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Wearable Image-Based Colorimetric Sensor for Real-Time

Gas Detection with High Chromaticity

Ji-Eun Yeo, Joo Hwan Ko, Seung Hyeon Lee, and Young Min Song*

Flexible gas sensing technologies are essential for a wide range of
environments and applications, from wearable devices to large-scale industrial
systems. Among various approaches, colorimetric sensing stands out for its
distinct advantages, including energy-free operation, intuitive visual feedback,
and high resistance to environmental disturbances. Leveraging ultrathin
resonators, colorimetric sensing achieves enhanced chromaticity and angular
stability. In this study, a flexible colorimetric gas sensor is introduced based
on a resonator array integrated with polyvinyl alcohol (PVA). This sensor
achieves nearly 100% coverage of the standard RGB color gamut, enabling
precise and visually distinguishable gas detection. Fabricated on a flexible
substrate, it demonstrates remarkable angular robustness, maintaining
consistent color under incident light angle variations of up to 60°. This
capability, combined with rapid response times of 180 ms for PVA swelling
and 210 ms for shrinking, highlights the sensor’s adaptability for diverse
applications, including wearable devices and industrial-scale monitoring.
Furthermore, the sensor is evaluated under various volatile organic
compounds (VOCs) and imaging conditions, showcasing its potential for
image-based analysis and accurate VOC detection. Notably, it demonstrated

1. Introduction

The ability to verify harmful gases in
the environment is essential for detect-
ing hazardous substances, preventing
accidents, mitigating pollution, and
ensuring public health and workplace
safety. Developing wearable gas sensors
that operate reliably under diverse condi-
tions is critical for real-time monitoring.
However, conventional gas verification
methods face limitations in stability,
energy efficiency, and adaptability to
flexible surfaces. To overcome these
challenges, various gas verification
mechanisms, including chemiresistive,
electrochemical, and optical-based ap-
proaches, are widely employed.l'! Among
them, chemiresistive methods and elec-
trochemical methods often require high
operating temperatures for fast response
times, making them susceptible to

the ability to detect VOC concentrations that are indistinguishable using a
single sensor by simultaneously analyzing data from four sensor arrays.
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environmental disturbances.[*’]  Fur-
thermore, integrating multiple sensing
elements into a single array remains
a significant challenge.*] In contrast,
optical-based gas sensing, particularly
colorimetric sensors, offers distinct advantages, including zero-
energy consumption, intuitive visual representation, and min-
imal susceptibility to external environmental influences.[>®
These colorimetric sensors enable real-time imaging and anal-
ysis of gas-induced color changes using portable devices such as
smartphones, facilitating rapid and accurate gas verification.!”]
Despite these advantages, achieving high-performance colori-
metric sensing requires a wide color gamut and long-term sta-
bility in color representation.®!

From this perspective, structural coloration offers several cru-
cial advantages over conventional pigment-based coloration.°!
Structural coloration can be found in various forms, including
multilayer films,[!%! bio-inspired designs,!*!) photonic crystals,*?!
and metasurfaces.['*] Conventional multilayer interferometers
are predominantly based on Fabry—Perot (F-P) interference ef-
fects, enabling functionalities such as high-Q spectral charac-
teristics and chromaticity.'*] The F-P resonance demonstrates
a linear transition of the resonance wavelength;!'*] however, its
color representation is constrained, and the response time re-
mains relatively slow.['®] Moreover, designs relying on F-P inter-
ference often exhibit pronounced angular sensitivity, leading to
observable color shifts with changes in viewing angle. In contrast,
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ultrathin resonators composed of highly absorbent ultrathin
films deposited on metal substrates selectively absorb incident
light within the visible wavelength range, maintaining high color
purity while offering excellent angular stability. The ultrathin res-
onators deliver consistent performance with minimal color shift,
even at oblique angles, making them particularly well-suited for
flexible and wearable applications.!”]

