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1. Introduction

Surface-enhanced Raman spectro scopy 
(SERS) refers to a powerful vibrational spec-
troscopic technique capable of enhancing 
the weak and inelastic Raman scattering 
of low concentration analytes bound to, or 
near patterned metallic surfaces.[1,2] Uti-
lizing this sensitive sensing technology, glu-
cose, oligonucleotides, explosives, and other 
analytes of interest have been detected.[3,4] 
In recent years, the unprecedented ability 
of nanoplasmonic/metamaterial structures 
to concentrate light has attracted significant 
research interests.[5] It has been reported 
that the optical field can be concentrated into 
deep-subwavelength volumes and realize 
significant localized-field enhancement (so 
called hot spot) using a variety of nano-
structures (e.g., nanoparticle/sphere array, 
bow-tie nanoantennas, and nanorods).[6,7] 
More specifically, plasmonic nanostructures 
with highly controlled ultrasmall nanogaps 
can generate stronger SERS signals from 
mole cules in the nanogap.[8,9] However, due 

Reliability, shelf time, and uniformity are major challenges for most metallic 
nanostructures for surface-enhanced Raman spectroscopy (SERS). Due 
to the randomness of the localized field supported by silver and gold 
nanopatterns in conventional structures, the quantitative analysis of the 
target in the practical application of SERS sensing is a challenge. Here, a 
superabsorbing metasurface with hybrid Ag–Au nanostructures is proposed. 
A two-step process of deposition plus subsequent thermal annealing is 
developed to shrink the gap among the metallic nanoparticles with no top-
down lithography technology involved. Because of the light trapping strategy 
enabled by the hybrid Ag–Au metasurface structure, the excitation laser 
energy can be localized at the edges of the nanoparticles more efficiently, 
resulting in enhanced sensing resolution. Intriguingly, because more hot 
spots are excited over a given area with higher density of small nanoparticles, 
the spatial distribution of the localized field is more uniform, resulting in 
superior performance for potential quantitative sensing of drugs (i.e., cocaine) 
and chemicals (i.e., molecules with thiol groups in this report). Furthermore, 
the final coating of the second Au nanoparticle layer improves the reliability 
of the chip, which is demonstrated effective after 12 month shelf time in an 
ambient storage environment.
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to the diffraction limit of conventional optics, the light coupling 
efficiency from free space into deep-subwavelength volumes is 
usually very weak. Furthermore, current dominant fabrication 
techniques (e.g., electron beam (e-beam) lithography, nanoim-
print, self-assembled nanosphere, hybrid nanoporous lithography 
methods) are expensive and complicated to fabricate high quality 
SERS substrates over large areas, thus resulting in high prices 
for commercial SERS substrates (e.g., refs. [10–13]). To overcome 
these limitations, recently we developed a simple, low-cost, scal-
able, and lithography-free method to manufacture three-layered 
metal–dielectric–metal (MDM) metamaterial superabsorbers for 
SERS sensing.[14,15] Using direct deposition and post-thermal 
annealing processes, superabsorbing plasmonic metamaterial 
structures were created with very broad light trapping bands (i.e., 
>80% absorption band from 414 to 956 nm[16]). In particular, the 
incident light can be efficiently coupled into the three-layered 
structure and localized at edges of nanoparticles (NPs), enabling 
the surface-enhanced light–matter interaction for SERS. More 
importantly, this efficient light trapping metasurface structure is 
completely lithography free, suitable for large area manufacturing 
including roll-to-roll processes. It will enable the development of 
low-cost high-performance SERS chips for the emerging portable 
Raman spectroscopy systems.

