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In order to propel surface enhanced Raman scattering (SERS)-based sensing into the real world,
novel SERS-active nanostructure designs that enable facile, scalable, cost-effective, highly
efficient and homogenous SERS substrates are paramount. We demonstrate the facile fabrication
of highly efficient SERS-active 3D nanohybrids based on vertically aligned zinc oxide nanowires
uniformly decorated with gold nanorods. The dramatic enhancement of the surface area (nearly 20
times) and hence the number of plasmonic nanostructures within the incident laser foot print
results in more than three orders of magnitude increase in SERS intensity compared to planar
SERS substrates. The SERS enhancement factor was found to be ~3 > 107 with a detection limit
of sub-pM for a non-resonant analyte. Apart from excellent sensitivity, the nanohybrids also
exhibited excellent lateral and vertical homogeneity in SERS activity. We believe that under
optimal conditions these nanohybrids can surpass the best 2D substrate designs in SERS

enhancement and homogeneity.

Introduction
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Surface enhanced Raman scattering (SERS), which involves the dramatic enhancement of Raman
scattering from an analyte adsorbed on or in close proximity to a nanostructured metal surface, is a
rapidly emerging tool for trace chemical and biological detection, enviromental monitoring and
homeland security.t* Numerous SERS substrates, from roughened metal films to highly ordered
nanostructure assemblies fabricated using e-beam lithography have been designed and tested for
the trace level monitoring of chemical and biological analytes.t 1D SERS substrates, which
include nanoparticle and nanodisk strings,” and 2D SERS substrates comprised of
densely-packed nanoparticles and their periodic arrays obtained by nanosphere lithography and
Langmuir—Blodgett assembly have been extensively investigated as SERS substrates.’>t 3D SERS
substrates, which can be characterized as open metal/hybrid nanostructures providing light
interaction with the whole structure, such as nanocanal arrays decorated with metal nanoparticles,
metallic nanohole arrays, microstructured optical fibers decorated with metal nanoparticles and
nanoporous metallic membranes, offer the advantage of large specific surface area with high
number of plasmonic nanostructures (and hot spots) within the laser footprint.s-

General strategy of 3D SERS substrates involves the uniform decoration of the 3D templates
with plasmonic nanostructures. One of the common challenges with most 3D substrates
demonstrated so far is acheiving uniform distribution of the plasmonic nanostructures over the
entire template.? The use of conventional deposition techniques like vacuum infiltration,
immersion plating and electrochemical deposition, results in pore clogging, non-uniform
distribution of the plasmonic nanostructures and poor control over the size and shape of the metal
nanostructures that can be deposited within the pores of the 3D templates, thereby producing
non-uniform SERS substrates with poor reproducibility.Z Major improvements in the performace
of 2D SERS substrates have been acheived by precise control of the size, shape and assembly of
the plasmonic nanostructures.® Similar control over the size, shape and assembly in conjunction
with facile and cost-effective fabrication of 3D templates is extremely important to achieve highly
sensitve 3D SERS substrates for trace detection of chemical and biological species.

Zinc oxide (Zn0O) is a wide bandgap semiconducting material that has attracted much interest
due to its unique optical and electrical properties as a typical metal oxide semiconductor
material.Z=<° In addition to the applications relying on the semiconducting and piezoelectric

properties of ZnO, another potential application that has been gaining importance is SERS.2:=


http://pubs.rsc.org/en/content/articlehtml/2011/jm/c1jm12426a#cit1
http://pubs.rsc.org/en/content/articlehtml/2011/jm/c1jm12426a#cit6
http://pubs.rsc.org/en/content/articlehtml/2011/jm/c1jm12426a#cit7
http://pubs.rsc.org/en/content/articlehtml/2011/jm/c1jm12426a#cit12
http://pubs.rsc.org/en/content/articlehtml/2011/jm/c1jm12426a#cit6
http://pubs.rsc.org/en/content/articlehtml/2011/jm/c1jm12426a#cit26
http://pubs.rsc.org/en/content/articlehtml/2011/jm/c1jm12426a#cit27
http://pubs.rsc.org/en/content/articlehtml/2011/jm/c1jm12426a#cit6
http://pubs.rsc.org/en/content/articlehtml/2011/jm/c1jm12426a#cit28
http://pubs.rsc.org/en/content/articlehtml/2011/jm/c1jm12426a#cit31

Zn0 nanowires (ZnO NW) are promising candidates for the fabrication of 3D SERS substrates
due to their facile synthesis and tunability of the morphology, large surface to volume ratio, and
optical transparency. Numerous morphologies such as wires, belts (ribbons), rings, flowers,
propellers, cages have been fabricated using solution and vapor phase methods.

