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Nanoparticle-Decorated Nanocanals for
Surface-Enhanced Raman Scattering**
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The surface-enhanced Raman scattering (SERS) effect is

considered important for fast detection of characteristic

‘‘fingerprint’’ signatures of analytes.[1] In the SERS effect, a

substantial Raman enhancement arises on localized spots

(‘‘hot spots’’) in metallic nanostructures owing to strong local

electromagnetic fields associated with the surface plasmon

resonances of metal nanostructures.[2–4] SERS on colloidal

metal aggregates and nanowires[5–7] and Raman resonances

have been utilized for trace detection of explosives,[8,9]

chemical and biological warfare agents,[10] internal mechanical

stress,[11–14] distribution and stress of carbon nanotubes,[15,16]

and toxic environmental pollutants.[17] However, an out-

standing challenge of SERS-based detection is the lack of

robust and facile fabrication routines for SERS substrates with

considerable enhancements. Traditionally, electrochemically

roughened metal surfaces,[18] colloids,[19] island films,[20,21]

nanowires,[22] periodic arrays,[23,24] and self-assembled nano-

particles[25,26] are employed as SERS substrates (for a recent

review, see Reference [27]). However, the long-term stability

of aggregated nanoparticles is the main obstacle for assembled

structures, and the fabrication of complex surface structures (e.g.

with microfabrication) is labor- and cost-demanding and

sometimes impossible to extend to large dimensions. Moreover,

the sensitivity of simple 2D SERS substrates remains modest

owing to a limited number of hot spots (usually below 105).[1,28]

To increase the sensitivity of SERS substrates, 3D porous

structures have been suggested as active SERS substrates with

the advantage of having a large surface area available for the

formation of hot spots and the adsorption of target analytes.

Consequently, 3D SERS substrates have been fabricated by

depositing Au or Ag films on porous silicon,[29] GaN,[30] and

filter paper.[31] Alternatively, deposition of metal nanoparti-

cles on the porous aluminum membranes,[32,33] colloidal

crystal templates,[34,35] or microwires[36] have been exploited.

For instance, nanopores in gold films have been proven to

show enhanced Raman scattering owing to an intense

electromagnetic field generated by the surface plasmons.[37,38]

However, most of these studies have not fully utilized the

advantages of 3D structures for SERS effects, mainly because

of limited light propagation through porous materials owing to
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significant scattering and adsorption on pore walls and a

significant fraction of closed pores, which do not participate in

SERS enhancement.[39] Moreover, even though significant

enhancements have been claimed for porous SERS substrates

(up to 108 in some cases),[29,30] these effects have been only

demonstrated for organic dyes with intense resonant Raman

peaks and not for conventional molecules with modest Raman

scattering.

Herein we introduce nanocanal arrays composed of

uniformly aligned vertical cylindrical pores with inner walls

decorated with gold nanoparticles as robust and cost-efficient

SERS substrates with significant SERS enhancement. These

substrates are successfully employed in this case for the

detection of trace amounts of 2,4-dinitrotoluene (2,4-DNT), a

model nitroaromatic compound for TNT-based plastic

explosives with modest Raman cross-section. This class of

compound is usually not detected by conventional Raman

measurements.[40] The use of porous alumina membranes as

SERS substrates is especially promising considering the

efficient interaction of light with the inner walls of the

cylindrical pores as well as their optical transparency with

minimal light absorption and scattering.[41,42] In addition, their

easy fabrication and very modest cost (at least an order of

magnitude lower than commercially available microfabricated

substrates) combined with large area (up to 5 centimeters in

diameter) are attractive practical features for sensing

elements.[43]

Figure 1 illustrates the fabrication procedure for nanocanal

arrays decorated with gold nanoparticles (see Experimental

Section for details). A representative cross-sectional scanning

electron microscopy (SEM) image of decorated nanocanals

(240-nm diameter) within porous alumina membranes shows

that most of the gold nanoparticles (32 nm) are immobilized in

an isolated state with occasional aggregated clusters inside the

pore walls modified with poly(diallyldimethylammonium

chloride) (PDDA) polyelectrolyte (Figure 2a). The immobi-

lized nanoparticles inside the pores can be also observed from

the SEM image obtained with a tilt angle (Figure 2b). Energy-

dispersive spectroscopy (EDS) confirmed the presence of gold

nanoparticles immobilized inside the nanocanals (Figure 2a).

Few nanoparticles were observed on the outer surfaces of the

nanohole arrays, in contrast to the nanoparticle immobiliza-

tion inside the pore walls. Immobilization inside the PDDA-

modified pores can be related to partial replacement of the

cetyltrimethylammonium bromide (CTAB) ligand.

