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Abstract: Dynamic structural color based on tunable op-
tical resonance plays a key role in applications including
encryption visualization, camouflage and colorimetric
sensing. However, the current design requires either com-
plex growth processes of the high-quality tunable mate-
rials or complicated circuit designs. This work makes a
humidity-swelling hydrogel layer for metal-insulator—-
metal (MIM) structure in the dynamic multi-color display.
Here, polyvinyl alcohol (PVA) hydrogel structure is
patterned through grayscale e-beam lithography and the
controlled PVA thickness leads the programmable reflec-
tive resonance covering the entire visible range. By varying
the ambient humidity between 9.8 and 90.1% RH, the
reflective resonance of the structure is tailored across a
wavelength range over 100 nm. Our materials platform of
humidity-sensitive hydrogel resist presents a novel
approach of the stepwise and reversible optical tunability
for photonic devices.
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1 Introduction

Structural color generated from subwavelength structural
designs are advantageous over conventional chemical
colors because of their resistance to high temperature and
irradiation exposure [1-3]. For structural color, the color
rendering is sensitively related to geometric deformation,
surrounding media and component change, thus offering a
new degree of freedom for dynamic color control [4-6].
Existing materials systems of structural colors, however,
has fixed color upon fabrication and cannot be used for
dynamic multi-color display. Active materials allowing
real-time changes of its optical properties is under explo-
ration for applications including encryption visualization,
camouflage and colorimetric sensing [7-9].

MIM multi-layer structures allow high-efficient band-
pass filtering by the multi-layer interference [10-13]. With
the ultrathin lossy metallic layer on top, the constructive
and destructive interference are formed in MIM structures
due to the control of optical phase within the transparent
insulator layer. The interference resonance is impacted
with the thickness and the effective reflective index of the
insulator layer. Thus, this construction enables dynamic
multi-color displays using a tunable insulator layer based
on electro/chemical-active or temperature-sensitive mate-
rials [7, 14-16]. For example, electrochromic materials,
such as tungsten oxide and iron oxide, are induced in the
insulator layer and the migration of ions during charge/
discharge states resulting in the vibration of reflective in-
dex and the color change [17, 18]. To allow external electric
fields for tuning, complicated capacitor designs are
required. Phase-change materials (chalcogenides [19-21],
vanadium oxide [22, 23], et al.) are also widely reported
for real-time tunable plasmonic resonance, but growth
processes of high-quality layers are demanding. With
controlled hydrogenation and dehydrogenation processes,
metal hydrides (MgH,, TiH,, et al.) can be reversed between
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metal and dielectric and thus the optical properties can be
switched [24, 25]. This method requires a safe control of
hydrogen input, which is unexpected for common usage in
dynamic display.

Hydrogel films own the self-driven swelling/shrinking
behavior by the change of environmental humidity and can
be prepared by spin-coated conveniently [26]. Compared
with the current approaches, hydrogel film is in perspective
for tunable structural color with the advantages of ease
access, fast responsibility and nearly lossless in visible
range [27-30]. For MIM structures, the combination of
hydrogel films as the insulator layer allows the swellable
thickness leading to the adjustable multi-layer interference
by humidity control [31, 32]. Various patterning techniques
(e.g. laser printing [33], mask-aligned light exposure
[32, 34], and 2D/3D printing method [27, 35, 36]) are
developed for hydrogel-based structural color, and are
mainly limited in macroscale. Aiming the application in
photonic devices, a multi-color programmable and high-
resolution patterning method is still desired, and are
challenging due to the structural collapse and deformation
of hydrogel materials.