Recently, innovative approaches combining proteins!'®! or
hydrogels!®'*'°] with simple photonic structures have been suc-
cessfully demonstrated, leveraging their dynamic response to ex-
ternal stimuli. Compared to sensors utilizing a single cell, which
are limited by a single resonance condition and exhibit reduced
accuracy, arranging cells with multiple resonance conditions in
an array allows for precise detection across a broader wavelength
range.l?!l Furthermore, this configuration enables eye-catching
detection, which is visually distinguishable. This approach con-
tributes to enhancing both detection performance and user con-
venience simultaneously. In this study, we present a flexible col-
orimetric sensor, based on a resonance array with multiple res-
onance conditions combined with polyvinyl alcohol (PVA). By
leveraging these principles, we developed a gas sensor capable
of covering 98.61% of the sSRGB color gamut, demonstrating ex-
ceptional accuracy in color representation. This sensor array is
fabricated on a flexible substrate using a thin-film photonic struc-
ture, allowing for versatile fabrication in terms of size and area.
As a result, it can be miniaturized for attachment to curved sur-
faces, such as the human body, or applied to large-scale envi-
ronments like factories where conspicuous detection is required.
The sensor exhibits a rapid response time of 180 ms for swelling
and 210 ms for shrinking. Furthermore, image-based analysis
using array-based detection of volatile organic compound (VOC)
gases demonstrated the sensor’s ability to generate distinct color
change patterns, enabling accurate gas detection. This capability
highlights its potential as an efficient and practical gas sensing
solution for precise VOC detection in diverse environments.

2. Results and Discussion

2.1. Wearable Gas Sensor with Multifunctional Color Code

Figure 1A presents an exploded view of a swelling layer-based
colorimetric gas sensor integrated with a color-coded resonance
array (CCRA). The active material was spin-coated onto a metal
reflective layer and a porous lossy layer to form an ultrathin film.
Fabricated on a flexible substrate, the sensor demonstrates ex-
ceptional adaptability, conforming seamlessly to various surfaces
such as human skin or industrial components. The use of smart-
phone cameras for RGB data-based image analysis also offers a
lightweight and cost-effective solution for field applications, pro-
viding high flexibility and portability while maintaining measure-
ment accuracy through proper calibration.[?22323] Furthermore,
its ultrathin structure facilitates integration into large-area ap-
plications (Figure 1B). The fabricated CCRA-based gas sensor
(CCRA-GS) displays distinct colors depending on its resonant
conditions, allowing real-time image-based analysis for the detec-
tion of not only humidity but also a range of VOCs such as ace-
tone, isopropyl alcohol (IPA), and ethanol. The active layer, com-
posed of PVA, expands or contracts in response to external en-
vironmental changes, directly coupling its physical deformation
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to the optical response and inducing immediate color changes
within the CCRA-GS structure as the interference conditions are
altered (Figure 1C).[2°] This ultrathin architecture enhances col-
orimetric sensitivity through strong resonances at the interfaces
of the CCRA, which possess complex optical constants. Notably,
the hydrophilic nature of the fabricated sample enables distinct
and visible color changes in response to variations in relative hu-
midity (RH), demonstrating high sensitivity and clear visual out-
puts. This characteristic allows the sensor to modulate its color
in accordance with RH fluctuations, without requiring any ad-
ditional external energy input. These distinct color changes are
attributed to sensitive resonance shifts of CCRA, resulting in
strong resonance absorption at specific wavelengths, compared
to other substrates such as Au, and Si (Figure S1, Supporting in-
formation).

Figure 1D presents the simulated electric field intensity pro-
files before and after the swelling of the PVA layer. The simu-
lations were conducted at a wavelength of 4 = 430 nm. A dis-
tinct standing wave pattern is observed when the PVA layer swells
to a thickness of 400 nm. In contrast, when the PVA layer con-
tracts to a thickness of 200 nm, the reflectance pattern weakens
due to strong absorption at the specific wavelength. These results
highlight the significant optical property changes in the CCRA
structure, induced by the dimensional deformation of the PVA
layer. The observed variations in the electric field distribution
provide clear evidence of the sensitive resonance behavior within
the structure. The photographic images presented in Figure 1E
demonstrate distinct color changes across the visible spectrum
under varying RH conditions, ranging from 20 to 90%. Each re-
gion exhibits different resonant conditions determined by the
thickness of the lossy layer, resulting in diverse color variations
across the regions. This observation effectively highlights the im-
pact of detailed resonator structure design on color modulation
characteristics. Moreover, leveraging diverse resonant conditions
enables the realization of more eye-catching color changes than
single-cell sensing, emphasizing its potential for enhanced sens-
ing performance (Figure 1F). For instance, when the humidity
increases from 20 to 90%, the region with 7., = 70 nm exhibits
no noticeable color variation, whereas other cells display distinct
color changes. However, within the narrow RH range of 80 to
90%, the corresponding region exhibits the most pronounced
color change. These results indicate that arranging cells with dif-
ferent resonance conditions into an array enables multimodal
sensing, facilitating detection across diverse environmental con-
ditions or within specific RH ranges.

