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Abstract: Reversible actuating of surface plasmon propagation by
responsive hydrogel grating is reported. Thermo-responsive poly(N-
isopropylacrylamide)-based (pNIPAAm) hydrogel nanostructure was
designed and tethered to a gold surface in order to switch on and off Bragg
scattering of surface plasmons which is associated with an occurrence of a
bandgap in their dispersion relation. pPNIPAAm-based grating with a period
around 280 nm was prepared by using photo-crosslinkable terpolymer and
laser interference lithography and it was brought in contact with water. The
temperature induced swelling and collapse of pNIPAAm hydrogel grating
strongly modulates its refractive index (4n~0.1) which leads to the
reversible opening and closing of a plasmonic bandgap. The experiments
demonstrate partial opening of a bandgap with the width of 12 nm at
wavelength around 800 nm where SPR exhibited the spectral width of about
75 nm.
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1. Introduction

Surface plasmon polaritons (SPPs) are optical waves that originate from collective
oscillations of charge density and associated electromagnetic field at a metallic surface.
Optical excitation of these modes allows for tight confinement of light energy at the surface
which is associated with enhanced field strength. These phenomena found numerous
applications in areas ranging from detection and interaction analysis of biomolecules [1], light
harvesting in thin film optical devices [2], to highly integrated optical circuits [3, 4]. In order
to control propagation of SPPs on a 2D metallic surface, elements such as directional couplers
[5], lens [6], splitters [7], and mirrors [8, 9] were developed. These elements can be designed
in the form of periodic gratings on a metallic surface and utilize diffractive coupling of
counter propagating SPPs which induces a plasmonic bandgap [10, 11]. At wavelengths that
coincide with the bandgap, SPPs cease to exist and at the edges of the bandgap new coupled
SPP modes with long range and short range surface plasmon characteristics occurs. Such
phenomena were of interest in studies where SPP-mediated local density of states alters
emission properties of fluorescence emitters [12, 13] and they were shown to provide
versatile means for focusing, reflecting and splitting of 2D SPP beams [3, 8]. Up to now, the
majority of diffractive structures that allow for 2D control of SPP propagation are static and
after they are prepared their characteristics are fixed. Thermo-responsive polymers offer
attractive materials to prepare actively tunable diffractive structures. Among them, poly(N-
isopropylacrylamide) (pNIPAAm) represents a prominent example of material that can “on
demand” swell and collapse by variations of temperature around its lower critical solution
temperature (LCST). Below the LCST, pNIPAAm exhibits a highly open, water-swollen
structure while above the LCST it collapses with a release of bound water. The swelling-
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collapsing strongly alters its refractive index and for the crosslinked pNIPAAm hydrogel
networks it can reach values as high as An = 0.1 [14] which exceeds values reported for other
polymers employed thermo-actuating of surface plasmons [15]. pNIPAAm gratings with
periods of several um were prepared by contact mask lithography and surface plasmon
resonance (SPR) spectroscopy was employed as a tool to enhance measured diffraction signal
[16]. Other types of plasmonic structures that benefit from pNIPAAm in form of a microgel
[17] or thin brush [18,19] were reported for actuating of localized surface plasmons supported
by metallic nanoparticles. This work reports on the preparation of dense and tunable
pNIPAAm gratings on a gold surface for reversibly opening and closing the plasmonic
bandgap. Large-area structures were prepared by using a photo-crosslinkable pNIPAAm-
based terpolymer and UV laser interference lithography (LIL). The thermo-actuating of
polymer gratings is investigated and their ability to actively tune the SPP dispersion relation
is demonstrated.

2. Materials and methods
2.1. Preparation of structured pNIPAAm layer

BK?7 glass substrate was coated with 1.1 nm thick chromium film and 47 nm thick gold layer
by vacuum thermal evaporation. On the top of the gold surface, SU-8 polymer layer with a
thickness of ~ 5 nm was spin-coated. A solution with SU-8 2000 (from Micro Resist
Technology GmbH, Germany) diluted to 2 vol% by SU-8 thinner (from Micro Resist
Technology GmbH, Germany) was spun at 5000 rpm for 60 s followed by drying in vacuum
oven at 50 °C for 2 hrs. The thin SU-8 layer served as a linker for the subsequent attachment
of nanostructured responsive pNIPAAm-based hydrogel film. Terpolymer (M,, = ca. 4 x 10° g
mol™) composed of N-isoproprylacrylamide, methacrylic acid, and 4-methacryloyloxy
benzophenone with a ratio of 94:5:1 was synthesized as reported before [20]. This polymer
was dissolved in ethanol at a concentration of 2 wt% and deposited on SU-8 surface by spin-
coating. Spin rate of 2000 rpm was applied for 2 min and subsequently the polymer layer was
dried overnight in a vacuum oven at 50 °C.

