
Hydrogel-Based, Dynamically Tunable Plasmonic
Metasurfaces
Jian Zhang 

Institute of Advanced Magnetic Materials, College of Materials and Environmental Engineering,
Hangzhou Dianzi University, Hangzhou, 310018,China
Qiang Li 

Zhejiang University https://orcid.org/0000-0001-9344-6682
Chenjie Dai 

Electronic Information School, Wuhan University, Wuhan 430072, China
Mingliang Cheng 

Hangzhou Dianzi University
Xin Hu 

Suzhou Institute of Nano-Tech and Nano-Bionics (SINANO), Chinese Academy of Sciences
Hyun-Sik Kim 

Hongik University
Heesun Yang 

Hongik University
Daniel Preston 

Rice University https://orcid.org/0000-0002-0096-0285
Zhongyang Li 

Wuhan University
Xuefeng Zhang 

Hangzhou Dianzi University
Won-Kyu Lee  (  wklee@hongik.ac.kr )

Hongik University https://orcid.org/0000-0002-7878-1981

Article

Keywords:

Posted Date: April 12th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1548679/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1548679/v1
https://orcid.org/0000-0001-9344-6682
https://orcid.org/0000-0002-0096-0285
mailto:wklee@hongik.ac.kr
https://orcid.org/0000-0002-7878-1981
https://doi.org/10.21203/rs.3.rs-1548679/v1
https://creativecommons.org/licenses/by/4.0/




Hydrogel-Based, Dynamically Tunable Plasmonic Metasurfaces 1 

Jian Zhang,1,† Qiang Li,2,† Chenjie Dai,3,† Mingliang Cheng,1 Xin Hu,1 Hyun-Sik Kim,4 2 

Heesun Yang,4 Daniel J. Preston,5 Zhongyang Li,3,* Xuefeng Zhang,1,* Won-Kyu Lee 4,*  3 

1 Information Research Center for EM Metamaterials and Institute of Advanced Magnetic 4 

Materials, College of Materials and Environmental Engineering, Hangzhou Dianzi 5 

University, Hangzhou 310018, PR China 6 

2 State Key Laboratory of Modern Optical Instrumentation, College of Optical Science and 7 

Engineering, Zhejiang University, Hangzhou 310027, PR China 8 

3 Electronic Information School, Wuhan University, Wuhan, 430072, PR China 9 

4 Department of Materials Science and Engineering, Hongik University, Seoul 04066, Korea 10 

5 Department of Mechanical Engineering, Rice University, Houston, Texas 77006, USA 11 

†Authors who contributed equally to this work 12 

*Corresponding author: zhongyangli@whu.edu.cn; zhang@hdu.edu.cn; wklee@hongik.ac.kr 13 

 14 

Abstract 15 

Flat metasurfaces with subwavelength meta-atoms can be designed to manipulate the 16 

electromagnetic parameters of incident light and enable unusual light-matter interactions 17 

beyond the capabilities of the constituent materials themselves. Although hydrogel-based 18 

metasurfaces have the potential to control optical properties dynamically in response to 19 

environmental conditions, the pattern resolution of these surfaces has typically been limited to 20 

microscale features or larger, limiting capabilities at the nanoscale and precluding effective use 21 

in metamaterials. This paper reports a general approach to developing reversibly tunable 22 

plasmonic metasurfaces with hydrogel meta-atoms at the subwavelength scale. Periodic arrays 23 

of hydrogel nanodots with continuously tunable diameters between 180 nm and 240 nm were 24 

fabricated on silver substrates, resulting in humidity-responsive surface plasmon polaritons 25 