2.2. Optical Calculation of CCRA-GS

The cross sectional view of CCRA-GS is depicted in Figure 2A.
The computational model incorporates a resonance structure
consisting of a lossy medium and a metal reflector, coated with a
swelling layer whose refractive index was determined experimen-
tally (Figure S2, Supporting Information). The lossy medium can
be implemented by modifying the porosity (P,) of the highly ab-
sorbent material. In this study, the P, of the Ge layer was pre-
cisely controlled by adjusting the deposition angle during thin-
film deposition using the glancing angle deposition (GLAD) tech-
nique in E-beam evaporation. The porosity directly affects the
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Figure 1. Wearable colorimetric gas sensor for image-based analysis. A) Exploded view of color-coded resonance array (CCRA)-based gas sensor (CCRA-
GS) under the dry and humid state. B) Schematic illustration showing large-area attachable wearable colorimetric gas sensor and image-based gas
detection analysis. C) Dimensional deformation of swelling layer (polyvinyl alcohol, PVA) due to swelling/shrinking mechanisms under changing humidity
conditions. The CCRA exhibits different colors depending on the variation in the thickness of PVA (tpya). The Blue line and dot represent PVA network and
water molecule, respectively. D) Simulated electric field at shrunken (tpya = 200 nm, left) and swelling (tpys = 400 nm, right) state. Optical simulation
was conducted on a resonant structure consisting of 100 nm of Au and 50 nm of Ge at 430 nm wavelength. E) Measured color of CCRA-GS with varying
relative humidity (RH) ranging from 20 to 90%. F) Multimodal sensing performance enabled by the CCRA under various RH variations. At RH level
ranging from 20 to 90% (top), tge = 70 nm region exhibits minimal color change, while the most pronounced response occurs within the narrower RH
range of 80 to 90% (bottom).

effective refractive index and extinction coefficient, which can  the reflectance spectra of Ge thin films with varying P, it was
be described using the volume averaging theory (VAT) (Note  observed that as P, increased from 10 to 70%, the intensity of
S1, Supporting Information).”?l A multi-functional color code  the reflectance dip decreased, resulting in improved chromatic-
was realized by designing an array of resonant structures, each ity (Figure 2C). Consequently, the ultra-thin layer structure of a
with distinct resonance conditions, achieved by shifting the res-  Ge film with P, 70%, paired with an Au reflector, was selected as
onance dip through controlled variations in the thickness of the  the resonant structure (Figure S3, Supporting Information).

lossy medium. In this model, the Ge layer functions as the lossy Figure 2D illustrates the RGB color sets corresponding to
medium is deposited to a specified thickness of t.., and the PVA  the spin-coated PVA layer with an initial expected thickness of
layer, acting as the swelling layer, is sequentially spin-coated with 200 nm and a swelling thickness of 400 nm, as well as the
tpya- For simulation purposes, we considered the refractive index  color difference (AE) between these two states (see Note S2, Sup-
of the background area as n = 1 (air). As shown in Figure 2B,  porting Information). Significant color shifts with high contrast
the optimal resonance conditions can be identified by examining  are observed near the resonance region marked by the white
the contour map of reflectance as a function of the lossy layer’s  dashed line, which can be attributed to the reduction in re-
complex refractive index. Increasing P, causes the system to shift  flectance caused by the increased P, of the Ge layer. Figure 2E
closer to the resonance region, where the reflectance reaches its ~ demonstrates the continuous shift of the reflectance dip with in-
minimum. This signifies a critical point where light absorptionis  creasing PVA thickness. The reflectance dip, forming a 2"-order
enhanced, enabling more sensitive color changes. By analyzing  resonance mode at approximately tp,, = 200 nm, progressively
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Figure 2. Structural and optical characterization of CCRA-GS. A) Schematic of a CCRA-GS, consisting of a porous-Ge (P,-Ge) layer as a lossy medium,
an Au reflector layer, and a PVA layer. The sensor features regions with varying Ge thickness (tc.) arranged in an array, showing multifunctional color
codes in response to changes in the tpys. B) Complex refractive index coordinates with resonance area according to the various porosity of P,-Ge.
C) Simulated reflectance spectrum of CCRA (tg, = 60 nm, tpys = 200 nm) with various porosity conditions represent different dip intensities. D) RGB
color representations and corresponding color differences (AE) with different PVA thickness (tpysa = 200 nm / 400 nm) on the 2D surface of complex
refractive index. E) Contour map of the calculated reflectance depending on dynamic change of swelling layer (P, 70%, t, = 60 nm). F) Color palette of
various tg, according to dynamic change of tpya. G) CIE 1931 chromaticity diagram with simulated colors for the various values of PVA thickness. The

