Research Article
www.advmat.de

Synergistic Integration of Chemo-Resistive and SERS
Sensing for Label-Free Multiplex Gas Detection
Hyeuk Jin Han, Seunghee H. Cho, Sangjun Han, Ji-Soo Jang, Gyu Rac Lee, Eugene N. Cho,
Sang-Joon Kim, Il-Doo Kim, Min Seok Jang, Harry L. Tuller, Judy J. Cha, and Yeon Sik Jung*
Nanostructure metal oxides can detect
chemicals at low concentrations with
high sensitivity and fast response through
changes in their electrical signals and
thereby achieve quantitative analysis.[6–8]
However, single-component chemo-resistive
gas sensors based on metal oxides often
cannot identify specific chemical species, let
alone differentiate between chemical gases
with similar gas adsorption characteristics
or mechanisms.[9] Many approaches such
as the adoption of p–n junctions, incorporation of catalytic nanoparticles, use of
cross-sensitivity analysis, implementation of
electronic nose, and gas pre-separation have
been developed to address low selectivity
issues,[10–12] yet a universal method to ensure
ideal selectivity, while retaining high sensitivity, has not yet been demonstrated.[13]
As an optical sensing method, surfaceenhanced Raman spectroscopy (SERS)
analysis, using noble metal nanostructures, provides fingerprint identification of trace-molecule
levels. SERS is a label-free and nondestructive analytic technique with high specificity via detection of the vibrational
modes of adsorbed molecules in solid, liquid, and even gas
phases[14–18] and provides high sensitivity via optical amplification. However, it remains a challenge to achieve sufficient
signal uniformity, high stability, and fast response[15,19–21] for the
detection and quantification of gas-phase targets, important for
human health-care applications.
Because current chemical sensors only collect fragments
of required information for secure species identification and

Practical sensing applications such as real-time safety alerts and clinical
diagnoses require sensor devices to differentiate between various target
molecules with high sensitivity and selectivity, yet conventional devices
such as oxide-based chemo-resistive sensors and metal-based surfaceenhanced Raman spectroscopy (SERS) sensors usually do not satisfy
such requirements. Here, a label-free, chemo-resistive/SERS multimodal
sensor based on a systematically assembled 3D cross-point multifunctional
nanoarchitecture (3D-CMA), which has unusually strong enhancements in
both “chemo-resistive” and “SERS” sensing characteristics is introduced.
3D-CMA combines several sensing mechanisms and sensing elements via
3D integration of semiconducting SnO2 nanowire frameworks and
dual-functioning Au metallic nanoparticles. It is shown that the multimodal
sensor can successfully estimate mixed-gas compositions selectively and
quantitatively at the sub-100 ppm level, even for mixtures of gaseous
aromatic compounds (nitrobenzene and toluene) with very similar molecular
structures. This is enabled by combined chemo-resistive and SERS
multimodal sensing providing complementary information.

1. Introduction
Detection of chemical,[1–3] biological,[4] and environmental
toxins[5] is critical for human safety and security in a variety of
applications such as biomedical diagnostics and bio-warfare
applications.[2] Thus, numerous molecular sensing devices
have been developed and applied to a wide range of fields over
the past two decades. Among diverse techniques, electrical gas
sensing based on metal oxides, and optical sensing based on
plasmonic noble metal nanostructures, are common examples
due to their respective advantages.
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quantification, a major barrier remains toward achieving an
ideal chemical sensor capable of identifying target chemicals
for various concentration ranges with high sensitivity and selectivity, the latter being key for distinguishing molecules within
complex mixtures. An alternative approach is to combine multiple independent signals—for example, electrical and optical—
achieving more accurate sensing by complementing the limitations of each signal. However, care must be taken in utilizing
spatially distinct sensors since this can result in signal mismatch or distortion among sensors, especially for the detection
of highly dilute gases. An ideal multimodal sensor should be
able to transduce a given physical or chemical event into multiple sensing signals. This is challenging because electrical and
optical sensing are usually obtained from different materials
systems with fundamentally different energy band structures—
semiconducting versus metallic nanostructures, respectively.
Here, we report a 3D nanoarchitecture-based multimodal gas
sensor, assembled with finely tuned nano-building blocks, that
generates both electrical and SERS signals in single sensing
system (Figure 1a). We demonstrate a synergistic multimodal
sensor composed of oxide nanowires as the core for fast, quantitative detection of chemical species via electrical sensing and
metallic nanoparticles for selective identification of the species
via SERS. We show that the multimodal sensor is “synergistic”
because the metallic nanoparticles serve the dual function of plasmonic particles to amplify the Raman (optical) signal as well as
catalysts to enhance the response of the electrical signals. Thus,
this multimodal sensor design enables both selective and quantitative identification of trace chemicals even within mixtures.

