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Supplementary Text 1: Comparison of optical structures: HM, MNHM, and MHM
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Figure. S1 Comparison with multi-layered interferometers for colorimetric sensors.

Multi-layered interferometers, i.e. hydrogel-metal (HM) (16, 19, 20) and metal-hydrogel-metal
(MHM) (23) structures, are widely used for optical sensors because those structures are not only
generating vivid colors through interference phenomena, but also have advantages in low
fabrication prices, easy manufacturing, and the possibility of large-area processing. These
structures are used as colorimetric sensors by adopting an active hydrogel layer because the
reflection/transmission spectrum reacts sensitively according to the change of refractive index and
thickness of the hydrogel with respect to the stimuli. Despite their distinctive features, the HM and
MHM structures are difficult to achieve high color purity and fast response speed at the same time.
In HM structure, the hydrogel layer is exposed to the surrounding, which ensures fast
response/recovery against the change of surrounding condition. However, the resonance of HM
structure relies on Fresnel reflection of a single layer, thus implying low-Q resonance and low
color purity. In MHM configuration, the metal layers sandwiching the active medium hinders gas
penetration so the response and recovery time is quite slow. On the other hand, the Fabry-Pérot
resonance allows the light at the specific wavelengths to be transmitted so that a relatively high-Q

spectrum can be obtained.

The proposed metal nanoparticle-hydrogel-metal (MNHM) has utilized disordered metal
nanoparticles as the upper layer. Disordered plasmonic structures composed of nanoparticles that
are much smaller than the wavelength can be manufactured inexpensively (32), unlike periodic
plasmonic metasurfaces, and work effectively like a highly-absorbing dielectric material to

achieve high color purity in the reflection spectrum (28, 3/). Additionally, the MNHM shows



ultrafast response time coming close to the bare hydrogel because mesoporous disordered structure
hardly hinders the penetration of gas molecules. Thus, we can expect both color purity and fast

response time in MNHM structure.

Table. S1. Comparison of the characteristics in various optical structures: HM, MNHM, and MHM

Type HM MNHM MHM

Metal nanoparticle-
Layered structure Hydrogel- Metal Metal-Hydrogel-Metal
Hydrogel-Metal

Color purity Low High High
sRGB area <60% ~90% >90%
Response time Very fast Very fast Slow

Device type Reflection Reflection Transmission




Supplementary Text 2: Calculation of effective refractive index using S-parameter retrieval

method
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Figure. S2. Schematic of effective layer analysis using S-parameter retrieval.

When the size of nanoparticles that consists of a layer is comparable to the subwavelength scale,
the layer can be considered as an effective medium with the effective refractive indices, i.e.
effective medium theory (Fig. S2) (39). The optical properties of the effective medium can be
calculated using the S-parameter retrieval method that allows the extraction of the effective
refractive indices with the reflection/transmission coefficient of the original layer (40). In general,
the relationship between optical parameters is described as following equation (39),

n
€= and u =nZz (S2-1)

, where €, n, Z, and u are permittivity, refractive index, impedance, and permeability of the layer,
respectively. For symmetrical layers, the reflection/transmission coefficients 7;; and ¢; are as

follows

1
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where &, Z, and d are wavevector, wave impedance, and thickness of the inhomogeneous layer. As

a result, the effective refractive index can be calculated as
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Supplementary Text 3: Analytic approach to calculate reflectance of MNHM etalon with

scattering matrix modeling
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Figure. S3. Calculation of the reflectance of MNHM structure using scattering matrix. (a)
Schematics of the defined optical system for scattering matrix. (b) Electrical field attenuation
during the propagation in the j™ layer. (c) Schematic of MNHM structure with scattering matrices

of each interface.

Analysis of multilayered structures could be conducted using a scattering matrix (29). The
scattering matrix represents the relationship of the waves toward forward and backward in the
optical system (Fig. S3a). In this system, the incoming and outgoing wave, Ui(‘;‘.r) , are expressed as
scattering matrix, S / whose elements are the reflection/transmission coefficients, r and t (Eq.
S3-1).
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In the case of the normal incidence, the scattering matrix, composed of the reflection and

)
Ui

transmission coefficients, can be acquired by the following equation:

ti]' r}l] 1 [ an- n] - ni]

Tij t] n; + n; n; —n; Zn]

Sij — [ (S3-2)