dashed line represents the sSRGB color gamut, with a coverage of 98.61% corresponding to changes in the tpy, (inset).
670 nm corresponding to different incident angles and lossy layer thickness (tg. =

red-shifts as PVA swelling. To establish the resonance conditions
for each cell in the CCRA, the wavelength positions of dip for-
mation were analyzed for varying Ge layer thicknesses, along
with the color changes resulting from PVA swelling. Figure 2F
presents the color palette corresponding with the Ge layer thick-
ness in resonant structures (P, 70% Ge layer coated on Au metal
layer), derived from conditions within the resonance region iden-
tified in previous results (Figure S4, Supporting Information).
This palette emphasizes the Ge layer thickness-dependent color
for implementing CCRA. If the metal layer is not strictly required
to be Au, similar optical effects can still be achieved using alter-
native materials. For instance, metals such as Cu and Pt could
potentially be employed, depending on the specific optical and
physical properties desired for the application (Figure S5, Sup-
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H) Calculated reflectance at 4 =
10-80 nm).

porting Information). Furthermore, the achievable color gamut is
compared with the sSRGB color space in CIE coordinates, demon-
strating that the chromaticity values dynamically shift across a
wide range within the sSRGB color space (Figure 2G).[?* The color
variation resulting from changes in PVA thickness in resonant
structures with different Ge layer thicknesses covers 98.61% of
the sRGB color space, suggesting that the color distribution can
dynamically span nearly the entire SRGB gamut (Figure S6, Sup-
porting Information). The wide SRGB coverage enables the de-
tection of subtle color variations across a broad range, making
it particularly beneficial for applications such as health monitor-
ing and environmental sensing. Furthermore, the sensor’s angu-
lar robustness enables stable colorimetric responses on curved
surfaces like skin or textiles, ensuring reliable performance in

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. Experimental evaluation of sensing and color performance. A) Photograph of wafer-scale CCRA-GS with varying tc.. B) Measurement setup
for real-time reflectance analysis under controlled humidity conditions and the scale bar is 2 cm. C) Experimentally measured color palette before and

after PVA coating for different t,.

D) Reflectance spectra measured within the wavelength range from 400 — 800 nm at t;, = 70 nm under RH levels

ranging from 20 to 90%. E) Hue range comparison with respect to the light incident angle (0° to 80°) across cells with different tg,. Experimentally
measured colors (top) and Hue range variations (bottom). F) AE values attributed to the changes in the light incident angle (top) and humidity-induced

color variations (bottom) at RH 20 and 80%.

G) Response and recovery times for RH transitions from 10 to 90%, determined via reflectance intensity

at A =430 nm. H) Repeatability analysis, conducted by monitoring reflectance intensity at 2 = 430 nm during cyclic RH variations between 20 and 80%.

Each RH state was maintained for 5 s and repeated for more than 45.

wearable applications without precise optical alignment. The cal-
culated reflectance values as a function of the incident angle at A
=670 nm are presented in Figure 2H, enabling an analysis of the
reflectance characteristics with varying incident angles. Due to
the difficulty in observing reflected colors at extreme incident an-
gles, simulations were conducted within the 0-80° range (Figure
S7, Supporting Information). Comparison based on the Ge layer
thickness reveals that similar colors are maintained at incident
angles above 60° for thicknesses in the range of 10-40 nm and
above 40° for thicknesses in the range of 50-80 nm at tp,, =
200 nm (Figure S8, Supporting Information). It is also observed
that even with the color change induced by PVA swelling, the

Adv. Electron. Mater. 2025, 11, 2400977 2400977 (5 of 10)

color remains consistent up to an incident angle of 40° at every
condition (Figure S9, Supporting Information).