(SPPs) at the nanostructure-metal interfaces. The peaks of the SPPs were controlled reversibly 26 

by absorbing or releasing water within the hydrogel matrix; the matrix subsequently generated 27 

plasmonic color rendering in the visible spectrum. We demonstrated that metasurfaces designed 28 

with these spatially patterned nanodots of varying sizes can benefit applications in anti-29 

counterfeiting and generate multicolored displays with single-nanodot resolution. Furthermore, 30 

we showed system versatility exhibited by broadband beam-steering on a phase modulator 31 

consisting of hydrogel supercell units in which the size variations of constituent hydrogel 32 

nanostructures engineer the wavefront of reflected light from the metasurface. 33 

 34 
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Flat metasurfaces with subwavelength meta-atoms (i.e., nanoscale unit cells analogous to 36 

atoms) can manipulate electromagnetic parameters including amplitude, frequency, phase, and 37 

polarization of incident light1-3. The optical responses of these metasurfaces are tailored by 38 

engineering the shape and size of the meta-atoms as well as their arrangements on the substrates, 39 

enabling responses that are not possible with conventional optics4,5. Designing plasmonic 40 

metasurfaces with (semi-)metallic meta-atoms can go a step further than approaches relying on 41 

dielectric metasurfaces by optimizing local-field enhancement of the surfaces in the sub-42 

diffraction limit6-8. In particular, the ability to control the geometric configurations of 43 

plasmonic meta-atoms reversibly is critical for applications that require real-time light 44 

manipulation, such as dynamic displays, chemical and biological sensing, optical cloaking, and 45 

encryption9-12. Both the intensity and quality factor of the plasmonic coupling over target 46 

wavelength spectrums can be tuned by changing the surface material components (e.g., 47 

reconfigurable meta-atoms on deformable substrates) and the surrounding media13-16. 48 

Use of active media surrounding the material components stands out as a particularly 49 

promising approach to achieving dynamically tunable plasmonic metasurfaces16-18. Controlling 50 

the refractive index of the media by external stimuli, such as solvent exchange and application 51 

of electric fields, enables plasmonic resonance over a range of wavelengths that can be altered 52 

or adjusted in a reversible manner18,19. For example, birefringent liquid crystals (LCs) on 53 

plasmonic surfaces can change their molecular orientation upon application of electric fields; 54 

the consequent change of the effective refractive index leads to tunable resonance20. Although 55 

reversible and dynamic control over plasmonic coupling has been shown, the metamaterials 56 

used in prior demonstrations require complicated fabrication and packaging processes to 57 



integrate their constituent material components with the active media21-23. 58 

Controlling the states of phase-change materials, such as chalcogenides and vanadium 59 

oxide, combined with plasmonic nanostructures, represents an alternative approach for media-60 

free, dynamic metasurfaces24-26. For example, the refractive index of VO2 is switchable by 61 

applying heat or electric current, and can in turn adjust the intensity and phase of plasmonic 62 

resonance26,27. The precise pattern placement of phase-changing meta-atoms, however, is often 63 

challenging, especially at the nanoscale due to the limitations of etching processes on inorganic 64 

material systems28,29. Nanoscale patterning of the material components is critical to realize 65 

dynamic metasurfaces that can modulate the plasmonic resonance continuously from 66 

microwave to visible ranges30,31. Recently, active nanoplasmonic devices based on metal 67 

hybrids (e.g. MgH2 and TiH2) switched their optical properties in response to hydrogen 68 

exposure and achieved full-color rendering, but additional infrastructure to control and measure 69 

the safe flow of hydrogen is inevitable32,33. 70 

Hydrogels with hydrophilic molecular chains interconnected in three dimensions are 71 

capable of retaining large amounts of water within their internal networks34,35. By absorbing or 72 

releasing water through the application of external stimuli (e.g., humidity, temperature, pH), 73 

hydrogels can change the volume of their matrix by swelling or shrinking with a level of 74 

deformability not attainable by other aqueous media36-38. Compared with the phase-change 75 

materials, which switch their optical properties between two distinct phases, hydrogels deform 76 

continuously and thereby generate gradients of optical properties39-41. Tuning the plasmonic 77 

responses among meta-atoms embedded by hydrogels has been demonstrated by changing the 78 

