooling,[17,18] 
energy conversion,[14,19] and sensing.[20,21]

Since engineered thermal radiative 
characteristics are directly correlated to 
the geometrical parameters of the peri-
odic structures, mechanical deformation 
of the periodic structures is conceptually 
straightforward to realize dynamically 
tunable thermal emitters. However, due 
to the mechanical and optical stabilities 
of material platforms, only the control 
of materials’ optical parameters through 
an electrical charge injection has been 
recently demonstrated.[22] For the midin-
frared (mid-IR) range (3–10 µm), because 
the desired working temperatures can be 
below 300 °C, crosslinked elastomers such 

as silicone can be considered as a deformable material plat-
form to achieve dynamically tunable thermal emitters. Here, 
we report deformable plasmonic thermal emitters (PTEs) using 
a hybrid material platform that is applicable for mechanically 
tunable polarized thermal emission. Moreover, as the func-
tional periodic structures are spontaneously created by strain-
induced folding,[23–25] the demonstrated fabrication method can 
be compatible with roll-to-roll manufacturing process for scale-
up production. These characteristics, combined with the high 
elastic characteristics of commercial elastomers (≈200% tensile 
deformation), allow for the production of devices with a wide 
range of potential spectral emission enhancement capabilities 
within the mid-IR wavelength region. For example, we envision 
that the demonstrated PTE structures can be applied to strain-
based sensor patches, which can be operated by human body 
heat.

All PTEs were fabricated based on the idea of structure for-
mation in metallic films on an elastomeric substrate. First, a 
1.5 mm thick substrate of polydimethylsiloxane (PDMS) was 
prepared by mixing a 10:1 ratio of silicone elastomer resin and 
curing agent (Sylgard 184, Dow Corning) and curing at 125 °C 
for 1 h. After curing, nickel was deposited on the uniaxially 
stretched PDMS substrate and regularly periodic wrinkle pat-
terns were spontaneously formed along the direction perpen-
dicular to the stretching direction because of buckling insta-
bility when the PDMS substrate was relaxed to its original 
dimensions. The periodicity of the wrinkle pattern was con-
trolled by the deposition thickness of the nickel film. Three 
different periodicities (Λ), 4.5, 6.3, and 9.4 µm, were fabricated 
for studying their thermal emission. Based on Equation (1),[26] 

Periodic bimetallic microstructures using nickel and gold are fabricated on an 
elastomeric substrate by use of strain-induced buckling of the metallic layers, 
which can be compatible with roll-to-roll manufacturing. The intrinsically 
low emissivity of gold in the midinfrared regime is selectively enhanced by 
the surface plasmonic resonance at three different midinfrared wavelengths, 
4.5, 6.3, and 9.4 µm, respectively, which directly correspond to the struc-
tural periodicities of the metallic microstructures. As the thermal emission 
enhancement effect exists only for the polarization perpendicular to the 
orientation of the microstructures, substantially polarized thermal emission 
with an extinction ratio close to 3 is demonstrated. Moreover, the elastically 
deformed plasmonic thermal emitters demonstrate strain-dependent emis-
sion peaks, which can be applied for future mechano–thermal sensing and 
dynamic thermal signature modulation.
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Tunable Irradiation

Thermal radiation of an object is the universal energy trans-
port via thermally emitted photons. Its photon energy spectrum 
is governed by the object’s temperature and emissivity spec-
trum, ε(λ). Since a dominant radiation wavelength range of 
the photons typically falls within the micro- or sub-micrometer 
scales, ε(λ) can be systematically modified by physical micro-
structuring of radiating material’s surface at a scale comparable 
to the wavelengths. As a result, several engineered micro-
structures have demonstrated modified thermal radiation.[1,2] 
Among the microstructures, periodic metallic structures have 
been known to be able to selectively enhance thermal radia-
tion in a specific range of infrared wavelengths due to altered 
density of states of surface plasmons, quanta of collective vibra-
tion modes of free electrons at the metallic surface adjacent to 
a dielectric medium.[3–9] In addition to the spectral modifica-
tion of thermal radiation, since angular distribution[10,11] and 
polarization[12–14] can also be engineered, new opportunities 
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the corresponding thicknesses (d) of the nickel films were esti-
mated to be 25, 35, and 52 nm using elastic moduli of nickel 
and PDMS, Ef and Es, and Poisson’s ratios of nickel and PDMS, 
νf and νs
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In order to have the intrinsically low emissivity in mid-IR, 
the nickel-coated structure was coated with another 50 nm 
thick layer of gold after the wrinkles were formed. Note that the 
approach using two different metals, gold and nickel, provides 
better design capability to optimize each material for optical 
or structural need independently. Measurements were made 
using a Fourier transform (FT) IR spectrometer (Nicolet 6700, 
Thermo Scientific) with an external IR optics for mid-IR radi-
ometry (Figure 1a).[12] A mercury cadmium telluride (MCT)-A 
detector with liquid nitrogen cooling was used to measure near-
room-temperature IR radiation. The radiometric setup was cali-
brated using a lab-built blackbody source. For quantitative radi-
ometric characterization, total IR radiation flux was limited to 
ensure the detector’s linear response.[27] The radiometry setup 
showed less than 1% error in measuring blackbody radiation.

