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Large-scale nanoporous metal-
coated silica aerogels for high SERS 
effect improvement
Changwook Kim1, Seunghwa Baek1, Yunha Ryu1, Yeonhong Kim1, Dongheok Shin   1,  
Chang-Won Lee2, Wounjhang Park3, Augustine M. Urbas4, Gumin Kang5 & Kyoungsik Kim1

We investigate the optical properties and surface-enhanced Raman scattering (SERS) characteristics of 
metal-coated silica aerogels. Silica aerogels were fabricated by easily scalable sol-gel and supercritical 
drying processes. Metallic nanogaps were formed on the top surface of the nanoporous silica 
network by controlling the thickness of the metal layer. The optimized metallic nanogap structure 
enabled strong confinement of light inside the gaps, which is a suitable property for SERS effect. 
We experimentally evaluated the SERS enhancement factor with the use of benzenethiol as a probe 
molecule. The enhancement factor reached 7.9 × 107 when molecules were adsorbed on the surface 
of the 30 nm silver-coated aerogel. We also theoretically investigated the electric field distribution 
dependence on the structural geometry and substrate indices. On the basis of FDTD simulations, we 
concluded that the electric field was highly amplified in the vicinity of the target analyte owing to a 
combination of the aerogel’s ultralow refractive index and the high-density metallic nanogaps. The 
aerogel substrate with metallic nanogaps shows great potential for use as an inexpensive, highly 
sensitive SERS platform to detect environmental and biological target molecules.

Recently, low-cost, large-area plasmonic sensing platforms have been intensively studied for high-throughput 
chemical and biological analysis. Although the electric field distribution is considerably changed by the substrate 
index, the importance of substrate refractive indices has been overlooked in previous studies. For example, the 
light-matter interaction volume in nanoplasmonic sensing systems is substantially changed by substrate indices. 
In the refractive index sensing of the surrounding medium and detection of the surface absorbed biological mol-
ecules, sensitivities are improved on low index substrates (Teflon, n ~ 1.3) as a consequence of greater pushing 
of the electric field towards the sensing region compared with that of higher index substrates (TiO2, n ~ 2.4)1,2. 
Surface-enhanced Raman scattering (SERS) sensing, based on cubic metal nanoparticles, also benefits from lower 
index substrates such as glass (n ~ 1.5)3,4 and flower-like alumina-coated etched aluminum foil (n ~ 1.4)5.

Plasmonic nanostructures used in optical sensing support quite different electromagnetic mode pro-
files. Plasmonic index sensing platforms generate an anti-symmetric mode across a thin metal film1, whereas 
nanocube-based SERS platforms support symmetric modes to enhance the far-field signal3,4. One approach is to 
use a low-refractive index material as a substrate to increase the electric field intensity at the sensing area.

Numerous studies have been performed to develop low refractive index materials (n = 1.1–1.3) including 
porous silica, sponge-like block copolymers, glancing angle deposited nanowires6. Among low refractive index 
solid-phase materials, silica aerogels have the lowest refractive index (less than 1.01) and high optical transpar-
ency over 90%7. Silica aerogels, a porous bulk material made up of nanometer-scale silica chain networks, are 
also uniquely lightweight and superb thermal insulators. The porosity of these materials exceeds 98.5% and their 
thermal conductivity is as low as 0.25 Wm−1 K−18–10. A number of industrial and aerospace applications have been 
demonstrated, including supercapacitors, fuel storage, catalysts, acoustic impedance matching transducers, cos-
mic dust collectors, and thermal insulating materials used on the space shuttle11. The optical properties of silica 
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aerogels have been extensively studied by absorption spectroscopy12,13 and photoluminescence in a powdered 
form14. The behavior of silica aerogels as quantum yield enhancers15 has also received attention together with 
their Raman scattering phenomena16–22. However, the use of silica aerogels in optical sensing platforms has not 
yet been considered despite the unique optical properties of these materials. Here, we apply a metal-coated silica 
aerogel as a SERS template, to obtain high SERS effect improvement.