In general, gold (Au) and silver (Ag) are the most popular 
materials for SERS substrates. Au NPs are stable and biocom-
patible with various biomolecules like antigen, antibody, and 
DNA.[17] Usually, Ag nanostructures exhibit better performance 
in SERS due to the stronger localized field. However, because of 
the surface oxidization, Ag nanostructures are less stable with 
shorter operational lifetime (i.e., shelf time). Therefore, most 
commercial SERS products are based on Au nanostructures (e.g., 
gold nanopillars[18] and gold nanopatterns[19]). Recently, Au@Ag 
core–shell NPs and Au/Ag alloy nanocomposites were proposed 
to realize better performance in SERS applications with improved 
stability.[20,21] In this work, we report a three-layered metamaterial 
superabsorber structure with hybrid random Au and Ag NPs as 
the top layer. By immobilizing smaller Au NPs between larger Ag 
NPs, the gap between metallic NPs can be reduced significantly. 
Smaller gaps will result in stronger localized field due to optically 
driven free electrons coupled across the gap, and, therefore, boost 
the SERS sensing performance. In addition, due to the better sta-
bility of Au NPs and larger density of molecules on Au surfaces, 
the proposed hybrid Ag–Au metasurface is promising to enable 
better sensing of biomolecules. Since no top-down lithography 
procedures were involved in the fabrication (e.g., electron beam 
lithography, nanoimprint, focused-ion-beam, and self-assembled 
nanosphere methods[10–13]), the proposed hybrid Ag–Au supera-
bsorber metasurface is promising to realize a high performance, 
broadband, and inexpensive sensing chip for SERS applications.

2. Results and Discussion

2.1. Nanofabrication

Figure 1a–c illustrated the fabrication procedure: the three-layered 
superabsorbing metasurface is composed of a 150 nm thick Ag 
ground plate, a 50 nm thick aluminum oxide (Al2O3) spacer layer, 
and a layer of random metallic NPs. We first deposited a layer of 

Ag and Al2O3 spacer on a glass substrate (Figure 1a). Following 
our previously reported lithography-free fabrication technique,[14] 
direct deposition of Ag followed by thermal annealing was used 
to manipulate the average morphology (e.g., size, spacing) of the 
first layer of Ag NPs (Figure 1b) to tune the effective optical con-
stant and realize the desired light-trapping band (see more details 
in the Experimental Section). Next, a second Au film with the 
thickness of 5 nm was deposited on top of Ag NPs. The substrate 
was then annealed at 150 °C to further manipulate the NP size 
and interparticle distance of Au NPs (Figure 1c). This second step 
deposition and low temperature thermal annealing did not obvi-
ously change the morphology of the first layer Ag NPs treated 
under higher temperature. As shown by the scanning electronic 
microscope (SEM) image of the three-layered metafilm at a tilted 
angle (Figure 1d), the second layer Au NPs were placed among 
the first layer of Ag NPs to shrink the nanogap.

The optical absorption of the hybrid Ag–Au metasurface was 
characterized using a microscopic Fourier transform infrared 
spectroscopy (Bruker, VETEX 70 + Hyperion 1000). A strong 
absorption peak of 98.7% was obtained at the wavelength of 
900 nm with the >90% absorption band spanning from 784 to 
1030 nm (see the red curve in Figure 1e), significantly broader 
than previously reported results (e.g., refs. [22,23]). This is due 
to the nanocavity-induced absorption enhancement with engi-
neered optical constants, as we reported in refs. [24–26]. By 
changing the shapes of randomly distributed NPs deposited 
under different conditions, the effective optical constants of sur-
face nanoparticle layer can be tuned to control the bandwidth 
and amplitude of the absorption of the three-layered nanocavity 
structure. Compared with the metasurface without the second-
step process (see the yellow curve in Figure 1e), one can see a 
redshift in the absorption peak from 725 to 900 nm due to the 
change in thin film interference conditions.[24,25] In addition, a 
single layer of Ag NPs and a single layer of Ag–Au NPs on glass 
substrates were prepared as reference samples in the same film 
deposition and thermal annealing conditions. Their optical 
absorption spectra are plotted by the green and purple curves in 
Figure 1e, showing only 29–42% throughout the measured spec-
tral range. Based on this experimental characterization, one can 
see that after the second-step fabrication process, the metasur-
face structure still preserves the broadband light trapping feature 
with slightly shifted resonant wavelengths. These smaller gaps 
are promising to obtain stronger localized field, which is highly 
desired for enhanced light–matter interaction (e.g., SERS and 
surface-enhanced nonlinear optics[26]), as will be discussed below.