2. Results
2.1. Multimodal Gas Sensor Design
For multimodal sensors, multiple sensing elements are
required to generate distinct physical signals. For the electrical
sensing component, we use a 1D semiconducting nanostructural building block known to provide high sensitivity. For the
optical sensing component, we rely on Raman-based SERS
measurements that rely on roughened noble metal surfaces
or nanogaps between noble metal nanostructures to enhance
Raman signals via plasmonic effects. In incorporating the
metallic component within the semiconducting nanowires,
we require that the metallic structures be discontinuous so
as not to alter the semiconducting properties of the electrical
sensing component. As demonstrated in this work, the collective requirements for multimodal sensing can be satisfied
by a properly designed 3D cross-point multifunctional nanoarchitecture (3D-CMA). The framework of the 3D-CMA is
composed of semiconducting oxide nanowires, aligned in
the lateral direction, and stacked vertically with an alignment
angle of 90° with the underlying layer (see Experimental Section). The oxide nanowire framework contains a regular array
of crossing points, at which two nanowires are in contact with
each other. The near 0D contact is expected at the crossing
point between the high surface-to-volume nanowires, providing quantitative sensing with high sensitivity (green region
in Figure 1b). Isolated noble metal particles decorate the surface of the 3D framework and serve to amplify the Raman

Figure 1. Chemo-resistive and SERS multimodal sensing platform with 3D cross-point multifunctional architecture (3D-CMA). a) Schematic illustration
of detecting gas molecules and simultaneously collecting electrical signals for quantitative analysis and SERS signals for selective identification. b) Schematic of the 3D-CMA structure depicting a cross-point junction of Au nanoparticle-decorated SnO2 nanowires. c) Photographic image of our 3D-CMA,
indicated with a red box, loaded onto a chip carrier. d) HR-TEM and e) TEM images of SnO2 nanowires after 1 nm Au deposition and thermal treatment.
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signals while maintaining the semiconducting character of
the supporting metal oxide nanowires for electrical sensing.
The gas sensing response of the semiconducting nanowires
can be further enhanced by noble metal catalysts that decorate the nanowire surfaces, as discussed later (blue regions in
Figure 1b). Moreover, double-sided Au decoration on the SnO2
nanowires form nanogaps between Au nanoparticles (Au NPs)
at the crossing points which significantly increase the areal
density of SERS hot spots (Figure S1ab, Supporting Information). Following this general approach, we designed a 3D-CMA
composed of the metal oxide SnO2 combined with the noble
metal Au.
The frame of our multimodal gas sensor is designed to have
a gas inlet and a top window for optical sensing (Figure S21a,
Supporting Information), and the interior consists of components for electrical connection (Figure S21b, Supporting Information) and a chip carrier where the 3D-CMA substrate is wired
(Figure 1c). Figure 1d,e show transmission electron microscopy
(TEM) images of the 3D-CMA made of chemo-resistive SnO2
nanowires decorated with Au NPs. The TEM image clearly
shows that the polycrystalline SnO2 nanowire with Au NPs
and SnO2 (110) lattice with a spacing of 3.3 Å and Au (111) lattice with a spacing of 2.3 Å are observed in the high-resolution
image (dashed-line area in Figure 1e), consistent with the XRD
analysis (Figure S2, Supporting Information).
2.2. Fabrication of 3D Cross-Point Multifunctional
Nanoarchitectures
The 3D nanoarchitecture of the SnO2 nanowires decorated with
Au catalysts was fabricated via the advanced version of solventassisted nanotransfer-printing (S-nTP) method with an additional step of sequential layer-by-layer deposition as shown in
Figure 2a. The S-nTP method is based on the proper choice of
a polymeric transfer medium and solvent-assisted adhesion
switching, that can produce well-defined 3D nanostructures with
outstanding resolution and high transfer yield, as we reported
previously.[22,23] First, a polymethyl methacrylate (PMMA) thin
film as a replica was spin coated onto the master template
(Figure 2a-i) with topographic line patterns (Figure 2a-i). The surface-patterned replica films are then peeled off using a polyimide
(PI) adhesive film (Figure 2a-ii). SnO2 and Au are then sequentially deposited on the surface-patterned replica by electron-beam
evaporation (Figure 2a-iii). As shown in Figure 2b, layer-by-layer
nanowires can be formed where SnO2 nanowires are surrounded
by Au both at the top and bottom by depositing Au, SnO2, and
Au in this specific order. An array of Au/SnO2/Au nanowires on
the PMMA/PI film are exposed to a mixed solvent vapor of acetone and heptane to reduce the adhesion between the adhesive
film and PMMA replica, followed by contacting onto the SiO2/
Si substrate (Figure 2a-iv). After washing the PMMA layer with
acetone, the fabricated Au/SnO2/Au nanowires are transferred
onto the substrate (Figure 2c-i). Additional nanowire arrays with
perpendicular alignment to the underlying nanowires are subsequently transfer printed by the same transfer process steps,
resulting in the 3D nanoarchitecture (Figure 2c-ii). The printed
nanostructures are then annealed at 500 °C for 6 h in an ambient
environment (Figure 2c-iii).
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In the as-transferred Au/SnO2/Au nanowire, the Au layer is
continuous, fully covering the surface of the SnO2 nanowire,
as shown in the scanning electron microscopy (SEM) image
(Figure 2d,e). This prevents the exposure of SnO2 to target
gases and hinders normal operation as a gas sensor. Therefore, the transfer-printed nanostructures are annealed to induce
the formation of discrete Au NPs (Figure 2f) via controlled
dewetting of Au on the SnO2 nanowires, leading to an Au-NP/
SnO2/Au-NP structure. In addition, we investigated high-angle
annular dark-field scanning transmission electron microscope
(HAADF-STEM) images (Figure 2g) and corresponding energydispersive X-ray spectroscopy (EDS) mapping of Sn, O, and Au
on the 3D-CMA, as shown in Figure 2h–j. The EDS mapping
results show the presence of Sn and O for dense nanowires
and uniformly distributed Au NPs on SnO2 nanowires after the
thermal annealing.
2.3. Characterization of 3D-CMA
The morphology of Au in the 3D-CMA can be carefully controlled by initial Au deposition thickness, annealing, and
multi-stacking of nanowires. SEM images in Figure 3a of
3D-CMA demonstrate that as the initial Au deposition thickness increases, the size of Au NPs gradually increases, while
the interparticle gap size decreases. Detailed measurements
of Au NP size and interparticle gaps (Figure S3, Supporting
Information) and TEM images (Figure S4, Supporting Information) for different Au deposition thicknesses are summarized in
Table S1, Supporting Information.
To investigate the effect of annealing, electrical, and optical
sensing characteristics were evaluated for Au/SnO2/Au before
annealing and for Au-NP/SnO2/Au-NP after annealing. For
electrical sensing, a negligibly small response (Rair/Rgas = 1.10
at 5 ppm benzene) was obtained for Au/SnO2/Au nanowires
prior to annealing while the Au-NP/SnO2/Au-NP following
annealing exhibited an enhanced response (Rair/Rgas = 8.55
at 5 ppm benzene) (Figure 3d). The formation of Au NPs on
the SnO2 surface upon annealing exposes the SnO2 nanowire
surface to the gases and provides a catalytic effect to SnO2.
The substantial improvement in gas sensing response shown
in Figure 4c–e of the annealed sample versus that of bare
SnO2 without Au (Rair/Rgas = 3.43 at 5 ppm benzene) demonstrates the catalytic effect of Au. For optical sensing, the
Raman spectra (Figure 3e) of nitrobenzene gas show a significant signal enhancement for the annealed Au-NP/SnO2/AuNP-based 3D-CMA with (signal-to-noise ratio [SNR] = 56.63),
while the signal is barely distinguishable for the continuous
Au/SnO2/Au (SNR = 1.72). These results agree well with
those for rhodamine 6G (R6G), a classic Raman reporter, for
which Au-NP/SnO2/Au-NP (SNR = 181.60) showed similarly
improved signals compared to Au/SnO2/Au (SNR = 27.33)
(Figure S5, Supporting Information). In addition, as compared
to the single-sided Au-NP/SnO2, the double-sided Au-NP/
SnO2/Au-NP, exhibiting nanogap hot spots formed between
the upper and lower layers in the cross-point nanoarchitecture,
demonstrated large enhancements in SERS signal for both
common Raman reporters and gas analytes (Figure S1c,e, Supporting Information). For example, the Au-NP/SnO2/Au-NP
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Figure 2. Multifunctional 3D-CMA as a multimodal sensing platform. a) Step-by-step illustrations for fabrication of Au/SnO2/Au nanowires. a-i) line
patterned Si master mold, a-ii) replication of master mold using PMMA and PI adhesive film, a-iii) sequential deposition of materials in at a glancing
angle, a-iv) S-nTP of Au/SnO2/Au nanowires onto target substrate. b) Detailed schematic of sequential deposition step in Figure 2a-iii. c) Step-by-step
illustrations and d–f) SEM images of c-i,d) single-layer and double-layer Au/SnO2/Au nanowires c-ii,e) before and c-iii,f) after the annealing process
to form Au-NP/SnO2/Au-NP nanowires. g) HAADF-STEM image, and EDS elemental mapping for h) Sn, i) Au, and j) O.

