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a  b  s  t  r  a  c  t

Surface-enhanced  Raman  scattering  (SERS)  encountered  in  interstitial  gaps  between  closely  positioned
metal  nanostructures,  hot  spots,  offers  tremendous  potential  for molecular  analysis  at  the  trace  or
single-molecule  level.  SERS-active  sites,  hot  spots,  can  be achieved  at a higher  density  when metal
nanostructures  are  configured  on a  three-dimensional  (3D)  platform  than  on  a  planar  two-dimensional
(2D)  substrate.  Yet, 3D  platforms  demonstrated  thus  far such  as anodized  alumina  and  microstructured
fibers  offer  capillaries/pores  either  too  narrow  for the  sample  to be infused  or  may  not  be  compatible
with  microfluidic  integration  due  to their  non-planar  feature.  Here,  we  introduce  a 3D  SERS-active  plat-
form based  on  a planar  component  that  is  readily  available  and presents  densely  packed  highly  aligned
ocalized oblique-angle deposition (LOAD)
urface-enhanced Raman spectroscopy
SERS)

precision  microchannels,  the  so-called  microchannel  plate  (MCP).  The  microchannels,  owing  to  their
alignment  biased  at a small  but  precise  angle  (7◦) with  respect  to the  plate  surface  normal  and  their
reasonably  large  diameter  (∼6 �m) can  be functionalized  with  Ag  nanorods  through  shadowing-based
deposition  that  requires  no  other  template  or lithography.  The  plate  functionalized  with  Ag nanorods
delivers  an  enhancement  factor with  values  in  the  range  of  106–108 as  verified  with  probing  molecules

-MBA
4-mercatobenzoic  acid  (4

. Introduction

Surface-enhanced Raman scattering (SERS), since its discovery
early thirty years ago, has taken the center stage because of its
remendous potential for analyzing molecules at the trace or single-

olecule level [1–4]. The dramatic enhancement of the vibrational
Raman) spectra from the analyte adsorbed on a roughened metal
urface at the nanometer scale has captivated the researchers from
he standpoint of understanding the underlying mechanism and
evising novel label-free ultrasensitive sensors exploiting the phe-
omenon. Raman spectroscopy, by probing the vibration modes of

ndividual chemical bonds, reveals molecular “fingerprint” of the
nalyte without relying on labels. Yet, a broader implementation
f such powerful method in applications has been caught up by its
xtremely small scattering cross section, nearly 14 orders of magni-
ude lower than a typical fluorescence cross section [5]. This major
bstacle could now be overcome with SERS.

For the exact mechanism behind the surface enhancement
ffect, after much debate, it is now generally accepted that two

ndependent and yet concurrent mechanisms, electromagnetic
nd chemical effects, play a role, with the former being dominant
2]. Field enhancement, which is highly localized, arises from the

∗ Corresponding author. Tel.: +852 2358 7068; fax: +852 2358 1485.
E-mail address: eelyobas@ust.hk (L. Yobas).
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)  and  rhodamine-6G.
© 2013 Elsevier B.V. All rights reserved.

excitations of surface plasmons, the collective oscillations of the
conduction electrons in a metal surface, couples to and enhances
inelastically scattered light (Raman) intensity from the analyte to
the quadratic power [6]. The enhancement reaches a remarkable
magnitude up to 1012 and yet rapidly diminishes with the increased
separation between the analyte and the metal surface [7]. The
dependence of the overall enhancement on the type of analyte
forms the basis for the chemical postulate that attributes the ampli-
fication to the resonant intermediate molecular states arising from
electronic coupling between the analyte and the metal surface by
a charge-transfer mechanism [8]. Many of the experiments to date
have been conducted on the nanostructures of the noble metals,
particularly Ag and Au, prepared by numerous techniques such as
electrochemical roughening through oxidation-reduction cycles
(ORC) [3], thin-film islands through vacuum deposition on a flat
substrate [9], thin-film nanorods through oblique-angle deposition
(OAD) [10], colloidal suspensions of nanoparticles synthesized
through reducing metal salts by citrate [11] or borohydride [12] or
merely high-power laser ablation of metals in solution [13], ordered
arrangement of the nanoparticles through self-assembly [14], and
Ag-film over-nanospheres (AgFONs) [15]. In addition to the noble
metals, transition metals and semiconductors can also support

