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SERS Effects in Silver-Decorated Cylindrical Nanopores

Rajesh Kodiyath, Jian Wang, Zachary A. Combs, Sehoon Chang, Maneesh K. Gupta,
Kyle D. Anderson, Richard J. C. Brown, and Vladimir V. Tsukruk*

Surface-enhanced Raman scattering (SERS) shows great
potential for monitoring the chemical composition, internal
stresses, and for the trace detection of hazardous molecules
that are difficult to detect by other experimental tech-
niques.'8] SERS has become an area of intense research as
a highly sensitive probe for the trace level detection of small
organic molecules since the demonstration of single-molecule
detection.* 3 In order to realize the potential advantages
of this approach there have been various designs of SERS-
active substrates. The most popular designs involve various
engineered substrates, such as roughened metal substrates
and metal nanoparticle films,'#"] metallic and bimetallic
nanostructures,'24 and porous or holey substrates.[2>2%]
However, for cutting-edge practical applications of SERS-
active substrates the sensitivity of the planar metal structures
remains rather low due to the limited density of hot spots
available within the laser-activated footprint.[2%3]

3D SERS substrates have been recently introduced to
overcome this limitation. These substrates have the poten-
tial to increase the level of enhancement for practical SERS
detection due to the unique properties they provide in com-
parison to traditional planar substrates.?>3! By extending
the SERS substrates into the third dimension a much greater
surface area for particle coverage compared with traditional
substrates may be realized.’>?*! 3D SERS substrates include
photonic crystal fibers,?* porous membranes with cylindrical
nanopores,®! and periodic nanohole arrays.’®! Their high
enhancement allows for the ultrasensitive detection of non-
resonant molecules.[*]

Several efforts have been made to fabricate 3D SERS
substrates by assembling nanoparticles via non-lithographic
techniques.l'! The particle distribution in these substrates is
not as homogeneous as those observed for substrates fabri-
cated using microfabrication*®! and nanofabrication*! tech-
niques. However, directed assembly avoids the high cost of
fabricating nanostructures via electron beam lithography
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(many thousands of dollars compared to just a few dollars for
assembled nanoparticles). Furthermore, directed assembly
overcomes the limitation of the relatively low surface area
associated with structures fabricated from lithographic tech-
niques.[*] Even though the enhancement factors for micro-
fabricated substrates are higher than for regular planar
substrates, common values average only around 107.[*!]
Therefore, microfabricated lithographical substrates, which
are important for fundamental studies, are not promising for
practical applications with their current characteristics being
a tremendous unresolved roadblock for further utilization.

Porous alumina membranes (PAMs) with long cylindrical
nanopores decorated with metal nanoparticles are among the
potential candidates for 3D SERS substrates, which exhibit
extremely high enhancements owing to their optical trans-
parency and large specific surface area.[??3”] Moreover, open
cylindrical pores facilitate the transport of analytes (gases
and fluids) that is important for practical analysis. In addi-
tion, the incident beam can be directed deeper into the sub-
strate through the waveguiding properties of the nanopores
(50-400 nm in diameter) facilitating further Raman signal
enhancements.[*2#] Several high-efficiency PAM-based SERS
substrates have already been reported, but their general
design principles have not been well established.[?-37:44-47]
It has only been suggested that the transmission of incident
light through the holey substrates and the proper placement
of metal nanoparticles inside the pores play a vital role in
achieving the highest efficiency, which is critical for the ultra-
sensitive detection of biological and chemical species.

In this study the role of light transmission and its inter-
action with metal nanoparticles within cylindrical nanopores
of different diameters is investigated, and general guidelines
for the design of nanoporous substrates with high SERS
activity are presented. Specifically, simulations and experi-
mental studies of substrates with different pore sizes deco-
rated with in situ grown silver nanoparticles bound to the
pore walls is shown. We observed that SERS substrates with
pore diameters of 355 nm facilitate enhanced light transmis-
sion as well as nanoparticle aggregation, which results in
greatly improved SERS activity. An enhancement factor of
10'°, which is dramatically higher than that for traditional 2D
substrates, was observed in this system. Electromagnetic sim-
ulations of silver nanoparticle dimers placed at different pore
depths confirmed the experimentally observed pore diameter
dependence. These simulations coupled with experimental
results suggested that nanopore diameters of around 400 nm,
the incorporation of the nanoparticle dimers within the first
10 um beneath the surface, and keeping the light transmittance
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Figure 1. SEM (a) and AFM (b) images of silver nanoparticles grown in porous alumina membranes with 355 nm pore diameters. UV-vis absorption
(c) and transmission spectra (d) of SERS substrates with different pore diameters.

above 50% are all critical to achieve SERS substrates that
show enhancement factors exceeding 100 for the selected
benchmark Raman marker, benzenethiol (BT). The observed
record enhancement factor is four orders of magnitude better
than that commonly reported for this marker on 2D sub-
strates of gold and silver nanostructures. 435