2.2. Structure Characterization

To reveal the field localization feature, we focused on the wave-
length at the intersection point between two absorption curves 
(see the black arrow in Figure 1e). At this wavelength (≈785 nm), 
the overall optical absorption of these two samples are similar 
(i.e., ≈90%). However, since the hybrid Ag–Au metasurface 
sample contains smaller gaps, more hot spots are expected with 
stronger localized field. To validate this prediction, we loaded a 
part of the SEM image of the top films shown in Figure 2a,b 
(i.e., the white dotted squares) into the commercial software 
package, COMSOL, and modeled the spatial distribution of 
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the electric field at λ  =  785 nm. As shown in Figure 2c,d, the 
coverage area of hot spots increased from 13.6% to 21.6% (i.e., 
enhanced by 58.8%). More hot spots are obtained between large 
and small NPs, enabling more sensing areas with stronger local-
ized field, which is highly desired for SERS sensing.

To demonstrate the localized field enhancement, we then 
employed this hybrid Ag–Au superabsorbing metasurface in 

detecting 1,2-bis(4-pyridyl)-ethylene (BPE) molecules. Since 
BPE molecules include a highly delocalized π-electron system 
with chemically active pyridyl nitrogen atoms for binding 
to metal surfaces, they have been widely used as stable non-
resonant probing molecules to evaluate the performance of 
SERS substrates and reveal the localized field enhancement 
effect (e.g., refs. [27,28]). In this experiment, two metasurfaces 

Small Methods 2018, 2, 1800045

Figure 1. a–c) Manufacturing procedure to fabricate three-layered absorbing metasurface with multistep deposition processes. d) A tilted cross-
sectional SEM image of three-layered absorbing metasurface on silicon substrate. Scale bar: 200 nm. e) Absorption spectra of the three-layered absorber 
before (yellow curve) and after (red curve) the second-step deposition, and their corresponding reference structures with NPs only on glass substrates 
(green and purple curves).

Figure 2. a,b) SEM images of top random Ag NPs (a) before and (b) after an extra 5 nm thick Au NP deposition. The scale bar is 500 nm. White dotted 
squares: areas loaded for simulation. c,d) Modeled electric field enhancement distribution among the NPs (at λ  =  785 nm) in the white dotted squares 
in (a) and (b) at the normal incidence. e) SERS spectra of BPE molecules on metasurface chips with and without the second-step deposition process.
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without and with the second-step deposition process were both 
immersed in 1 × 10−3 m BPE ethanolic solutions for 10 min 
and then air-dried. Next, they were rinsed with pure ethanol. 
The SERS signals of these two samples were characterized 
using a benchtop confocal Renishaw inVia Raman microscope 
equipped with a 785 nm laser. As shown in Figure 2e, obvious 
Raman peaks at 1012, 1200, 1340, 1608, and 1637 cm−1 were 
observed, which are signature “fingerprint” signals for BPE 
molecules. One can see that the Raman signal from the hybrid 
Ag–Au metasurface is much stronger than the metasurface with 
Ag NPs only, demonstrating the stronger electric field intro-
duced by smaller gaps. Using this result, one can estimate the 
enhancement factor (EF) of both SERS metasurfaces without 
and with the second-step deposition process to be 4.7 × 106 and 
7.3 × 107, respectively (see more details on enhancement factor 
calculation in the Experimental Section). Considering that the 
overall optical absorption of these two samples are similar (i.e., 
≈90%), it indicates the further enhanced light–matter interac-
tion by introducing smaller gaps over a large area.

