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ABSTRACT: A tunable reflectance filter based on a metal−
hydrogel−metal structure responsive to humidity and temperature
is reported. The filter employs a poly(N-isopropylacrylamide)−
acrylamidobenzophenone (PNIPAm−BP) hydrogel as an insulator
layer in the metal−insulator−metal (MIM) assembly. The optical
resonance of the structure is tunable by water immersion across the
visible and near-infrared range. Swelling/deswelling and the
volume phase transition of the hydrogel allow continuous
reversible humidity- and/or temperature-induced tuning of the
optical resonance. This work paves the way toward low-cost large-
area fabrication of actively tunable reversible photonic devices.
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1. INTRODUCTION

Since their emergence, plasmonic nanomaterials have been
among the fastest-growing subfields of optical materials.1−3

Resonant optical absorption and support of highly localized
strong electromagnetic fields have yielded many applications
for these materials, such as active and passive optical elements,
sensors, or energy conversion to mention but a few
examples.4,5 One direction owing to the opportunity of
tailoring the optical absorption6 is the development of various
types of optical filters.4,7 For instance, customizing structural
properties of plasmonic nanomaterials to design their spectral
response has enabled high-quality color filters.8 However, in
many cases, this has come with the cost of necessary top-down
nanopatterning. To avoid that, lithography-free nanostructures
have been developed, relying on thin film deposition and/or
bottom-up self-assembly.9−11 Prominent examples of lithog-
raphy-free nanostructures are metal−insulator−metal (MIM)
structures12 capable of resonant absorption of light and hence
sometimes coined as “perfect absorbers”.13 The wavelength of
the resonance is directly related to insulator thickness in this
sandwich structure, as well as to its dielectric properties.
Therefore, by changing this thickness, the resonance can be
tuned across a wide spectral range.
Lately, there have been many advances in employing MIM

structures as color filters in reflection or transmission,14−16 as
well as studies of other MIM-based applications.17−19 There
has been interest in making MIM structures actively tunable,
widening their applicability in sensorics, optical filtering, and
integrated optical devices.20 An electrical tuning mechanism

was suggested using MIM with an electro-optical insulating
layer.21 Another approach is using stimuli-responsive insulator
layers, which would change the thickness or refractive index
and therefore shift the resonance of the MIM structure.22,23

One example of such materials is hydrogels, which are
responsive to several stimuli.24−26 First, they swell remarkably
in the presence of water and are responsive to humidity
change, which increases the hydrogel’s volume. Second, some
hydrogels exhibit a reversible volume phase transition at a
lower critical solution temperature (LCST) of the monomers
cross-linked into the gel.27 For gels, this temperature is also
known as volume phase-transition temperature (VPTT). This
phase transition results in changing hydrogels from hydrophilic
to hydrophobic above the transition temperature, which leads
to the expulsion of previously absorbed water and the
respective reduction in the hydrogel’s volume. These two
volume-tuning mechanisms in hydrogels work oppositely
increasing humidity causes the hydrogel to absorb water and
swell, while increasing temperature causes it to expel water and
contract.28 In the last decade, these properties have brought
hydrogels into the field of tunable plasmonic materials,29−34

structural coloration,35−37 and other optical elements.38−43 In
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particular, Serpe et al. have worked extensively on tunable
etalons where the dielectric layer comprises PNIPAm microgel,
which in aqueous environment can rapidly respond to several
stimuli, displaying a color-tuning range of hundreds of
nanometers.33,44−49 Recently, Jang et al. have demonstrated a
humidity-tunable optical transmittance filter for visible range
based on an MIM structure with a chitosan hydrogel insulator
layer at room temperature,50 while Dong et al. have
demonstrated a humidity-tunable reflectance filter using
cellulose hydrogel.51 In both cases, only humidity-induced
tuning was studied. To the best of our knowledge, no results
have been reported so far combining both humidity and
temperature stimuli on hydrogel-enabled mechanisms for
optical tuning in air.
Here, we report a bistimuli-tunable hydrogel-based MIM

reflection filter. We employ a poly(N-isopropylacrylamide)−
acrylamidobenzophenone (PNIPAm−BP) hydrogel as the
insulator layer, which reversibly changes dimensions under
temperature and/or humidity control. The PNIPAm-based
hydrogel has a good swelling ratio and good film-forming
properties even in the desired 100 nm range.52 By applying
temperature and humidity stimuli to the PNIPAm hydrogel
incorporated into the MIM structure, we obtained continuous
spectral tuning. The spectral tuning range amounted to 80 and
340 nm in the visible and near-infrared spectral range,
respectively, depending on the initial thickness of the hydrogel.
The proposed structures employ low-cost thin film deposition
methods such as spin-coating and evaporation, which allows
large-area devices and easy scalability. These simple-to-
fabricate filters provide actively tunable reversible photonic
devices, opening up a range of applications from nano- to
macroscale.