Because the averaged electromagnetic energy density in a material is proportional to the material’s dielectric 
permittivity and its dispersion23,24, the electric field inside the silica aerogel could be smaller than that of other 
higher refractive index materials. When a silica aerogel is attached to a semi-infinite metal, most of the electric 
field concentrates at the interface between the aerogel and metal with a long plasmon fringing field depth toward 
the silica aerogel. If the metal layer is sufficiently thin, for example, thickness λt (wavelength), the electric field 
is strongly confined at the metal layer with symmetric or anti-symmetric modes of the surface plasmons and a 
fringing electric field depth stretched both toward the air and silica aerogel. Considering the law of energy con-
servation, the extruded electromagnetic energy of the silica aerogel transferred to the other side, i.e., the air/metal 
interface where analyte molecules are located, as described in Fig. 1a. Therefore, if arranged correctly, it is possible 
to achieve a localized and enhanced electric field at the location of the target molecule.

In this study, we fabricated a high-density metal nanogap structure on ultra-low index substrates by a low-cost, 
simple, and scalable manufacturing process, for potential use as a SERS template. We theoretically and experi-
mentally studied how the ultralow index and nanoscale roughness of the silica aerogels affected the electric field 
distribution and improved SERS sensitivity. We found that the SERS enhancement factor for benzenethiol 
exceeded . ×7 9 107 owing to optimization of the density and size of the metallic nanogaps.

Experimental
Aerogel and sample fabrication.  Figure 1a shows a schematic cross-section of the metal-coated silica 
aerogel with adsorbed benzenethiol molecules. A schematic diagram of the fabrication process for the silica aero-
gel and SERS template is shown in Fig. 1b. We placed 0.5 g of urea, 4.76 g of methyltrimethoxysilane (MTMS), 
1.1 g of nonionic surfactant poly(ethylene oxide)-blockpoly(propylene oxide)-block-poly(ethylene oxide) triblock 
copolymer (Pluronic F127) in 7.0 g of 10 mM acetic acid solution7. The mixture was stirred at room temperature 
for 30 min, then slowly poured into a Petri dish. The Petri dish was covered and placed in an oven at 60 °C for 2 
days to form a solid gel. The gel was immersed in distilled water for 1 day to eliminate residual chemicals held 
within the silica chain network. To exchange the solvent with isopropyl alcohol (IPA), the gel was soaked again in 
isopropyl alcohol (IPA) at 60 °C for 2 days. Subsequently, the gel was maintained in a chamber with liquid carbon 
dioxide at 80 °C, and 135 bar as the supercritical drying conditions. The average pore size, porosity, and specific 
surface area of the fabricated silica aerogels were 59.5 nm, 83.9%, 575 m2/g, respectively7. To prepare SERS-active 
substrates, 30 or 60 nm of silver (or gold) was deposited onto the aerogel surface by an electron beam evaporator. 

Figure 1.  (a) Illustration of plasmon-enhanced Raman scattering mechanism for analytes on top of silver-
coated silica aerogel. (b) Fabrication procedure of silver-coated silica aerogel structure for Raman detection. 
Silica wet gel was prepared by mixing MTMS, surfactant, and acetic acid. Aerogels were obtained by drying the 
wet gel with supercritical carbon dioxide at 80 °C, 13.5 MPa. A thin silver film was deposited onto the aerogels 
by electron beam evaporation to create plasmonic nanogap-based SERS active substrate.
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The two different thicknesses of the metal film were deposited to control the surface structure of the metallic layer 
on the aerogel substrate.

Structural and optical characterization and SERS.  Structures of bare and metal-coated aerogels were 
characterized with a scanning electron microscope and focused ion beam (SEM/FIB, Nova 200 NanoLab, FEI 
Company). We used UV/VIS – NIR Spectrophotometer (UV3600, Shimadzu Scientific Instruments) with an inte-
grating sphere (MPC–3100) to obtain the total reflectance and transmittance spectra. We selected benzenethiols 
(BZTs) as Raman probe molecules, which were adsorbed onto bare aerogel, metal-coated aerogels, and glass. The 
BZT molecules formed well-ordered self-assembled monolayers (SAMs) on the gold (silver) surfaces through 
strong S-Au (S-Ag) bonds both in the vapor phase and in liquid environments25–29. Moreover, these molecules 
can be modified by a various specific functional groups such as 4-MBA or 4-MPBA to promote the binding of 
target analytes for pH detection or glucose sensing30,31. A drop of BZT on a petri dish and the SERS substrates 
were left in a desiccator. A mechanical pump was used to evacuate the desiccator and produce a BZT-vapor sat-
urated environment. The SERS substrate was left in the desiccator overnight for the BZT to adsorb to the surface 
of the substrate. Benzenethiol formed a monolayer on the surfaces with a surface density of 0.45 nmol/cm2 32. 
Raman spectra were collected with a Lab Ram ARAMIS Raman spectrometer (Horiba Jobin Yvon). A He-Ne laser 
(633 nm) was used as a light source for excitation.