The PDDA polyelectrolyte used in this case can act as a

selective coating to increase the adsorption of DNT on the

gold nanoparticle surface owing to the interactions between

the electron-donating amine-groups in PDDA and the electron-

deficient NO2 groups of 2,4-DNT.[44] A control Raman

experiment of 2,4-DNT adsorbed on a PDDA-modified

porous membrane (case 1, Figure 3b) provides no measurable

signals (spectrum 1, Figure 3c). In this study, we used a near-IR

laser (785 nm) as the excitation source because its wavelength

is close to the expected coupled surface plasmon resonance[45]

and because of its higher transmission through the aluminum

membrane. Notably, our attempts to use 514-nm light showed

low intensity owing to the high absorption, similar to cases

reported in the literature.[46]
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Figure 1. Fabrication procedures for nanohole arrays decorated with

gold nanoparticles. Porous alumina membranes are functionalized with

positively charged amine groups by modification with PDDA. CTAB-

capped gold colloids are passed through the modified porous mem-

branes, resulting in Au nanoparticle immobilization.

Figure 2. a) Cross-sectional and b) angle-view SEM images of porous

alumina membranes decorated with Au nanoparticles. The inset in

(a) shows the EDS spectrum, which indicates the presence of Au inside

the pore walls.

Figure 3. a) Chemical structure of 2,4-DNT. b) Schematic representa-

tion of the Ramanmeasurement of 2,4-DNT with different configurations

and light incidences to the SERS substrates. The excitation light

incidence is parallel (1,2,3) and perpendicular (4) to the pore axes. c)

The Raman spectrum of DNT powder and 1000ppm 2,4-DNT on each

substrate shown schematically in (b). The spectrum4 is shown clearly in

the inset. A solution of 2,4-DNT in ethanol (10mL) was drop-evaporated

on substrates with areas of 1 cm2. The Raman spectra were background

corrected for clarity.
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Figure 4. a) Raman spectra of 100 ppb 2,4-DNT drop-evaporated on the

SERS substrates with PDDA/Au nanoparticles/PDDA/PAM on top of

silicon substrates and control Raman spectra of 10000ppm 2,4-DNT on

a 2D substrate. b) SEM image of a 2D substrate of gold nanoparticles

with few aggregates.

1982
A strong peak at 520 cm�1 for silicon arises from the

supporting silicon substrate, indicating that the excitation light

passes through whole membrane (60 mm thick) and reflects

back, traveling through the vertically aligned nanocanals

(Figure 1c). The addition of gold nanoparticles activates the

SERS effect for the PDDA layer (case 2, Figure 3b), revealing

their characteristic Raman signatures: C4N stretching modes

(nC4N) at 783 cm�1 and CH3 asymmetric bending modes (rCH3)

at 1444 cm�1 (spectrum 2, Figure 3c).[47]

Deposition of 2,4-DNT analyte by means of drop-casting

(case 3, Figure 3b) dramatically changes the SERS spectra,

with two intense peaks corresponding to two representative

2,4-DNT vibration modes: NO2 out-of-plane bending modes

(rNO2) at 834 cm�1 and NO2 stretching modes (nNO2) at

1342 cm�1 (spectrum 3, Figure 3c, see also Raman spectrum

from bulk DNT in Figure 3c for comparison).[8] Moreover, the

silicon Raman peak is still strong, which indicates the

reflection of the laser beam after passing through the modified

nanocanals. Indeed, if we consider the initial diameter of the

nanocanals to be 240 nm and the thickness of the polyelec-

trolyte layer with immobilized nanoparticles on both walls to

be less than 70 nm, we can conclude that the light passes

through the vertical nanocanals without much absorption. The

critical importance of the ability of the laser beam to pass

through the whole membrane is illustrated by the tremendous

reduction of the Raman signal when the light is directed in the

transversal direction (case 4, Figure 3b). Only a very weak

nNO2 signal at 1342 cm�1 is observed under this orientation,

and the band for silicon disappears completely (spectrum 4,

Figure 3c).

The much stronger Raman enhancement from the

vertically oriented nanocanals (case 3, Figure 3b) allows trace

level detection of DNT (Figure 4a). The Raman spectrum of a

solution of 2,4-DNT (100 ppb; 10mL) evaporated on the SERS

substrate clearly shows NO2 stretching modes of DNT at

1342 cm�1, distinctive from several PDDA-related Raman

peaks such as nC4N at 783 cm�1 and rCH3 at 1444 cm�1. The

minimum detection limit under our current measurement

conditions (20-s acquisition time, 20-mW laser power, 10mL of

DNT solution uniformly drop-evaporated on 1-cm2 sub-

strates) estimated from a signal-to-noise ratio (S/N ratio of 15)

for this spectrum can be as low as 10 fg. This detection limit is

two orders of magnitude better than the best detection amount

of 1 pg of 2,4-DNT reported for highly oriented silver

nanowire films[9] and roughened gold substrates.[48]

The Raman enhancement factor (EF) was estimated by

using a reference sample without SERS contribution:

EF¼ ISERS/IRef� [reference]/[sample],[49,50] where ISERS and

IRef are the Raman intensities of the spectra and [SERS] and

[reference] are the concentrations of the target molecules in

the SERS and reference samples, respectively. By comparing

the peak intensity of the characteristic band at 1342 cm�1 with

a normal Raman peak of a reference 2,4-DNT film of known

thickness, we can estimate the SERS enhancement factor to be

about 1.1� 106. This unexpectedly high SERS enhancement

relative to those of 2D substrates with individual nanoparticles

cannot be caused by the trivial increase in specific surface area.