2.3. Experimental Humidity Sensing and Performance Evaluation

Figure 3A illustrates the wafer-scale fabrication of the CCRA with
varying Ge layer thicknesses. For large-area fabrication, the PVA
layer was deposited via spin-coating (Figure S10, Supporting In-
formation). To evaluate the humidity detection and coloration
performance of the CCRA-GS, the experimental measurement
setup has been implemented to observe real-time color change
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in response to humidity variation, as shown in Figure 3B (Figure
S11, Supporting Information). Water vapor and N, gas are in-
troduced into the tube to control the RH level within the mea-
surement chamber, where water vapor increases RH, and N, gas
decreases it. The real-time monitoring of temperature and hu-
midity was performed using a commercial sensor. By comparing
the measured color changes as a function of Ge layer thickness
in the CCRA-GS before and after PVA coating with simulation
results, the expected thicknesses of each layer and the refractive
index of PVA can be determined (Figure 3C). The measured re-
flectance spectra corresponding to the RH variation from 20 to
90% are shown in Figure 3D. To prevent water condensation on
the chamber glass, the maximum RH was limited to 90%. The
measured reflectance dip at t;, = 70 nm exhibits a redshift as RH
increases from 20 to 90%; green, orange to purple color changes
can be observed.['”]

To evaluate angle robustness, the color variation with increas-
ing incident light angles was examined under RH 30% condi-
tions for each cell (t;, = 10-80 nm). Due to the minimal reflected
light intensity at 90°, which made color observation challenging,
the measurements were restricted to an incident angle range of
0° to 80°. The top panel of Figure 3E presents the experimentally
measured colors for each region, while the bottom panel illus-
trates the changes in the Hue range corresponding to the vari-
ation in the incident angle. The observed color variation ranged
from a minimum of 2.8° (t;. = 10 nm) to a maximum of 48°
(tce = 60 nm), indicating minimal hue changes across the mea-
sured range. These results confirm that the structure exhibits
strong angle robustness within the incident angle range of 0°
to 80°, effectively maintaining consistent color properties under
varying optical conditions. Each region’s color palette as a func-
tion of the incident angle, along with the AE values calculated
based on RGB data, is presented in Figure S12 (see Supporting
Information). Furthermore, to assess the angle dependence and
active characteristics under humidity variations, the color differ-
ence resulting from humidity changes was calculated based on
the measured data for each incident angle and presented with
standard deviation values in Figure 3F. In the t;. = 30 nm cell, AE
were compared under RH 20 and 80% conditions while varying
the incident angle. While the color remained consistent across
the measured angles, the AE values before and after the humid-
ity change demonstrated that the humidity sensing properties are
still preserved, even when optical conditions change.

To quantitatively evaluate the sensing characteristics of the
CCRA-GS, response time and repeatability were measured. The
response and recovery times were determined by examining the
intensity variations in the reflectance spectrum at a single wave-
length (4 = 430 nm) and are characterized as the duration re-
quired to reach 10-90% of the intensity difference between equi-
librium states (Figure 3G). The optical resonant structure, in-
tegrated with the active material, demonstrates rapid activation
within 180 ms (response) as the RH increases from 10 to 90%,
and efficiently restores to its initial state within 210 ms (recovery).
This performance is attributed to the strategic placement of the
active PVA layer on the uppermost surface, which enhances wa-
ter molecule diffusion and accelerates the reaction kinetics. Addi-
tionally, repeatability tests were conducted to assess whether the
sensor consistently provides accurate sensing results under the
same conditions. This was verified through cyclic experiments
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with RH varying between 20 and 80%. As shown in Figure 3H,
the reflectance intensity at 430 nm was consistently achieved and
recovered over more than 45 cycles. These results demonstrate
the quantitative analysis of the response characteristics and sta-
bility of the CCRA-GS. In addition, the sensor exhibited consis-
tent response and recovery times throughout 45 cycles of humid-
ity switching, demonstrating excellent stability and reliability un-
der repeated operation cycles (Figure S13, see Supporting Infor-
mation).

