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ABSTRACT: We propose and demonstrate a flexible surface-enhanced Raman
scattering (SERS) chip as a versatile platform for femtomolar detection and real-time
interfacial molecule analysis. The flexible SERS chip is composed of a flexible and
transparent membrane and embedded plasmonic dimers with ultrahigh particle density
and ultrasmall dimer gap. The chip enables rapid identification for residuals on solid
substrates with irregular surfaces or dissolved analytes in aqueous solution. The
sensitivity for liquid-state measurement is down to 0.06 molecule per dimers for 10−14

mol·L−1 Rhodamine 6G molecule without molecule enrichment. Strong signal
fluctuation and blinking are observed at this concentration, indicating that the detection
limit is close to the single-molecule level. Meanwhile, the homogeneous liquid
environment facilities accurate SERS quantification of analytes with a wide dynamic
range. The synergy of flexibility and liquid-state measurement opens up avenues for the
real-time study of chemical reactions. The reduction from p-nitrothiophenol (PNTP) to
p-aminothiophenol (PATP) in the absence of the chemical reducing agents is observed
at liquid interfaces by in situ SERS measurements, and the plasmon-induced hot electron is demonstrated to drive the catalytic
reaction. We believe this robust and feasible approach is promising in extending the SERS technique as a general method for
identifying interfacial molecular traces, tracking the evolution of heterogeneous reactions, elucidating the reaction mechanisms, and
evaluating the environmental effects such as pH value and salty ions in SERS.
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■ INTRODUCTION

Surface-enhanced Raman scattering (SERS) is a versatile
analytical technique featuring ultrahigh sensitivity and specific
detection.1 This technique employs localized surface plasmon
resonance (LSPR) to boost the Raman signal of molecules in
the vicinity of plasmonic nanostructures.2 The amplification
factor is up to 1014−1015, endowing SERS with the ability of
trace molecule detection down to the single-molecule level.3−7

The immense signal enhancement and the capability in
providing molecular vibrational information enable SERS to
be a powerful technique to analyze chemical contents of
molecules and track their variations during reactions, paving
the way for multiple applications in sensing,8−12 catalysis,13−16

and environmental monitoring.17−19

The performance of SERS is determined by the character-
istics of plasmonic materials, which generally refer to noble
metallic materials with nanoscale structures.20 Plasmonic
materials can be assembled or fabricated directly on wafers
as SERS chips for molecular sensing and analysis. Various
fabrication strategies, including electron-beam lithography,21

focused ion beam,22,23 colloidal lithography,24−28 and anodic

aluminum oxide (AAO) template methods,29,30 have been
developed to produce and design preferred plasmonic
materials to improve SERS efficiency. These strategies have
been demonstrated qualified in fabricating homogeneous and
reproducible SERS chips with high accuracy, although
optimizations in balancing the efficiency and economy are
still required. Despite the achievements in nanotechniques, the
production of SERS chips depends heavily on the usage of
silicon substrates. The annoying high dielectric constants and
strong light absorption of the substrates decrease the signal
extraction efficiency and limit SERS in the fields of sensing,
lasing, and opto-plasmonics where high Q-factors are
required.31−34

Received: September 10, 2020
Accepted: November 2, 2020
Published: November 18, 2020

Research Articlewww.acsami.org

© 2020 American Chemical Society
54174

https://dx.doi.org/10.1021/acsami.0c16315
ACS Appl. Mater. Interfaces 2020, 12, 54174−54180

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Hao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingze+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiawei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingce+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoxia+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minshen+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teng+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Libo+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Libo+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+K.+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliver+G.+Schmidt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.0c16315&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16315?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16315?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16315?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16315?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16315?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/12/48?ref=pdf
https://pubs.acs.org/toc/aamick/12/48?ref=pdf
https://pubs.acs.org/toc/aamick/12/48?ref=pdf
https://pubs.acs.org/toc/aamick/12/48?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c16315?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


The enhancement factor of SERS is associated with the
electromagnetic (EM) fields generated by LSPRs. The
intensity of EM fields decreases with the third power of
distance, suggesting that efficient SERS only occurs when the
molecule is located in the confined region around plasmonic
materials.35 In this case, it is intrinsically difficult to enhance
and extract the Raman signal from powder or bulk analytes by
placing them on rigid SERS chips. On the other hand, SERS
detection with regard to dissolved analytes requires dropping
of the solution on SERS chips for molecule adsorption.36,37