In this work, we report a highly sensitve and uniform 3D SERS substrate based on solution
grown ZnO NW decorated with gold nanorods (AuNR). The SERS substrate was prepared by the
chemical bath deposition of vertically aligned ZnO NW on a large area silicon substrate. The high
aspect ratio ZnO nanowires decorated with AuUNR result in a large increase in the number of
AuUNR within the incident laser footprint thus dramatically enhacing the SERS intensity. The
SERS substrate reported here is the first of its kind for the use of shape controlled plasmonic
nanostructures adsorbed on vertically aligned ZnO NWs for SERS application.

Results and discussion

Fig. 1A shows the SEM image of the AUNR synthesized using seed mediated approach (see
experimental for details). Fig. 1B shows an AFM image of the high density of nanorods (~
100/um?) adsorbed onto silicon surface modified with ultrathin (~1 nm) poly(2-vinyl pyridine)
(P2VP) layer. The nanorods adsorbed silicon substrate was employed as a planar SERS substrate
as discussed later. The inset of the AFM image shows the diameter distribution of the nanorods.
The nanorods were found to have a diameter of 15.2 +0.8 nm and an aspect ratio of nearly three.
Fig. 1C shows the UV-vis extinction spectrum of the AuNR in solution, which is characterized by
two peaks corresponding to the transverse (—515 nm) and longitudinal (710 nm) plasmon

resonance.
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Fig. 1 (A) SEM image showing the aspect ratio

of AuNR to be nearly 3.5 (B) AFM image



showing the uniform adsorption of AuNR on
P2VP modified Si substrate (Inset: Frequency
distribution of the diameter of the AUNR with a
Gaussian peak fit showing an average diameter
of 15.4 nm) (C) Extinction spectrum of AUNR

in solution.

The fabrication of the 3D SERS substrate involves the decoration of vertically aligned ZnO
NW with AuNR (or citrate capped gold nanoparticles (AuNP) for comparison) (illustrated in Fig.
2A and B). The process involved the growth of vertically aligned ZnO NWs followed by the
surface modification with a thin layer of P2VP. Subsequently, AuUNRs were adsorbed on the
surface of ZnO NW followed by extensive rinsing with ethanol to remove the weakly bound
AUNR. The pyridyl groups of P2VP are known to have high affinity to gold, resulting in strong
adsorption of AUNR.® Two different control samples were employed to compare the performance
of the 3D SERS substrate investigated in this study. The first control sample (called 2D control
henceforth) involves a planar silicon substrate adsorbed with a high density of nanorods (see
schematic Fig. 2C). Vertically aligned ZnO nanowires coated with a thin layer of gold (~5nm)

formed the second control sample (called 3D control henceforth, Fig. 2D).
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Fig. 2 Schematic showing (A) the fabrication of
3D SERS substrate comprised of vertically
aligned ZnO NWs uniformly decorated with
AUNR (B) ZnO NWs decorated with AuNP (C)
2D planar control with AuNR adsorbed on
silicon substrate (D) 3D control with ZnO NWs

coated with 5nm gold layer.

Fig. 3A shows the fluorescence optical micrograph of vertically aligned ZnO nanowires under
UV illumination. It is known that ZnO nanowires exhibit two distinct types of photoluminescence
(PL) corresponding to the near-UV free-exciton emission (peak at 385 nm) and defect emission

(peak at ~510 nm).« Using spatially resolved luminescence spectroscopy, it has been
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demonstrated that the PL emission occurs primarily at the ZnO wire ends due to the waveguiding
nature of the ZnO NWs.#2 Taking advantage of this phenomenon, the alignment of the nanowires
can be qualitatively estimated from the optical micrograph. For vertically aligned nanorods,
uniform bright PL emission can be observed at the top surface of the nanowires forest, which in
fact is the case here. Vertical alignment is further confirmed using SEM imaging as discussed

below.