plasmons and hence SERS [16,17]. These methods are, by and large,
tailored toward maximizing the SERS intensity while few are unsta-
ble, inherently irreproducible, and unsuitable for large-volume
production. The key impediment holding back SERS from analytical

dx.doi.org/10.1016/j.snb.2013.04.091
http://www.sciencedirect.com/science/journal/09254005
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pplications is the lack of a robust and facile method of creating
eterministic SERS-active substrates that consistently deliver uni-
orm and reproducible enhancement across a massive area. Toward
his goal, flat silicon or glass substrates have been fabricated with
ighly ordered interstices between metal nanostructures via
dvanced lithography techniques such as electron-beam lithogra-
hy (EBL) [18], nanosphere lithography (NSL) [19], and nanoimprint

ithography (NIL) [20]. However, the limited density of hot spots
hat can be achieved on a quasi-2D planar surface of such substrates
n combination with the limited adsorption kinetics of the analyte
hat has to diffuse through the stagnant layer of solvent near the
urface has kept the enhancement at a modest level (<105) [21].

Recently, 3D porous structures have been proposed as a tem-
late for SERS so as to overcome the articulated challenges of the
onventional quasi-2D substrates and further boost the SERS inten-
ity by maximizing the density of hot spots and analyte adsorption
ithin a surface area illuminated by laser [22]. Surface coverage of

he analyte also benefits from the reduced diffusion lengths owing
o the partitioning of the bulk solution of the analyte into individual
ores. Among the 3D porous structures transformed into a SERS-
ctive platform are the anodized layers of silicon [23], GaN [24], and
lumina [25–31], track-etched polycarbonate membranes [32], fil-
er papers [33,34], photonic crystal fibers with a hollow or a solid
ore surrounded by air holes [35–37], and microstructured optical
bers [38,39] and capillaries [40]. To decorate such templates with
anostructures of Au or Ag, various protocols have been imple-
ented leveraging electrochemical deposition methods including

mmersion plating, and solution-based electroless plating, ther-
al  decomposition, chemical assembly, vacuum infiltration and

apor deposition. Nevertheless, some of these approaches are
hallenged with the infiltration of metal nanoparticles and/or
he surface functionalization deep into high-aspect-ratio pores.
mong the anodized substrates, the porous alumina membrane

PAM) has been extensively studied as a SERS template because
f its highly regular and densely populated cylindrical nanopores
25–31]. Higher enhancements through PAM are attributed to its
ptical transparency and waveguiding properties of nanopores that
irect the incident beam deeper into the substrate with minimal
bsorption [25]. Yet, the fairly small diameter of nanopores (up to
00 nm)  makes the infiltration of metal particles without the pore
logging a challenge. The same issue also affects the microstruc-
ured fibers and capillaries despite the relatively large diameter of
heir pores (up to few micrometers) as this can be simply negated by
heir high aspect ratio. Also notable are the SERS templates that are
on-porous and yet exhibit a 3D surface topography with pits and
icrocavities lithographically etched in silicon and then subjected

o thin-film Ag or Au vapor deposition [41–43]. More recently, the
teep sidewalls of such microcavities have been decorated with
ERS-active Ag nanorods through localized oblique-angle deposi-
ion (LOAD) [43].