showed a 15 (nitrobenzene gas) to 28 (R6G) times higher
signal than that of Au-NP/SnO2 in similar 2-layer cross-point
structures (Figure S1d,f, Supporting Information).
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The SERS sensing properties of the 3D-CMA varied largely
according to the initial Au deposition thickness, and thus
required optimization for maximum SERS enhancement. First,
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Figure 3. Characterization and structure engineering of the 3D-CMA. a) SEM images of Au-NP/SnO2/Au-NP depending on Au deposition thickness.
Distributions of b) Au NP size and c) interparticle gap size for 1 nm-deposited (black column) and 4 nm-deposited (red column) Au-NP/SnO2/Au-NP
analyzed from corresponding SEM images in (a) each with black (1 nm) and red outlines (4 nm). d) Electrical response of benzene and e) SERS
spectrum of nitrobenzene before and after thermal treatment of 3D-CMA. f) For the 4-layer 3D-CMA, measured SERS intensity of 100 ppm nitrobenzene taken from 1347 cm−1 (blue column) and calculated mean |E/E0|4 (red curves, solid squares for nanoparticles and empty squares for thin films)
with respect to different Au deposition thicknesses. g) For 4-nm-Au-coated 3D-CMA, measured SERS intensity of 100 ppm nitrobenzene taken from
1347 cm−1 (black column) and calculated mean E-field (E4) (red square) with respect to number of stacking layers. The fourth power of electric field
(|E/E0|4) simulation results for 3D-CMA with Au in the form of h) thin film and i) nanoparticles.

the intensity of the Raman spectra for nitrobenzene (Figure S6a,
Supporting Information) and R6G (Figure S7a, supporting Information) increased for initial Au films of thicknesses up to 4 nm
(Figure 3f and Figure S7c, Supporting Information). As the Au
NPs become larger, the nanogap size between them shrinks,
creating more effective SERS hot spots. For example, the SERS
signal intensity from the 4 nm-deposited Au-NP/SnO2/Au-NP,
Adv. Mater. 2021, 33, 2105199

with NPs 27.5 (±4.8) nm in size and 6.3 (±1.9) nm in gap spacing
was nine times stronger than that from the 1 nm-deposited
Au-NP/SnO2/Au-NP, which resulted in NPs of 9.7 (±4.0) nm in
size and 9.3 (±4.6) nm in gap spacing (Figure 3b,c). However,
the intensity of SERS signals decreased when the Au deposition thickness exceeded 4 nm, which could be explained by the
agglomeration of Au NPs and the corresponding increase of