Although this method is qualified in qualitative analysis, a
“coffee ring” of previously dissolved analytes is inevitably left
behind on the substrates after drying,38 leading to heteroge-
neous molecule adsorption. The heterogeneity leads to poor
signal reproducibility from region to region and from sample to
sample, resulting in an insurmountable obstacle in quantitative
SERS. A feasible solution to the heterogeneity is to design a
monomolecular layer of the analytes on plasmonic materials by
chemical adsorption.39 However, this approach only applies to
molecules with specific chemical bonds, and supplemental
chemicals like molecular linkers are generally required.
Herein, we propose and demonstrate a highly active,

transparent, and flexible SERS chip to eliminate the limitations
of rigid SERS substrates. The flexible chip is composed of a
transparent polymer membrane with a functional plasmonic
nanoarray bound to its lower surface. Plasmonic dimers, the
simplest but most efficient unit structures,40,41 are closely
packed in the nanoarray with a particle density of 1010/cm2,
providing a giant SERS enhancement with a detection limit
down to 10−14 mol·L−1 for Rhodamine 6G (R6G) solution
without molecular enrichment. The good flexibility permits
convenient transfer onto target analytes, offering efficient
surface coverage for bulk and powder samples while
disregarding the surface roughness. Meanwhile, the chip
spreads and floats on an aqueous solution, enabling direct
SERS detection in the liquid state, where homogeneous
molecule adsorption is guaranteed. In addition, real-time
analysis of plasmon-induced photocatalysis is performed by
studying the reduction from PNTP to PATP with a floating
SERS chip, showing the flexibility and efficiency in real time
and in situ SERS analysis at liquid interfaces.
The plasmonic dimer arrays are fabricated on silicon

substrates by using 200 nm thick ultrathin AAO nanomasks
in template-assisted shadow evaporation, as depicted in Figure
1.42 This method features efficient, reproducible, and large-
scale fabrication of plasmonic dimers with sub-10 nm gaps.43

The details and tricks for fabricating and manipulating the
AAO membranes are introduced in the Supporting Informa-
tion. The AAO membranes with a pore size of 80 nm are

fabricated and transferred onto a silicon wafer substrate for
shadow deposition (Figure 1b). The two-turn shadow
deposition processes are performed by adjusting the deposition
angles by calculating the pore-length aspect ratio of AAO. It
should be noted that the deposition angle should be
recalculated in the second-turn evaporation because the pore
diameter and membrane thickness are changed in the first-turn
evaporation. The AAO nanomasks are removed from the
substrates after evaporation (Figure 1c). The obtained dimers
are protected by a poly(methyl methacrylate) (PMMA)
polymer membrane by spin-coating (Figure 1d) and
subsequently peeled off from the substrate in hot alkali
solution (Figure 1e), in this way obtaining the flexible SERS
chips. The obtained membrane allows a flexible transfer on
target substrates or solution for SERS detection.
The SERS chip is demonstrated in identifying and analyzing

the component of colorants on the rough surface by a proof-of-
concept study. Figure 2a shows the fabricated SERS chip with

dimer patterns floating on water. The dimer gap is estimated to
be 8−12 nm in average, indicating dense “hot spots” between
two dimer particles. The chip is transferred onto rough
polyvinyl chloride paper to identify the dyes in oil-based pen
inks (STABILO, Permanent). As illustrated in Figure 2b, a
small letter “a” is written on the paper and subsequently
washed away by acetone. The chip is transferred onto the area
of interest where “a” was written to detect the residual
molecules. The van der Waals force between the chip and the
substrate provides good adhesion, which allows close contact
between the dimers and the target molecules even on irregular
surfaces with microscale roughness (Figure S2). Figure 2e
compares the Raman spectra from the area of interest with ink
and the blank area without ink under 458 nm laser irradiation.
The characteristic bands of Victoria Blue B and Rhodamine B
are discerned from the ink, but Victoria Blue B can be hardly

Figure 1. Schematics of the fabrication process. (a) Fabricated
ultrathin AAO mask on silicon substrate, (b) fabrication of plasmonic
dimer arrays by E-beam shadow deposition, (c) removal of the AAO
mask with tape, (d) protection of dimers by spin-coating a PMMA
protection layer on top, and (e) removal of the silicon substrate in
alkaline solution.