2. RESULTS AND DISCUSSION

2.1. Filter Design. The MIM structures were fabricated
from gold and PNIPAm−BP hydrogel (Figure 1). Gold was
chosen for claddings as the nonoxidizing plasmonic layer. The
thickness of the bottom layer was set to 100 nm to ensure high
reflectivity, while for the top layer, a thickness of 30 nm was
used to allow the collection of the reflected light. In this design,
the resonant absorption characteristic of the MIM structure
translates into the dip in the reflection spectrum; thus, we will

address this resonance as reflectance in this paper. Two sets of
samples were fabricated, differing in the hydrogel layer
thicknesses (80−100 and 200−300 nm). These hydrogel
thicknesses correspond to the first-order resonance in the
visible (VIS) and near-infrared (NIR) range, respectively, and
will be hereon addressed as VIS and NIR samples.
The concept of the hydrogel-based tunable MIM reflective

filters is schematically illustrated in Figure 1. The dry state,
when hydrogel has no water absorbed, corresponds to a
thinner hydrogel layer (Figure 1a). When the hydrogel absorbs
water (the wet state), it swells and the resultant thickness
increases, thus shifting the resonant reflection band of the
MIM structure to longer wavelengths (Figure 1b). Figure 1c,d
shows how the observable colors of the samples change
between these two states, and the inset in Figure 1 illustrates
the corresponding change in the spectra.

2.2. Modeling. To design MIM filters and predict their
optical properties, we performed finite-difference time-domain
(FDTD) calculations of the structures with different hydrogel
layer thicknesses. The corresponding reflectance map is shown
in Figure 2a. This MIM design allows tunability over a wide
range of wavelengths, from just above the gold interband
absorption up to at least 1.5 μm. For applications, it is
important to consider the possible tuning range of the
fabricated MIM structures, which in our case is limited by
the swelling factor of the hydrogel (the ratio between wet and
dry thicknesses). Assuming the swelling factor to be up to 2,52

we designed our VIS samples to have a dry thickness of around
100 nm and NIR one around 250 nm, which should
correspond to the maximum achievable tuning range for the
first-order resonance of about 550−700 and 900−1600 nm,
respectively. It is worth noting that increasing the water
content changes the refractive index of the insulator layer
toward that of water. However, this difference is less than 0.1
(assuming a 1:1 water:hydrogel mixture for the maximum
swelling with a factor of 2)53 and therefore is not as influential
as the thickness change, though it should slightly reduce the
overall tuning range. Importantly, the thicker hydrogel layer
also gives rise to higher-order resonances; e.g., in Figure 2a
when the thickness exceeds 250 nm, the second order appears,
and over 400−450 nm thickness also the third order, and so
on. Comparing the electric field distributions for a 300 nm
thick hydrogel (corresponding to the partly swollen NIR
sample) at resonant wavelengths 1082 and 568 nm (Figure
2b,c, respectively), one can conclude that the latter resonance
is indeed the second order. These higher-order resonances are
also tunable with the thickness change, though with less
sensitivity compared to the first-order resonance. However,
this lesser sensitivity is compensated by the fact that a higher
initial hydrogel thickness yields a higher absolute thickness
change at the same swelling ratios.

2.3. Tuning by Water Immersion. To evaluate the
maximum tuning range of the MIM structures, we compared
their reflectance spectra at ambient conditions (26 °C, 30%
relative humidity) and after immersion in deionized water for
20 min (Figure 3). The dry samples demonstrate reflectance
dips almost to 0%, characteristic of MIM structures. The
reflectance dips move to longer wavelengths after the samples
are immersed in water; the corresponding color changes are
evident in Videos S1 and S2. The penetration of water into the
hydrogel layer is supposedly enabled by the porosity of the
sputtered gold film,54 and local variations of this porosity
together with spin-coating defects (Figure S4) explain the

Figure 1. Top: schematic of the hydrogel MIM reflective filter in (a)
dry and (b) wet states. The inset graph illustrates the corresponding
changes in the reflectance spectra between these two states. Bottom:
images of the NIR and VIS samples in (c) dry and (d) wet states.
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observed inhomogeneities of swelling. The wavelength of the
resonant absorbance of the MIM structure depends on the
thickness of the insulator; therefore, swelling of the hydrogel
increases the resonant wavelength of the filter.
The experimental results were fitted to the modeling

presented in Figure 2. The validity of the model was confirmed
by the perfect match between the reflectance spectra calculated
for MIM structures with the hydrogel thicknesses of 90 and
260 nm and the experimental spectra for VIS and NIR samples
with the measured hydrogel thicknesses of 85 ± 5 and 250 ±
10 nm, respectively. The observed broadening of the
experimental resonances in comparison to the modeling, as
well as the experimental data reported for solid-state MIMs
elsewhere,15 can be explained by fabrication imperfections,
originating mostly from spin-coating. Fitting the same model
with different hydrogel layer thicknesses to the wet
experimental spectra allowed us to estimate the thickness
change. We considered a constant refractive index of 1.503 for

the hydrogel layer in all cases; therefore, the fitted thicknesses
in the wet case are slightly underestimated.
The estimated change in the hydrogel thickness was from 90

to 130 nm for the VIS sample and from 260 to 380 nm for the
NIR sample, which corresponds to a 1.4−1.5 swelling factor.
The respective overall spectral shift of the resonance was 80
nm for the VIS sample (from 524 to 604 nm) and 340 nm for
the NIR sample (from 940 to 1280 nm). In addition to that,
the second-order resonance of the NIR sample shifted by 150
nm (from 524 to 674 nm). The latter illustrates that thicker
hydrogel layers may be more beneficial for applications, as
higher initial thickness allows a broader tuning range at a
constant swelling ratio, while higher-order resonances give
access to the visible wavelength range. Importantly, the
swelling did not reduce the quality factors of the resonances:
Q-factors (Q = λ/Δλ; Table S1) exceeded 10 in a 650−1000
nm wavelength range for both dry and wet states, and the
maximum Q-factor of around 19 was measured for the second-

Figure 2. (a) Calculated reflectance of the MIM structure for different thicknesses of the hydrogel insulator layer. Note the presence and tunability
of several resonant orders. (b, c) Electric field amplitudes for an MIM with a 300 nm thick hydrogel layer at 1082 nm (first order) (b) and 568 nm
(second order) (c).