2105199 (5 of 10)

© 2021 Wiley-VCH GmbH

www.advancedsciencenews.com

www.advmat.de

Figure 4. Gas sensing properties of the 3D-CMA. a) SEM images and b) SERS signal intensity of 3D-CMA, disordered Au-NP/SnO2/Au-NP nanowires,
and Au-NP-decorated SnO2 film samples from 100 ppm nitrobenzene, with an inset showing the respective spectra. Dynamic response curves obtained
from the 3D-CMA (1- and 2-layer bare SnO2 nanowires and Au-NP/SnO2/Au-NP nanowires) of c) nitrobenzene, d) toluene, and e) benzene gas at
350 °C for concentrations 100–5 ppm. SERS signals obtained from 3D-CMA of g) nitrobenzene, h) toluene, and i) benzene gas for concentrations
1-100 ppm. Calculated LOD of f) electrical sensing and j) optical sensing for each target gas.

interparticle gap distance. As shown in Figure 3a, increases in
both Au NP size and interparticle gap are evident for 5 nm- and
6 nm-deposited Au-NP/SnO2/Au-NP samples.
The significant enhancement of the SERS signal can also be
attributed to the strong plasmonic coupling between NPs along
the vertical direction created by multi-stacking. Raman spectra
of nitrobenzene gas (Figure S6b, Supporting Information) and
R6G (Figure S7b, Supporting Information) show that the intensity increased with stacking up to four layers, demonstrating
signal enhancement for multilayer structures compared to a 2D
array. For example, the SERS signal from the 4-layer 3D-CMA
was 10.8 times that from the mono-layer structure (Figure S7d,
Supporting Information). The decrease in intensity when the
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number of stacks exceeds four could be explained by the finite
penetration depth of the laser beam into the 3D-CMA.[1]
The SERS characteristics of the 3D-CMA were further
examined by simulating the electric field (E-field) distribution
around the structure. Calculations were based on the finite difference time domain (FDTD) method with 514 nm excitation
wavelength, as schematically shown in Figure S8, Supporting
Information. (see Experimental Section for simulation details).
Figure 3h,i depict the fourth power of the cross-sectional E-field
profiles (|E/E0|4) around the 3D-CMA structure before and after
annealing. A larger E-field is obtained when SnO2 nanowires
are covered with NPs rather than thin films, in agreement with
experiment. In the simulation, the SERS characteristics are
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closely related to an average of the fourth power of the E-field
(|E/E0|4) around 3D-CMA, which is plotted in Figure 3f,g.[24] To
capture the heterogeneity in the positions and sizes of the Au
NPs on SnO2 nanowires, simulations were carried out for ten
different NP distributions and their mean values were plotted
in Figure 3f,g with standard deviations. Mean |E/E0|4 values
and experimental Raman intensities for various Au deposition
thicknesses in Figure 3f show consistency in that the maximum
signal enhancement was achieved at 4 nm where the minimum
gap between NPs induces strong plasmonic effects along the
horizontal direction and increases cross-point hot spots. Also,
as shown in Figure 3g, both simulated and experimental results
show that the 3D-CMA achieves maximum signal enhancement between three to four stacking layers. Signal enhancement increased with the number of stacking layers due to hot
spots formed at cross-points, yet irregular E-field enhancement
caused by the interference of waves propagating back and forth
across the stacking layers reduced the overall signal enhancement for five and six stacking layers.[1,25] Although |E/E0|4 values
may not directly correlate with SERS signal intensities, simulation and experimental results suggest that the optimized geo
metry of Au NPs and the number of stacking layers significantly improve the E-field enhancement of 3D-CMA.
After systematic optimizations, the SERS signals were maximized at the four stacking layers and 4 nm thickness of Au
deposition, recording an average enhancement factor (AEF) of
≈4.6 × 105 (see Supporting Information for details). Raman
spectra of R6G molecules were clearly recognized at an
extremely low concentration of 10−11 m, which corresponds to
1.6 molecules µm−2 (Figure S9, Supporting Information), demonstrating nearly single-molecule detection sensitivity. Also,
the calculated relative standard deviation (RSTD) to the average
intensity was 5.28% for R6G and 7.07% for nitrobenzene gas
(Figure S10, Supporting Information), suggesting uniform distribution of the hot spots. The excellent reproducibility in SERS
signals originates from the ordered arrangement of the SnO2
nanowires, on which evenly placed Au NPs can form instead of
random agglomerates upon the annealing treatment. In addition, such secure attachment of Au NPs onto the SnO2 nanowires can prevent further agglomeration of NPs at high temperatures. We observe that the 3D-CMA show similarly strong
SERS signal intensities (7.26% standard deviation, in Figure S11,
Supporting Information) during repeated thermal cycles which
can be reflected in significantly extended sensor lifetimes.
Moreover, the highly ordered nature of Au-NP/SnO2/Au-NP
nanowires in 3D-CMA is crucial for state-of-the-art SERS
enhancement. While Au-NP-decorated SnO2 is an excellent
building block for electrical gas sensing,[26,27] uncontrolled
random structures such as disordered Au-NP/SnO2/Au-NP
nanowire assemblies and Au-NP on SnO2 film (Figure 4a) show
negligible SERS intensities compared to 3D-CMA (Figure 4b).
The large disparity can be attributed to the controlled and optimized density of multi-stacked Au-NP/SnO2/Au-NP nanowires
in 3D-CMA, which is optimized for maximum absorption and
efficient extraction of scattering signals. Also, the SERS intensities of uncontrolled random structures vary extremely point-topoint, with RSTD of 48.21% for disordered Au-NP/SnO2/Au-NP
nanowires and 119.10% for Au-NP on SnO2 film (Figure S12,
Supporting Information).