Figure 2. Flexible SERS chips in in situ identification and
characterization of colorants. (a) Optical photo of the fabricated
flexible SERS chip on water. The inset shows a scanning electron
microscopy image of the plasmonic dimer array with the scale bar
being 200 nm. (b−d) Optical photos illustrating the experimental
process: a small letter “a” is written on rough polyvinyl chloride paper
(b) and subsequently washed away by acetone (c). Afterward, the
SERS chip is transferred onto the area of interest for SERS detection
(d). (e) Raman spectra from the area of interest, fresh ink, and blank
control. The Raman peaks of Rhodamine B (R), Victoria blue B (V),
and substrate (S) are marked. (f) SERS maps from the area of interest
by analyzing the integrated intensity at 1642 cm−1. The maps are
composed of 9 pieces of a 2D Raman map by measuring 121 points in
each map with a scanning step of 200 μm.
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found in the area of interest, suggesting that only Rhodamine B
is preserved. It is known that Rhodamine B adsorbs to plastic
materials so the ink color could be permanent. The
photoluminescence spectrum of Rhodamine B is located in
the yellow and red wavelength region, and the presence of
Victoria Blue B helps to correct this chromatic aberration.
Figure 2f exhibits the point-by-point Raman maps of the 1642
cm−1 band from the area of interest where the profile of the
letter “a” is clearly revealed, suggesting the potential of flexible
SERS chips in identifying text contents of ancient calligraphy
and painting for archeological applications.
Figure 3a shows a schematic of the flexible SERS chip in

liquid-state Raman measurements. The SERS efficiency of the
dimer chip is illustrated by comparing the Raman spectra on
R6G aqueous solution with and without the SERS chip (Figure
3b). The dimer chip exhibits a discernible detection
concentration as low as 10−14 mol·L−1 in 20 mL of R6G
solution by optimizing the laser polarization. The molecular
areal density is calculated to be <0.06 molecule per dimer in a
limiting case assuming that all of the molecules are adsorbed
on the chip. It is notable that SERS spectra taken at 10−14 mol·
L−1 exhibit strong signal fluctuation. In most cases, the SERS

signal is not available. This might arise from the random
adsorption of molecules, which leads to a Poisson distribution
in the SERS measurement. The signal drifting or blinking is
also observed during the measurement, suggesting that the
detection is close to the single-molecule level. The Raman map
of R6G as a function of polarization angle θ in depicted in
Figure 3c. The result suggests that the maximum enhancement
only occurs when the laser polarization is parallel to the dimer
long axis, revealing the efficiency of the patterned dimer arrays.
Figure 4a evaluates the signal homogeneity and reproduci-

bility in liquid-state and solid-state SERS by measuring the
Raman spectra from dimer samples fabricated under the same
experimental conditions (also see Figure S3). The samples for
solid-state measurement are immersed in R6G solution for 10
h to establish the adsorption equilibrium and quickly dried
with nitrogen gas. In liquid-state SERS, the samples float on
R6G solution all the time for adsorption and measurements.
The results in Figure 4a reveal that there is a clear
improvement in signal homogeneity with liquid-state measure-
ment, suggesting that the dying process in solid-state
measurement results in inevitable heterogeneity. The reprodu-
cibility is the bottleneck in solid-state SERS in quantitative

Figure 3. Performance of the flexible SERS chips. (a) Schematic of liquid-state SERS measurement using the flexible SERS chip. (b) Typical
Raman spectra of R6G with and without the chip. The SERS spectrum taken at 10−14 mol·L−1 exhibits strong signal fluctuation and blinking,
indicating that the molecular concentration is close to the single-molecule level. (c) Raman map of R6G as a function of polarization angle θ and
the Raman spectrum taken with the laser polarization being parallel (θ = 0°) to the dimer long axis. The inset depicts the integrated Raman
intensity at 1651 cm−1 as a function of θ.

Figure 4. (a) Integrated Raman intensity at 1651 cm−1 at random measurement sites over a large scale in liquid-state and solid-state SERS
measurements, respectively. The samples are fabricated under the same experimental conditions. (b) Logarithm of the integrated Raman intensity
at 1651 cm−1 as a function of molecular concentration and corresponding fitting curves in liquid-state SERS.
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analysis. It arises from the irregular distribution of the hot
spots and the heterogeneity in molecular areal density. The
heterogeneity is obvious when the measurement sites are
picked over a microscopic distance (>10 μm) or from different
samples, while homogeneity is observed when the sites are
located within a limited area (Figure S4).
Figure 4b shows the working curves of the Raman intensity