Result and Discussion
Ultralow refractive index of aerogel.  We experimentally measured the refractive index of bulk aerogels 
with the use of Snell’s law. A schematic diagram is shown in Fig. 2a. A CCD camera was aligned with a He-Ne 
laser beam (633 nm) propagating in a free-space. We then placed the aerogel sample into the beam path of the 
laser. The lateral shift (y) of the laser beam, after passing through the aerogel block, with uniform thickness (d), 
was measured by the CCD camera (see Fig. 2b). We used Snell’s law and trigonometric relationships to determine 
the aerogel’s refractive index to be 1.0833. To confirm the measured index value by another experimental method, 
the laser beam was coupled from air into the facet of a 1.8 mm-thick aerogel block with a different angle of inci-
dence (see Fig. 2c). When the angle of incidence was greater than 67.1°, total internal reflection occurred at the 
aerogel/air interface, indicating that the refractive index of the aerogel was 1.08.

Geometrical structure of aerogel surface.  Figure 3a shows a digital camera image of two large silica 
aerogels. The as-prepared aerogel had a highly mesoporous structure owing to the cross-linked silica chain 

Figure 2.  (a) Schematic of the experimental setup for measuring the refractive index of the aerogel. Refractive 
index of the aerogel was calculated by Snell’s law. (b) CCD camera image of the shifted laser beam after pass 
through the aerogel block. (c) Picture of non-guided (left) and guided light (right) inside the aerogel via total 
internal reflection. Refractive index of the aerogel can be calculated from the measured critical angle.
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network, as shown in the SEM image of Fig. 3b7. To make the SERS-active substrate, a thin film of silver (Fig. 3c–
f) or gold (Fig. 3g–j) was coated on top of the aerogel surface. After metal coating, narrow nanogaps were formed 
in the metallic thin film. (see Fig. 3c,d,g,h). These metallic nanogaps could strongly concentrate optical fields and 
thus behaved as Raman-active hot spots, as illustrated in Fig. 1a. The surface morphology of the metallic thin film 

Figure 3.  (a) Photograph of the fabricated silica aerogel. (b) SEM image of the nanoporous aerogel surface. 
The bright regions represent an area where silica networks are formed. The gray or dark regions represent 
nanopores. SEM images of silver-coated aerogel surface with different Ag thickness; (c) 30, (d) 60 nm. False-
colored cross-sectional SEM images of (e) 30 nm, (f) 60 nm silver-coated aerogel. SEM images of gold-coated 
aerogel surface with different Au thickness; (g) 30, (h) 60 nm. False-colored cross-sectional SEM images of (i) 
30 nm, (j) 60 nm gold-coated aerogels.
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varied depending on the thickness of the deposited metal. The 30 nm metal-coated aerogels (Fig. 3e,i) exhibited a 
higher gap density than that of the 60 nm metal-coated aerogels (Fig. 3f,j). Also, 30 nm thick metal-coated aero-
gels showed higher surface roughness than 60 nm metal-coated aerogels. AFM images with root mean squared 
roughness (Rq) are shown in Supplementary Fig. S3. In contrast, the metal layers deposited on glass substrates are 
planar surface without nanogaps (Supplementary Fig. S1).

And we obtained the cross-sectional SEM images by FIB-SEM system, as shown in Fig. 3e,f,i,j. The images 
clearly show the thin metal film (false-colored with yellow), nanogaps, and silica chain networks. To avoid the 
damage of thin metal film morphology on the aerogel during the FIB/SEM measurement, we carried out both 
E-beam and Ion beam assisted Pt deposition in sequence. The E-beam deposited Pt atoms penetrate into the 
nanopores of aerogel below the metal film, resulting in the disappearance of porosity of the aerogel substrate. 
However, from the Ion beam assisted Pt deposition image without E-beam assisted method (see Supplementary 
Fig. S2), we can clearly see the nanopores of aerogel below the thin metal film.