Figure 3. Reflectance of hydrogel-based MIM filters at ambient conditions and after immersion in water. (a) VIS sample and (b) NIR sample.
Solid, experimental spectra; dashed and dotted, modeling. The arrows show the shift of the resonant dips.
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order resonance in the wet state (dip at 675 nm in Figure 3b;
FWHM = 35 nm). This is in line with the modeling
predictions for the highest Q-factors in this wavelength region,
with no regard to water presence, so it is solely defined by the
MIM geometry. This value is reported for the first time for
environment-responsive MIM structures, and it is close to Q-
factors reported for traditional solid-state MIM structures3,14,18

and can supposedly be further improved with better uniformity
of thin layer deposition.
2.4. Tuning by Temperature and Humidity Control.

We employed temperature- and humidity-controlled chambers
to demonstrate continuous and reversible tuning of the optical
resonance in the hydrogel MIM filter in air. Continuous
measurements of the reflectance spectra in a controlled
environment showed that both humidity and temperature
can be used for tuning the reflectance of the fabricated
structures (Figure 4). This employs two mechanisms. An
increase in humidity at constant temperature results in
hydrogel swelling, which corresponds to the red shift of the
resonance of the MIM structure (transition from I to II in
Figure 4a,c), and vice versadecreasing humidity “dries” the
hydrogel and blue-shifts the resonance (Figure 4a,c, V).
Another mechanism specific to PNIPAm-based hydrogels is to
utilize the LCST phase transition at a temperature around 32
°C,55 above which the swollen hydrogel contracts. Importantly,

it is a reversible transition. To use this mechanism, we changed
the temperature of the MIM structure while keeping a constant
humidity of 80% (Figure 4a,c, III and IV). At room
temperature, the hydrogel is partly swollen at this humidity
(Figure 4a,c, II). However, increasing the temperature up to 45
°C resulted in the blue shift of the resonance to the values
characteristic to the MIM with dry hydrogel (Figure 4a,c, III),
meaning that the phase transition took place and the hydrogel
contracted, expelling water from it. The close spectral match
between the temperature-contracted (Figure 4a,c, III) and dry
hydrogels (at 3% relative humidity; Figure 4a,c, I) indicates
that the adsorbed water is almost completely gone at 45 °C. It
is worth noting that this transition is faster than the humidity-
driven swelling/deswelling (compare the slope in Figure 4c, III
and V). We also demonstrated the reverse effect; i.e., lowering
the temperature (while keeping 80% humidity) moved the
resonance back to the longer wavelengths (Figure 4a,c, IV).
One more cycle of humidifying-drying was added to show
reproducibility of the hydrogel swelling/deswelling (Figure
4a,c, VI and VII). The spectra at the end of each step I−VII in
Figure 4a,c are shown in Figure 4b,d, respectively, demonstrat-
ing perfect reproducibility of the tuning of the resonance
during subsequent swelling−deswelling cycles. The overall
spectral tuning range was up to 80/70 nm in the near-infrared
and 22/18 nm in the visible region for humidity/temperature-

Figure 4. Reflectance spectra at varied environmental conditions: (a, b) VIS sample and (c, d) NIR sample. (a, c) Time dependencies of the
reflectance spectra; time steps II−VI are 3 h (a) and 6 h (c). The sample temperature and relative humidity of the environment at different times
are shown in the bars on top of the graph. (b, d) Reflectance spectra at the end of each time step.
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induced mechanisms. These values were both achieved with
the NIR sample (the first- and the second-order resonances,
respectively); for the VIS sample, the tuning range was 15/12
nm. This supports the hypothesis that employing the higher-
order resonances in the visible range using a thicker initial
hydrogel layer may be beneficial for the maximal tuning range.
Figure 5 shows the dependencies of the resonance in the

samples when temperature and humidity are gradually changed
between the same extreme values (3−80% RH, 23−45 °C, the
system was let to stabilize at each value for 3 h). A full
spectroscopic map for this measurement is available in the
Supporting Information. Gradual changes in humidity expect-
edly allow fine-tuning of the resonance with close to linear
dependency (0.19 nm/% RH) with almost no hysteresis
(Figure 5a,c). At the same time, the temperature-induced
changes at high humidity are also continuous, not step-like as
one could expect from a phase-transition-induced process,
allowing continuous tuning as well (Figure 5b,d).
While PNIPAm-based hydrogels are generally known to

undergo rapid LCST transition within a few °C range, this
range, as well as the transition temperature, can be tuned by
additives (e.g., comonomers).56 In our experiments, we
employed a benzophenone (BP) comonomer, the hydro-
phobicity of which is expected to lower the LCST. It also
provides more linear temperature changes to the PNIPAm
hydrogel.57,58 However, our hydrogel constitutes from 48:1

composition of PNIPAm:BP (further details in SI), so the
influence of the comonomer is supposedly not strong enough
to extend the transition range to a couple of tens of °C (in57,58

this ratio was in the range of 12:1). Additionally, the transition
temperature is traditionally estimated for hydrogel in water,
while it depends on the water content in the hydrogel,59 which
was significantly lower in our humidity-driven experiment.
Finally, the temperature-tuning of the PNIPAm hydrogel
volume above LCST has been reported;60 however, the
shrinking was irreversible, which differs from our samples.
We believe that the temperature hysteresis observed in

Figure 5b,d can be explained by the formation of a dense skin
layer at the beginning of the deswelling process, as reported
elsewhere.61 To date, the temperature-induced volume changes
in PNIPAm hydrogels have been mostly studied in water,62,63

while the mechanism of the observed changes in humid air
across a wide range of temperatures is yet to be understood
and it can broaden possible PNIPAm hydrogel applications
beyond temperature-tunable color filters reported here.