Adv. Mater. 2021, 33, 2105199

2.4. Multimodal Gas Sensing Characteristics of 3D-CMA
While metal oxide sensors have outstanding sensitivity down to
the sub-ppm level, their chemo-resistive-type sensing mechanism does not allow for target-molecule discrimination. However, the multimodal sensing capability of the 3D-CMA enables
discrimination of target molecules with high sensitivity. This
is because Raman spectroscopy can provide specific molecular
information, thus complementing the metal oxide sensor in
terms of selectivity. To demonstrate the multimodal sensing
capability of the 3D-CMA, aromatic molecules with similar
molecular structures, such as benzene, toluene, and nitrobenzene, all containing a benzene ring, were selected.
The electrical response of metal oxide sensors can be affected
by the operating temperature and catalyst loading.[5,12,28,29]
Excessive catalyst loading can degrade the gas sensing properties due to saturation of catalytic sensitization and catalyst
aggregation.[30] For optimal performance, the operation temperature (250−350 °C), Au catalyst loading, and the number
of stacking layers in 3D-CMA were systematically investigated.
The gas sensor exhibited the highest response at the optimal
working temperature of 350 °C (Figure S13, Supporting Information). While SERS signals were maximized at 4 nm-deposited Au-NP/SnO2/Au-NP, we observed that 2 nm-deposited
Au-NP/SnO2/Au-NP exhibits the largest enhanced response
nitrobenzene, toluene, and benzene gas (Figure S13a,–c, Supporting Information). Time-dependent resistive response of
each target gas, from the optimized 3D-CMA for concentrations 100–5 ppm is shown in Figure 4c–e, and for 1–0.25 ppm
in Figure S14, Supporting Information, respectively.
In addition, the electrical response was improved by
increasing the number of layers, as shown in Figure S15, Supporting Information. Compared to the single-layer structure,
the double-layer 3D-CMA showed a substantial increase in
response. However, the response increased slightly when the
stacking layers exceeded two layers. For example, upon exposure to 5 ppm of benzene, the response (Rair/Rgas) increased
sharply by 2.1 times with double-layer stacking, but only by
18.1% with 6-layer stacking compared to the double-layer
stacking.
To investigate the selective sensing capability of the 3D-CMA
via SERS, we confirmed the Raman spectra of nitrobenzene,
toluene, and benzene in both liquid (Figure S16, Supporting
Information) and gas (Figure 4g–i) phases. From the spectra,
the presence of the aromatic group of the compounds can be
clearly inferred; all three compounds showed a prominent peak
at around 1000 cm−1, which is from the aromatic C–C symmetric stretching mode. For nitrobenzene, the characteristic
Raman scattering peak at 1347 cm−1 and two additional peaks
at 853 and 1592 cm−1 were also observed.[31,32] Similarly, for toluene, the characteristic Raman scattering peaks at 637, 786, and
1210 cm−1 were detected.[33] Detection of these characteristic
Raman peaks can differentiate the volatile organic compound
(VOC) molecules with similar chemical structure, providing
outstanding selectivity of 3D-CMA.
Limit of detection (LOD) was calculated to evaluate the sensitivity of 3D-CMA (4-layer, 4 nm deposition) based on approximation of linear plots in relation to noise levels, which were determined by 3σ (σ: standard deviation of blank signal) (Figure S17,
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Supporting Information). As shown in Figure 4f,j, LODs were
<50 ppb for electrical sensing (47 ppb for nitrobenzene, 17 ppb
for toluene, and 49 ppb for benzene) and <5 ppm for optical
sensing (4.0 ppm for nitrobenzene, 4.7 ppm for toluene, and
4.4 ppm for benzene). In addition, a principal component
analysis (PCA) was employed to demonstrate superior gas discrimination capability of a single 3D-CMA sensor compared to
an array of multiple metal oxide gas sensors. Through PCA,
3D-CMA could discriminate target gases down to 1 ppm concentrations (Figure S18, Supporting Information), even when
the Raman spectra seem indistinguishable (Figure 4g–i).
Furthermore, having ppm-level sensitivity and ideal selectivity, 3D-CMA can be utilized for the detection of trimethylamine, a key indicator of freshness in fish and milk[34] at ppm
levels (fresh: <10 ppm, preliminary rot: 10–50 ppm, corruption:
>60 ppm).[35,36] As shown in Figure S19, Supporting Information, Raman spectra of trimethylamine with the characteristic band at 760.4 cm−1 were observed for concentrations of
100–5 ppm and calculated LOD were 2.8 ppm. This demonstrates that our multimodal gas sensor is an optimal choice for
practical use in food safety, where target gas detection requires
differentiation from miscellaneous gas products.
2.5. Quantitative Characterization of Mixed Gases
Given these promising results, the 3D-CMA multimodal
sensor was also tested for gas mixtures, which represents more