FDTD simulation.  We used 3D finite-difference time-domain (FDTD) methods to simulate the optical 
properties of the metal-coated aerogel structures. To investigate the effects of the substrate index on Raman 
enhancement, we calculated the electric field distributions depending on the substrate index without changing 
the metallic nanogap structure: aerogel (n = 1.08), glass (n = 1.52), and silicon (n = 3.88)1,4,34. In reality, the metal 
layer deposited on glass or silicon substrate is planar thin film without nanogaps, which are formed only on nano-
porous aerogel substrate. For SERS effect, to investigate the effect of lower refractive index substrate, while exclud-
ing the different metal layer’s morphology effect, we assumed the virtual cases that the exactly same morphology 
of metallic nanogap structure is deposited on the substrates with varying refractive index, such as aerogel, glass, 
silicon. The calculation was performed with commercial FDTD software (Lumerical Inc., Canada).

We used the top-view SEM images of the metal-coated aerogel to create a model structure (Fig. 4a,e). The images 
were converted into binary images and then imported into the FDTD software35. Figure 4b–d,f,g,h) represent the 
calculated electric field profile of the 30 nm (60 nm) Ag-coated aerogels, glass, and silicon, respectively, when the 
633 nm plane wave was illuminated at normal incidence. For the light excitations by 532 nm and 785 nm plane 
waves, the calculated electric field profiles are shown in Figs S4, S5 of Supplementary Information, respectively.

For the 30 nm silver nanogap structure on the aerogel substrate illuminated by 633 nm, the maximum field 
strength in the nanogap compared with that of the incident light is = .60 3

E

E
Ag aerogel

incident

/ . Even if we assume that the 
30 nm thick silver nanogap structure formed by aerogel is virtually on top of planar glass or silicon substrate with 
the same morphology, the calculated maximum field strengths are still smaller, i.e., = .41 1

E

E
Ag glass

incident

/  and 

= .25 1
E

E
Ag Si

incident

/  respectively. These results show that, for the field enhancement, the metallic nanogap geometry 
formed by aerogel substrate is the main factor; however, the ultralow index substrate also makes a part of 
contribution.

Figure 4.  (a) SEM image of the 30 nm silver-coated aerogel surface for FDTD simulation. This SEM image was 
imported into the FDTD simulation. (b–d) Electric field profiles by 633 nm light excitation on the top surface 
of 30 nm silver-coated (b) Ag/Aerogel, (c) Ag/glass, and (d) Ag/Si. (e) SEM image of the 60 nm silver-coated 
aerogel surface for FDTD simulation. (f–h) Electric field profiles by 633 nm light excitation on the top surface of 
the 60 nm silver-coated (f) Ag/Aerogel, (g) Ag/glass, and (h) Ag/Si.
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The SERS enhancement can be approximated by:

ω≅ | ω | | ′ |EF E( ) E( ) ,2 2

where =E E E E/ (loc inc Loc : local electric field amplitude at the molecule position, Einc: incident field amplitude), ω 
is the incident lights frequency, and ω′ is the Stokes-shifted frequency. With the assumption that ωω ≅ ′E( ) E( ) ,
the enhancement factor follows the so-called, | |~EF E 4 law36–39. Recently developed molecular cavity optome-
chanics provides an understanding of the strongly coupled vibrational modes of nuclei (phonon) and (cavity) 
surface plasmon, predicting similar | |E 4-law-like Raman enhancement under certain conditions40,41.

The theoretically estimated SERS enhancement for 30 nm Ag-coated aerogel with 633 nm illumination is 






 = . ×1 3 10
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4
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nation, both the nanoporous structure and lower refractive index of the aerogel substrate provide higher theoret-
ical SERS EF value. The theoretical SERS EF values of 30 nm Ag-coated aerogel under 532 nm and 785 nm 
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for 532 nm, 785 nm illuminations, respectively. These results show that the use 

of an aerogel substrate with an ultralow refractive index provides considerable benefits for SERS sensing for 
broadband light excitations of 532 nm, 633 nm, 785 nm.