2.3. Spatial Uniformity

As demonstrated in Figure 2c,d, these hot spots supported by 
smaller gaps distribute more uniformly compared with the 
one with no second-step NPs. Therefore, the hybrid Ag–Au 
superabsorbing metasurface with smaller gaps is promising 
to result in better spatial uniformity. In this experiment, a 
2D Raman mapping at the peak of 1608 cm−1 was performed 
over a 30 µm × 30 µm area with a step size of 1 µm. The rela-
tive standard deviations of Raman intensities of metasurfaces 
without (Figure 3a) and with (Figure 3b) the second-step depo-
sition process are 8.14% and 5.89%, respectively, confirming 
the improved spatial uniformity introduced by the second-step 

NPs. This uniformity is only slightly lower than those SERS 
substrates with periodic patterns fabricated by expensive 
lithography methods (e.g., 5%[29]) and is promising to enable 
affordable quantitative analysis. Realization of high resolu-
tion quantitative sensing via cost-effective chips is one of the 
grand challenges for SERS sensing.[30] To evaluate the limit of 
detection of our metasurface chips, we placed 10 µL BPE eth-
anolic solutions onto the metasurface chips with the concen-
trations from 1 × 10−3 m to 100 × 10−9 m, then air-dried these 
chips. Figure 3c exhibits the SERS spectra of BPE solutions 
with different concentrations. The signature Raman peaks of 
BPE were observable at concentrations as low as 100 × 10−9 m. 
By extracting the signal peak intensities at the specific Raman 
peak at 1608 cm−1, one can reveal its linear relationship with 
the concentration of BPE ethanolic solution. As shown by 
the data fitting of the signal intensity at a selected peak at 
1608 cm−1 in Figure 3d, a linear correlation coefficient of 0.983 
is achieved, suggesting its potential for quantitative SERS anal-
ysis (the fittings to other peaks are shown in Section S1 in the 
Supporting Information).

2.4. Shelf Time

In practical applications (especially for commercial SERS 
chips), shelf time is usually an important parameter: due to the 
fragile nanostructure and stability of metal materials (e.g., Ag), 
the claimed shelf time for most commercial SERS chips is rela-
tively short. The performance of SERS chip may degrade over 
time, especially for Ag-based structures. For instance, the SERS 
intensity of silver nanorod substrates dropped nearly 80% after 
one week of storage in ambient environment (see cyan dotted 
curves in Figure 3e).[31] For our proposed hybrid Ag–Au meta-
surface chip, the second layer of Au NPs covers the entire 

Small Methods 2018, 2, 1800045

Figure 3. a,b) Raman maps of metasurfaces (a) without and (b) with the second-step deposition process within an area of 30 µm × 30 µm. c) SERS 
spectra of BPE ethanolic solutions with different concentrations on the hybrid Ag–Au metasurface. d) Relationship between the Raman intensities at the 
peak of 1608 cm−1 and different concentrations of BPE ethanolic solutions. e) Direct comparison of Raman intensities over different periods obtained 
by previously reported structures (data from refs. [31–35]) and the metasurface (i.e., the red stars).
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surface, including the larger Ag islands (Figure 2b). Therefore, 
the oxidization of Ag surface was suppressed. In addition, as 
shown in Figure 2d, more hot spots were localized at edges of 
Au NPs, while the overall light trapping performance did not 
change significantly (see Section S2 in the Supporting Infor-
mation). Therefore, the oxidization of Ag NP surfaces will not 
significantly affect the performance in SERS sensing. To reveal 
the shelf time of our proposed structure, we stored the sample 
in an ambient laboratory environment with the ambient tem-
perature of 20–23 °C and the humidity between 20% and 60%. 
To test its shelf time, we prepared 1 × 10−3 m BPE ethanolic 
solutions and followed the same sample preparation procedure 
to perform the characterization after 3 and 12 month storage. 
As shown in Figure 3e, the degradation rate of the peak inten-
sity at 1608 cm−1 is less than 10%, which is much better than 
previously reported nanostructures (see data captured from 
refs. [31–35] in Figure 3e). This comparison demonstrated that 
the proposed Ag–Au metasurface stayed effective after one 
year shelf time in an ambient storage environment. The final 
coating of the second Au NPs layer improved the reliability of 
the chip. It should be noted that ref.[33] demonstrated a thin-
layer chromatography plate with Au NPs. The relative standard 
deviation of the SERS performance was less than 16%. In 
ref. [35], the spot-to-spot change in SERS intensity of reported 
Au/WO3/TiO2 nanosheets was less than 15%. In contrast, the 
relative standard deviation of our hybrid Ag–Au metasurface is 
less than 6%, much better than those structures both in shelf 
time and uniformity.