realistic situations of gas sensing. As an example, we investigated the multimodal sensing behaviors of resistive gas sensors in a mixed-gas environment of toluene and nitrobenzene
(with the total concentration fixed at 100 ppm). First, as shown
in Figure 5a, well-defined electrical sensing characteristics were
obtained with change in gas composition. Nonetheless, specific
concentrations of constituent gas species could not be determined using the metal oxide gas sensors only, although the
data demonstrated a strong relationship between the response
and concentration of target gases, as shown in Figure 5b. However, if an individual response for each gas component can be
deduced,[11,37] each gas concentration in the mixture could be
estimated (Figure S20, Supporting Information, see the detailed
calculation in the Supporting Information).
In order to identify the constituent gas species and to assess
their concentration ratio, SERS spectra of the mixture gases
were analyzed as a function of mixture compositions. Figure 5c
presents clearly resolved characteristic SERS peaks from both
toluene and nitrobenzene in the gas mixtures, which can be
used to extract the gas composition. The SERS spectra show the
relative intensity of the dominant peaks at 785 cm−1 (the characteristic peak of toluene) and 1347 cm−1 (characteristic peak of
nitrobenzene), the intensity ratio of which changed with the
volume ratio of toluene and nitrobenzene. A linear relationship
(R2 = 0.98) between the SERS intensities (I1347 for nitrobenzene
and I785 for toluene) and the log value of gas concentration was
confirmed (Figure 5d). The composition ratio of the gas mixtures was then obtained by the differences in the normalized

Figure 5. Multi-component analysis based on electrical and optical signals obtained by 3D-CMA. a) Dynamic response characteristics at 350 °C as
a function of gas mixing ratio (nitrobenzene and toluene). b) Response versus gas concentration for single-component gases. A linear relationship
between electrical response and concentration is shown. c) SERS signals depending on volume ratio of the mixture gas. d) SERS intensity and volume
ratio. e) Normalized SERS intensity (I1347/I785) depending on gas mixing ratio (left) and comparison of gas volume ratio and normalized SERS intensity
(right). f) Comparison of calculated concentrations (dots) and actual concentration (dashed lines) as a function of gas mixing ratio (nitrobenzene
and toluene).
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intensity, which is based on a linear relation with the logarithm
of the composition ratio (Figure 5e, see the detailed calculation
procedure in the Supporting Information).
Identification of target molecules and calculation of the
volume ratio between the constituent gases from the SERS
spectra enable estimation of the individual concentration of
mixed gases, as shown in Figure 5f. For example, when the
multimodal sensor was placed in a gas mixture composed of
nitrobenzene (50 ppm) and toluene (50 ppm), the calculated
volume ratio of 49:51 was obtained from the SERS spectrum.
Using the electrical response of 18.5 (Figure 5a) and the singlegas measurement data (Figure 5b), the individual response
could be estimated to be 11.74 (nitrobenzene) and 7.76 (toluene),
which can be converted into each concentration of 42.29 and
44.98 ppm, respectively. These results show that integration of
the optical and electrical signals can successfully estimate the
mixed-gas compositions selectively and quantitatively, even in
a mixture of gaseous aromatic compounds with very similar
molecular structures.

3. Conclusion
In summary, we report the design, fabrication, and characterization of a multimodal chemical sensor based on 3D-CMA
nanostructures, which demonstrate high sensitivity and excellent target-molecule identification capability. The multifunctional sensing structure is composed of two essential building
blocks—electrically active SnO2 nanowires, and optically and
chemically active Au NPs, which are 3D integrated via S-nTP. In
particular, the sequential implementation of the nanotransfer
printing realized the high-yield construction of well-defined
3D-stacked structures, where high-density cross-points serve
as hot spots for massive SERS (optical) signal enhancement
and 0D contact points for chemo-resistive sensing (electrical)
response enhancement. Furthermore, systematic engineering
of the structural parameters of the 3D-CMA maximized the
optical and electrical sensing capabilities. We demonstrated that
the 3D-CMA can be used to realize a high-performance, uniform, reusable, and low-cost multimodal sensing material that
can detect ppm-level VOCs and simultaneously identify their
molecular structures. The 3D-CMA-based multimodal sensor
successfully discriminated three VOCs with similar molecular
structures and measured their individual compositions even
for mixed gases. These promising results imply that our multimodal sensing based on a multifunctional 3D nanoarchitecture
can contribute to the realization of a label-free, highly sensitive sensing platform. With the continuous cost reduction of
portable Raman instruments, we expect that the advantages of
multimodal sensors will be exploited in diverse gas detection
application fields, including food quality and safety monitoring,
biomedical diagnosis, environmental sensing, and explosive
detection.