3. CONCLUSIONS

We report a continuously tunable reflective color filter based
on the metal−insulator−metal (MIM) structure with a
hydrogel as an intermediate insulating layer. The device
responds to two stimulihumidity and temperatureby

Figure 5. Dependency of the resonant wavelengths on (a, c) humidity (at ambient temperature) and (b, d) temperature (at 80% rel. humidity) for
(a, b) VIS and (c, d) NIR samples. Note the different vertical scales in panels (c, d) before and after the break. Lines are for eye-guiding only. Raw
measurements (spectra, humidity, and temperature) are available in SI, Figures S7 and S8.
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reversibly changing the resonant wavelength. We obtained a
spectral red shift of 22 nm in the visible range and 80 nm in the
near-infrared range by changing the humidity from 3 to 80%
for the initial hydrogel thickness at ambient conditions of 90
and 260 nm, respectively. The maximum resonance shift
obtained by immersion of the hydrogel MIMs in water was 80
and 340 nm, respectively. These shifts are attributed to the
reversible swelling of hydrogel in the presence of water and
deswelling when water is removed. The temperature-tuning
mechanism employed the LCST phase transition when swollen
(wet) hydrogel contracts at elevated temperatures expelling
water from it. We show that changing the temperature from
ambient to 45 °C at a constant 80% humidity results in the
continuous blue shift of the resonant wavelength with the
maximum shift of 18 nm in the visible range and 70 nm in the
near-infrared, and these changes are reversible. We also
demonstrate that for better tunability it is beneficial to employ
the higher-order resonances, as in our experiments the second-
order resonance outperformed the first-order one in the overall
tuning range and thus in humidity and temperature sensitivity.
The best experimental quality factor of around 19 was obtained
in the visible range for the second-order resonance in MIM
with the swollen hydrogel, indicating that swelling does not
reduce the quality of the resonances. The reported tunable
filter opens new perspectives for plasmonic devices such as
contactless (optical) sensors of humidity or temperature of the
liquid. Another possible direction is using the proposed
structure as a tunable cavity for emitters embedded in the
hydrogel.
While our samples demonstrated good resonant properties,

it is possible to further improve the optical properties by
improving the deposition quality. We believe that further
extension of the tuning range is possible using higher-
refractive-index liquids in addition to water, the aqueous
mixtures of which can be compatible with bistimuli tuning in a
certain range of concentrations. An important advantage of the
lithography-free MIM structures is that they do not require
nano- or micropatterning, relying only on thin film deposition
methods, which makes these structures potentially scalable for
roll-to-roll industrial manufacturing.64,65 The demonstrated
stimuli-responsive structures can be applied as humidity
sensors or immersed temperature sensorsin both cases,
sensing would be optical and therefore contactless. Leaning on
plasmon resonances, MIMs can also be used as Raman-
enhancing substrates,66,67 which in combination with temper-
ature/humidity sensing opportunities gives rise to potential
integrated applications, e.g., in lab-on-chip.

4. METHODS
4.1. Numerical Calculations. The reflectance spectra of the

metal−hydrogel−metal thin film, as well as E-field distributions under
the plane-wave irradiation, were simulated using the two-dimensional
(2D) finite-difference time-domain (FDTD) method with commer-
cial software (Lumerical FDTD Solutions). The modeled structure
comprised five layers (from bottom to top): (1) semi-infinite glass
substrate, (2) 100 nm thick gold, (3) hydrogel of a varied thickness
(0−500 nm), (4) 30 nm thick gold, and (5) semi-infinite free-space
superstrate. The refractive indices of the glass, the hydrogel, and the
superstrate were taken as 1.46, 1.503 (see Supporting Information,
Figure S10), and 1, respectively, while the complex index of gold was
in accordance with Johnson and Christy data.68 The plane-wave
excitation was incident from the superstrate perpendicular to the
layers (along the x-direction). A power monitor was placed at a
distance of half the maximum wavelength behind the radiation source

to measure the reflectance spectra. The mesh refinement was set to
the conformal variant 0 with a minimum mesh set of 0.25 nm.
Perfectly matched layer (PML) boundary conditions were set along
the x-direction, and the antisymmetric boundary condition was set
along the y-direction. The number of layers was increased to prevent
any divergence in the simulation due to the dispersive Au unit cell.
The auto-shutoff min was set to 1e-6, which was enough for the
incident field to decay completely, as well as prevent any ripples in the
reflectance spectra. The attained simulated results were used to fit the
experimentally measured reflectance spectra of the samples in both
dry and wet cases.

4.2. Hydrogel Material Synthesis. The N-isopropylacrylamide−
acrylamidobenzophenone copolymer (PNIPAm−BP) was synthesized
from commercial N-isopropylacrylamide and freshly synthesized 4-
acrylamidobenzophenone via free-radical polymerization initiated by
azobisisobutyronitrile (AIBN). The composition of the polymer was
confirmed by 1H NMR spectroscopy to be (NIPAm48BP1)n, well in
line with the monomer ratio before polymerization. Details of the
synthetic protocols and characterization of the synthesis products are
given in Supporting Information, Figures S1 and S3.