2.5. Application

To demonstrate the practical application of the proposed hybrid 
metasurface SERS chip, we first selected cocaine as the sensing 
target. Cocaine is one of the most important drugs related to 
forensic analysis (e.g., ref. [36]). The widespread abuse of illicit 
drugs (e.g., cocaine, heroin, amphetamines, hallucinogens) is a 
growing societal problem in the United States and many other 
countries (e.g., ref. [37]). In clinical and forensic trace analysis, 
there is a great need to develop a sensitive, reliable, and fast 
sensing technology. In order to evaluate the limit of detection of 
the hybrid Ag–Au metasurface for drug sensing and potential 
forensic analysis, a series of low-concentration cocaine solutions 
were tested. In the experiment, we placed 10 µL cocaine ace-
tonitrile solutions onto the metasurface chips with the concen-
trations from 100 to 1 µg mL−1, then air-dried these chips. As 
shown in Figure 4a, the vibrational modes of the cocaine mol-
ecules can be identified from the Raman spectra:[38] the signa-
ture Raman peaks of cocaine at 1001 cm−1 (i.e., the symmetric 
phenyl ring breathing mode), 1027 cm−1 (i.e., the asymmetric 
phenyl ring breathing mode), 1275 cm−1 (i.e., the Cphenyl 
stretch), and 1598 cm−1 (i.e., the trigonal phenyl ring breathing 
mode) are observable at concentrations as low as 10 µg mL−1. 
Considering the droplet volume of 10 µL and the coverage 
area of ≈20 mm2 on the metasurface, the averaged density of 
cocaine on the metasurface was only 5 ng mm−2, which is much 
better than previously reported results (e.g., 200 ng mm−2,[39] 
≈446 ng mm−2,[40] 314 ng mm−2,[41] and 1900 ng mm−2[42]). For 

Small Methods 2018, 2, 1800045

Figure 4. a,b) SERS spectra of cocaine acetonitrile solutions with different concentrations on (a) the hybrid Ag–Au metasurface and (b) two com-
mercial substrates. Inset in (a): chemical structures of cocaine molecule. c,d) SERS spectra of (c) 4-MBA and (d) R6G molecules on the hybrid Ag–Au 
metasurfaces and two commercial substrates. Insets: chemical structures of (c) 4-MBA and (d) R6G molecules.
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better comparison, two commercial substrates (i.e., QSERS 
and RAM-SERS) were prepared under the same procedure 
and measured using identical experimental conditions, as 
shown in Figure 4b. One can see that only the concentration of 
100 µg mL−1 can be observed using the commercial RAM-SERS 
substrate. The other commercial chip, QSERS substrate, cannot 
detect these cocaine solutions.

In addition, another two widely used chemical molecules (i.e., 
4-mercaptobenzoic acid (4-MBA) and rhodamine 6G (R6G)) were 
also tested on these chips. In the experiment, we placed 1 µL 
4-MBA ethanolic solutions and R6G aqueous solutions (with the 
concentrations of 1 × 10−3 m) onto the metasurface chips and two 
commercial substrates, then air-dried these chips. As shown in 
Figure 4c, the vibrational modes of the 4-MBA molecules were 
observed clearly on our metasurface chip, corresponding to the 
v(CC) stretch mode and aromatic ring breathing mode.[43,44] In 
contrast, almost no signals can be observed from those two com-
mercial products. For R6G molecules, as shown in Figure 4d, 
the vibrational modes at 1185, 1311, 1361, 1511, 1649 cm−1 cor-
respond to CH in-plane bending, COC stretching, and 
CC stretching of aromatic ring modes.[45] One can see that the 
Raman signal from the hybrid Ag–Au metasurface is 29 times 
stronger than the commercial QSERS substrate at the peak of 
1361 cm−1. The other commercial chip, RAM-SERS substrate, 
cannot detect these R6G solutions. This experiment clearly 
demon strated the improved sensing performance of the pro-
posed hybrid Ag–Au metasurface chip with smaller nanogaps.