In order to systematically study the effect of pore diam-
eter on the SERS activity, PAMs with different pore diam-
eters ranging from 100 to 355 nm were synthesized®'?
following a two-step anodization process (Figure S1, Sup-
porting Information (SI)). In this study an in situ electroless-
deposition growth method®! to obtain a uniform distribution
of silver nanoparticles on the pore walls was employed. High-
resolution scanning electron miscroscope (SEM) images
of the fractured substrates with pore diameters of 355 nm
show a distribution of immobilized silver nanoparticles on
the inner walls (Figure 1a) (see data for 100 nm and 255 nm
pores in the SI, Figure S2). The particles with smaller sizes
that can be seen on the pore walls are the initial silver seeds
with diameters around 5 nm. It was demonstrated earlier that
PAMs decorated with silver seeds did not show significant
SERS activity.”® The size of the grown silver nanoparticles
is 30 £ 10 nm as estimated from the atomic force microscopy
(AFM) and SEM images (Figure 1b, Figure S3, SI). Although
for smaller pore diameters predominantly individual nano-
particles are observed, PAMs with larger pore diameters
facilitate the aggregation of silver nanoparticles on the pore
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walls, which predominantly exhibit dimers (about 60 nm) in
addition to individual nanoparticles (Figure S2 and S3, SI).

The optical absorption centered at 486-530 nm for the
nanoparticle-decorated PAM substrates is caused by the
surface plasmon resonances (SPR) of the silver nanoparti-
cles (Figure 1c).’ The maximum absorption occurred at a
longer wavelength compared to the SPR of a single nanopar-
ticle (420 nm for silver nanoparticles of 30 nm diameter in
solution)®¥ suggesting the formation of silver nanoparticle
aggregates, which was indeed confirmed by SEM images
(Figure 1a). The UV-vis absorption spectra of the SERS sub-
strates of varying pore size overlap with the excitation wave-
lengthoftheincidentlight thus providing efficient conditions for
514 nm excitation.3] On the other hand, the transmission of
light through the SERS substrates is the highest in the near-
IR range and remains high in the visible region (Figure 1d).
SERS substrates with 355 nm pore diameters show the
highest transmission in the visible region, around 50% at the
excitation wavelength of 514 nm. The reflectance spectra of
the neat PAMs (Figure S4, SI) show almost identical reflec-
tivities irrespective of the pore diameters and thus no calibra-
tion was done in the Raman measurements.

The SERS activity of the substrates was tested using BT
as the Raman marker.’® The SERS activity of the substrates
was found to increase dramatically as the pore diameter was
increased from 100 to 355 nm as evidenced by the rise in rel-
ative intensity of the characteristic Raman peaks of the BT
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Figure 2. a) Surface (x,y) Raman mapping of the 1571 cm~! peak of BT for substrates with
355 nm pore diameters. b) Confocal SERS mapping of the 1571 cm~! peak of 107®m BT
through the depth of the PAM with different pore diameters (pore dimension is shown on the
corresponding z profile). ¢) SERS spectra of BT obtained at ~5 um depth of the PAM-based

SERS substrates.

molecules (Figure S5, SI). To understand the enhancement
pattern we elucidated the 3D distribution of SERS activity
in the cylindrical pores by conducting complete Raman map-
ping in both the (x,y) plane and z direction (Figure 2a,b).
The mapping was conducted by monitoring the intensity of
the 1571 cm™ peak (caused by symmetric C-C stretching of
BT) through the depth of the nanopores. The (x,y) distribu-
tion of the SERS signal for a 10 um x 10 um surface collected
for pore diameters of 355 nm is presented in Figure 2a. As
apparent from the 2D Raman map, a uniform SERS enhance-
ment occurs over the entire region of the substrate, wherein
the SERS intensity varies slightly from pore to pore (£25%).

To further check the macroscopic uniformity of the
SERS substrates both within a sample and between different
batches, the SERS activity from different positions (at least
10 positions) on multiple substrates of the same pore diam-
eter (355 nm) was measured for a laser footprint below 1 um
across (Figure S6, SI). The SERS intensity was found to be
very reproducible at different locations within a substrate
and from different substrates (£7% ), which indicates a high
degree of homogeneity in the SERS substrates despite local
variations in the aggregated morphology and the presence of
residual seeds.

2500
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355 nm On the other hand, z mapping of the
SERS activity of different nanopores
shows that the largest SERS enhance-
ment occurs within the first 10 um beneath
the membrane surface (Figure 2b). The
SERS intensity of the BT signal gradu-
ally decreases as the depth increases for
all pore diameters. SERS spectra of BT
obtained at approximately 5 um depth
show consistent spectra with diminishing
Raman band intensity (Figure 2c). To con-
firm the presence of a BT surface layer
in the SERS substrates, fractured SERS
substrates (cross-sections) were analyzed
using X-ray photoelectron spectroscopy
(XPS). Quantitative estimation of sur-
face coverage was found to be impossible
because of inhomogeneities in the frac-
tured surface structure. However, signals
corresponding to BT were detected from
the fractured samples (Figure S7, SI).