It is proved that electron beam lithography, as one of
the ultrahigh-resolution patterning techniques [37], can
irradiate hydrogel chains within nanospots and form
designable micro-/nanostructures [38, 39]. In this work, we
propose the MIM structure by inducing hydrogel as the
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active insulator layer of which the thickness is tunable by
humidity change. As the e-beam lithographic (EBL) resist,
polyvinyl alcohol (PVA) is competent for grayscale expo-
sure, and the insulator thickness and the reflective reso-
nance is accurately programmed by exposure dose.
Combined with a thick aluminum (Al) layer at the bottom
and a thin platinum (Pt) layer at the top, asymmetric
Fabry-Perot cavity is formed and preforms multi-color
display covering the visible range. Furthermore, the
hydrogel structures after e-beam exposure still perform
quick swelling/shrinking response to humidity change,
and promises a novel approach of the stepwise and
reversible optical tunability.

2 Results and discussion

The color generation of the MIM structure directly depends
on the thickness of the insulator layer, as the schematic
configuration shown in Figure 1(a). An Al bottom layer is
deposited with the thickness (H,;) over 200 nm for entire
reflection in visible wavelength range [40], and PVA is
patterned as the insulator layer followed by coating a thin
Pt layer with the thickness (Hp,) of 27 nm on top (as the SEM
image shown in the inset of Figure 1(a)). To pattern the
negative-tone PVA resist, EBL is carried out with a low
acceleration voltage of 5 kV, which can efficiently reduce
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Figure 1: (a) Schematics of the proposed MIM microstructure with the varied insulator thickness for multi-color displays. Inset shows the
cross-section SEM image of Pt/PVA/AL (thickness: 27 nm/140 nm/150 nm, respectively) layers on a Si wafer. (b) Height of exposed PVA and

reflective resonance of the corresponding MIM structures with varied

EBL exposure dose. (c) Height map tested by AFM for patterned MIM

structure. (d) Reflection spectra of MIM structure containing the PVA layer with the thickness varied from 107 to 224 nm, and the top Pt layer
with the thickness of 14 nm. (e) Photograph of the patterned MIM structure showing multi-color display with increased thickness from 107 to

224 nm.
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the sensitivity of the PVA resist and the exposure time
[41, 42]. The contrast value (y) of the PVA resist is calculated
as 0.91 (described in Figure S1), which is lower than the
reported polystyrene and SU-8 resist (y ~ 1.0) [41, 43],
proving the competent capability for grayscale exposure.
Based on this contrast test, Figure 1(b) proves that with
varied exposure dose between 300 and 1500 pC cm™?, the
PVA thickness (Hpy,) is gradually controlled between 107
and 234 nm. The height image measured with AFM in
Figure 1(c) shows the final result of grayscale-exposed
patterns. Corresponding to the increased PVA thickness,
the reflective resonance of MIM structure is tuned between
the wavelength of 450 and 780 nm in Figure 1(d), and the
color change is shown in the inset of Figure 1(e). The
relationship between the PVA thickness and reflective
resonance is concluded in Figure 1(b).

The top thin layer plays an important role for the strong
cavity confinement, and its impact on reflection is inves-
tigated by varying thickness. Figure 2(a) represents the
patterns deposited with Hp; of 0, 5, 14, 27, and 36 nm,
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respectively. It can be seen that by increasing the Pt
thickness over 14 nm the multi-color display of the palettes
is obvious. Furthermore, Figure 2(b) and (c) shows the
impacts from varied Pt thickness on reflection spectra with
the initial PVA thickness of 137 and 216 nm, respectively. It
is clearly shown that by increasing the Pt thickness from
zero to 36 nm, the reflective resonance is blue-shifted and
the reflective intensity is gradually enhanced. The thicker
Pt layer enhances the reflection from the Pt-air interface
and increase the reflective intensity. Also, the accumulated
phase shift is varied with the thickness of Pt layer, making
the resonance blue shifted [29, 44]. The detailed reflection
spectra of the PVA layers with the thickness varied from 107
to 234 nm and coated with 14 and 27 nm are concluded in
Figure 1(d) and S2, proving the structural color covering the
entire visible range. Based on this, the color gamut of our
grayscale exposed patterns on CIE 1931 Chromaticity Dia-
gram is calculated and represented in Figure 2(d),
demonstrating a broad coverage in sRBG color space for
multi-color display.
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Figure 2: (a) Photograph of multi-color palettes coated with Hp; 0f 0, 5, 14, 27, 36 nm, respectively. Reflection spectra of PVA layers with Hpya of
(b) 137 and (c) 216 nm, coated with Hp, of 0, 5, 14, 27, 36 nm, respectively. (d) CIE 1931 color coordinate variation diagram based on Fabry—Perot