Finally, we further explored the superior sensing capability 
based on surface chemical properties of Au and Ag NPs. For 
instance, it is known that the thiolAu chemical binding is 
much stronger than the thiolAg binding (e.g., refs. [46,47]). 
The thiol group is a typical group of chemical molecules 

containing a sulfur atom and a hydrogen atom (i.e., SH). In 
surface treatment of substrates for many bio/chemical inves-
tigations, thiol functional group molecules are widely used as 
building blocks (e.g., ref. [48]). In addition, the detection and 
measurement of free thiols (e.g, free cysteine, glutathione, and 
cysteine residues on proteins) is one of the essential tasks for 
investigating biological processes and events in many biological 
systems. Therefore, the proposed hybrid Ag–Au metasurface 
structure is promising to realize unique sensing capabilities for 
specific bio/chemical molecules with thiol groups.

To demonstrate the potential enhancement effect of AuS 
binding, in this experiment, we employed benzenethiol (BZT) 
molecules as the probe and developed three different metasur-
face chips for comparison. BZT is one of the simplest aromatic 
thiols with four obvious Raman peaks at 1000, 1022, 1076, 
and 1576 cm−1 which are easy to recognize. When BZT mole-
cules adsorb to the nanostructured chip, the sulfur atoms are 
strongly bounded to the metal surface and form benzenethi-
olate.[49] To ensure a complete self-assembled monolayer (SAM) 
of BZT formed on the substrate surface, three metasurface sub-
strates were immersed in 100 × 10−6 m BZT ethanolic solutions 
for 1 h and were subsequently rinsed with pure ethanol before 
air-drying. In this experiment, three metasurface chips without 
and with the second-step NPs deposition process were fabri-
cated: i.e., single-Ag, Ag–Ag, and Ag–Au metasurface chips. 
These three types of structures were fabricated starting from 
the same first-step deposition of Ag nanopatterns. Next, the 
second layer of Ag film and Au film with the same thicknesses 
(i.e., 5 nm) were deposited on top of the first layer Ag NPs, 
respectively. Then, both the substrates were annealed at 150 °C 
to adjust NP sizes and interparticle distances. Their optical 
absorption spectra are plotted in Figure 5a, showing that all 

Small Methods 2018, 2, 1800045

Figure 5. a) Absorption spectra of three metasurfaces: i.e., single-Ag (yellow curve), Ag–Ag (blue curve), and Ag–Au (red curve) metasurface chips. 
Black dashed line corresponds to the excitation wavelength of 785 nm. b) SEM images of top random Ag NPs before and after an extra 5 nm thick Ag 
or Au NP deposition. The scale bar is 100 nm. c) SERS spectra of BZT molecules on the metasurfaces with and without the second-step deposition. 
Inset: the chemical structure of BZT molecules. d) Schematic illustration of BZT molecular self-assemblies on the metasurfaces without (middle) and 
with the second-step Ag (left) or Au (right) NPs.
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the three samples have similar optical absorption at the wave-
length of 785 nm. As shown in Figure 5b, the second layer of 
Ag and Au NPs with similar sizes were inserted among the first 
layer Ag NPs, realizing smaller nanogaps. Their SERS signals 
were characterized under identical conditions using the excita-
tion laser at 785 nm. As shown in Figure 5c, obvious Raman 
peaks at 1000, 1022, 1076, and 1576 cm−1 were observed, corre-
sponding to signature “fingerprint” signals of BZT molecules. 
One can see that the Raman signal from the hybrid Ag–Au 
metasurface is stronger than the other two metasurfaces, 
which should be attributed to the stronger AuS binding, 
as illustrated in Figure 5d. According to the second-order 
Møller–Plesset perturbation theory (MP2) and density func-
tional theory (DFT),[46,47] the thiolAu bond is stronger than 
that with Ag. In addition, the density of thiol chains of the SAM 
on Au surfaces is larger than that on Ag substrates.[50,51] In this 
case, more BZT molecules can adsorb to the surface of Au NPs 
with a better interaction with the localized field, resulting in the 
stronger SERS signal. The simulation was also performed to 
compare an Ag–Au metasurface with an Ag–Ag metasurface, 
confirming that the plasmonic coupling will not be affected 
much when the material composition changes from Ag–Au to 
Ag–Ag (see Section S3 in the Supporting Information). There-
fore, the increased Raman signal from the hybrid Ag–Au meta-
surface should be attributed to the improved molecular binding 
to the surface.