4.3. Hydrogel Layer Fabrication. PNIPAm−BP copolymer was
diluted in 94% ethanol in concentrations 20 and 40 mg/mL; for better
dissolution, the magnetic stirring at 50 °C was used for 1 h. Before
spin-coating, the solutions were filtered through PTFE membranes
with 0.45 μm pores. The substrates were cleaned by consecutive
sonication in acetone, isopropanol, and deionized water (10 min
each). After that, they were activated by plasma treatment (20 min, 30
W RF power, 1000 mTorr O2) and immediately forwarded to spin-
coating. Spin-coating included two steps: (1) 10 s at 150 rpm during
which the PNIPAm−BP solution was dispensed and predistributed
and (2) 30 s at 1000−6000 rpm to form the final coating. The
deposition was followed by drying for 1 h at 40 °C in a vacuum and
cross-linking under UV light (365 nm from CoolLED pE-4000
focused into a circle of ca. 2 cm in diameter) for 40 min. Complete
cross-linking at these conditions was confirmed by the disappearance
of the 301 nm peak in the optical transmittance spectra of the
reference hydrogel coatings on glass (see the Supporting Information
for more information).

4.4. MIM Structure Fabrication. The samples were fabricated on
Si wafer square pieces. After consecutive sonication in acetone,
isopropanol, and deionized water (10 min each), the substrates were
blow-dried with nitrogen. After that, the adhesive layer of 1 nm Ti
followed by a 100 nm layer of Au was deposited by e-beam
evaporation. The hydrogel layer was fabricated as described before.
The final gold layer (20−30 nm) was made by thermal sputtering.
The thicknesses of all gold and hydrogel depositions were verified at
the reference samples with the Dektak profilometer at cleanroom
conditions (21 °C, 20−25% relative humidity). The resulting
thicknesses were 100 nm Au/85 ± 5 nm hydrogel/30 nm Au for
VIS samples and 100 nm Au/250 ± 10 nm hydrogel/26 nm Au for
NIR samples.

4.5. Optical Measurements. Microscopic reflectance measure-
ments were performed with a multifunctional WITec alpha300C
confocal microscope. The samples were illuminated by a broad-band
light source (LDLS EQ-99X) through a Zeiss EC “Epiplan” DIC, 20×
air objective (NA = 0.4, WD = 3.0 mm); the reflected light was
collected through the same objective and coupled to spectrometers
via an optical fiber. For the spectral range of 400−800 nm, we used a
WITec UHTS300 spectrometer equipped with 150 lines/mm grating
and a TE-cooled CCD camera (Andor DV 401-BV-351). For the NIR
spectral range (800−1600 nm), an Ocean Insight NIRQUEST 512-
XR FLAME spectrometer equipped with an InGaAs linear array
detector was used. Samples were measured at room conditions (26
°C, 30% r.h., dry state) and after immersion in deionized water for 1 h
(wet state). An extended set of experimental spectra fitted with
modeling results are shown in Figures S5 and S6.

Measurements in a controlled temperature and humidity environ-
ment were performed using the Linkam Scientific LTS420-H stage
with an RH95 humidity controller, providing precise humidifying/
dehumidifying of the air in the sample chamber, and a T96-S
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temperature controller for heating the sample. The temperature of the
sample was verified using an IR camera (Figure S9). Optical
reflectance, in this case, was measured with the help of a Thorlabs
RP29 reflectance fiber probe, which was connected to both an Ocean
Optics DH-2000-BAL light source (halogen and deuterium lamps)
and Avantes AvaSpec-2048L fiber spectrometer. The light to/from
the fiber was coupled with a Thorlabs RC08SMA-F01 reflective
collimator and weakly focused with Thorlabs LA4600 fused silica lens.
The illuminated area on the sample was roughly 0.5 mm in diameter.
In all experiments, the reference intensity (reflected light source)

and background/dark intensity were measured using a silver mirror
with the light sources being, respectively, on and off. The reflectance
of the sample was calculated as follows

= ×
−
−

I I

I I
Reflectance 100%

Sample Background

Source Background (1)

where ISample is the measured intensity of the light reflected from the
sample, ISource is the reference light source intensity, and IBackground is
the background intensity.
The absorbance of the reference hydrogel layers on the glass was

measured with Agilent Technologies Cary 60 UV−vis spectropho-
tometer with a custom-built sample chamber.
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(29) Ding, T.; Rüttiger, C.; Zheng, X.; Benz, F.; Ohadi, H.;
Vandenbosch, G. A. E.; Moshchalkov, V. V.; Gallei, M.; Baumberg, J.
J. Fast Dynamic Color Switching in Temperature-Responsive
Plasmonic Films. Adv. Opt. Mater. 2016, 4, 877−882.
(30) Gisbert Quilis, N.; van Dongen, M.; Venugopalan, P.; Kotlarek,
D.; Petri, C.; Moreno Cencerrado, A.; Stanescu, S.; Toca Herrera, J.
L.; Jonas, U.; Möller, M.; Mourran, A.; Dostalek, J. Actively Tunable
Collective Localized Surface Plasmons by Responsive Hydrogel
Membrane. Adv. Opt. Mater. 2019, 7, No. 1900342.
(31) Khalid, A. U. R.; Liu, J.; Han, Y.; Ullah, N.; Jia, S.; Wang, Y.
Multipurpose Thermoresponsive Hydrogel: a Platform for Dynamic
Holographic Display. Opt. Lett. 2020, 45, 479.
(32) Brasse, Y.; Müller, M. B.; Karg, M.; Kuttner, C.; König, T. A. F.;
Fery, A. Magnetic and Electric Resonances in Particle-to-Film-