The temperature of the samples was controlled by an elec-
trical heater using a copper plate to ensure a uniform tempera-
ture distribution across the samples. As shown in Figure 1b,c, 
the left region of the elastomer was not coated with the metallic 
layers and this uncoated region was used as a reference mate-
rial to define the surface temperature of the sample as meas-
ured by a calibrated mid-IR camera (T450sc, FLIR). The thick 
layer of PDMS (≈1.5 mm) shows less than 0.1% transmission 
for the spectral range of the camera (7.5–13 µm); making 

PDMS a good reference material for the temperature definition 
using the mid-IR camera.[28–30] To exclude the thermal radiation 
from the FT-IR radiometer itself, which was reflected at PTE’s 
surface, all thermal radiation measurements were performed at 
a tilted angle of 20° about the x-axis with respect to the optical 
axis of the IR collecting optics. In addition, any temperature-
independent radiation signals were also excluded by comparing 
the radiation spectra at two different temperatures, 75 and 
90 °C. The measured radiation spectra were converted to cor-
responding ε(λ) by normalization to that of blackbody and this 
gives averaged ε(λ) within these two temperatures.

The PTEs had a regular sinusoidal height profile as shown 
in Figure 2a. Since the periodic structures were created by the 
buckling instability when a stretched PDMS substrate (up to 
20% strain) was released, the lateral deformation by the posi-
tive Poisson’s ratio of PDMS created unintended cracks per-
pendicular to the orientation of the periodic structures in the 
nickel layer, as seen in the scanning electron microscope (SEM) 
image. Quantitative height profiles of the different structures 
were measured by an optical profilometer (Nexview, Zygo) as 
shown in Figure 2b–d. The density of the cracks was typically 
on the order of 10 cracks per 1 mm, which is significantly 
smaller than the periodicities of the structures. With the excep-
tion of these cracks, all the structures were very regular. For all 
the samples, the peak-to-peak amplitude of each periodic struc-
ture was ≈20% of its periodicity.

The measured emissivity spectra are shown in Figure 3 for 
two principal polarization angles, parallel (||, along the y-axis) 
and perpendicular (⊥, along the x-axis) to the orientation of the 
periodic structure. All thermal emissions are highly polarized 
and only ε⊥(λ) demonstrates the emission peak arising from 
the fundamental plasmonic resonance modes at the wave-
length close to the periodicity of each structure. Note that the 

Adv. Optical Mater. 2017, 5, 1600993

Figure 1. a) Schematic illustration of the radiometric experiment setup. b) Structure of the samples. c) Optical images of the sample on a heater surface.
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fluctuating features of the spectra below 3.5 µm were due to 
a low signal to noise ratio arising from weak radiation signal 
and low sensitivity of the MCT-A detector within the spectral 
range. The 9.4 µm structure also exhibits an additional emis-
sion peak (λ = 4.42 µm) from the higher order resonance in 
the measured mid-IR range, which can be explained by the 
surface plasmon band structures of metallic gratings.[31] In con-
trast, ε||(λ) was almost constant and low for all of the PTEs. The 

extinction ratio 
||

ε
ε







⊥ , which is defined by the ratio between 

two emissivity spectra of two polarizations to show the rela-
tive radiation power in the two perpendicular polarizations, is 
also shown in Figure 3. All the PTEs showed a large extinction 
ratio at the resonance wavelengths, which is very useful for 
mid-IR applications utilizing polarized thermal emission. The 
maximum emissivity was higher for a narrower specific width 
of the emission peak (Δλ/λ). We believe that this trend can be 
explained by the regularity of the periodic patterns because the 
thermal radiation power from each local emitting element can 
be concentrated within a narrower range of wavelengths, which 
leads to the higher emissivity. The 9.4 µm periodicity structure 
showed a distorted emission peak in the range of 8–10 µm and 