The periodic grating depicted in Fig. 1 was generated in the photo-crosslinkable
pNIPAAm-based layer with an interference field of two spatially overlapping coherent light
beams at a wavelength 325 nm by using Lloyd configuration. A beam emitted from a He-Cd
laser (IK3031R-C, Kimmon, Japan) was expanded and coupled to Lloyd’s mirror in order to
yield the periodic surface topography over an area of several cm’. The angle between the
interfering beams was adjusted between 6 = 35.48 deg and 21.17 deg which corresponds to
the period of harmonically oscillating intensity of 4 =280 nm and 450 nm. In order to prepare
crossed gratings, the interference field of two beams was twice recorded to the pNIPAAm
film on a substrate that was oriented at 0 and 90 deg. Irradiation time was adjusted between ¢
= 20 and 30 min in order to take into account different angles of incidence of interfering
beams 6 so the average dose was kept constant at 0.69 J cm ™. In the areas with maximum
interference field intensity, crosslinking of the polymer layer networks occurs via the
benzophenone groups attached to the pPNIPAAm polymer backbone. In the areas where the
interference field intensity exhibits its minimum, weak polymer crosslinking occurs and after
rinsing with ethanol and water it is washed out. The topography of the dried pNIPAAm
grating was measured in air by using an atomic force microscope (AFM, Molecular Imaging
PicoPlus) that was operated in tapping mode.
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Fig. 1. a) Schematics of the prepared pNIPAAm-based grating that is probed by travelling
SPP. b) Chemical structure of the photo-crosslinkable pNIPAAm terpolymer used in the
interference lithography process.
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2.2. Optical setup

An optical setup utilizing Kretschmann configuration of attenuated total reflection (ATR)
method was employed to measure SPR reflectivity as a function of angle of incidence 8 and
wavelength 1. A polychromatic light emitted from a halogen lamp (LSH102 from LOT-Oriel,
Germany) was coupled to an optical fiber M25L02 (Thorlabs, USA). The output light beam
was collimated by an achromatic lens 14 KLA 001 CV1 (focal length /= 60 mm, Melles
Griot, Germany), polarized by a rotational polarizer and launched into a 90° prism made from
LASFN9 glass. A glass substrate with gold layer supporting SPPs and pNIPAAM grating on
its top was optically matched to the prism base by using index matching immersion oil. The
incident beam was totally internally reflected at the glass surface with gold layer. The angle
of incidence 0 was controlled by using a rotation stage (with precision of 0.005 deg from
Huber GmbH, Germany) and the reflected beam was coupled via a lens F810SMA-635
(Thorlabs, USA) into a multimode optical fiber M26L02 (Thorlabs, USA) that was connected
to a spectrometer HR4000 (Ocean Optics, USA). The reflectivity R(1,6) that was measured
for transverse magnetic (TM) polarization was normalized with that obtained for transverse
electric (TE) polarization. An in-house designed flow-cell with temperature control by Peltier
device (connected to its driver LFI3751 from Wavelength Electronics, USA) was clamped
against the coated glass substrate and water was pumped through by using a peristaltic pump
with a tubing (ID 0.76, SC0008, IDEX Health & Science SA, Switzerland). The data
acquisition and system control was performed by an in-house developed software tool
developed in LabVIEW (National Instruments, USA).