with R6G concentration in the logarithmic scale. The results
exhibit a well-defined linear response to the molecular
concentration in an unprecedented wide dynamic range,
which is probably due to the homogeneous liquid environment
and the ultrahigh particle density of 1010/cm2. The linear
response region in SERS analysis is generally limited to specific
working concentrations because the surface adsorption gets
saturated at high concentrations while random adsorption of
molecules results in a strong signal fluctuation at the low end.
When chloride ions are added, the working region is extended
from 5 × 10−10 to 1 × 10−12 mol·L−1 due to extra 2 orders of
magnitude enhancement from the chloride activation. Previous
research considered that it may arise from particle aggregations
or ion-induced surface roughness.44−46 Figure 4b reveals that
the addition of chloride ions has modified the quantitative
linear range at high concentration, suggesting that the
adsorption equilibrium has been reestablished. This indicates
that there should be other mechanisms responsible for the
chloride activation.
Figure 5 represents the real-time in situ observation of

Raman spectra in plasmon-induced photocatalytic reduction by
using flexible SERS chips in liquid-state measurements. The
dynamics of the reduction from p-nitrothiophenol (PNTP) to
p-aminothiophenol (PATP) on the silver surface are observed
under 458 nm resonance laser irradiation as shown Figure 5b.
The chips are placed on 10−6 mol·L−1 PNTP solution for
molecular adsorption and then transferred to the hydrobromic
acid solution for laser irradiation and reaction. The SERS
spectrum before irradiation exhibits the characteristic bands of
PNTP at 1083, 1112, 1338, and 1567 cm−1, which are

attributed to the C−N stretching, C−S stretching, −NO2
symmetric stretching, and parallel C−C stretching modes,
respectively. When exposed to resonance laser irradiation at
458 nm, new vibrational Raman bands at 1176 and 1590 cm−1

corresponding to PATP molecules appear and are assigned to
the C−H bending and C−C stretching, respectively. We also
observe a shift of the 1338 cm−1 mode and an unmarked new
mode at 1455 cm−1, which may arise from PATP or other
surface species generated by reversible reactions.47

It should be noted that the reduction from PNTP to PATP
does not occur on the silver surface in the absence of chemical
reducing agents due to the charge-carrier recombination in
silver. When bromine ions are added, silver bromide forms at
the silver surface and they dissociate under irradiation.48 This
redox reaction establishes the recycling of Ag atoms and
provides continuous hot electrons to the reactants. With the
assistance of the hot electrons and hydrogen ions, the PNTP
molecules are gradually reduced to PATP. Figure 5c reveals
that this reduction occurs only when the irradiation wavelength
is in resonance with the plasmon resonance profile, indicating
that the hot electrons generated by LSPR are responsible for
the reduction. To evaluate the effects of ions, the reduction is
studied in the presence of hydrogen and bromine ions,
respectively, as shown in Figure 5d. The characteristic peaks of
PATP are observed when hydrogen and bromide ions work
simultaneously, while peaks of PNTP or p,p′-dimercaptoazo-
benzene (DMAB) molecules are observed in the presence of
only hydrogen ions or only bromic ions, respectively. The
peaks of DMAB can be observed under neutral or alkaline
environments, and detailed discussions are available in Figure
S5. The reduction from PNTP to PATP is also applicable to
other halogen ions (Figure S6).

■ CONCLUSION

This article depicts the versatility of flexible SERS chips in
scientific research and practical applications. The chip features
an ultrahigh particle density and ultrasmall gaps between

Figure 5. (a) Schematic and (b) SERS dynamics of the reduction from p-nitrothiophenol (PNTP) to p-aminothiophenol (PATP) under
irradiation. (c) SERS spectra of the analytes after 15 min of irradiation under 458 and 785 nm laser. (d) Effects of ions on the reduction from
PNTP to PATP.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c16315
ACS Appl. Mater. Interfaces 2020, 12, 54174−54180