cavities with varied Hpya between 107 and 234 nm, and Hp; of 14 nm.
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The main limiting factor of humidity tunability for this
hydrogel-based Fabry—Perot cavities is the impedance from
the coverage of the top Pt layer, which may impact the
swelling ability of the hydrogel layer. As shown in Figure S3,
the color change is not uniform for Pt layer with 36 nm
thickness. To avoid this problem, grayscale-patterned PVA
structures coated with 14 nm-thick Pt is mainly utilized for the
further study of humidity-tunable structural color.

The reflective mechanism of MIM multi-layer struc-
tures is well discussed as asymmetric Fabry—Perot cavity in
the previous reports [45-47]. Assuming the PVA layer is
semi-infinite and the top Pt layer is ultra-thin (illustrated in
Figure 3(a)), the reflection and transmission coefficients for
the wave propagating from air to PVA layer, from PVA layer
to air, and from PVA layer to Al layer are r, and t,, r, and t,
rs and t;, respectively. Based on the Fresnel reflection
theory, the multi-layer interference in Fabry—Perot cavity
leads the reflection coefficient r and the phase accumula-
tion f§ through the insulator layer as:

r="rq+ (tatyrse?) [ (1-rprie™) 0y
B = 2npyphpyacos (6,) /A )

where npya, hpva, 6. and A are the refractive index of PVA,
the thickness of PVA layer, the refraction angle and the
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wavelength. And the reflectivity R can be calculated as
R=|r]>. InEq. (1), the increasing thickness of the top Pt layer
leads to the greater r, and thus enhances the total reflective
intensity, as proved in Figure 2(b) and (c). The detailed
reflection spectra are simulated to examine the thickness
effect of hydrogel layer on the resonance. Figure 3(b) and
(c) compare the measured and calculated reflectance
spectra for the structures with varied hydrogel thickness
(Hpya = 133, 184, 222 nm), of which the reflective reso-
nances matching well with each other for normal inci-
dence. The simulated electric field distributions of the
vertical cross-section of the MIM structures in Figure 3(d)
and (f) prove that there is a typical Fabry—Perot dominated
resonance existing in the hydrogel layer at all of the
reflective resonances at 448, 623, 753 nm for the hydrogel
thickness of 133, 184, 222 nm, respectively.

It is proved by our previous work that the hydrophilic
groups of PVA after e-beam exposure are still kept, and the
swelling/deswelling responsibility to humidity change is
retained [38]. To elucidate the resonance tunability of our
hydrogel-based Fabry—Perot cavities, the reflection spectra
are recorded by varying ambient humidity from 9~90% RH
in Figure 4(a)—(c). The reflective colors of the structure with
the initial PVA thickness of 133, 185, 216 nm are blue, yel-
low and red, respectively. By increasing the ambient
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Figure 3: (a) Schematic of the multi-layer interference, in which the reflection and transmission coefficients within multi-layers are illustrated.
(b) Measured reflection spectra of the structure with Hp; = 14 nm, and Hpya = 133, 184, 222 nm, respectively. (c) Simulated reflection spectra of
the structure with Hpy =14 nm, and Hpya =133, 184, 222 nm, respectively. Electric field distributions of the vertical cross-section of the structure
at the reflective resonances of (d) 448, (e) 623, (f) 753 nm with the hydrogel thicknesses of 133, 184, 222 nm, respectively. The scale bar in

(d)-(f) is 50 nm.
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Figure 5: Logo pattern of the Beijing 2022 olympic games which is
tunable by switching humidity between 32.1 and 90.1% RH.

humidity from 9.8 to 90.1% RH, all the structures show the
stepwise resonance shift and obvious color change due to
the film swelling. For intuitionistic expression, the photo-
graph in Figure 3(d) concludes the color change covering
the entire visible range between the ambient humidity of
32.1-90.1% RH.