2.3 Simulations

Simulations of diffraction coupling of counter-propagating SPPs by the hydrogel grating were
performed numerically by using finite element method (FEM) that was implemented in a
diffraction grating solver DiPoG (Weierstrass Institute, Germany). The refractive index of
LASFN9 was assumed as n, = 1.845 and that of water as n, = 1.33. Refractive index of gold
was assumed to be dispersive n,,(4) and it was taken from Palik [21]. Refractive index of SU-
8 was set to 1.48 and the presence of chromium was omitted. The attached pNIPAAm
hydrogel refractive index was n, = 1.36 in the swollen state and n, = 1.48 in the collapsed
state. It should be noted that for simplicity the grating was assumed as being one dimensional
(the surface was modulated only in one lateral direction that lied in the plane of incidence).
The topographic profile was assumed to be sinusoidal with a period 4 and a modulation depth
of dyp. An additional residual hydrogel layer with a thickness dy,; in between the modulated
zone and SU-8 was assumed. The refractive index inside the hydrogel was assumed to be
homogeneous.
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3. Results and discussion

Firstly, the swelling of a pNIPAAm layer that was not structured was measured by optical
waveguide spectroscopy. In this experiment one of the UV interfering beams was blocked in
order to crosslink the pNIPAAm layer homogeneously with a dose of 0.69 J cm™. After
rinsing with water and drying, the thickness of the neat pNIPAAm layer was determined as
dy~72 nm and the refractive index was n, = 1.48 (data not shown). When the layer was
swollen in contact with water at room temperature 7 = 22 °C, its thickness increased to
dy~370 nm and the refractive index decreased to n, = 1.36, which corresponds to a swelling
ratio of about SR~5. The reason for the refractive index decrease is the dilution of the polymer
chain segment with water, which exhibits lower refractive index n; = 1.33. When increasing
the temperature, the pPNIPAAm hydrogel layer collapsed at its LCST of 7' = 32 °C. At the
temperature of 7 = 37 °C the hydrogel layer exhibited thickness similar to that measured in
the dry state d,~69 nm and a refractive index of n, = 1.48. It should be noted that these
observations on one-dimensional swelling constrained perpendicular to the layer surface are
in accordance with our previous studies when an identical pNIPAAm film was crosslinked
with a broad spectrum of non-coherent UV light centered at a wavelength of 4 = 365 nm with
a dose 5-20 J em™ [22].

Afterwards, a series of pNIPAAm gratings with varying period of /4 =280 - 450 nm were
written by coherent and interfering UV beams with same average dose of 0.69 J cm™. After
recording the sinusoidally modulated crosslinking density, the pNIPAAm layer was rinsed
with water in order to remove any loosely bound polymer chains, in particular from areas that
were exposed only to weak UV light intensity. In water at room temperature 7 = 22 °C, the
polymer network swells and polymer chains rearrange. During subsequent drying of the
pNIPAAm grating, the strong surface tension of the water-air interface deforms the elastic
polymer network and leads to a planarization of the soft grating as it reaches the hydrogel
layer during water evaporation. This is clearly visible in the completely flat surface in the
AFM image of Fig. 2(a) for a hydrogel structure with a recorded periodicity of 4 = 310 nm).
Interestingly, when the same structure is swollen in water at a temperature 7 = 22 °C and
subsequently heated to a higher temperature above the LCST before drying, the written
pattern is retained as shown in Fig. 2(b).

The behavior is explained by the substantial increase of the mechanical modulus in the
hydrogel film above the transition temperature [23], which prevents its deformation by the
surface tension when the water-air interface reaches the grating surface. At the higher
temperature the polymer film collapses in contact with the aqueous medium to form a
topographic structure resembling the original recorded cross-linked pattern. Afterwards, the
water evaporates from the polymer film surface and the written crosslink density modulation
can be observed as a relief grating.

As can be seen in Fig. 2(b), the relief grating with 4 = 310 nm exhibits indented features
with a depth of about dj,; = 80 nm in air, but its periodic regularity is perturbed which can be
attributed to the process of collapsing and drying. The deformation of planar, surface-attached
hydrogel layers by swelling stresses was previously described in the literature [24, 25], which
leads to the formation of buckling structures. In summary, the covalent grafting of the
polymer network to the solid substrate confines the polymer network in the substrate plane
and effectively allows expansion during swelling only in one dimension along the surface
normal vector. Such confinement leads to the buildup of lateral swelling stress, which is
released by undulation of the hydrogel layer surface in a buckling process and resulting in the
characteristic crease topography. This effect is also expected to contribute to the distortion of
the periodic nanostructures investigated here and may be more pronounced when the
thickness in the swollen state d;, is comparable with the period 4. Indeed, for a hydrogel hole
array with much larger topographic dimensions and periodicities in the micrometer range, a
transition of the circular hole geometry to a perpendicular diamond plate pattern was reported
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upon swelling in water [26]. In order to investigate this swelling-collapse induced effect for
sub-micron grating geometries, two gratings with same thickness d;, but a shorter period of A
=290 nm and respectively a longer period 4 = 450 nm were examined. As seen in Fig. 2(c),
the shorter period structure is significantly more perturbed than the longer period one in Fig.
2(d), which confirms that the ratio of thickness dj, and period A plays a crucial role in the
swelling and collapsing of the highly open pNIPAAm network nanostructure.