3. Conclusions

In conclusion, we developed a scalable and cost-effective super-
absorbing metasurface substrate that can localize electromag-
netic field at edges of nanopatterns by introducing a second-step 
metal NP deposition process. This unique feature of localized 
field enhancement was validated through SERS sensing experi-
ments. Intriguingly, since more hot spots were excited around 
extra small NPs over a given area, the uniformity of the spatial 
distribution of the localized field is improved, indicating the  
potential for quantitative sensing. Cocaine was selected as  
the sensing target to demonstrate the practical application of the 
proposed hybrid metasurface substrate in clinical and forensic 
trace analysis. Furthermore, the second-step coating of smaller 
Au NPs improved the reliability of the chip, which was demon-
strated effective after one year shelf time in an ambient storage 
environment. The superior feature reported by this article 
paved the way toward more affordable and quantitative sensing 
using SERS technology. Particularly, due to stronger thiolAu 
binding and higher density of thiol chains on Au surfaces, the 
proposed hybrid Ag–Au metasurface structure is promising to 
realize unique capabilities for sensing of bio/chemical mole-
cules with thiol groups. More importantly, this efficient light 
trapping metasurface structure is completely lithography free, 
suitable for large area manufacturing including roll-to-roll 
processes. It will accelerate the development of low-cost high-
performance SERS chips for portable Raman spectroscopy sys-
tems. This chip may lead to a widespread healthcare, security, 
anti-counterfeiting, and smart tool with far-reaching impacts 
on people’s daily life, including biomedical diagnosis, security 
sensing, food/water safety monitoring, anti-counterfeiting, and 

healthcare monitoring. In addition to providing a new under-
standing of broadband light trapping and field localization for 
sensing, this work also may open avenues toward new appli-
cations in energy harvesting, energy conversion, and surface-
enhanced nonlinear optics.

4. Experimental Section
Metasurface Fabrication: The 1.5 × 1.5 cm2 silicon wafers were 

sequentially sonicated in chromic acid, acetone, ethanol, and deionized 
water for 15 min. Next, a 150 nm thick Ag film, a 50 nm thick Al2O3 film, 
and a 12 nm thick Ag film were deposited on the wafer substrate using 
magnetron sputtering (Kurt J. Lesker PVD75). During the deposition, 
the pressure in the chamber was set to 3 × 10−6 Torr with no heating 
on the substrate. The deposition rate of Ag and Al2O3 was controlled 
by the sputter voltage and direct current power at 1 and 0.3 Å s−1, 
respectively. Next, the top Ag film was transformed to isolated NPs by 
introducing a thermal annealing process at a temperature of 200 °C  
(i.e., Figure 2a) for 60 min. After the temperature in the chamber cooled 
down to the ambient temperature, a second layer of 5 nm thick Au film 
and Ag film were deposited at 1 Å s−1 on the samples, respectively, 
followed by thermal annealing at temperature of 150 °C for 60 min. To 
avoid a violet oxidization introduced by the high temperature, the argon 
was injected into the chamber to keep the pressure at 1.2 × 10−2 Torr 
during annealing processes.