Coupled Functional Nanostructures. ACS Appl. Mater. Interfaces
2018, 10, 3133−3141.
(33) Sorrell, C. D.; Carter, M. C. D.; Serpe, M. J. Color Tunable
Poly (N-Isopropylacrylamide)-co-Acrylic Acid Microgel−Au Hybrid
Assemblies. Adv. Funct. Mater. 2011, 21, 425−433.
(34) Sorrell, C. D.; Serpe, M. J. Glucose Sensitive Poly (N-
isopropylacrylamide) Microgel Based Etalons. Anal. Bioanal. Chem.
2012, 402, 2385−2393.
(35) Shin, J.; Han, S. G.; Lee, W. Dually Tunable Inverse Opal
Hydrogel Colorimetric Sensor with Fast and Reversible Color
Changes. Sens. Actuators, B 2012, 168, 20−26.
(36) Ohtsuka, Y.; Seki, T.; Takeoka, Y. Thermally Tunable
Hydrogels Displaying Angle-Independent Structural Colors. Angew.
Chem., Int. Ed. 2015, 54, 15368−15373.
(37) Wani, O. M.; Schenning, A. P. H. J.; Priimagi, A. A Bifacial
Colour-tunable System via Combination of a Cholesteric Liquid
Crystal Network and Hydrogel. J. Mater. Chem. C 2020, 8, 10191−
10196.
(38) Wang, Z.; Zhang, J.; Xie, J.; Wang, Z.; Yin, Y.; Li, J.; Li, Y.;
Liang, S.; Zhang, L.; Cui, L.; Zhang, H.; Yang, B. Polymer Bragg Stack
as Color Tunable Photonic Paper. J. Mater. Chem. 2012, 22, 7887−
7893.
(39) Tian, E.; Wang, J.; Zheng, Y.; Song, Y.; Jiang, L.; Zhu, D.
Colorful Humidity Sensitive Photonic Crystal Hydrogel. J. Mater.
Chem. 2008, 18, 1116−1122.
(40) Shi, J.; Hsiao, V. K.; Walker, T. R.; Huang, T. J. Humidity
Sensing Based on Nanoporous Polymeric Photonic Crystals. Sens.
Actuators, B 2008, 129, 391−396.
(41) Kumoda, M.; Watanabe, M.; Takeoka, Y. Preparations and
Optical Properties of Ordered Arrays of Submicron Gel Particles:
Interconnected State and Trapped State. Langmuir 2006, 22, 4403−
4407.
(42) Weissman, J. M.; Sunkara, H. B.; Tse, A. S.; Asher, S. A.
Thermally Switchable Periodicities and Diffraction from Mesoscopi-
cally Ordered Materials. Science 1996, 274, 959−963.
(43) Wang, X.; Liu, X.; Wang, X. Hydrogel Diffraction Grating as
Sensor: A Tool for Studying Volume Phase Transition of Thermo-
responsive Hydrogel. Sens. Actuators, B 2014, 204, 611−616.
(44) Xu, W.; Gao, Y.; Serpe, M. J. Electrochemically Color Tunable
Poly(N-isopropylacrylamide) Microgel-based Etalons. J. Mater. Chem.
C 2014, 2, 3873−3878.
(45) Ahiabu, A.; Serpe, M. J. Rapidly Responding pH- and
Temperature-Responsive Poly (N-Isopropylacrylamide)-Based Micro-
gels and Assemblies. ACS Omega 2017, 2, 1769−1777.
(46) Carter, M. C. D.; Sorrell, C. D.; Serpe, M. J. Deswelling
Kinetics of Color Tunable Poly(N-Isopropylacrylamide) Microgel-
Based Etalons. J. Phys. Chem. B 2011, 115, 14359−14368.
(47) Hu, L.; Serpe, M. J. Color-Tunable Etalons Assembled from
Poly (N-Isopropylacrylamide) Based Microgels. Polymers 2012, 4,
134−149.
(48) Sorrell, C. D.; Serpe, M. J. Reflection Order Selectivity of
Color-Tunable Poly(N-isopropylacrylamide) Microgel Based Etalons.
Adv. Mater. 2011, 23, 4088−4092.
(49) Gao, Y.; Serpe, M. J. Light-Induced Color Changes of Microgel-
Based Etalons. ACS Appl. Mater. Interfaces 2014, 6, 8461−8466.
(50) Jang, J.; Kang, K.; Raeis-Hosseini, N.; Ismukhanova, A.; Jeong,
H.; Jung, C.; Kim, B.; Lee, J.; Park, I.; Rho, J. Self-Powered Humidity
Sensor Using Chitosan-Based Plasmonic Metal−Hydrogel−Metal
Filters. Adv. Opt. Mater. 2020, 8, No. 1901932.
(51) Dong, Y.; Akinoglu, E. M.; Zhang, H.; Maasoumi, F.; Zhou, J.;
Mulvaney, P. An Optically Responsive Soft Etalon Based on Ultrathin
Cellulose Hydrogels. Adv. Funct. Mater. 2019, 29, No. 1904290.
(52) Nash, M. E.; Carroll, W. M.; Foley, P. J.; Maguire, G.; Connell,
C. O.; Gorelov, A. V.; Beloshapkin, S.; Rochev, Y. A. Ultra-thin Spin
Coated Crosslinkable Hydrogels for use in Cell Sheet Recovery
Synthesis, Characterisation to Application. Soft Matter 2012, 8, 3889−
3899.
(53) Li, M.; Bresson, B.; Cousin, F.; Fretigny, C.; Tran, Y.
Submicrometric Films of Surface-Attached Polymer Network with