4. Experimental Section
Formation of Au/SnO2/Au Nanowires: The surface of the line-patterned
Si master mold was treated with a PDMS brush (Polymer Source Inc.)
and spin coated with a 4 wt% PMMA solution (molecular weight,
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Mw = 100 kg mol−1, Sigma-Aldrich Inc.)in a mixed solvent of acetone,
toluene, and heptane (4.5:4.5:1 by volume) at 3000 rpm to prepare
high-resolution replicas. A polyimide adhesive film (3M Inc.) was then
used to retract the polymer replica with an inverted topography of the
master mold. Au/SnO2/Au nanowires were formed through sequential
deposition of Au, SnO2, and Au at a glancing angle of 80° onto the
polymer replica using an e-beam evaporator.
Fabrication of 3D-CMA: Acetone/heptane vapor was applied to the
polymer replica using a solvent-saturated chamber, which was preheated
to 55 °C. After 20 s of exposure, the replica/adhesive film was placed
on the substrate with mild pressure applied for uniform contact, and
the adhesive film was then selectively detached. After washing away the
polymer replica using acetone, well-ordered nanowires were obtained.
For the fabrication of the 3D-CMA, successive transfer of the nanowire
layers on top of the underlying layer was carried out with an alignment
angle of 90° to the previous layer. The resulting 3D-CMA was then
annealed in air at 500 °C for 6 h to form spherical Au NPs on the SnO2
surface.
Fabrication and Characterization of Electrical/Optical Multimodal
Sensor: A schematic illustration of a multimodal sensor for electrical/
optical sensing is shown in Figure S21, Supporting Information. Ni/Au
electrodes were deposited by e-beam evaporation on the top surface
(width: 100 µm, gap size: 100 µm). The operation temperature of the
sensor was controlled by placing a Pt micro-heater (14.7 ohm) on the
backside of the substrate and monitored with the resistance change
from the temperature difference. The gas sensing measurements
were carried out in a small (10 mL) plastic chamber fitted with gas
inlet/outlet ports and a specimen holder. To modify the atmosphere
inside the chamber, mixtures of dry air and target gas with different
compositions were injected while the total gas flow rate was fixed at
100 cm3 min−1. The electrical signals of the multimodal sensor were
characterized by monitoring changes in resistance measured by a
digital multimeter (34970A; Keysight Technologies). The optical signals
of the multimodal sensor were characterized by collecting the Raman
signal using a dispersive Raman microscope (ARAMIS, Horiba)
equipped with a 514 nm Ar-ion laser. Gratings with 1200 grooves per
1 mm and a 50× microscope were used to focus the laser on the
sample plane with a beam size of 1 µm in diameter. Raman signals for
R6G molecules were collected by first drop-drying an ethanol solution
(27 µL) of R6G at a concentration of 10−3 m onto the 3D-CMA to cover
the entire surface (1 cm2). Signal acquisition times were 10 s for R6G
molecules and 60 s for nitrobenzene, toluene, and benzene vapor, for
a spectral range between ≈600 and ≈1800 cm−1 of Raman shift. For
evaluation of point-to-point signal uniformity, Raman signals were
collected from 20 random spots and compared by the intensity of the
strongest characteristic band.
Materials Characterization: For the observation and analysis of the
samples, a field emission scanning electron microscope (FE-SEM,
Hitachi S-4800) with an acceleration voltage of 10 kV and a working
distance of 5 mm was used. The characterization of the crystal structures
of 3D-CMA was carried out by X-ray diffractometry (XRD, D/MAX-2500
series, RIGAKU; with Cu Kα radiation [λ = 1.5418 Å]). Field emission TEM
(Tecnai G2 F30 S-Twin, FEI, acceleration voltage of 300 kV) was also
used to analyze the Au/SnO2/Au nanowires of 3D-CMA.
FDTD Calculations: As shown in Figure S8, Supporting Information,
the orthogonal nanowires were stacked along the y-direction. A
simulation region had periodic boundaries along the x- and z-directions
and a perfectly matched layer (PML) boundary along the y-direction.
The bottom layer, Si, was semi-infinitely stretched out through the PML
boundary to simulate a thick and lossy Si substrate. The incident wave
was polarized along the x-direction and the 3D E-field monitor covers
the whole 3D-CMA structure, which consisted of two nanowires per
layer in the simulation region. Nanoparticles were randomly distributed
and embedded on nanowires with a certain depth to be similar to the
SEM and TEM experiment data (see detailed simulation information for
nanoparticle size, gap, and depth in Table S1, Supporting Information).
The frequency dependent dielectric functions of Si,[38] SiO2,[38], gold,[39]
and SnO2[40] are obtained from previously investigated data.

2105199 (9 of 10)

© 2021 Wiley-VCH GmbH

www.advancedsciencenews.com

www.advmat.de

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

Acknowledgements
H.J.H. and S.H.C. contributed equally to this work. This work was
supported by the National Research Foundation of Korea (NRF) grant
funded by the Ministry of Science and ICT (NRF-2019R1A2C2086240).
H.L.T. acknowledges support for his research on gas-solid interactions
from the Department of Energy, Basic Energy Sciences under award
number DE-SC0002633.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords
gas sensors, metal oxides, multimodal, nanoarchitectures, nanotransfer
printing, plasmonic metals
Received: July 6, 2021
Published online: September 27, 2021

[1] J. W. Jeong, M. M. P. Arnob, K. M. Baek, S. Y. Lee, W. C. Shih,
Y. S. Jung, Adv. Mater. 2016, 28, 8695.
[2] G. Peng, U. Tisch, O. Adams, M. Hakim, N. Shehada, Y. Y. Broza,
S. Billan, R. Abdah-Bortnyak, A. Kuten, H. Haick, Nat. Nanotechnol.
2009, 4, 669.
[3] H. J. Han, T. W. Kim, S. Kim, S. Oh, C.-O. Park, Sens. Actuat. B
Chem. 2017, 248, 856.
[4] A. V. Zaretski, S. E. Root, A. Savchenko, E. Molokanova, A. D. Printz,
L. Jibril, G. Arya, M. Mercola, D. J. Lipomi, Nano Lett. 2016, 16, 1375.
[5] S. J. Kim, S. J. Choi, J. S. Jang, H. J. Cho, W. T. Koo, H. L. Tuller,
I. D. Kim, Adv. Mater. 2017, 29, 1700737.
[6] S.-J. Kim, S.-J. Choi, J.-S. Jang, H.-J. Cho, I.-D. Kim, Acc. Chem. Res.
2017, 50, 1587.
[7] J.-S. Jang, S.-J. Choi, W.-T. Koo, S.-J. Kim, J. Y. Cheong, I.-D. Kim,
ACS Appl. Mater. Interfaces 2017, 9, 24821.
[8] G. Peng, M. Hakim, Y. Broza, S. Billan, R. Abdah-Bortnyak,
A. Kuten, U. Tisch, H. Haick, Br. J. Cancer 2010, 103, 542.
[9] J. Van den Broek, S. Abegg, S. E. Pratsinis, A. Güntner,
Nat. Commun. 2019, 10, 4220.
[10] A. P. Turner, N. Magan, Nat. Rev. Microbiol. 2004, 2, 161.