, where the n represents the complex refractive index of the layer. The real part of the refractive
index is used to get the phase retardation, and the imaginary part is used to obtain the attenuation
factor, a, of the wave propagating in the layer (Fig. S3b). The relationship between the refractive

index and attenuation factor is shown in the following equation,

n =R(n) + i13(n) = R(ny) + iza—kjo (S3-3)



, where ko is the wavevector at the free space. Unlike the conventional lossless system (a = 0), one
must consider the wave attenuation because the high absorption could occur in the lossy
nanoparticle layer. Scattering matrices in a layered structure are calculated in order with the

Redheffer star product relation. The generalized Redheffer star product relation is expressed as

[ tijtjxP; rej + LI tijtikTyiP ]
Sik — ¢ij 4 gik — [tik Tki] _ 1- Tji jkP'z 1 — Tk Tji P]
Tik ki - tij ]lr]kP ti;tiP; ($3.4)
71 =7 Py 1- T”jijinz

whererzexp( ( +L§R( )ko) )

the propagating factor, P;, represents accumulated phase retardation and wave attenuation in the
j® layer with the thickness dj.

The MNHM structure can be considered as a five-stacked structure of a homogeneous layer (Fig.
S3c). S1° was calculated to get the total reflection coefficient of the MNHM structure. Assuming
the bottom metal reflector as a perfect mirror, a series of Redheffer star products is simplified as

the following equation
(512 52) 4 (3 549) = 510 w53 =514 [ 0 M| =55 (83-5)

In detail, the reflection coefficient of the MNHM structure, 715, can be rearranged as the following

equation

-1

tiztr1 Py 2 2 T21t32t23P3

T15 == le + T23 + t23t32P3 1 - P3 T32 + . (83'6)
1 —1yy1p3Pf 1 —11153P

Finally, the total reflection is obtained as the square of the reflection coefficient (Eq. S3-7).
Rys = |ris/? (S3-7)



Supplementary Note 1: Schematic of the fabrication process of the proposed MNHM structure

The devices presented in the paper were fabricated through the process shown in Fig. S4. A more

detailed condition can be found in the Methods.
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Figure. S4. The fabrication process and detailed conditions of the proposed MNHM

structure.



Supplementary Note 2: Surface morphology of AgNPs-SCN layer

The surface analysis was conducted using the AFM to understand the structural characteristics of
AgNPs-SCN. The measurement was carried out in contact mode with the SCN nanoparticle layer
fabricated under the same conditions as in the main text. The peaks shown in Fig. S5 indicate the
locations of the nanoparticles, which is consistent with the SEM images. The surface morphology

data were used to obtain geometrical factors required for simulation modeling.
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Figure S5. Structural characteristics of AgNPs-SCN layer fabricated through ligand
exchange. (a) (i) topview (ii) 3D view (b) distribution of z-direction components. All data were

measured using AFM.



Supplementary Note 3: Change of refractive index of the chitosan layer according to the relative
humidity

The chitosan layer quickly and sensitively swells in response to ambient relative humidity. In the
swelling state, the chitosan layer absorbs the surrounding moisture, and the refractive index of the
chitosan layer decreases. The refractive index of the chitosan layer was measured by ellipsometry
and fitted as like previous research (46). This decrease in the refractive index of the hydrogel

weakens the red-shift of the resonant wavelength when the chitosan is swollen (23).
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Figure S6. The change of refractive index of chitosan layer according to relative humidity.



Supplementary Note 4: Thickness of chitosan layer according to spin-coating speed

The thickness of the insulating layer can be controlled by the concentration of the chitosan solution

and the spin-coating speed. Fig. S7 shows the thickness of the chitosan layer according to the

concentration and the spin-coating speed in an RH 20%. All data were measured using AFM.
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Figure S7. The thickness of the chitosan layer according to the concentration of the solution

and spin-coating speed.



Supplementary Note 5: Optical system for measuring optical response according to the change

of relative humidity

A special humidity chamber is designed to precisely measure the optical response of the MNHM
device. This chamber is designed to check and manipulate the inside humidity in real-time. The
following optical setup was used to simultaneously measure the optical image and reflection

spectrum.

Humidity CCD Boam

Chdimbyy [ Spliter2

Lens

/ Spectrometer

Objective
Lens

Beam
Splitter 1

ND Filter

Mirror

Figure S8. An optical setup for measuring the optical spectra and imaging the sensor with

the change of relative humidity.