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c15616
ACS Appl. Mater. Interfaces 2021, 13, 50564−50572

50571

https://doi.org/10.1088/2040-8978/15/2/025006
https://doi.org/10.1088/2040-8978/15/2/025006
https://doi.org/10.1007/s00339-016-0711-6
https://doi.org/10.1007/s00339-016-0711-6
https://doi.org/10.1007/s00339-016-0711-6
https://doi.org/10.1021/ph500410u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ph500410u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ph500410u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-018-27397-y
https://doi.org/10.1038/s41598-018-27397-y
https://doi.org/10.1038/s41598-018-27397-y
https://doi.org/10.1002/jsid.453
https://doi.org/10.1002/jsid.453
https://doi.org/10.1364/OE.27.011809
https://doi.org/10.1364/OE.27.011809
https://doi.org/10.1364/OE.27.011809
https://doi.org/10.1364/AO.55.009237
https://doi.org/10.1364/AO.55.009237
https://doi.org/10.1364/PRJ.411456
https://doi.org/10.1364/PRJ.411456
https://doi.org/10.1364/PRJ.411456
https://doi.org/10.1126/science.abe0722
https://doi.org/10.1126/science.abe0722
https://doi.org/10.1038/s41598-018-29544-x
https://doi.org/10.1038/s41598-018-29544-x
https://doi.org/10.1038/s41598-018-29544-x
https://doi.org/10.1021/acsami.8b12553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b12553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b12553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2809448
https://doi.org/10.1063/1.2809448
https://doi.org/10.1039/C8CC09672D
https://doi.org/10.1016/j.pmatsci.2020.100702
https://doi.org/10.1016/j.pmatsci.2020.100702
https://doi.org/10.1016/j.pmatsci.2020.100702
https://doi.org/10.1039/B813827C
https://doi.org/10.1039/B813827C
https://doi.org/10.1021/acsapm.9b00957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.9b00957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.9b00957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-04810-8
https://doi.org/10.1038/s41467-018-04810-8
https://doi.org/10.1002/adom.201600094
https://doi.org/10.1002/adom.201600094
https://doi.org/10.1002/adom.201900342
https://doi.org/10.1002/adom.201900342
https://doi.org/10.1002/adom.201900342
https://doi.org/10.1364/OL.383567
https://doi.org/10.1364/OL.383567
https://doi.org/10.1021/acsami.7b16941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b16941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201001714
https://doi.org/10.1002/adfm.201001714
https://doi.org/10.1002/adfm.201001714
https://doi.org/10.1007/s00216-012-5736-x
https://doi.org/10.1007/s00216-012-5736-x
https://doi.org/10.1016/j.snb.2011.12.106
https://doi.org/10.1016/j.snb.2011.12.106
https://doi.org/10.1016/j.snb.2011.12.106
https://doi.org/10.1002/anie.201507503
https://doi.org/10.1002/anie.201507503
https://doi.org/10.1039/D0TC02189J
https://doi.org/10.1039/D0TC02189J
https://doi.org/10.1039/D0TC02189J
https://doi.org/10.1039/c2jm15943k
https://doi.org/10.1039/c2jm15943k
https://doi.org/10.1039/b717368g
https://doi.org/10.1016/j.snb.2007.08.037
https://doi.org/10.1016/j.snb.2007.08.037
https://doi.org/10.1021/la060224g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la060224g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la060224g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.274.5289.959
https://doi.org/10.1126/science.274.5289.959
https://doi.org/10.1016/j.snb.2014.08.013
https://doi.org/10.1016/j.snb.2014.08.013
https://doi.org/10.1016/j.snb.2014.08.013
https://doi.org/10.1039/C4TC00271G
https://doi.org/10.1039/C4TC00271G
https://doi.org/10.1021/acsomega.7b00103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b00103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b00103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp207138f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp207138f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp207138f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/polym4010134
https://doi.org/10.3390/polym4010134
https://doi.org/10.1002/adma.201101717
https://doi.org/10.1002/adma.201101717
https://doi.org/10.1021/am501330z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am501330z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201904290
https://doi.org/10.1002/adfm.201904290
https://doi.org/10.1039/c2sm06466a
https://doi.org/10.1039/c2sm06466a
https://doi.org/10.1039/c2sm06466a
https://doi.org/10.1021/acs.langmuir.5b02948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c15616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Temperature-Responsive Properties. Langmuir 2015, 31, 11516−
11524.
(54) Schwartzkopf, M.; Santoro, G.; Brett, C. J.; Rothkirch, A.;
Polonskyi, O.; Hinz, A.; Metwalli, E.; Yao, Y.; Strunskus, T.; Faupel,
F.; Müller-Buschbaum, P.; Roth, S. V. Real-Time Monitoring of
Morphology and Optical Properties during Sputter Deposition for
Tailoring Metal−Polymer Interfaces. ACS Appl. Mater. Interfaces
2015, 7, 13547−13556.
(55) Schild, H. Poly(N-isopropylacrylamide): Experiment, Theory
and Application. Prog. Polym. Sci. 1992, 17, 163−249.
(56) Liu, R.; Fraylich, M.; Saunders, B. R. Thermoresponsive
Copolymers: From Fundamental Studies to Applications. Colloid
Polym. Sci. 2009, 287, 627−643.
(57) Kim, J.; Hanna, J. A.; Byun, M.; Santangelo, C. D.; Hayward, R.
C. Designing Responsive Buckled Surfaces by Halftone Gel
Lithography. Science 2012, 335, 1201−1205.
(58) Zhou, Y.; Hauser, A. W.; Bende, N. P.; Kuzyk, M. G.; Hayward,
R. C. Waveguiding Microactuators Based on a Photothermally
Responsive Nanocomposite Hydrogel. Adv. Funct. Mater. 2016, 26,
5447−5452.
(59) Afroze, F.; Nies, E.; Berghmans, H. Phase Transitions in the
System Poly(N-isopropylacrylamide)/Water and Swelling Behaviour
of the Corresponding Networks. J. Mol. Struct. 2000, 554, 55−68.
(60) Bischofberger, I.; Trappe, V. New Aspects in the Phase
Behaviour of Poly-N-isopropyl Acrylamide: Systematic Temperature
Dependent Shrinking of PNiPAM Assemblies Well Beyond the
LCST. Sci. Rep. 2015, 5, No. 15520.
(61) Salzmann, P.; Perrotta, A.; Coclite, A. M. Different Response
Kinetics to Temperature and Water Vapor of Acrylamide Polymers
Obtained by Initiated Chemical Vapor Deposition. ACS Appl. Mater.
Interfaces 2018, 10, 6636−6645.
(62) Otake, K.; Inomata, H.; Konno, M.; Saito, S. Thermal Analysis
of the Volume Phase Transition with N-isopropylacrylamide Gels.
Macromolecules 1990, 23, 283−289.
(63) Qiu, Y.; Park, K. Environment-Sensitive Hydrogels for Drug
Delivery. Adv. Drug Delivery Rev. 2001, 53, 321−339.
(64) Mitra, K. Y.; Weise, D.; Hartwig, M.; Baumann, R. R. Infra-red
Curing Methodology for Roll-to-Roll (R2R) Manufacturing of
Conductive Electrodes through Inkjet Technology Applicable for
Devices in the Field of Flexible Electronics. MRS Online Proc. Libr.
2015, 1791, 1−6.
(65) Ok, J. G.; Seok Youn, H.; Kyu Kwak, M.; Lee, K.-T.; Jae Shin,
Y.; Jay Guo, L.; Greenwald, A.; Liu, Y. Continuous and Scalable
Fabrication of Flexible Metamaterial Films via Roll-to-Roll Nano-
imprint Process for Broadband Plasmonic Infrared Filters. Appl. Phys.
Lett. 2012, 101, No. 223102.
(66) Yan, Z.; Du, W.; Tu, L.; Gu, P.; Huang, Z.; Zhan, P.; Liu, F.;
Wang, Z. A Facile High-performance SERS Substrate Based on
Broadband Near-perfect Optical Absorption. J. Raman Spectrosc.
2015, 46, 795−801.
(67) Yang, Y.; Hu, Z.; Wang, Y.; Wang, B.; Zhan, Q.; Zhang, Y.; Ao,
X. Broadband SERS Substrates by Oblique Angle Deposition Method.
Opt. Mater. Express 2016, 6, 2644−2654.
(68) Johnson, P. B.; Christy, R. W. Optical Constants of the Noble
Metals. Phys. Rev. B 1972, 6, 4370−4379.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c15616
ACS Appl. Mater. Interfaces 2021, 13, 50564−50572