2.4. Gas Verification Performance and Imaging Condition
Stability under Variable Conditions

The gas verification process based on image-based analysis of
CCRA-GS is effectively demonstrated in Figure 4A. Instead of uti-
lizing VOC-selective materials, the CCRA-GS employs a single
material arranged in an array format to differentiate responses
to various VOCs. This array-based configuration allows for color
coding of VOC responses, eliminating the need for complex ma-
terial synthesis and reducing optical structural complexity. The
characteristics of various colorimetric sensors based on humidity
and existing sensors utilizing different gas detection methods are
presented in Tables S1 and S2, respectively.?23* CCRA-GS con-
sists of four gas-sensitive pixels and four reference pixels that are
insensitive to gases. The reference pixels serve as control points,
enabling quantitative evaluation of the sensor’s color change after
gas exposure. For concentration-dependent color measurements,
ethanol, methanol, IPA, and acetone liquids were vaporized us-
ing a heater to reach the target concentrations. The VOC gas
concentration was calculated based on the complete evaporation
of the liquid phase, applying the ideal gas law to determine the
gas concentration using temperature, pressure, and volume. This
method enables precise control of VOC levels without requiring
additional reference sensors (see Experimental Section and Note
S3, Supporting Information). All measurements were conducted
under identical illumination conditions in the enclosed cham-
bers. A white background was used to block reflected light from
surrounding objects, ensuring uniform reflection from the sam-
ple. Additionally, to eliminate any influence of natural light in the
laboratory, all experiments were performed under a stable LED
light source. Each gas-sensitive pixel region has a unique reso-
nance wavelength, and distinct color responses, depending on
the concentration and specific VOC type, resulting in different
datasets. The captured image datasets were converted to the av-
erage RGB values of the pixel regions, and by analyzing these val-
ues, specific patterns were identified. Average RGB values reduce
pixel-level variations, ensuring a more stable and reliable repre-
sentation of color changes. Figure 4B presents a color palette that
visually compares the pixel colors at different concentrations of
each VOC. The pixel array configuration is as follows: i) tg, =
50 nm, ii) t;, = 60 nm, iii) t;. = 70 nm, and iv) t;. = 80 nm.
Depending on the type and concentration of the VOC, each re-
gion exhibits distinct colors. The AE between the control pixel
and the average RGB values of each region was calculated and
analyzed through image-based analysis, resulting in the forma-
tion of identification patterns (Figure S14, Supporting Informa-
tion). Figure 4C visually illustrates the identification patterns de-
rived from the combination of regional color responses to various
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Figure 4. Gas verification and imaging condition stability performance. A) Schematic representation of CCRA-GS for VOC gas verification with four
segmented sensor arrays. VOC-insensitive pixels are designated as reference pixels, serving as control pixels to provide a baseline for calculating color
changes. B) Color palettes correspond to varying concentrations of different VOC types, including methanol, ethanol, isopropyl alcohol (IPA), and
acetone. C) AE of the CCRA-GS corresponds to variations in the type and concentration of chemical substances, enabling their use as fingerprint
patterns. D) Blind spots and missing gasses for each VOC gas concentration during single cell and CCRA-GS operation. Blind spots were defined as
points where the AE < 2.5, calculated from color changes induced by VOC concentration variations. E) Imaging condition stability evaluation through
AE observed across different cell regions under various irradiation conditions for evaluating the outdoor sensing capabilities of the CCRA-GS. F) The
corresponding 3D CIELAB coordinates are derived from the RGB values of the captured images under various irradiation conditions.

substances. Distinct characteristics are observed for different
VOC gases, including methanol, ethanol, IPA, and acetone.
CCRA-GS induces unique color change patterns for each VOC,
providing crucial information for distinguishing between them.
Due to its operation across a broad wavelength range, CCRA-
GS offers the advantage of generating identification patterns for
a variety of gases. To highlight the potential of deep learning
in this sensor for colorimetric film interpretation and classifi-
cation, the hierarchical clustering analysis (HCA) of ARGB in-
tensity changes for different VOCs at varying concentrations,
demonstrating the sensor’s ability to quantitatively classify gas
types and concentrations (Figure S16, Supporting Information).
Furthermore, these sensors can provide superior accuracy com-
pared to single cell operation. Figure 4D analyzes the blind spots
and missing gases according to VOC gas concentrations that