In this study, we introduce a novel SERS-active substrate based
n a readily available planar component, namely the microchan-
el plate (MCP), suitable for the formation of Ag nanorods through
OAD. MCP  is a highly porous glass membrane originally developed
s an electron multiplier for image intensifiers but also extensively
sed in particle and photon detectors for a broad spectrum of appli-
ations. A typical plate houses millions of precision microchannels
ighly aligned, densely packed, and often slightly slanted with
espect to the surface normal by a small yet precise angle as can
e seen in images in Fig. 1a–c [44]. The steep sidewalls of the
icrochannels readily allow the geometrical shadowing effect to

ccur in a standard deposition chamber with the plate on a leveled

tage and Ag vapor flux arriving at a large oblique incidence angle
s schematically described in Fig. 1d. Ag nucleation begins to form
n the sidewalls with sites of preferential growth further shadow-
ng the regions behind them. This leads to the growth of distinct Ag
tors B 184 (2013) 235– 242

nanorods in the direction of deposition on the exposed interiors of
the microchannels (Fig. 1e). The plate with a reasonably large pore
diameter and pore density combined with the convenience of form-
ing plasmonic nanorods on the exposed sidewalls strikes a balance
between surface area for the hot spots and the analyte adsorption
and accessibility to the pores for the functionalization and sample
loading. Sample analyte can be infused through the plate with rel-
ative ease as compared to the earlier 3D SERS templates with fairly
small and high aspect ratio pores. With this motivation, we  report,
for the first time, on the morphology of Ag nanorods formed on
MCP and their characteristic SERS activity measured with the pro-
bing molecules 4-mercatobenzoic acid (4-MBA) and rhodamine-6G
(R6G).

2. Experimental

MCP  was obtained from Chairman Photoelectricity S&T Co.
Ltd., PR China with straight microchannels at a length of 300 �m
(plate thickness) and slanted with respect to the plate surface nor-
mal  by 7◦ while terminating at pores 6.25 �m in diameter and
∼2.7 × 104 mm−2 in density. The plate was diced into smaller pieces
(4 mm × 4 mm).  With each piece mounted on a glass slide, LOAD
was performed by evaporating Ag either directly on a blank piece
or on a layer of sputtered Ag. A base layer of sputtered Ag has
been shown to increase SERS intensity by increasing the underlayer
reflectivity of Ag nanorods [43,45]. For control, the investigation
also included substrates with a sputtered Ag alone. The specimens
prepared through distinct Ag deposition methods can be classified
into three types: S-type with a sputtered Ag, E-type with an evap-
orated Ag, and ES-type with an evaporated Ag over a sputtered
Ag. The sputtering and evaporation gave rise to a film thickness
of 500 nm and 1 �m,  respectively. The LOAD process was per-
formed using a pure Ag (99.999% Kurt J Lesker Co.) under vacuum
(<10−7 Torr) inside a standard electron-beam evaporator (Peva-
600EI) with the specimens resting on a leveled stage.

For SERS study, we  employed two  types of molecules, 4-
mercatobenzoic acid (4-MBA, 90%, Sigma–Aldrich) and rhodamine
6G (R6G, 99%, Sigma–Aldrich). 4-MBA was chosen particularly
because it is known to form self-assembled monolayer on a metal
surface, allowing a reasonably accurate estimation of total amount
of surface-adsorbed molecules under Raman irradiation, which,
in turn, benefits the accurate calculation of enhancement factor
(EF). R6G carries a net positive charge, and can be organized as a
second layer on the monolayer of self-assembled 4-MBA in neu-
tral or basic pH, via layer-by-layer electrostatic assembly. It also
shows direct and nonspecific adsorption to Ag films, providing
a benchmark study between these two distinct surface immobi-
lization approaches. The self-assembled monolayer of 4-MBA was
prepared by immersing the fabricated substrates in ethanol solu-
tion of 10−4 M 4-MBA for ∼24 h. The substrates were then rinsed
with absolute ethanol and DI water alternately for several times to
remove the non-specifically adsorbed molecules. For R6G electro-
static adsorption, substrates were incubated in an aqueous solution
of 10−4 M R6G for 5 min, followed by copious wash with DI water.
This step was repeated three times to ensure adequate nonspecific
adsorption of R6G directly on the substrates. Raman spectra were
acquired on a Raman microscope (RM3000, Renishaw) equipped
with a laser source at a wavelength of 632.8 nm from a cw He/Ne
laser (Spectra-Physics/Model 127; Imax 60 mW)  and of 785 nm from
a cw semiconductor diode laser (Renishaw Plc/Model HPNIR785;
Imax 500 mW)  focused directly on the surface pores through a