Optical properties.  We characterized the optical properties of the bare and metal-coated aerogel in the wave-
length range between 300 and 1000 nm. Because the incident light was scattered when it passed through the aerogel, 
we used a UV-VIS-NIR spectrophotometer fitted with an integrating sphere to measure the total (diffuse + specular) 
reflectance and transmittance. Because of the ultralow refractive index of the aerogel, which was close to that of air, 
the Fresnel reflection at the air-aerogel interface was considerably suppressed. As shown in Fig. 5a,b, the bare aerogel 
exhibited very low reflectance and high transmittance in the visible region. Conversely, the silver-coated aerogels 
showed increased reflectance and reduced transmittance as the coating thickness increased.

Figure 5c,f show the absorption spectra of the aerogel and silver-coated aerogels obtained from 100–T–R (%). 
The absorption of the 30 nm silver-coated aerogel was enhanced over a broad wavelength range by the randomly 
distributed metallic nanogaps42,43. The nanogaps generated randomly shaped hot spots with a high density where 
the electromagnetic field was strongly confined by localized surface plasmon resonance (LSPR)44. Interestingly, 

Figure 5.  Measured optical (a) reflectance, and (b) transmittance spectra of the bare aerogel (black), 30 nm 
silver-coated aerogel (red), and 60 nm silver-coated aerogel (blue). (c) Absorption spectra of the bare (black), 
30 nm (blue) and 60 nm (red) silver-coated aerogel calculated from 1-R-T. Measured optical (d) reflectance, and 
(e) transmittance spectra of the bare glass (black), 30 nm silver-coated glass (red), and 60 nm silver-coated glass 
(blue). (f) Absorption spectra of the bare (black), 30 nm (blue) and 60 nm (red) silver-coated glass calculated 
from 1-R-T. Black dotted line indicates excitation wavelength (633 nm).
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the aerogel with the 30 nm thick silver coating showed stronger absorption than that of the aerogels with the 
60 nm thick silver coating. We attribute this strong absorption to the formation of more plasmonic nanogaps 
on the surface of the 30 nm silver-coated aerogel compared with the 60 nm silver-coated substrate, as shown in 
the top-view SEM images (Fig. 3c,d). However, the 60 nm thick Ag-coated aerogel showed similar absorption 
with bare aerogel in visible wavelength because of the lack of metal nanogaps. The absorption at λ < 400 nm was 
mainly induced from the interband transition of Ag, not from the LSPR45.

For reference, we also measured the optical properties of the 30- and 60 nm-thick silver coatings on planar 
glass, as shown in Fig. 5d–f. In these cases, no absorption enhancement was observed from hot spots at nanogaps. 
Similar to silver-coated aerogels, the absorption of the 30 nm gold-coated aerogel was enhanced by LSPR over a 
broad wavelength range at λ > 500 nm. Besides, the enhanced absorption at λ < 500 nm is mainly caused by the 
interband absorption of gold (See Supplementary Fig. S6)45.

SERS measurements and enhancement factor.  When the light was incident on the metal surface 
under specific conditions, the wave may excite LSPR on the surface. This effect leads to strong amplification of the 
light in the near field of the surface, resulting in a large enhancement of the Raman scattering46.

Figure 6.  Raman spectra of benzenethiol monolayer on the metal-coated aerogel (blue) and glass (red) with 
different metal thickness: (a) Ag 30 nm, (b) Ag 60 nm, (c) Au 30 nm, (d) Au 60 nm. Raman spectrum of liquid 
benzenethiol [black in (a)] is given as a reference. All spectra were obtained with a 633 nm laser. (e) Raman 
spectra of benzenethiol on the bare aerogel (blue) and glass (red). (f) Schematic of the confocal range of the 
laser for calculation of the number of excited molecules in liquid benzenethiol.
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To investigate the effect of the LSPR on the SERS signal, Raman spectra of BZT were obtained with a Raman 
spectrometer operating with He-Ne (633 nm) laser excitation. The excitation wavelength of 633 nm was arbitrarily 
chosen among the commonly used wavelengths (such as 532 nm, 633 nm and 785 nm) for Raman spectroscopy 
because metal-coated aerogel was expected to show SERS enhancement over the broadband wavelengths regime 
due to the broadband LSPR excitation.