Adv. Electron. Mater. 2025, 11, 2400977 2400977 (7 of 10)
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occur during operation in a single cell mode and CCRA-GS.
A Dlind spot is defined as a point where the color change cal-
culated from the gas concentration variation results in a AE
value of 2.5 (Figure S15, Supporting Information). At these
points, the color difference due to concentration changes is
visually indistinguishable, suggesting that accurate detection
may be challenging with a single cell system.!®) Furthermore,
since these regions occur at different pixels and concentra-
tion ranges for each gas. For instance, i) pixel can detect [PA
across the entire concentration range but is unable to detect
methanol in the 60-80 vol.% range. In contrast, iii) pixel can
detect methanol across the entire concentration range but fails
to detect acetone and IPA within the 20-40 and 40-60 vol%
ranges, respectively. To address these limitations, the CCRA-GS
compensates for them by utilizing relative color change data
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from surrounding pixels, thereby acquiring diverse datasets and
improving accuracy. This result highlights the potential of the
sensor for selective VOC detection based on optical signal pat-
terns. This approach can be more precisely implemented through
a dynamic compensation mechanism that considers the non-
linear response characteristics and color change sensitivity to
gas concentrations. By quantifying the frequency and magnitude
of blind spot occurrences and compensating for the limited re-
sponse characteristics of the single cell system, it has the poten-
tial to reduce blind spots and enhance overall detection capabili-
ties.

Ensuring the successful application of the proposed flexible
gas sensor in wearable devices or large-area industrial environ-
ments requires more than just a focus on high chromaticity, an-
gle robustness, and gas selectivity through image-based analysis.
Alongside these considerations, it is equally essential for the sen-
sor to maintain stability and reliable performance under a range
of fluctuating environmental conditions, such as those encoun-
tered in outdoor settings. These include variations in ambient
lighting, temperature shifts, and other atmospheric factors, all
of which can influence sensor accuracy. Therefore, achieving en-
vironmental stability is crucial for ensuring that the sensor de-
livers consistent and accurate results in real-world applications.
To evaluate this, the CCRA-GS was exposed to varying irradiance
conditions, and distinct color variations were observed across dif-
ferent regions under each condition (Figure 4E). For a quantita-
tive comparison of chromatic analysis, we converted the RGB val-
ues of the captured image to the CIELAB color space, as shown
in Figure 4F (Note S2, see Supporting Information). The results
revealed that under bright conditions, the L value, which repre-
sents lightness, increased, while the a and b values, which repre-
sent color components, remained nearly constant as depicted in
the 2D view of the CIELAB space. This indicates that as bright-
ness increases, the primary change occurs in the lightness of the
color, with minimal variation in hue. By analyzing the color vari-
ations, we assessed how the sensor responds to fluctuations in
irradiance, suggesting that it can maintain consistent color char-
acteristics across different environmental conditions, which pro-
vides a solid basis for ensuring stable performance in outdoor
environments. Furthermore, the CCRA-GS demonstrates its po-
tential for wearable applications by maintaining its structural in-
tegrity and color stability when attached to a human wrist and
subjected to mechanical deformation, highlighting its flexibility
and conformability (Figure S17, Supporting Information).

3. Conclusion

In conclusion, we demonstrated a wearable gas sensor by inte-
grating a PVA layer with a resonator array composed of Au re-
flector and P,-Ge lossy medium. The sensor, fabricated on a flex-
ible substrate, exhibits high chromaticity, covering over 98% of
the sRGB color gamut, along with superior angular stability en-
abled by the ultrathin resonator design. These attributes high-
light the sensor’s suitability for diverse applications, including
curved surfaces such as human skin and large-scale industrial
environments. The proposed sensor leverages a simple resonant
structure and a PVA spin-coating process, enabling large-area
fabrication. It demonstrates rapid dynamic response and sensi-
tive colorimetric behavior due to significant curvature changes in-
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duced by PVA swelling. The resonance region was optimized by
considering the complex refractive index variation. When the RH
was modulated between 20% and 90%, a single pixel was shown
to generate green, orange, and purple colors. The colorimetric
sensor pixels are arranged in an array with distinct resonant
wavelengths, allowing for the identification of detection patterns
that are more prominent compared to single-cell sensing, thereby
enabling high-resolution detection of VOC gases through inte-
grated image-based analysis. This approach provides a reliable
and visually intuitive gas verification capability. The sensor’s sim-
ple fabrication, relying only on thin-film deposition, highlights its
scalability. Additionally, potential enhancements to the PVA layer,
such as nanocomposite fillers, cross-linking, hybrid blends, and
structural frameworks, could further improve long-term stability
for real-world applications.!?’-3% The proposed solution is practi-
cal, energy-efficient, and scalable, offering a promising pathway
for applications in wearable devices and industrial safety systems.