54177

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c16315/suppl_file/am0c16315_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c16315/suppl_file/am0c16315_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c16315/suppl_file/am0c16315_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c16315/suppl_file/am0c16315_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16315?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16315?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16315?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16315?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c16315?ref=pdf


dimers, providing outstanding sensitivity on the single-
molecule level and homogeneous hot spots for quantitative
analysis. The flexible chip is demonstrated to be promising in
nondestructive identification of text information and pigment
compositions for archeological applications, as well as a
qualified candidate in liquid-state SERS with excellent
sensitivity down to 0.06 molecule per dimers for 10−14 mol·
L−1 R6G molecule without molecule enrichment. It also
enables real-time in situ SERS measurements in a liquid
environment, where an ideal homogeneous environment is
guaranteed. We observed the reduction from PNTP to PATP
in the absence of chemical reducing agents by in situ liquid-
state Raman measurement and demonstrated that plasmon-
induced hot electrons drive this catalytic reaction. This easy-to-
use and low-cost SERS chip offers a functional platform to
study heterogeneous catalysis, elucidate the reaction mecha-
nisms, and evaluate the ion effects. We believe the versatility
and flexibility will enable SERS as a standard characterization
method in general scientific communities.

■ EXPERIMENTAL SECTION
Fabrication of Patterned Nanoarrays Using Ultrathin

Anodic Aluminum Oxide Membranes. The plasmonic particle/
dimer arrays were fabricated on silicon or quartz substrates by using
anodic aluminum oxide (AAO) membranes in shadow evaporation.42

The details about how to fabricate and manipulate ultrathin AAO
membranes are available in the Supporting Information. The film
thickness and pore size of the AAO membranes were 200 and 80 nm,
respectively. The silver dimers are fabricated by performing a two-step
angle-resolved shadow deposition with an opposite deposition angle
in each turn. The particle size and dimer gap were controlled by
adjusting the AAO pore size and evaporation angles in E-beam
deposition, in this way optimizing the plasmon resonance mode of
dimers to couple with the 458 nm irradiation laser.
Fabrication of the Flexible SERS Chips. Highly transparent

PMMA membranes were spin-coated onto the prepared nanoarrays
and then baked at 120 °C for 5 min. The membranes were peeled off
with the intact nanoarrays in 1 M hot alkali solution at 90 °C for 15
min and then transferred to distilled water. The PMMA membranes
exhibit 99% transparency in the visible range (Figure S7).
Raman Measurement. R6G and PNTP molecules were

purchased from Sigma-Aldrich. During the preparation procedures,
all the cuvettes were immersed with a portion of the sample solutions
and rinsed several times to establish an equilibrium between
adsorption and dissolution. The pipettes were flushed several times
to reduce wall adsorption. The cuvettes were placed on an antishock
rubber pad for SERS measurement. The chips were glued at the
cuvette edge by a droplet of water to decrease the effects of solution
fluctuations. A 458 nm laser was used as the irradiation and excitation
source for all experiments. The laser spot in quantitative measurement
was enlarged from 1 to 10 μm for better signal uniformity.49,50 In
plasmon-induced photocatalysis, the chips were placed on 10−6 mol·
L−1 PNTP solution for 24 h and then transferred to 0.1 M
hydrobromic solution for irradiation and measurement. The laser
powers for irradiation and Raman measurement were set at 0.1 and
0.01 mW, respectively.
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Fabrication of plasmonic nanoarrays using ultra-thin anodic aluminum oxide (AAO) 
membranes.  

The plasmonic particle/dimer arrays are fabricated on silicon or quartz substrates by using 
anodic aluminum oxide (AAO) membranes in shadow evaporation. The AAO membranes are 
fabricated on aluminum foils by anodization method1. The AAO membranes are composed of 
a closely packed array of hexagonal cells with a cylindrical central pore extending down to the 
bottom (Figure S1). The AAO is designed with a tunable pore diameter from 20 nm to 95 nm 
with a controllable film thickness from 100 nm to several micros.  

In order to get the porous nanomasks, the AAO membranes are peeled off from the aluminum 
foil in a replacement reaction where aluminum reacts with copper chloride. In our experiments, 
ultra-thin AAO membranes with a film thickness of less than 200 nm are required to insure 
good adhesion between the AAO nanomasks and substrates for subsequently shadow deposition. 
The ultra-thin AAO membranes are easy to fold or break into pieces because large amounts of 
gas and copper ash are generated during the vigorous reaction. In order to solve this problem, 
several tricks are adopted in the experiments: 1) A polymethyl methacrylate (PMMA) polymer 
layer is spin-coated on AAO/Al surface before the reaction. 2) Afterwards, a thick copper paper 
is placed on the sample surface and taped at the edges to prevent the entry of copper ash. 3) The 
protected sample is reversely fixed at the bottom of the container against bubbles generated 
during the reaction. 4) The generated copper ash is continuously cleaned by a dropper before 
the ash aggregates into tough bulk material on sample surface. 5) The concentration of copper 
chloride solution is 120 g/L based on the size of aluminum foil. A high concentration may result 
in sample broken while a low concentration may lead to the formation of CuCl deposits which 
is hard to clean.  