50× objective (Olympus ULWD). The substrates fabricated were
tested either being immersed in ethanol in a quartz cuvette or
being exposed to air. SERS spectra were also compared with nor-
mal  Raman spectra of an ethanol solution of 0.1 M 4-MBA and of
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Fig. 1. Scanning electron microscopy (SEM) images from a sectioned microchannel plate (MCP) shown (a and b) in an oblique view and (c) in a cross-sectional view.
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llustrations for (d) the localized oblique angle deposition (LOAD) of Ag nanorods as
f  the steep sidewalls of the slanted microchannels.

n aqueous solution of 0.1 M R6G acquired independently in the
resence of blank MCP  pieces without Ag.

. Results and discussion

.1. Morphology

Fig. 2 reveals morphologies of Ag nanostructures prepared
hrough the distinct deposition methods applied on the substrates.
n S-type substrate, due to scattering of the sputtered atoms in all
irections, Ag film does not exhibit nanorods but granular nanos-
ructures (Fig. 2a) unlike those on E-type and ES-type substrates.
he granular nanostructures range from tens of nanometers
o hundreds of nanometers. On the substrates having received
-�m-thick Ag evaporation, ES-type in Fig. 2b and E-type in Fig. 2c,
g nanorods are noticeable on the steep sidewalls aligned in

he direction of deposition in good homogeneity. Nevertheless,
g nanorods on ES-type substrate become fused together and
ould not be individually resolved. The Ag nanorods get deposited
xclusively on the exposed interiors of the microchannels and
ould extend as deep as 45 �m below the surface (Figure SI1 in
he Supporting Information). The average diameter and length
ccording to the SEM images are 122.4 ± 21.0 nm (n = 22) and
97.2 ± 124.4 nm (n = 23), respectively. Meanwhile, E-type sub-

trate, lacking a base layer of sputtered Ag, presents individually
esolvable discrete Ag nanorods, with an average diameter of
5.7 ± 17.9 nm (n = 32) and a length of 560.3 ± 121.8 nm (n = 33).
he calculated aspect ratio of the nanorods is accordingly 4.06 for
ed on MCP  and (e) the projected formation of Ag nanorods on the exposed sections

ES-type while 5.85 for E-type substrates. Based on the investigation
of morphologies, we  conclude that (1) Ag evaporation on these
substrates gives rise to nanorods, while sputtering produces only
granular nanostructures; (2) nanorods tend to aggregate and fuse
together when evaporated on a base layer of sputtered Ag; (3)
while those evaporated on a blank substrate become more discrete
and individually isolated, thus offering a higher aspect ratio.

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2013.04.091.

3.2. SERS measurements

E-type substrate, with individually resolved Ag nanorods, is
likely to show a strong SERS effect. Raman spectra obtained with
the excitation wavelengths at 632.8 nm and 785 nm on blank (MCP
without metal film) and E-type substrates are compared in Fig. 3.
Traces I and II, respectively, refer to the spectrum of absolute
ethanol and ethanol solution of 0.1 M 4-MBA in the presence
of a blank substrate, while trace III corresponds to a monolayer
of 4-MBA self-assembled on E-type substrate. The small but
noticeable peak in trace II (arrow) is not present in trace I and
coincides with a Raman band of a 4-MBA molecule (at 1596 cm−1).
The peak, although it is quite weak in Fig. 3b, is still detectable
through peak analysis software. The peak gets highly intensified

in the spectrum of a 4-MBA monolayer on E-type substrate (trace
III) along with some other peaks barely noticeable in trace II.
Such highly enhanced peaks testify that Ag nanorods on E-type
substrate can boost normal Raman signal of 4-MBA molecules.