spacing between meta-atoms and the effective reflective index through the deformation of the 79 



hydrogel matrix. For example, continuous swelling of hydrogels can provide dynamic 80 

structural coloration by the geometric changes of embedded photonic crystals and the shifting 81 

of their photonic band gaps42-44. A general platform for dynamic metasurfaces can therefore 82 

build upon technological advances through which designing the geometric configurations of 83 

hydrogel meta-atoms is arbitrarily possible. Patterning size, shape, and the arrangement of 84 

hydrogels, however, has remained limited to microscale areas or larger using conventional 3D 85 

printing and optical processes based on UV-vis light sources45-47. 86 

In this work, we show hydrogel-based, dynamically tunable plasmonic metasurfaces by 87 

patterning hydrogel meta-atoms at the subwavelength scale using electron-beam lithography. 88 

Polyvinyl alcohol was used as a high-resolution hydrogel resist to enable electron-beam 89 

irradiation on the hydrogel molecules within nanoscale spots, resulting in hydrogel 90 

nanostructures with precisely tunable size formed on silver (Ag) thin films. By absorbing or 91 

releasing water within the hydrogel matrix (and thus giving rise to swelling or shrinking of the 92 

nanostructures, respectively), both the volume of the meta-atoms and their spacing could be 93 

reversibly tuned as a function of environmental humidity. The periodic arrays of hydrogel 94 

nanostructures on the Ag films induced surface plasmonic polaritons and generated plasmonic 95 

color rendering in the visible range between 505 nm to 600 nm. We demonstrated that the meta-96 

atoms respond to different levels of moisture in a stepwise manner, providing dynamic color 97 

generation for anti-counterfeiting applications. Furthermore, we confirmed system versatility 98 

by performing beam-steering on metasurfaces consisting of hydrogel supercell units in which 99 

the changes in size of constituent hydrogel nanodots modulate the plasmonic phase shift and 100 

the wavefront of the incident light.  101 



Results 102 

Fig. 1a depicts the fabrication processes to form hydrogel-based plasmonic metasurfaces, 103 

in which hydrogel nanodots are periodically arranged on Ag sublayers. We achieved uniform 104 

patterning of the hydrogel meta-atom arrays at the nanoscale with well-defined feature 105 

characteristics, i.e., diameter (D), height (H), and periodicity (P), using electron-beam 106 

lithography (EBL) with polyvinyl alcohol (PVA) layers of 150 nm thickness as hydrogel resists 107 

(Fig. 1b). Conventional techniques to pattern hydrogels have relied on UV exposure, 108 

nanoimprinting, and 3D printing, and the resulting pattern resolution has been limited to 109 

hundreds of nanometers at the smallest45,47-49. In this work, we irradiated the electron beam on 110 

the hydrogel molecules within nanoscale spots, through which the materials could be patterned 111 

into arbitrary shapes with a resolution of ~50 nm50. By increasing the electron-beam exposure 112 

dose on PVA layers from 1.26 to 6.35 pC/dot (at an exposure voltage of 2 kV), we continuously 113 

tuned D from 180 nm to 240 nm (Fig. 1c and Fig. S1). This tunability was possible because 114 

we controlled the distribution of the exposure energy as a radial function of the distance from 115 

the beam point based on the forward-scattering of electrons51. Linear control over D was 116 

achieved with the same H (of 150 nm) and P (of 400 nm), indicating that we could manipulate 117 

the structural parameters independently and thereby design unlimited configurations of 118 

combinatorial hydrogel nanostructures. 119 

The periodic nanodot arrays on Ag generated surface plasmon polaritons (SPPs) which 120 

are excited at the dielectric-metal interfaces formed by the grating momentum of the nanodot 121 

lattice, with this mechanism being the basis for tunable structural coloration (Figs. 1d-e). Here 122 

we selected Ag to support SPPs because highly reflective Ag films typically induce strong 123 



resonance over the entire visible spectrum52. We showed that the resonant peak red-shifted 124 

from 498 nm to 585 nm as D increased from 188 to 237 nm (Fig. 1d), and the uniform structural 125 

coloration of the palettes (of nanodot arrays) correspondingly changed from blue to yellow 126 