The electromagnetic SERS enhance-
ment through the cylindrical pores was
further simulated by using silver nano-
particle dimers placed at various depths
(see SI). Silver nanoparticle dimers were
selected to reflect the common geometry
of aggregates inside the pores. The dimers
were placed in the pores with an orienta-
tion that provided a maximum enhance-
ment between the nanoparticles (see the
hot spot in Figure 3a). Dimers are selected
because this is the predominant type of
aggregate (see Figure S3, SI). Dimers with
other orientations and separations pro-
vide minor contributions. The modeling
we have performed is limited to two dimensions. Therefore,
aggregates larger than dimers were not modelled because
there is no way to arrange particles in 2D and create a larger
enhancement than that of two particles. Even in 3D it is dif-
ficult to arrange spherical particles so more than two touch
in any one location. To have three or more nanoparticles
meeting at a single location requires non-ideal particles (i.e.,
non spherical particles). The enhancement predicted here
corresponds to the enhancement levels reported earlier for
silver dimers.>7-8]

These simulations showed that the cylindrical pore acts
to constrain the incident radiation in a manner such that the
maximum enhancements can be realized at a certain pore
diameter and at a certain depth (Figure 3b). As the pore
diameter increases the electric field in the inter-particle gap
increases and the highest field intensity is achieved for about
a 400 nm pore diameter. Moreover, a series of electromag-
netic field peak intensities are observed along the main axis
of the cylindrical pores with spacing close to A/2. It is also
evident from Figure 3b that a significant electromagnetic
enhancement occurs for nanoparticle dimers placed con-
tinuously at several microns beneath the surface, which is
in good agreement with the experimental z-mapping of the
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Figure 3. a) Electric field distribution for a silver nanoparticle dimerwith a separation of 1.5 nm placed in an alumina membrane with pore diameter
of 100 nm. The nanoparticles were excited by 514 nm light from the top of the pore with a polarization parallel to the long axis of the dimer.
b) Simulated electrical field intensity distribution for a silver nanoparticle dimer as a function of pore diameter and depth. c) Variation in the
simulated Raman enhancement factor (cumulative) for different pore diameters (100, 250, and 350 nm) at increasing pore depths. d) Cumulative
Raman enhancement factor extracted from the experimental z-mapping as a function of pore depth.

enhancement factor (Figure 2b). The Raman enhancement
factor gradually increases with the accumulated addition of
nanoparticle dimers with increasing pore depths (Figure 3c).
The simulated accumulated enhancement factor shows a
saturation at depths higher than 10 um. Consistent with sim-
ulations, experimental observations confirmed that the mem-
branes with 355 nm pore diameters displayed increasing SERS
activity with saturation at depths of 10-14 um (Figure 3d).
For the direct calculation of the experimental enhancement
factor we utilized a common approach that compares the
intensities of major Raman bands for solutions of known
concentrations with and without the SERS substrate. This
method assumes that all molecules in the solution migrate
to the substrate in the course of solvent evaporation (see
SI for details on the enhancement factor calculation).[’] Tt
is commonly known that this method underestimates the
actual enhancement because only a fraction of the molecules
from the solution actually end up on the silver nanopar-
ticles despite the higher affinity to thiolated analytes. Thus,
the number reported here represents a lower bound, which
can in fact be many-fold higher. But even this lower bound
value is significantly higher than that reported for ordered
microfabricated lithographical SERS substrates with average
values around 107, with a highest enhancement factor of 10°
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reported for a localized region without averaging over the
total surface or volume,[3%41:60-62]

The general behavior for all pore diameters is similar, but
the 355 nm pores show the highest enhancement factor, which
is an order of magnitude higher than that obtained for sub-
strates with 100 nm pore diameters. As clear from the data,
the general trends observed in the experiments and obtained
from the simulations are similar considering the limited
z-resolution of the Raman mapping (~1 um). However, the
experimental enhancement factor is more than two orders of
magnitude higher than that calculated from the simulation
of the electromagnetic field distribution. This increase can
be attributed to the additional contribution from chemical
enhancement (which can reach 10%) for benzenethiol mol-
ecules chemisorbed on the silver nanoparticles, which is not
accounted for in the simulation.[%]

Considering both experimental data from the z-distribu-
tion of Raman scattering and the simulated results on the
electromagnetic field distribution for PAMs decorated with
silver nanoparticles we can conclude that the optimization
of Raman activity for long cylindrical pores can be achieved
by choosing a pore diameter of around 350-400 nm and a
total depth of 10-14 um. Overall, the current study provides
an example of a comprehensive approach that considers
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the transmission of light and the aggregation of nanoparti-
cles confined in cylindrical pores toward designing highly
optimized 3D SERS substrates with enhancement factors
several orders of magnitude higher than those of traditional
planar substrates or non-optimized porous substrates. Such
an approach provides an efficient pathway for the further
development of nanoporous and holey designs, which can
allow the detection of trace concentrations of practical target
molecules with low Raman cross-sections such as explosives,
hazardous chemicals, gases, and biomarkers.
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