http://dx.doi.org/10.1016/j.snb.2013.04.091


238 M. Zhang et al. / Sensors and Actuators B 184 (2013) 235– 242

F posite
d e) and

H
s
b
b
d
w
w
t
i
(

p
a
F
a
(
r
E
1

calculated for a specified band by comparing the experimentally
measured SERS intensity and normal Raman intensity according to
ig. 2. SEM images of representative microchannel pores from MCP  specimens de
eposition by (a) sputtering alone (S-type), (b) evaporation over sputtering (ES-typ

aving a monolayer of 4-MBA assembled on Ag, the peak slightly
hifts from 1596 cm−1 to 1584 cm−1 and, together with another
and at 1077 cm−1, forms one of the two characteristic bands that
elong to �(C–C) ring-breathing mode [46]. The peak at 1584 cm−1

isplays a higher relative intensity than the one at 1077 cm−1

hen obtained with 632.8 nm excitation but the order is reversed
ith 785 nm excitation. Though both bands can be considered for

he evaluation of enhancement factor (EF), the band at 1584 cm−1

s preferred here as it can be identified in normal Raman spectrum
trace II) and less interfered by solvent bands.

All the three types of substrates, expressing a distinct mor-
hology of nanostructures, are evaluated for SERS activity by
nalyzing the spectra of the self-assembled monolayer of 4-MBA.
ig. 4 reveals the spectra acquired with an excitation wavelengths
t 632.8 and 785 nm probing the substrates either in ethanol

Fig. 4a) or while being exposed to air (Fig. 4b). Traces a, b and c
efer to the spectra obtained with substrates S-type, ES-type and
-type, respectively. Raman shifts found at 523, 715, 840, 1077,
139, 1184, 1372, 1481 and 1584 cm−1 all agree well with the
d with Ag nanostructures. Oblique views (left) and cross-sectional views after Ag
 (c) evaporation alone (E-type).

earlier reports of 4-MBA molecules [46–49]. With respect to their
SERS activity, the substrates can be ranked in descending order as
E-type (trace c), ES-type (trace b), and S-type (trace a). The peaks
acquired with the substrates exposed to air (Fig. 4b) are found at
a much greater intensity than those obtained with the substrates
immersed in ethanol (Fig. 4a). Among the three, E-type substrate
stands out offering much stronger SERS enhancement.

3.3. Enhancement factors

To quantify the degree of SERS activity in the fabricated sub-
strates, surface enhancement factor (EF) for each substrate is
the following expression [50]:

EF = NRISERS

NSERSIR
(1)
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Fig. 3. Raman spectra of absolute ethanol (trace I) and an ethanol solution of 0.1 M
4-MBA (trace II) both in the presence of a blank substrate (MCP without metal film).
SERS spectrum of a monolayer of 4-MBA assembled on E-type substrate immersed in
ethanol (trace III). (a) Acquired with 632.8 nm excitation 7.05 mW laser power with
traces I and III each accumulated 1 spectrum while trace II 10 spectra. (b) Acquired
with 785 nm excitation 152 mW laser power with traces I, II and III accumulated 2,
1
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0  and 1 spectra, respectively. Integration time: 10 s. Arrows in trace II: the peak
hat corresponds to a Raman band of a 4-MBA molecule at 1584 cm−1.

here NSERS and NR are the total number of molecules absorbed on
he surface of the nanostructures and in a bulk reference solution
ubjected to the laser illumination, respectively. The total number
f molecules are calculated based on the following assumptions and
easurements: (1) the size of a single 4-MBA molecule is 0.64 nm

n accordance with the maximum van der Waals diameter along
he phenyl ring [51]; (2) a monolayer of 4-MBA molecules tightly
acked entirely covers microchannel area irradiated under a laser
pot of a diameter 1 �m during 632.8 nm excitation and a laser
pot of 2 �m × 24 �m during 785 nm excitation; (3) effective focal
epth for either excitation is 15.7 and 17.9 �m,  respectively. In our
xperimental setting, this effective focal depth was estimated by
ocusing the laser beam on a polished surface of a single crystal sil-

con and then gradually overfocusing into the crystal to identify the
epth at which the intensity of 520 cm−1 Si band is reduced to 50%
f its original value at the crystal surface [49]. Thus, the effective
ocal volume of bulk solution for 632.8 and 785 nm excitation is
tors B 184 (2013) 235– 242 239

calculated to be 2317 and 8989 �m3, respectively. Knowing the
effective focal volume and the concentration of solution, one may
calculate NR as 1.4 × 1011 and 5.4 × 1011 molecules in the reference
solution subjected to 632.8 and 785 nm excitation, respectively.
Based on the estimated surface area, NSERS can be calculated as
9.8 × 106 and 1.5 × 108 for the specified wavelengths, respectively.