(Fig. 1e). The SPP mode can be expressed by following equation: 127 

 𝑅𝑒 [𝜔𝑐 √ 𝜀𝑚𝜀𝑑𝜀𝑚+𝜀𝑑] = |𝒌0 sin 𝜃 + 𝑖𝑮𝒙+𝑗𝑮𝒚| (1) 

where ω, c, θ, and k0 are the angular frequency, velocity, incident angle, and momentum of 128 

light in free space, respectively, and the integer index pairs (i, j) denote specific SPP modes. Gx 129 

and Gy (|𝑮𝒙| = |𝑮𝒚| = 2𝜋/𝑃) represent the grating vectors along the x and y axes generated 130 

by the nanodot arrays53-55. In our system, εm is the relative permittivity of silver (εsilver) and εd 131 

corresponds to the effective permittivity of the nanodot array (εeffective). For the first-order SPP 132 

mode with a normal incidence of θ = 0°, i.e., (𝑖, 𝑗) = (±1,0) or (0, ±1), the wavelength of SPP 133 

resonance (λSPP) can be simplified as: 134 

 𝜆𝑆𝑃𝑃 = 𝑃√ 𝜀𝑠𝑖𝑙𝑣𝑒𝑟𝜀𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝜀𝑠𝑖𝑙𝑣𝑒𝑟 + 𝜀𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 (2) 

with the condition of effective permittivity being 𝜀𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑛𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒2   56. This eq (2) 135 

illustrates that the red-shift of the SPP resonance occurs with increasing neffective by a gradual 136 

increment of D, which in turn enhances the filling ratio of PVA on Ag; this analysis theoretically 137 

supports the experimental measurements in Fig. 1d.  138 

In order to understand SPP resonance, we numerically calculated λSPP with electric near-139 

field distributions with respect to varying D using finite-difference time-domain (FDTD) 140 



simulations. Fig. 2a shows that the simulated resonant peak was red-shifted with D, 141 

qualitatively matching the experiments, and the near-field enhancement is stronger at longer 142 

wavelengths (from 500 to 512 to 530 nm) with increased D (from 188 to 209 to 237 nm). The 143 

FDTD simulation also visualized the field enhancements at the bottom edges of nanodots, 144 

which form the characteristic profiles of the SPP mode (Fig. 2b). Specifically, a strong 145 

enhancement factor of 41.5 was observed at λSPP of 500 nm where the diameter is relatively 146 

small (D of 188 nm), and the intensity factor decreased by 83% as D increased to 237 nm. At 147 

λSPP of 512 nm, a maximum enhancement factor of 42.1 was recorded for a value of D of 209 148 

nm. For the longer resonant wavelength (λSPP of 530 nm), the hydrogel nanodots with D of 188 149 

and 209 nm could not induce the concentrated electric field, whereas D of 237 nm generated 150 

strong field enhancement (enhancement factor of 42.3). The discrepancy between λSPP 151 

measured by the experiments and the values calculated by the numerical model can be 152 

attributed to the surface roughness of the Ag films (Fig. S2) which restricts the propagation 153 

distance of SPPs57,58. 154 

Beyond static tuning of plasmonic resonance based on engineered meta-atom dimensions, 155 

the optical properties of the hydrogel-based metasurface could be dynamically controlled in 156 

response to a varying environmental moisture level. As the relative humidity (RH) to which 157 

the surface was exposed increased from 0.17% RH to 96.9% RH (i.e., saturation), the hydrogel 158 

nanodots swelled by absorbing water and their size D increased from 205 to 277 nm as 159 

characterized by environmental atomic force microscopy (e-AFM) (Figs. 3a-b). The cross-160 

sectional profiles of the e-AFM images also confirm that the height (H) of nanodots was nearly 161 

constant irrespective of RH; the lateral volume expansion dominates the system dynamics (Figs. 162 