A=310 nm, dried at T=22 °C A=310 nm, dried > LCST

|

A=290 nm, dried > LCST

Fig. 2. AFM images of a pNIPAAm grating with 4 = 310 nm that was dried at a) room
temperature 7 = 22 °C and b) at elevated temperature 7> LCST. Comparison of the c) denser
grating with 4 = 290 nm and sparser grating with 4 = 450 nm observed after drying at elevated
temperature.

For the diffraction coupling of counter propagating SPPs on the Au surface, the period has
to fulfill the following phase matching condition 2Re{kspp} = 2m/A, where kspp is the
(complex) propagation constant of SPPs. In order to induce the plasmonic bandgap at the
wavelength around 4~800 nm on a gold surface in contact with water, the period 4 = 280 nm
was determined by a series of the following numerical simulations presented in Fig. 3.

As seen in Fig. 3(a), wavelength reflectivity spectra were simulated for the geometry
representing the swollen and collapsed hydrogel grating. In the swollen state, a homogeneous
layer with the thickness of d, = 372 nm and refractive index n, = 1.36 was assumed [Fig.
3(a)]. For the collapsed state, refractive index of the pNIPAAm of ny, = 1.48 was assumed and
the outer interface with water was sinusoidally modulated [Fig. 3(a)-3(e)]. As summarized in
the table presented in Fig. 3(f), the thickness of residual layer dy; was adjusted for each
modulation depth dj, so the volume of the collapsed layer was kept fixed. The reflectivity
curve in Fig. 3 (a) shows that for a swollen hydrogel film the coupling of incident light and
the angle of incidence 8 = 51.1 deg is manifested as a resonant dip centered at A = 780 nm.
For the collapsed state of the polymer [curves in Fig. 3(a)-(e)], this resonances is split to two
branches that become stronger separated when increasing the modulation depth dy,. The
reason for the splitting is the opening of a plasmonic bandgap due to Bragg scattering of the
SPPs. This scattering leads to the cancellation of SPP propagation in a band centered at a
wavelength /~800 nm, and when increasing the modulation depth d, the spectral width A4 is
increasing. As the average refractive index probed by the SPPs for each geometry is slightly
changing, the angle of incidence ¢ was adjusted for each configuration so the reflectivity
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curve crosses through the middle of the gap and the minima associated to the lower
wavelength SPP branch and higher wavelength SPP branch are the same. It is worth of noting
that these two branches correspond to the @ and ® modes at the edges of the plasmonic
bandgap [11] with the field confined in the polymer or water. The reflectivity curves in Fig.
3(b)-(e) indicate that the collapsed linear hydrogel grating allows for opening a bandgap with
the width A/ that approximately increases linearly with dj, and can reach A4 = 28 nm for the
modulation depth dj; = 140 nm of a linear grating.
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Fig. 3. Simulated wavelength reflectivity spectra for a flat swollen pNIPAAm film (a), and a
series of combinations of modulation depth dy, and residual layer thickness dj, for a collapsed
pNIPAAm film (b-e). Reflectivity spectra calculated for TM polarization were normalized
with those simulated for TE polarization. f) Summary of structural parameters (defined in Fig.
1) used in the above simulations with the angle of incidence § and plasmonic bandgap width
AA.