Table 1 lists the EF values calculated with respect to the band
at 1584 cm−1 in the spectra of a monolayer of 4-MBA assembled
on the substrates. E-type substrate manifests the highest SERS
effect with EF approaching 108 among those probed in air with
632.8 nm excitation. It shows a substantial boost in EF surpassing
the other two types of substrate by at least several folds if not an
order of magnitude. Among those immersed in ethanol during the
same excitation wavelength (632.8 nm), E-type returns enhance-
ment twice as much as ES-type while nearly four times as much as
S-type. E-type exceeds S-type by an order of magnitude when they
were probed with 785 nm excitation.

Fig. 5 compares SERS spectra of non-specifically adsorbed R6G
and electrostatically adsorbed (sub)monolayer of R6G on a mono-
layer of self-assembled 4-MBA, all acquired on E-type substrate at
632.8 nm excitation. In spectrum (a), characteristic bands of R6G
molecules can be identified as 612, 772, 1080, 1183, 1311, 1362,
1510, 1578 and 1650 cm−1, concurring with earlier reports [52,53].
The peak positions among the three spectra confirm that trace in (b)
R6G-4-MBA double layer is a superposition of those independently
acquired in (a) R6G and (c) 4-MBA. Both the peak positions and the
relative intensities of R6G in spectra (a) and (b) are comparable,
suggesting that R6G molecules are retained well both when elec-
trostatically adsorbed on a ‘soft’ layer of 4-MBA and when adsorbed
non-specifically on ‘hard’ Ag film with nanorods.

SERS spectra of a non-specifically adsorbed layer of R6G and an
electrostatic double layer of R6G-4MBA have also been acquired
on both S-type and ES-type substrates (not shown). Two  stable
R6G bands identified as 612 cm−1 and 1510 cm−1 are employed
in the calculation of EF as both bands are at a relatively strong
intensity and well isolated from the bands of 4-MBA. NSERS is esti-
mated to be 8.1 × 105 based on the size of a single R6G molecule
1.6 nm × 1.1 nm [54]. Table 2 lists EFs calculated at 632.8 nm exci-
tation for all the three substrate types with R6G adsorbed either
nonspecifically on a ‘hard’ Ag or electrostatically on a ‘soft’ 4-MBA
monolayer. Typically, the configuration of the electrostatic double
layer (R6G-4MBA) shows a higher SERS effect than that of the non-
specifically adsorbed layer. In either case, E-type substrate returns
the highest value with EF typically in the orders of 107 overtaking
those from ES-type and S-type. Often, the SERS effect favors the
band at 612 over 1510 cm−1.

We compared the results obtained here to those of our pre-
vious study where we had the technique (LOAD) performed on
microstructured Si substrates and with Ag nanorods deposited on
the sidewalls of Si microcavities [43]. Due to the isotropic etched
parabolic profile of those microcavities, the incidence angle of
deposition was not uniform but spatially varied along the profile,
gradually diminishing toward the center of the microcavities from
a maximum angle 83.6◦ at the very edge. In contrast, the precisely
aligned microchannels here, with a mirror-finish surface that is free
of etched roughness, pose a large incidence angle of 83◦ fixed spa-
tially uniform throughout the pore depth and allow the formation of
reasonably well-defined Ag nanorods along the exposed sidewalls.
For a fair comparison, Ag nanorods deposited on such Si microcavi-
ties were assembled here with a monolayer of 4-MBA molecules
adhering to the same experimental procedure and then probed
for SERS effect. Maximum EFs based on the spectra acquired (not

shown) with the substrates exposed to air or immersed in ethanol
are 1.1 × 107 and 1.3 × 106, respectively. These values are an order
of magnitude lower than those obtained with the E-type substrate
configuration of MCP.
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Fig. 4. SERS spectra of a monolayer of 4-MBA self-assembled on S-type (trace a), ES-type (trace b) and E-type (trace c) substrates (a) probed in the presence of absolute
ethanol or (b) while being exposed to air. Spectra were acquired with the excitation wavelength at 632.8 and 785 nm and the laser power, respectively, at (a) 7.05 and
6.12  mW,  and (b) 0.8 and 0.9 mW.  Integration time: 10 s.