3a-b, Fig. S3). This observation suggests that the overall volume of the individual nanodot 163 

expanded by 182% as RH approached saturation, which resulted in a dynamic red-shift of λSPP 164 

from 542 to 558 nm (Fig. 3c, Table S1). In addition, we measured the refractive index of 165 

continuous hydrogel films at different RH (using ellipsometry) to detect the thickness change 166 

and verified that the hydrogel volume expansion was indeed induced by absorbing water under 167 

the applied experimental conditions (Fig. S4). The levels of red-shift of around 10~15 nm were 168 

quantitatively similar to each other for different values of D for the nanodots (and 169 

corresponding different structural coloration), which indicates that the degree of volume 170 

expansion was near-identical for all the samples (Figs. S5 and S6).  171 

We highlight highly stable and reversible tuning over λSPP from the metasurface with D of 172 

188 nm by applying cyclic RH changes; as RH oscillated between 10.3 and 89.4% RH, λSPP 173 

switched between 498 and 505 nm in a cyclic manner which in turn induced continuous 174 

structural color changes (between blue and blue-green) (Fig. 3d and Fig. S7). We used this 175 

dynamic plasmonic coloration as a platform to encode and decode optical information for an 176 

anti-counterfeiting application (Fig. 3e). The “QR code” shown in this work consists of 177 

hydrogel nanodots with two distinct D (D1 = 188 and D2 = 192 nm). The local regions with 178 

smaller nanodots (denoted as D1) induced a resonant λSPP of 505 nm, whereas the regions with 179 

larger nanostructures (denoted as D2) induced a λSPP of 511 nm at the initial RH (i.e., 10.3% 180 

RH) such that a plasmonic color contrast formed on the metasurface. The dark-field images of 181 

the QR code under applied RH between 10.3% and 71.4% exhibited almost negligible color 182 

contrast (encoded state) because the difference between D1 and D2 is relatively small over this 183 

RH range. As RH increased above 89.4%, the contrast was significantly improved (decoded 184 



state) because the size difference between D1 and D2 was increased significantly; the volume 185 

expansion ratio of the nanodots at this level of RH was ~180% (Figs. 3a-b). This color 186 

coordination and contrast were inconspicuous with bright field imaging, though, because the 187 

normal reflection from the light source overlaps with the scattering from the nanodots, 188 

cancelling out the optical signal from the metasurface (Fig. S8). 189 

The reversible structural coloration achieved with the hydrogel metasurface can also 190 

benefit applications in multi-color dynamic displays. Figs. 4a-b show dark-field images of 191 

color printing, where spatially distinct, multi-level color contrast visualizes the “Hangzhou 192 

Dianzi University” badge (at 10.3 and 89.4% RH). We printed the badge with three distinct 193 

local palettes patterned with different D of hydrogel nanodots at 10.3% RH (Figs. 4c-f): (1) 194 

regions with yellow and dark red for the frame of the badge (D of 240~250 nm, corresponding 195 

λSPP of 590~600 nm); (2) regions with cyan for the background of the badge core (D of ~ 204 196 

nm, corresponding λSPP of 539 nm); and (3) regions with dark blue for the characters and 197 

university symbol of the badge (D of ~175 nm, corresponding λSPP of 495 nm). This multi-198 

color printing approach using a single material and leveraging nanodot-level resolution varies 199 

the constituent local coloration by increasing RH up to 89.4% to swell the nanodots (Fig. 4b), 200 

including instances of: (1) regions with dark red for the frame of the badge (corresponding λSPP 201 

of 605~615 nm); (2) regions with green for the background of the badge core (corresponding 202 

λSPP of 559 nm); and (3) regions with blue for the characters and university symbol of the badge 203 