The excessive Raman enhancement can, at first glance, be

associated with the effect of resonance coupling between
www.small-journal.com � 2008 Wiley-VCH Verlag Gm
neighboring nanoparticles localized on the inner walls of the

nanocanals (hot spots). However, most of the gold nanopar-

ticles on the inner walls are present in the isolated form, with

only a few aggregates observed occasionally (Figure 2).

Moreover, the estimation of the average distance between far-

placed gold nanoparticles does not support this suggestion. In

fact, the value obtained is close to 100 nm or a distance/

diameter ratio d/D of about 3, well above the value suggested

for maximum enhancement.[51–53] Finally, analysis of the SEM

images showed that very few nanoparticle aggregates, which

could contain hot spots, are present in our substrates under the

current preparation conditions. The increase in the nanopar-

ticle density and their controlled aggregation are difficult tasks

and will require additional studies.

A control Raman study on a 2D gold nanoparticle array

with similar nanoparticle surface density was conducted to

evaluate this contribution (Figure 4b). The Raman spectrum

of a solution of 2,4-DNT (10000 ppm) showed only weak and

broad NO2 stretching modes of DNT at 1342 cm�1 (Figure 4a).

From the Raman peak intensities, we estimate that the SERS

enhancement of this 2D substrate with relatively low

concentration and very few aggregates of gold nanoparticles

was only about 10, owing to a rare presence of hot spots.

However, a 3D nanocanal array with an identical concentra-

tion of predominantly isolated gold nanoparticles led to an

enhancement about five orders of magnitude higher than that
bH & Co. KGaA, Weinheim small 2008, 4, No. 11, 1980–1984



observed on a gold nanoparticle monolayer with identical

surface densities of gold nanoparticles.

Considering the geometry of the nanocanal arrays and the

minor contributions from specific surface area and traditional

hot spots, we suggest that the optical waveguide effect of

vertical alumina-pore arrays with excited evanescent electrical

field is responsible for the observed enhancement of Raman

scattering. The propagating light can be trapped inside the

alumina nanowalls with total internal reflection caused by the

high refractive index difference between alumina (n� 1.6) and

the air/polymer monolayer (n¼ 1 and 1.5). This multiple

reflection can lead to a higher photon density of states at the

alumina–inner coating interface,[54] resulting in increased

probability of Raman scattering by interaction of the

evanescent field with the gold nanoparticles tethered to the

inner surface of the nanocanals. This Raman enhancement

resembles optical microcavities with cylindrical resona-

tors[55,56] and nanoribbons.[57] In these systems, additional

optical gains were acquired through microcavity resonances.

However, the waveguide effect of nanoporous alumina

membranes is advantageous owing to the large surface area

and the light guiding.[54] Moreover, we speculate that coupling

of the wave-guiding phenomenon suggested herein with

traditional hot-spot design might increase the enhancement

factor further by several orders of magnitude and allow the

detection of only a few molecules, a phenomenon demon-

strated only for few resonance-enhanced Raman markers.[5,6]

This design will open a new framework for the fabrication of

robust, cost-effective, large-area, ultrasensitive SERS-based

sensors for the trace-level detection of nonresonant chemicals

and biomolecules, as will be discussed in forthcoming

publications.
Experimental Section

Au nanoparticles (32 nm in diameter) capped with cetyltri-

methylammonium bromide (CTAB) were prepared by a seed-

growth method following a procedure described in the litera-

ture.[58] Porous alumina membranes were purchased from What-

man (Anodisc 47); the average pore size was (243�20) nm with

60mm thickness. The nanoparticles were immobilized on the

porous alumina membranes by a modification of a procedure

described in the literature.[59] Typically, the inner surface of the

porous membranes were modified with PDDA (Mw¼60,000,

Aldrich) by spin-coating of a 0.2% aqueous solution followed by

rinsing. Finally, 10mL of a solution of 2,4-DNT (Aldrich) in ethanol

was drop-evaporated on the SERS substrate with an area of 1 cm2.

Field-emission scanning electron microscopy (FESEM, LEO 1530)

was used to investigate the assembled structures of decorated

membranes. The Raman spectra were recorded by using a

Holoprobe Raman microscope (Kaiser Optical Systems) with 10�
objective (NA¼0.25) and back-scattered configuration. The

excitation laser is a diode laser with 785 nm and the power to

the sample is 20mW.
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