Table 1
Calculated EF values for the Raman shift of 4-MBA at 1584 cm−1.

Wavelength (nm) EF values (×106) and the substrate types (S, ES, and E)

In ethanol In air

S ES E S ES E

b
l
e

T
C
a

632.8 0.6 1.1 

785  0.04 0.4 
We  believe that the SERS response of such nanorods here could
e further optimized. It has been previously reported that the

ength, diameter, and density of the Ag nanorods have direct influ-
nce on the SERS response along with the excitation configuration

able 2
alculated EF values from the spectra of non-specifically adsorbed R6G and electrostatica
cquired with 632.8 nm excitation.

Peak position (cm−1) EF values (×106) and the substrate types (S, E

R6G 

S ES 

612 0.03 7.1 

1510  0.002 0.8 
2.3 3.7 14.3 94.4
1.9 0.8 3.1 21.8
such as the incident angle and the polarization of the excitation
light [55]. The diameter and the density of the Ag nanorods are
typically varied with the nanorod length and deposition angle.
The deposition angle here, however, is fixed at 83◦ by the biased

lly adsorbed (sub)monolayer of R6G on a monolayer of self-assembled 4-MBA both

S, and E)

R6G on 4-MBA

E S ES E

15.6 1.0 1.8 40.8
1.8 0.09 1.8 29.2



M. Zhang et al. / Sensors and Actua

Fig. 5. SERS spectra acquired on E-type substrate with 632.8 nm excitation at
7.05 mW:  (a) non-specifically and directly adsorbed R6G, (b) electrostatically
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[

[

[

[

[

[

[
transition metals and from rough surfaces to ordered nanostructures, Journal
dsorbed (sub)monolayer of R6G on a monolayer of self-assembled 4-MBA, and (c)
 monolayer of self-assembled 4-MBA. Four spectra accumulated in (a) while one
pectrum in (b) and (c). Integration: 10 s.

lignment of the microchannels which left us with the deposition
ength as the tuning parameter. The average diameter of ∼96 nm
btained at a length of ∼560 nm on E-type substrates appears ideal
iven that an optimum SERS activity of the Ag nanoparticles is
btained with the nanoparticles at a critical size of about 100 nm as
eported by Mo  et al. [56] and Du et al. [57]. Liu et al. [55] validated
his critical size for the Ag nanorods fabricated at a deposition
ngle of 84◦. All these point to the excitation configuration as a
ossible source of future enhancements to the SERS response,
hich needs to be further investigated.

. Conclusions
We  introduce an effective SERS-active substrate based on the
eadily available high porosity precision glass membrane deco-
ated with Ag nanorods through a method of simple shadow-based

[
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deposition. Preparation of the substrate for SERS use does not
demand sophisticated cleanroom processes but a standard evap-
oration chamber, owing to the oblique and precise arrangement
of uniform microchannels, an ideal template for LOAD. Quality
SERS spectra were obtained from the substrates prepared with a
monolayer of self-assembled 4-MBA, an electrostatic double layer
of R6G-4-MBA and a layer of R6G nonspecifically and directly
adsorbed. Provided that Ag evaporation takes place on a blank sub-
strate without a base film of sputtered Ag, the EF values range
from 106 to 108 on par with or better than those acquired on the
substrates demanding more involved preparation. With the mate-
rial bulk in glass and the configuration planar, the new type of
SERS-active substrate can be readily integrated in microfluidics for
an automated sample delivery or for an in-line analysis of trace
elements. Partitioning the sample flow into millions of identical
microchannels with each <10 �m in diameter would therefore min-
imize the diffusion length that the target analyte must overcome
to reach hot spots on the sidewalls, enabling a fast and effective
detection.
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