(corresponding λSPP of 505 nm). Different D of the nanodots can be hierarchically patterned 204 

into local palettes with arbitrary geometries, which enables a general platform for 205 

environmentally responsive, multi-color high-resolution displays. 206 



We further demonstrate that the hydrogel-based metasurfaces can function as a phase 207 

modulator to enable dynamic beam steering over the visible spectrum (Fig. 5). Because the 208 

contrast in refractive index over a single hydrogel nanodot is too small to generate sufficient 209 

phase delay at the sub-wavelength scale, we deposited an Ag cap (20 nm-thickness) on top of 210 

the hydrogel nanodots to improve plasmonic phase shift and thereby constructed metal-211 

insulator-metal gap plasmon resonators (MIM-GPRs, Fig. S9). We designed and fabricated the 212 

phase modulator with “super units,” where each super unit consists of nanodots with three 213 

distinct D for MIM-GPRs (Fig. 5a). By integrating three MIN-GPRs with different D into the 214 

supercell unit (3 × 𝑃), beam steering performance mimicking a blazed grating can be realized 215 

according to the generalized Snell’s Law 59: 216 

 𝜃𝑟 = 𝑠𝑖𝑛−1( 𝜆2𝜋 ×  𝛥𝛷3𝑃 + 𝑠𝑖𝑛 𝜃𝑖) (3) 

where θi and θr represent the incident and reflective angles of light, respectively, and ΔΦ 217 

indicates phase increment between adjacent MIM-GPRs. We set the value of P of the 218 

nanostructures to 400 nm to control the incidence over the visible spectrum60,61. We 219 

investigated the relationship between D and the degree of phase shift at different RH and found 220 

that ΔΦ reduced with larger RH (Fig. S10).  221 

As the hydrogel in MIM-GPRs swelled close to its maximum volume under 96.9% RH, 222 

the phase gradient generated by the supercell unit (i.e., 𝛥𝛷/3𝑃 in eq. (3)) declined drastically 223 

(Figs. 5b-c). This phase alternation significantly reduced the phase trending as well as the 224 

deflection power of beam steering to the first diffraction order. To characterize broadband 225 

beam-steering performance, we measured far-field angular distributions under two distinct RH 226 



(40% RH and 96.9% RH) and confirmed the ability of our system to achieve environmentally 227 

tunable reflection steering to the first diffraction order. In contrast to the beam steering by the 228 

phase modulator under 96.9% RH, the outgoing intensity distributions show that the reflected 229 

beam is dramatically directed to the first-order direction (θr ~35°) over the spectrum between 230 

680 and 740 nm wavelength under 40% RH (Figs. 5d-e). The measured angular reflection 231 

power distributions at 700 nm match well with the calculated spectra both for 40% RH and 232 

96.9% RH (Figs. 5d-e). We quantitatively confirmed that the optical intensity at the first 233 

diffraction order (θr ~ 35°) under 40% RH is 2.1 times greater than the reflection intensity from 234 

the surface of the modulator under 96.9% RH; therefore, we can set an OFF state for beam 235 

steering (to first diffraction order) with 96.9% RH, while the ON state is triggered when the 236 

modulator is exposed to 40.0% RH. Our experimental and theoretical results show that this 237 

environmentally responsive phase modulator can steer light beams over the broadband 238 

spectrum in a programmable manner. 239 

Discussion 240 

In summary, we developed a general platform for dynamically tunable, hydrogel-based 241 

plasmonic metasurfaces. By using high-resolution hydrogel resist for EBL, we constructed 242 

hydrogel nanodots hundreds of nanometers in diameter to generate reliable SPPs on silver 243 

layers. As the hydrogel nanodots swelled and shrank under varying levels of environmental 244 