The opening and closing of a plasmonic bandgap was experimentally observed on a
pNIPAAm grating with a period of 4 = 280 nm. As seen in Fig. 4, there was measured
reflectivity dependence on the angle of incidence # and wavelength A. These measurements
were carried out at temperature 7= 22 °C where the pNIPAAm structure swells in water [see
Fig. 4(a)] and it was increased to 7 = 34, 37, 45 and 45 °C when it collapses. The resonant
excitation of SPPs manifests itself as a dark band in the reflectivity spectrum which shifts to
higher angles & when decreasing the wavelength 1. At temperature above the pNIPAAm
LCST (T> 32 °C) the average refractive index of the polymer layer probed by SPPs increases
due to the collapsing of the pNIPAAm structure which is accompanied with the occurrence of
SPR band at higher angles 6. In addition, the collapse of the pNIPAAm is associated with
periodic modulating of refractive index. This grating induces splitting in the SPP dispersion
relation due to the diffraction coupling of counter propagating SPPs on the surface as
predicted by simulations in Fig. 3.
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Fig. 4. Measured reflectivity dependence on 6 and A for a pNIPAAm grating with the period A
=280 nm and temperature a) 7=22 °C, b) T'=34°C, c) T=37°C,d) T=40°C, and e) T=45
°C. ) Cross-section of reflectivity at each temperature for the indicated angle of incidence Oy
at which the bandgap occurs for a pNIPAAm grating with the periodicity 4 = 280 nm.
Subsequent reflectivity curves are offset by 0.3 along the reflectivity axis. Reflectivity spectra
measured for TM polarization were normalized with those obtained for TE polarization in all

graphs.

In order to evaluate the width of the bandgap, cross-sections of SPR reflectivity at 6,
indicated in Figs. 4(a)-4(e) were plotted in Fig. 4(f). These plots show that the gradual
collapse of the grating leads to the opening of plasmonic bandgap. Interestingly, the width of
the bandgap increases with temperature and reaches its maximum of A4 = 12 nm at around 7
= 37 °C. It should be noted that measured bandgap width A4 is lower than the spectral width
of SPR of 75 nm (determined as full width in the half minimum of reflectivity dip in Fig. 4(a).
Therefore, the full bandgap was not achieved and SPPs can partially propagate at the
wavelength range between reflectivity minima. When further increasing the temperature to 40
and 45 °C, the bandgap width A4 slightly decreases which can be attributed to increasing
hydrophobicity of the polymer and possible additional changes in the structure. When
comparing the experimentally measured maximum bandgap width in Fig. 4 with simulations
in Fig. 3, the modulation depth of pNIPAAm grating can be estimated as dj,~50 nm which is
lower than values typically observed by AFM on prepared samples (see Fig. 2). This
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discrepancy can be attributed to two following effects. Firstly, the grating observed ex situ in
air exhibit probably more defects and flatter structure than that which is probed in water by
SPPs. Secondly the experimental data were measured on a crossed grating and the simulations
were (for simplicity) carried out for a linear grating. Therefore, the modulation depth used in
experiments is effectively decreased by a factor of two by averaging in the direction
perpendicular to SPP propagation.

4. Conclusions

In summary, we show that laser interference lithography can be used for the preparation of
nanogratings from a photo-crosslinkable pNIPAAm-based polymer. These structures with
periodically modulated crosslink density can be actuated in an aqueous medium by varying
temperature, leading to swelling and collapsing of the structure, which is accompanied by a
modulation of the refractive index contrast by about 0.1 in an on-or-off switch mode. A
crossed grating structure with a period as small as 280 nm and modulation depth in the
collapsed state of 60-80 nm was prepared and tested for opening and closing a plasmonic
bandgap of the SPPs. The angular and wavelength spectroscopy of the surface plasmon
polaritons demonstrated that the bandgap can be partially open with a width of about 12 nm
for SPPs on the gold surface and at a wavelength of A~800 nm where SPR exhibited the
spectral width of about 75 nm. In order to enlarge the spectral width of such a plasmonic
bandgap the modulation depth of the structure can be further increased. Alternatively, the
upper surface of the responsive polymer can be decorated with a flexible material that
increases the refractive index contrast to the aqueous medium. We believe that this approach
in conjunction with e.g. embedded ITO microheaters [22] may find its applications in 2D
plasmonic optics and provide facile means to actively manipulate SPP beams and tune SPP
dispersion relation. For instance the opening and closing of plasmonic bandgap by the
presented hydrogel grating can provide means to actively control surface plasmon-coupled
fluorescence emission [13]. For plasmonic biosensing with the surface plasmon-coupled
emission readout [27], the presented responsive hydrogel can be modified with biomolecules
[22] and directly utilized in assays for chemical and biological analytes present in aqueous
environment.
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