50572

https://doi.org/10.1021/acs.langmuir.5b02948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0079-6700(92)90023-R
https://doi.org/10.1016/0079-6700(92)90023-R
https://doi.org/10.1007/s00396-009-2028-x
https://doi.org/10.1007/s00396-009-2028-x
https://doi.org/10.1126/science.1215309
https://doi.org/10.1126/science.1215309
https://doi.org/10.1002/adfm.201601569
https://doi.org/10.1002/adfm.201601569
https://doi.org/10.1016/S0022-2860(00)00559-7
https://doi.org/10.1016/S0022-2860(00)00559-7
https://doi.org/10.1016/S0022-2860(00)00559-7
https://doi.org/10.1038/srep15520
https://doi.org/10.1038/srep15520
https://doi.org/10.1038/srep15520
https://doi.org/10.1038/srep15520
https://doi.org/10.1021/acsami.7b18878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b18878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b18878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00203a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00203a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0169-409X(01)00203-4
https://doi.org/10.1016/S0169-409X(01)00203-4
https://doi.org/10.1557/opl.2015.533
https://doi.org/10.1557/opl.2015.533
https://doi.org/10.1557/opl.2015.533
https://doi.org/10.1557/opl.2015.533
https://doi.org/10.1063/1.4767995
https://doi.org/10.1063/1.4767995
https://doi.org/10.1063/1.4767995
https://doi.org/10.1002/jrs.4721
https://doi.org/10.1002/jrs.4721
https://doi.org/10.1364/OME.6.002644
https://doi.org/10.1103/PhysRevB.6.4370
https://doi.org/10.1103/PhysRevB.6.4370
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c15616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