4. Experimental Section

Optical Calculation: The optical characterization of the CCRA-GS was
conducted using the rigorous coupled-wave analysis (RCWA) method im-
plemented in commercial software (Diffract MOD, RSoft Design Group,
USA). The complex refractive indices of Ge and Au were obtained from the
literature,[3'] while the complex refractive index of PVA was measured us-
ing an ellipsometer (Elli-SEUN-am8, Ellipso Technology Co., Ltd., South
Korea) on a 200 nm thin film deposited from a 4 wt.% PVA solution at
2000 rpm for 60 s. The effective complex refractive indices, accounting
for porosity, were calculated based on the volumetric averaging theory
(VAT) using MATLAB (MathWorks, Inc.).[222] All simulation results were
ensured to maintain numerical stability and high precision by incorporat-
ing a diffraction order up to the ninth and employing a grid spacing of
1nm.

Fabrication of CCRA-GS:  To fabricate the CCRA, a PET substrate was
selected to ensure flexibility. The substrate was cleaned through ultrasonic
treatment in acetone, IPA, and DI water for 5 min each. Subsequently, un-
der high vacuum conditions (=10~¢ Torr), an Au layer was deposited as
a metallic reflector with a thickness of 100 nm using a magnetron radio-
frequency sputtering system (DDHT-LSH2, Daedong Hi-Tech, South Ko-
rea). To achieve a porous medium, a Ge layer (lossy medium) was pre-
pared via GLAD method under high vacuum (= 10~° Torr). Deposition was
performed using an electron beam evaporation system (KVEE2000, Korea
Vacuum Tech Co., South Korea). A custom-tilted sample holder mounted
with a flexible Au film was used, and the Ge layer was deposited at a con-
trolled rate of #1A s~ to achieve the desired thickness (tc. = 10-80 nm).
For the PVA coating layer, a 4 wt.% PVA solution was prepared by dis-
solving commercial PVA granular particles (Sigma-Aldrich Co., USA) in DI
water and stirring overnight at 90 °C. The prepared PVA solution was then
spin-coated onto the CCRA at 2000 rpm for 60 s to form the PVA layer.

Humidity-Responsive Optical Characteristic: The humidity-responsive
reflectance spectra were measured under normal incidence using a
custom-designed chamber equipped with a humidity sensor and a spec-
trometer (OCEAN-HDX-VIS-NIR, Ocean Insight, USA). The RH within the
chamber was controlled by adjusting the flow rate of N2 saturated with wa-
ter vapor, defined by the input and exhaust flow rates. A Xe lamp (SLS400,
Thorlabs, USA), connected via an optical fiber, was employed as the light
source, and only the reflected light was captured through the optical fiber
and detected by the spectrometer. A transparent glass window was placed
between the sample and the measurement fiber, and the background re-
flectance, including the glass’s reflection effects, was also measured.

VOC Measurement of CCRA-GS:  CCRA-GS was employed to monitor
the colorimetric response to VOCs. The CCRA comprised four distinct
sensing regions, where PVA films responded to VOC vapor by swelling, in-
ducing noticeable color changes. The required liquid volume for each VOC

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

85UB017 SUOWILIOD @A) 8|qeotidde ay) Aq psussnob ae sspile O '8sn J0 Sa|ni 10} Areiq1 8ul|UO A1 UO (SUORIPUOD-PUR-SULBYW0D" AS 1M ARIq 1 BUIIUO//:SHNY) SUONIPUOD PUe SWIS | 811 89S *[9202/70/T0] U0 Akeiqiauljuo AB|IM '80usos O aininsu| nfbuems Aq 226007202 W B2/Z00T OT/I0p/W00" A8 1M AR1q 1 puljuo’psoueApe//sdny Woj papeojumod ‘0T ‘SZ0Z 'X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC
MATERIALS

Open Access,

www.advancedsciencenews.com

was calculated based on the ideal gas law (Note S3, Supporting Informa-
tion). The CCRA-GS was mounted inside a closed chamber with a hori-
zontally fixed sample holder. The chamber temperature was maintained
constant using a heater, ensuring uniform evaporation of VOCs. The VOC
vapors were generated in the chamber, and real-time color changes of the
CCRA were recorded using a camera. The evaporation rate of VOCs re-
mained consistent due to the controlled temperature and fixed evapora-
tion surface.[?*] To analyze the colorimetric changes, the time required for
color saturation was divided into intervals of 20%, and the color evolution
was evaluated over time. After each VOC measurement, the chamber was
purged with N, to remove any residual VOCs, restoring the system for
subsequent measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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