ε|| also showed an unexpected radiative feature that should not 
be created by gold. As shown in Figure 3d, these unusual fea-
tures correspond to the strong molecular absorption feature 
of PDMS. The IR transmission spectrum of the samples in 
Figure 3d was very low (<0.2%) and increased up to 1.5% in 
the shorter wavelength region. If considering the thick deposi-
tion of nickel–gold bilayer, the transmittance spectrum has to 
be explained by the limited optical transmission through some 
open cracks on the metallic layer (Figure 2 a, c). Therefore, we 
believe that the unusual emission signature could primarily 
be a result of direct transmission of thermal emission of the 
PDMS substrate through some open cracks, which can be 
wider at the elevated temperatures due to thermal expansion of 
PDMS. We also note that the emission feature originating from 
the molecular resonance of PDMS can be transmitted via the 
indirect plasmonic coupling through the nickel–gold bilayer as 
observed in surface plasmonic absorption.[32–35]

Results of the strain-dependent radiation measurements for 
the perpendicular polarization are shown in Figure 4 for five 
different uniaxial tensile strain values up to 12.8%. The peak 
position of ε⊥(λ) was shifted toward longer wavelength due to 
the increasing structural periodicity corresponding to the tensile 
deformation. Figure 4b shows that the peak position shift was 
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Figure 2. Height profiles PTEs. a) SEM image of a PTE at a tilt angle of 85°. Vertical profiles of PTEs having three different periodicities, b) 4.5 c) 6.3, 
and d) 9.4 µm, respectively with the common vertical scale.
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linearly proportional to the strain. In addition to the redshift 
of the peak position, the peak emissivity was also considerably 
reduced as strain increases. Since the plasmonic structure was 
created by the contraction of the PDMS substrate, the applied 
tensile strain therefore returned the wrinkled metallic film to 
close to its original flat state, i.e., the structural amplitude of the 
wrinkles was decreased. As the PTE structure has a microscopi-
cally wrinkled surface, we ought to consider an effective radiation 
surface, Aeff, increasing for a larger structural amplitude of the 
wrinkle depending on the applied tensile strain. Consequently, a 
larger tensile strain reducing Aeff resulted in a lower emissivity. 
With the exception of the Aeff effect, however, the variation in 

the structural amplitude may also affect the dynamics of plas-
monic resonance. Figure 4c shows emissivity ratios defined by 
ε⊥(λ) of PTE and flat gold at the two different wavelengths, reso-
nance peak, and resonance edge (λ = 10.5 µm). Again, regard-
less of strains, all emissivity spectra of PTE were higher than 
that of a flat gold surface primarily due to the increased Aeff. In 
the semilog plot, as the two ratios show a very similar trend, this 
suggests that the change in structural amplitude does not alter 
the dynamics of plasmonic resonance. Regarding structural 
stability under repeated tensile deformation, the demonstrated 
PTE structures were stable for less than ten cycles of tensile 
deformation. The deterioration of the PTE structure under 
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Figure 3. Polarization-dependent thermal radiative characteristics, emissivity, and extinction ratio of the samples having three different periodicities, 
a) 4.5, b) 6.3, and c) 9.4 µm. d) Absorbance of a 26 µm thick PDMS-only substrate (top) and typical IR transmittance of the PDMS substrate with a 
periodic metallic structure (bottom).
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the cyclic stresses was mainly due to the insufficient adhesion 
of nickel to PDMS. We expect that the structural stability can 
be improved by replacing nickel with chromium, a stiff metal 
known for better adhesion to PDMS.[36,37]

In conclusion, engineering of mid-IR thermal radiation 
characteristics was demonstrated with periodic metallic micro-
structures, created on elastomeric substrates without using any 
top–down patterning tools. Plasmonic thermal emission was 
depending on the structure’s periodicity and orientation. The 
deformable PTEs can be utilized for mechano–thermal strain 
sensors, simultaneously monitoring strain and orientation. 
Moreover, we were able to demonstrate the dynamic modula-
tion of thermal signature of the deformable plasmonic struc-
tures, which is potentially advantageous in defense applications. 
Certainly, various lithographical techniques are also avaiable 
for patterning periodic elastomer structures, which will allow 
for more diverse functional plasmonic emitters. For instance, 
the dependency of the structural amplitude on the strain can 
be reduced by using prepatterned elastomer substrates, which 
will result in almost the same degree of enhancement while 
changing the periodicity. For wide-area plasmonic thermal emit-
ters, aluminum can be considered as a low-cost and industry-
friendly alternative material of gold because aluminum struc-
tures also demonstrated sufficient plasmonic resonances in the 
recent studies.[38,39] The dynamic mechanical deformation can 
induce crack formation or delamination of the metallic layer 
from the elastomeric substrates. However, we envision that 
the introduction of mechanical metamaterials having near-zero 
Poisson’s ratio and interfacial engineering between an elas-
tomer and a metallic layer will alleviate these technical issues.
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