Finally, the resolution and dynamic multi-color print-
ing of hydrogel-based Fabry—Perot cavities is verified in
this work. The microscopic images in Figure 5 shows the
logo pattern of the Beijing 2022 Olympic Games, which is
printed by grayscale exposure of PVA resist. After coating
with top Pt layer, the highly-saturated colorful palette is
visualized due to the different height of PVA layers. Once

3 Conclusions

In summary, we report a novel approach to realize dynamic
multi-color display based on hydrogel-based MIM struc-
tures. The contrast of PVA resist is as low as 0.91 and is
competent for grayscale exposure. By controlling the
exposure dose, the PVA structures with accurately-
programmable thickness perform strong reflective reso-
nances covering the entire visible range. Furthermore, the
hydrogel structures after exposure still keep quick swelling
responsibility to humidity change, and perform stepwise
and reversible optical tunability. Considering that this
deformation capability of hydrogel structure is self-driven
and bio-compatible, hydrogel-based plasmonic structures
and metastructures could own further applications in
complex dynamic nanophotonic devices, such as optical
anti-counterfeiting, smart camouflage, and colorimetric
sensing.
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4 Methods

4.1 Sample fabrication

Wafer substrate is cleaned and coated with 200 nm-thick Al by thermal
evaporation. PVA, which can form smooth film by spin-coating and
owns high-resolution capability, is utilized as the hydrogel resist. PVA
is purchased from Alfa Aesar (molecular distribution between 10,000
and 26,000 g/mol and alcoholysis degree of 87-89%) is dissolved in DI
water for spin-coating. By controlling the concentration and spin-
coating speed, PVA film with the thickness of 250 nm on Al layer is
utilized as the negative EBL resist. The grayscale exposure on PVA
resist is carried out by EBL system (Raith Elphy Quantum system) with
the acceleration voltage of 5 kV. After exposure, the patterns are
developed by DI water for 1 min. The contrast curve is deduced by the
height measurement of the PVA patterns with varied exposure dose by
atomic force microscope (AFM, JPK NanoWizard 4-NanoScience). The
multi-color patterns are realized by controlling the exposure dose
between 300 and 1500 uC cm?, followed by sputtering a thin Pt layer
on the top. The fabricated structures are characterized with scanning
electron microscope (SEM, Carl Zeiss Sigma 300).

4.2 Optical charaterization

A lab-made flow controlling system is utilized to tune the ambient
humidity, by controlling the mixing ratio between the dry N, and
saturated moisture flows. The mixed flow blows on the sample nearby,
and the original reflection intensity () are recorded by a fiber-based
spectrometer (Ocean Optics QE65 Pro) amounted in a microscope
(Nikon Digital Camera Head DS-Fil). Meanwhile, the reflection images
are recorded by a CCD camera. And the ambient humidity of the flow is
monitored by a humidity sensor (Thorlabs TSP01). The background
reflection intensity (I,) is recorded, and the reflectivity of the samples
as a function of wavelength A is are calculated as R(A) = I;/I;,.

4.3 Simulation

Reflection spectra and near-field profiles are studied using finite-
difference time-domain simulation (FDTD solution, Lumerical Inc.).
Plane waves with the wavelength range of 200-1000 nm and the
electric field E, = 1 V/m are utilized for normal incidence. The
refractive index of PVA is set to be 1.48. The refractive index of silicon,
Al and Pt is obtained in the material library (Palik) [48]. The reflection
is collected with a power monitor and the cross-section near-field
distributions are collected a profile monitor.
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