Characterization: SEM images were taken using Zeiss CrossBeam 
Workstation system. The reflection/absorption spectra of metasurfaces 
were characterized using a microscopic Fourier transform infrared 
spectroscopy (Bruker, VETEX 70 + Hyperion 1000). Raman spectra were 
measured using a benchtop confocal Renishaw inVia Raman microscope 
equipped with a 785 nm laser. The power was set to be 25 mW with 
the integration time of 1 s. A 20× objective lens was used to focus the 
excitation lasers onto the sample and collect the emitted Raman signals.

Enhancement Factor Calculation: The average enhancement factor, 
EFave, of the substrate is defined as EFave = (ISERS/NSERS)/(IRaman/NRaman), 
where ISERS is the SERS intensity, IRaman is the Raman intensity, NSERS is 
the number of probed molecules in SERS, and NRaman is the number 
of probed molecules in Raman measurements. Taking the excitation 
wavelength of 785 nm as an example, these four parameters can be 
calculated as below:

NSERS—The scattering spectra were recorded in one acquisition 
with 1 s integration time in the spectral range of 900–1700 cm−1. The 
laser beam was focused to be a Gaussian spot with the diameter 
of ω0 = (4 × λ)/(π × NA), where NA is the numerical aperture of the 
objective lens (i.e., 0.4 in this experiment). In this case, the detection 
beam radius was estimated to be ≈1.25 µm, and the surface area 
of the beam was therefore ≈4.9 × 10−12 m2. Assuming that the 
monolayer coverage density for BPE on the metasurface was 2 × 1013 
molecules cm−2,[52,53] the number of probed molecules in SERS, NSERS, 
was ≈9.8 × 105. It should be noted that the monolayer coverage density 
of BPE employed in the calculation was the largest number reported in 
previous literature. Lower densities would result in larger EFs.

NRaman—A neat, liquid sample of the adsorbate molecule in a plastic 
cell was used as the Raman intensity standard. The probe volume 
of the confocal microscope with the 20× objective was estimated to 
be ≈7.5 pL (on the basis of 1/e2 analysis[54,55]). Using the density of 
the liquid sample (i.e., 100 × 10−3 m, corresponding to ≈6.02 × 1022 
molecules L−1), the number of BPE molecules (NRaman) contributing to 
the normal Raman signal measured from the standard was ≈4.5 × 1011.

IRaman and ISERS—The intensities of the 1200 cm−1 peak from two 
metasurface chips with and without the second-step deposition process 
were used, as well as the regular Raman measurements. The excitation 
laser power and the acquisition time used in these two measurements 
were identical. ISERS of two metasurface chips with and without the 
second-step deposition process were 16916.3 and 1070.8, respectively. 
IRaman was 106.1.

Small Methods 2018, 2, 1800045
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Using these calculation results described above, one can obtain 
EFave of metasurface chips with and without the second-step deposition 
process, which were 7.3 × 107 and 4.7 × 106, respectively.

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

Acknowledgements
J.G. and N.Z. contributed equally to this work. Y.S. and S.J. were 
supported by the NSFC (Award #51572948, 51601040). Q.G. 
acknowledges funding support from the National Science Foundation 
(Grant no. CMMI 1562057, ECCS 1507312, and IIP 1718177). N.Z. 
acknowledges the financial support from the Chinese Scholarship 
Council (CSC). The authors thank Matthew Singer for editing the details 
of this work.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
biosensing, metasurfaces, nanostructures, superabsorbers, surface-
enhanced Raman spectroscopy

Received: February 14, 2018
Revised: March 18, 2018

Published online: May 7, 2018

[1] D. Cialla, A. März, R. Böhme, F. Theil, K. Weber, M. Schmitt, 
J. Popp, Anal. Bioanal. Chem. 2012, 403, 27.

[2] E. C. Le Ru, P. G. Etchegoin, Annu. Rev. Phys. Chem. 2012, 63, 65.
[3] R. S. Golightly, W. E. Doering, M. J. Natan, ACS Nano 2009, 3,  

2859.
[4] K. C. Bantz, A. F. Meyer, N. J. Wittenberg, H. Im, Ö. Kurtuluş,  
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