The obtained PMMA/AAO membrane floats on solution. The film thickness and pore width 
of AAO could be further modulated by adjusting the phosphoric etching procedures2. The 
membranes are immersed in acetone to dissolve the polymer layer and transferred onto silicon 
or quartz substrates as nanomasks by Van der Waals force. In order to improve the adhesion 
between AAO masks and substrates, the silicon/quartz substrates are cleaned by NH4OH/H2O2 
solution at 75 °C to improve the hydrophilicity, which is crucial to the uniformity of the 
plasmonic nanoarray. Another tip for good uniformity is to make sure that the AAO membranes 
are transferred bottom up on the substrates with protuberance structures against the substrate. 
(Figure S1). Otherwise the membranes may fluctuate and fold on the substrate.  

The prepared samples are used to produce particle/dimer nanoarrays by E-beam evaporation. 
The dimer arrays are fabricated with a specific deposition angle based on the length-width 
aspect ratio of AAO pores. After evaporation, the AAO masks are removed by a tape and the 
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patterned nanoarrays are obtained. The particle array instead of a dimer array is presented in 
Figure S1 because the gaps between dimers can be hardly distinguished in the 45° SEM images. 

 

Figure S1. (a,b) Scanning electron microscope (SEM) images of ultra-thin AAO membranes 
placed face up (a) and bottom up (b) on silicon wafer substrates. The protuberances of AAO 
are marked with red circles. (c) An SEM image of a nanoparticle array fabricated by using an 
ultra-thin AAO membrane with E-beam evaporation. 

  

Figure S2. (a-c) SEM images of a microtube with plasmonc dimer patterns on top.  

A proof of concept experiment is performed in demonstrating the good adhesion between the 

flexible SERS chip and substrates. A ridge microtube with winkles (a) is fabricated on wafer 

by rolled-up technique3–5. The SERS chip is transferred onto the microtube and immersed in 

acetone to dissolve the polymer. The SEM images show that the dimer particles are preserved 

on the tube with good patterns, suggesting a close contact between the particles and substrate 

even with irregular surfaces.   
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Figure S3. (a) Relative standard deviation (RSD) of the integrated intensity at 610, 1188 and 

1651 cm-1 bands of R6G in liquid-state SERS measurements. The results are calculated by 

measuring 200 points from 4 samples fabricated under the same experimental conditions. (b) 

Integrated Raman intensity at 610, 1188 and 1651 cm-1 bands from the 200 points. 

 

 

Figure S4. Dispersion of Raman intensity in solid-state measurement over a 1 cm2 (a) and 10 
um2 area (b). The data are collected by analyzing the integrated Raman intensity of R6G at 1651 
cm-1 from random sites. The two samples are prepared by using a half of one AAO nanomask 
to ensure identical nanoarrays are fabricated. It is observed the signal homogeneity is good over 
a limited area while degrades when the detection area is enlarged to the whole sample. The 
heterogeneity is not observed in liquid-state SERS, suggesting it arises from the preparation 
procedures in solid-state measurement.  
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Figure S5. SERS dynamics of the reduction from p-nitrothiophenol (PNTP) to p-

aminothiophenol (PATP) in hydrogen chloride solution. Partial of the PNTP molecules are 

reduced to PATP in 40 mins and no obvious changes are observed with further irradiation. The 

efficiency degrades in hydrogen chloride compared with it in hydrogen bromide. 

 

 

 

Figure S6. (a) Raman spectra of PNTP from the plasmonic chips under different environmental 

conditions. The chip is transferred between distilled water and 0.1 M HBr aqueous solution for 

several times. The characteristic peaks from PNTP are only observed in HBr solution while 

new surface specie p,p’-dimercaptoazobenzene (DMAB), an aromatic azo compound produced 

from the catalytic reaction on silver surface6, is observed in water (or alkaline solution). (b) 

Raman spectra of PNTP from the chip in hydrobromic acid, hydrochloric acid and sulfuric acid 

solutions. The results suggest PNTP are stable in an acidic environment. 
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Figure S7. Transmission spectrum of a PMMA layer spin-coated on quartz glass. The PMMA 
polymer exhibits ultra-high transparency in the visible range.  
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