Adv. Mater. 2021, 33, 2105199

[11] K.-M. Park, T.-W. Kim, J.-H. Park, C.-O. Park, Sens. Actuat. B Chem.
2017, 239, 841.
[12] J. Shin, S. J. Choi, I. Lee, D. Y. Youn, C. O. Park, J. H. Lee,
H. L. Tuller, I. D. Kim, Adv. Funct. Mater. 2013, 23, 2357.
[13] M. S. Yao, W. X. Tang, G. E. Wang, B. Nath, G. Xu, Adv. Mater. 2016,
28, 5229.
[14] S. H. Cho, K. M. Baek, H. J. Han, M. Kim, H. Park, Y. S. Jung,
Adv. Funct. Mater. 2020, 30, 2000612.
[15] X. Qiao, B. Su, C. Liu, Q. Song, D. Luo, G. Mo, T. Wang, Adv. Mater.
2018, 30, 1702275.
[16] K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, I. Itzkan,
R. R. Dasari, M. S. Feld, Phys. Rev. Lett. 1997, 78, 1667.
[17] Z. Zhang, W. Yu, J. Wang, D. Luo, X. Qiao, X. Qin, T. Wang,
Anal. Chem. 2017, 89, 1416.
[18] J.-S. Jang, S. Cho, H. J. Han, S.-W. Song, S.-J. Kim, W.-T. Koo,
D.-H. Kim, H. Jeong, Y. S. Jung, I. D. Kim, ACS Appl. Mater.
Interfaces 2019, 11, 34100.
[19] Y. Chen, Y. Zhang, F. Pan, J. Liu, K. Wang, C. Zhang, S. Cheng, L. Lu,
W. Zhang, Z. Zhang, ACS Nano 2016, 10, 8169.
[20] E.-C. Lin, J. Fang, S.-C. Park, F. W. Johnson, H. O. Jacobs,
Nat. Commun. 2013, 4, 1636.
[21] M. K. K. Oo, Y. Guo, K. Reddy, J. Liu, X. Fan, Anal. Chem. 2012, 84,
3376.
[22] J. W. Jeong, S. R. Yang, Y. H. Hur, S. W. Kim, K. M. Baek, S. Yim,
H.-I. Jang, J. H. Park, S. Y. Lee, C.-O. Park, Nat. Commun. 2014, 5, 1.
[23] H. J. Han, J. W. Jeong, S. R. Yang, C. Kim, H. G. Yoo, J.-B. Yoon,
J. H. Park, K. J. Lee, T.-S. Kim, S.-W. Kim, ACS Nano 2017, 11,
11642.
[24] L. Jensen, C. M. Aikens, G. C. Schatz, Chem. Soc. Rev. 2008, 37,
1061.
[25] J. Xu, P. Kvasnička, M. Idso, R. W. Jordan, H. Gong, J. Homola,
Q. Yu, Opt. Express 2011, 19, 20493.
[26] G. Korotcenkov, B. K. Cho, L. Gulina, V. Tolstoy, Sens. Actuat. B
Chem. 2009, 141, 610.
[27] J. Guo, J. Zhang, H. Gong, D. Ju, B. Cao, Sens. Actuat. B Chem.
2016, 226, 266.
[28] Y. J. Jeong, W.-T. Koo, J.-S. Jang, D.-H. Kim, M.-H. Kim, I.-D. Kim,
ACS Appl. Mater. Interfaces 2018, 10, 2016.
[29] I.-D. Kim, A. Rothschild, H. L. Tuller, Acta Mater. 2013, 61, 974.
[30] W.-T. Koo, S.-J. Choi, S.-J. Kim, J.-S. Jang, H. L. Tuller, I.-D. Kim,
J. Am. Chem. Soc. 2016, 138, 13431.
[31] A. Chou, E. Jaatinen, R. Buividas, G. Seniutinas, S. Juodkazis,
E. L. Izake, P. M. Fredericks, Nanoscale 2012, 4, 7419.
[32] J.-H. Lee, Sens. Actuat. B Chem. 2009, 140, 319.
[33] P. A. Mosier-Boss, S. Lieberman, Anal. Chim. Acta. 2003, 488, 15.
[34] A.-L. Barabási, G. Menichetti, J. Loscalzo, Nat. Food 2020, 1, 33.
[35] E.-X. Chen, H.-R. Fu, R. Lin, Y.-X. Tan, J. Zhang, ACS Appl. Mater.
Interfaces 2014, 6, 22871.
[36] K. Mitsubayashi, Y. Kubotera, K. Yano, Y. Hashimoto, T. Kon,
S. Nakakura, Y. Nishi, H. Endo, Sens. Actuat. B Chem. 2004, 103,
463.
[37] C. Hierold, R. Müller, Sens. Actuat. 1989, 17, 587.
[38] E. D. Palik, Handbook of Optical Constants of Solids, Vol. 3, Academic
press, Cambridge, MA 1998.
[39] R. Weast, M. Astle, W. Beyer, CRC Handbook of Chemistry and
Physics, CRC Press, Boca Raton, FL 1988.
[40] J. Mazloom, F. Ghodsi, M. Gholami, J. Alloys Compd. 2013, 579, 384.

2105199 (10 of 10)

© 2021 Wiley-VCH GmbH