As described in Fig. 6a–d, the BZT on the metal-coated aerogel exhibited strongly amplified Raman fea-
tures. The enhanced Raman signals come from the strong electric field localized by metal nanogaps and elec-
tric field moved towards the sensing area caused by the ultralow index of the substrate. The BZT on the planar 
metal-coated glass shows indistinguishable Raman features. However, if we increase the excitation laser power 
into four times and the data integration time into ten times, the Raman signals from the monolayer benzenethiol 
on silver-coated glasses was observable, as shown in Supplementary Fig. S7. Figure 6e represents the Raman 
signal of benzenethiol on the bare aerogel and bare glass without the metal coating; however, the peaks were not 
visible. As a reference, the Raman signal from a pure (≥99%) liquid benzenethiol is also presented in Fig. 6a.

To evaluate the enhancement factors of the metal-coated aerogel substrates, we performed a normalization 
procedure, as shown in Fig. 6f. We assumed that Raman scattering occurred only in the focal volume of the laser 
beam. The total number of Raman active molecules in the liquid benzenethiol could be determined from the 
density (1.077 g/mL) and molar mass (110.17 g/mol) of the liquid benzenethiol in the cuvette and the volume of 
the focal region, approximated as a cylindrical shape, and its geometrical dimensions extracted from the Gaussian 
beam parameters47. The height of the cylinder-shaped focal region was twice the confocal parameter 2ZR and the 
radius became the beam width at ZR, which was 2  times larger than the beam waist ( w2 0). Therefore, the num-
ber of excited molecules could be calculated as the product of the laser excitation volume, the Avogadro number, 
the density of the liquid benzenethiol divided by the molar mass of the benzenethiol molecule. The number of 
excited benzenethiol molecules in the monolayer on the SERS substrate could be calculated in a similar way. By 
multiplying the area of the laser spot, the surface density of the benzenethiol monolayer and the surface factor by 
the geometry of the SERS substrate, we calculated the number of the excited molecules on the SERS substrate.

Through the aforementioned normalization, we calculated the enhancement factor for peaks at 999, 1,024, 
1,091, and 1,580 cm−1, as shown in Table 148,49. The enhancement factors (EF) were calculated by the following 
formula38.

=EF I I N N( / )/( / )SERS lBZT SERS lBZT

where ISERS and IlBZT are the Raman intensities of the SERS substrate and liquid benzenethiol, respectively. NSERS 
and NlBZT are the number of excited molecules on the SERS substrate and in the liquid benzenethiol, respectively. 
For the samples on the aerogel substrates coated with 30 and 60 nm Ag films, the EFs were experimentally 
observed as high as . × . ×and7 9 10 3 6 107 7, respectively. The larger EF and stronger SERS signal of the 30 nm 
Ag-coated aerogel were attributed to the higher density of hotspots per unit area compared to the 60 nm 
Ag-coated aerogel. 30 nm gold-coated aerogel provides experimentally measured SERS enhancement factor of 
. ×1 5 107, which is lower than silver-coated aerogels. Generally, silver nanostructure shows stronger near field 

enhancement than gold nanostructures because gold have larger LSPR damping due to the interband transition 
in the visible wavelength region50,51. For 30 nm Ag-coated aerogels, the experimental EF and theoretical maxi-
mum EF values from FDTD showed the same order of magnitude of 107.

Conclusion
We fabricated large size metal-coated aerogels with a size of a few tens of centimeters by a simple, low-cost chem-
ical synthesis and metal deposition process. We demonstrated these highly nanoporous silica aerogels to be effec-
tive SERS templates for enhancing Raman gain, owing to their surface texture with a high density of metallic 
nanogaps and the ultralow refractive index of the substrate. The SERS enhancement factor reached up to 
. ×7 9 107 for BZT adsorbed on the surface of the 30 nm silver-coated aerogel.
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Vibrational assignment

Raman 
shift 
(cm−1)

SERS Enhancement Factor
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S-H bending + in-plane 
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