RH, the peaks of the SPPs were reversibly tuned in response to RH. We demonstrated that 245 

these hydrogel metasurfaces can benefit practical applications in anti-counterfeiting and lead 246 

to multicolored displays with single-nanodot resolution based on meta-atoms with distinct D 247 

being spatially patterned by design. Furthermore, we showed that the arrangement of hydrogel 248 



super-cell units enabled a phase modulator to dynamically control the wavefront of visible light 249 

reflected from the metasurface. Considering the biocompatibility of hydrogels, we also expect 250 

that our responsive materials system will be widely adopted for in-vivo applications in 251 

biophotonics 252 

 253 

Methods 254 

Fabrication of hydrogel-based plasmonic metasurfaces. First, silicone (Si) wafers (2 inches, 255 

Kaihuajingxin Electronics Co., Ltd.) were cleaned using deionized (DI) water, followed by 256 

ultrasonication in acetone and subsequent rinsing with isopropanol. Chromium (Cr) (as and 257 

adhesion layer with a thickness of 5 nm) and silver (Ag) (with a thickness of 150 nm) layers 258 

were then sequentially deposited on the wafers using thermal evaporation. The hydrogel resist 259 

was prepared by dissolving 6 wt.% polyvinyl alcohol (PVA, Mw between 10,000 and 26,000 260 

g/mol, degree of alcoholysis 87~89%, Alfa Aesar) in DI water. The resist was spin-coated on 261 

the Ag/Cr/Si substrates to form a uniform film-thickness of 150 nm. The hydrogel nanodots 262 

were patterned on the resist films using electron beam lithography (EBL, Elphy Quantum 263 

system, Raith Gmbh) with an acceleration voltage of 2 kV and an electron dose of 0.1~20 264 

pC/dot (Fig. 1c, Fig. 3e, Fig. 4, and Fig. S1). After exposure, the sample was developed with 265 

DI water for 1 min and dried with N2 gas. The color prints of the QR code and the “Hangzhou 266 

Dianzi University” badge in the main text were prepared by grayscale EBL; the original color 267 

images were transferred to grayscale bitmaps and each value in the grayscale was designated a 268 

corresponding exposure dose in EBL, such that the nanodot arrays with spatially different D 269 

for multi-color palettes could be fabricated. The metal-insulator-metal gap plasmon resonators 270 



(MIM-GPRs) for the phase modulator were prepared by depositing one Ag layer (thickness of 271 

20 nm) on the top of the hydrogel nanodot arrays using thermal evaporation (Fig. S9). 272 

Characterization of hydrogel metasurfaces. The morphologies of hydrogel nanodots were 273 

observed using scanning electron microscopy (SEM, Sigma 300, Carl Zeiss) and dark- and 274 

bright-field optical microscopy. In particular, the values of D of the nanodots were correlated 275 

with the electron dose in EBL based on the corresponding SEM images (Fig. 1c and Fig. S1). 276 

We visualized humidity-responsive, structural coloration of the micro-palettes, including the 277 

QR code and the “Hangzhou Dianzi University” badge, using a fiber-coupled optical 278 

microscope system for which collection of the scattering spectra and far-field images of the 279 

metasurfaces is possible. During the optical characterization, the samples were located in a 280 

humidity-controlled box purged with N2 gas, where the level of relative humidity (RH) was 281 

manually controlled between dry (0.2% RH) and saturated (96.9% RH) states. RH was 282 

simultaneously recorded with a commercial RH sensor (TSP01, Thorlabs)38. The hydrogel 283 

nanodots swell or shrink in response to varying RH, and the resulting three-dimensional (3D) 284 

topographies were further characterized by an environmental atomic force microscope (e-AFM, 285 

CypherES, Oxford) equipped with a humidity control system that uses gas perfusion through a 286 

sealed cell (Figs. 3a-b, Fig. S3).  287 

Numerical simulations. Full-field electromagnetic wave calculations of arrays of hydrogel 288 

nanodots and MIM-GPRs were performed using Lumerical, a commercially available FDTD 289 

simulation software package (Fig. 2 and Fig. 5). For the simulations in Fig. 2, we set a unit cell 290 

area of 400 × 400 nm2 in x–y plane with periodic boundary conditions and the perfectly 291 

matched layers (PMLs) along the propagation of waves in z-axis. Also, the total-field scattered-292 



field (TFSF) source was applied to illuminate the nanodots. For the simulations in Fig. 5, we 293 

set a plane wave approaching the nanostructures along z direction, and the amplitude and phase 294 

of the reflected light were collected with a power monitor placed behind the radiation source. 295 