Supplementary Note 6: Influence of incident angle on the reflectance of the MNHM-SCN

Changes in the reflectance spectrum with the incident angle from 0° to 30° of the MNHM-SCN
were calculated in both RH 40% and RH 90% under the TM and TE mode. In the both modes, it
was observed that the peak blue-shifted as the incident angle increased (Fig. S9).
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Figure S9. The change of (i) reflectance and (ii) color of MNHM-SCN etalon according to the
incident angle under the TM/TE mode. (a) RH 40%, TM mode. (b) RH 90%, TM mode. (a) RH
40%, TE mode. (b) RH 90%, TE mode. The black dotted line represents the peak shift in

reflectance.



Supplementary Note 7: Electrical field distribution in the effective MNHM-SCN

To support the analysis of electric field distribution in the main text, the electrical field distribution
of the effective MNHM-SCN is calculated through FDTD simulation (Fig. S10). The refractive
index of the effective nanoparticles is calculated through the S-parameter retrieval method
mentioned in Supplementary Text 2. At the peak of the reflectance (Fig. S10a), it can be seen that
the electrical field distribution inside the hydrogel layer forms a mode similar to that of Fabry-
Perot resonance. The localized field in the lossy effective nanoparticle layer is weak. In contrast,
a strong field is concentrated in the effective nanoparticle layer and creates a large loss at the dip
of the reflectance (Fig. S10b). These field distribution data are consistent with the analysis in the

main text.

Figure S10. Electrical field distribution of effective MNHM-SCN at RH 90%. (a) at the peak
of the reflectance, 532 nm. (b) at the dip of the reflectance, 676 nm.



Supplementary Note 8: Phase distribution in the near-field area of MNHM-SCN

In the MNHM-SCN (at RH 90%), the phase distribution of the reflected electrical field is
numerically calculated through FDTD simulation (Fig. S11). Nanoparticles that are much smaller
than the wavelength of the incident light (532 nm) reflect light similar to a plane wave. This shows

that the nanoparticle layer can be well approximated as an effective layer.
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Figure S11. Phase distribution of the reflected electrical field at a MNHM-SCN.



Supplementary Note 9: Thermal stability of AgNPs layer

The stability of the device under harsh conditions such as high humidity and temperature is
important for practical application. Therefore, the stability of the AgNPs-OLA and -SCN layer
was examined through XRD and transmission spectra measurement under RH 85% condition. Fig.
S12a displays the XRD patterns of AgNPs. Despite the high humidity conditions, oxidation such
as AgO and Ag2O was not observed in each layer. The XRD patterns and sample images show
that, unlike Ag NPs-OLA, which exhibits a gradual change with increasing temperature, AgNPs-
SCN has good thermal stability up to 85°C in a high humidity environment. In Fig. S12b, the
transmission of AgNPs-OLA is changed as the NPs are aggregated by thermal annealing, and the
transmittance is significantly lowered at 85°C. On the contrary, AgNPs-SCN layer, mainly used
in this paper, showed optical property stability despite the high temperature and high humidity
environment. It is considered that the oxidation reaction of Ag was retarded by the ligand
surrounding the surface of AgNPs. This shows that the MNHM-SCN device can be used in harsh

environments.
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Figure S12. Thermal stability of the fabricated AgNPs-OLA and -SCN layer under high

humidity conditions (RH 85%). (a) XRD patterns according to the temperature change (30°C,
55°C, and 85°C). (i) AgNPs-OLA (i) AgNPs-SCN. (b) transmittance spectrum according to the
temperature change (30°C, 55°C, and 85°C). (i) AgNPs-OLA (ii) AgNPs-SCN. Reference data

were taken at 25°C, RH 20%.



Supplementary Note 10: CIE 1931 diagram of high-resolution display
The high-resolution MNHM display consists of 5 types of pixels with different heights of SiO2

layers. The exact heights of SiO:2 layers were obtained through measurements; fsio2 = 30 nm, 85
nm, 140 nm, 185 nm, 235 nm. Each pixel shows orange, red, blue, green, and yellow at RH 0%.
Since this display is sensitive to humidity, we marked the color change according to the humidity

change in the CIE 1931 diagram.
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Figure S13. CIE 1931 diagram of the high-resolution MNHM display according to the RH.
(a) tsio2 = 30 nm. (b) tsio2 = 85 nm. (c) tsio2 = 140 nm. (d) zsio2 = 185 nm. (e) fsio2 = 235 nm.
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