The angular intensity distribution is obtained by far-field analysis from the monitor.  296 

Characterization of beam steering from hydrogel-based phase modulator. The beam 297 

steering performance of the phase modulator patterned with arrays of MIM-GPRs (Figs. 5d-e) 298 

was captured using a Fourier-transform-based angular-resolved microscope system (ARMS, 299 

Ideaoptics) coupled with a spectrometer (Princeton Instruments, SpectraPro HRS-300). The 300 

reflected beam intensity as a function of θr over the target wavelength spectrum was directly 301 

collected by the angle-resolved microscope system without additional data processing 62.  302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 
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Figures  453 
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 455 

 456 

Fig. 1. (a) Fabrication of hydrogel nanodot arrays on silver films using EBL. (b) Schematic of 457 

the hydrogel-based metasurface with characteristic features (D, H, and P). (c) Scanning 458 

electron microscopy (SEM) images of hydrogel nanodot arrays with different D (D from 188 459 

nm to 237 nm). (d) Reflectance spectra of the metasurfaces with varying D and (e) dark-field 460 

microscope images of the micro-palettes with hydrogel nanodot arrays with values of D 461 

corresponding to (c).  462 



 463 

 464 

Fig. 2. (a) Measured and simulated λSPP as a function of D. (b) Near-field distributions of 465 

electromagnetic fields (|E|2) along nanodots with D of 188, 209, and 237 nm at the wavelengths 466 

of 500, 512, and 530 nm. The field distributions were visualized in the x-z planes of a single 467 

nanodot as presented in the inset of (c). 468 



 469 

 470 

Fig. 3. e-AFM images of hydrogel nanodots with P of 400 nm at (a) dry (0.2% RH) and             471 

(b) saturated RH (~97% RH), and corresponding cross section profiles. (c) Reflectance spectra 472 

of the metasurfaces with the nanodots with varying RH. The red-shift of λSPP with increasing 473 

RH is shown from the enlarged spectra. (d) Oscillation of λSPP and structural coloration from 474 

the hydrogel metasurface with cyclic variation of RH between 10.3 and 89.4%. The size of the 475 

palette is 20×20 μm2. (e) SEM images of the QR code consisting of different D (D1 = 188 nm 476 

in cyan box and D2 = 192 nm in green box) of nanodots and dark-field optical microscopy 477 

images of the code under 10.3, 71.4, and 89.4% RH. The size of the QR code is 100×100 μm2. 478 



 479 

 480 

Fig. 4. Dark-field optical microscopy images of the color printing with “Hangzhou Dianzi 481 

University” badge at (a) 10.3% and (b) 89.4% RH. (c) SEM image of the local area (marked 482 

with cyan box) in (a) where nanodots with two distinct D were spatially patterned. The inset 483 

shows the optical microscopy image over the same area. Zoomed-in SEM images of local areas 484 

marked with (d) green and (e) red box in (a), and (f) blue box in (c). 485 



 486 

Fig. 5. (a) SEM images with tilted (left) and top-view (right) of the phase modulator patterned 487 

with supercell units consisting of three hydrogel nanodots with gradually increasing D. Inset 488 

image resolves varying D of a single unit (D1 = 120 nm, D2 = 160 nm, D3 = 200 nm). Wavefront 489 

evolution from the phase modulator under (b) 40.0 and (c) 96.9% RH. Measured two-490 

dimensional far-field angular distribution contours of the reflected beam at P-wave normal 491 

incidence, and experimental and simulated angular reflection intensity distributions at the 492 

wavelength of 700 nm under (d) 40.0 and (e) 96.9% RH.  493 
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