Fig. 3 (A) Fluorescence optical micrograph

showing the vertically oriented ZnO NWs. SEM
image of (B) vertically aligned pristine ZnO
NWs (Inset: High magnification cross sectional
view of the (0001) facet) (C) ZnO nanowires
uniformly decorated with AUNR along the
length of the nanowires (D) Higher
magnification image of AUNR adsorbed on the

ZnO NWs.
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The top view SEM image shows a uniformly aligned nanowire forest with a density of ~7
NW/um? (Fig. 3B). The nanowire forest was found to be mostly comprised of vertically aligned
individual nanowires, with occasional fused nanowires. The nanowires exhibited a hexagonal
cross section (inset of Fig. 3B) with a height of 6.2 + 0.8um and an average cross sectional
diameter of 1.1 + 0.2um. With the vertically aligned ZnO nanowire forest, the increase in the
surface area within the laser footprint was estimated to be nearly 22 times compared to the planar
silicon surface. Following the modification of the surface of nanowires with a thin layer of P2VP,
the nanowire forest was exposed to AuUNR solution, which resulted in the adsorption of the AUNR
on the surface of the ZnO nanowires. Fig. 3C shows the side view of the nanowire forest with the
nanowires uniformly decorated along the entire length with AUNR. AuNR were also adsorbed on
the (0001) facet (top surface) of the ZnO NW. Higher magnification image revealed that the
AUNR existed as individual nanorods with occasional dimers and multi-particle aggregates. From
numerous SEM images collected at different areas of the substrate, we estimated that --2000
AuNR were adsorbed on each ZnO NW (surface area of 22 pm?).

The SERS properties of the 3D SERS substrate comprised of vertically aligned ZnO NW
decorated with AUNR was probed using 1,4-benzenedithiol (1,4-BDT) as a model analyte. Due to
the distinct Raman fingerprint and the ability to adsorb on gold or silver nanoparticles with thiol
linkages, 1,4 BDT was chosen as the model analyte in this study. It is important to note that the
use of 1,4 BDT excludes any resonance contribution to the observed SERS enhancement. The
Raman spectrum of 1,4 BDT in neat solid state exhibit strong bands at 740, 1058, 1093, 1186 and
1573 cm. The prominent band at 1058cm™ corresponds to a combination of phenyl ring breathing
mode, CH in-plane bending and CS stretching; 1181cm™ is due to the CH bending and 1573cm
corresponds to phenyl ring stretching.22 We utilized the 1573cm band to test the detection of trace
amounts of 1,4 BDT in ethanol. The SERS substrate (without analyte) does not show any peak in
this region.

Fig. 4(A) shows a comparison of the SERS spectra collected from 3D SERS substrates
comprised of ZnO NWs decorated with AuNR and AuNP (with 30 nm diameter), 2D and 3D
controls following the exposure to 1 mM 1,4-BDT. Raman spectra depicted are an average of six
spectra obtained at random locations over 1 <1 cm? area of the substrate. 3D control involves the

uniform adsorption of 1,4-BDT over the entire length of nanorods (due to the presence of thin
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gold layer), maximizing the number of analyte molecules within the laser footprint. On the other
hand, 2D control represents a conventional 2D SERS substrate routinely employed in SERS
studies. The intensity of Raman bands observed in the case of 2D control was found to be similar
to that obtained from 3D control. On the other hand, SERS spectra from vertically aligned ZnO
NWs decorated with AUNR was more than three orders of magnitude higher in intensity compared
to 2D and 3D controls and nearly 75 times higher compared to the ZnO NW decorated with AUNP
(Fig. 4A). The higher SERS enhancement from ZnO NW decorated with AUNR compared to that
obtained from ZnO NW decorated with AuNP is possibly due to the proximity of longitudinal
plasmon resonance wavelength of the AuNR to the laser wavelength (785 nm) compared to that of
the AuNP. Furthermore, anisotropic shape and sharp corners of gold nanorods result in lightning
rod effect (antenna effect), which acts as an additional enhancement factor absent in spherical

nanoparticles.*
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Fig. 4 (A) SERS spectra for ImM 1,4 BDT
adsorbed on (1) ZnO NWs decorated with
AuUNR, (2) ZnO NWs decorated with AuNP (3)
ZnO NWs coated with 5 nm Au film (3D

control) and (4) Au NR adsorbed on planar
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silicon substrate (2D control) (B) Raman spectra
collected from ZnO/AuNR substrate following
the exposure to 1,4-BDT at various
concentrations (C) High resolution Raman
spectra (indicated in B) showing the 1573 cm™
Raman band (D) Concentration vs. SERS
intensity plot showing the increase in intensity

with concentration (error bars within symbols).

The massive enhancement in Raman intensity in the case of the 3D SERS substrate compared
to the planar counterpart comes from the dramatically increased number of AuNR within the laser
footprint. In the case of the planar SERS substrate, the number of AuUNR within the incident laser
footprint was found to be 22 £2, whereas the 3D SERS substrate was found to have 800 +12
AUNR within the laser focal volume. The number of SERS active sites (AuNR) within the laser
foot print increased --40 times, which resulted in nearly 3000 times increase in SERS intensity.
An additional contribution to the observed high SERS intensity might be from the light reflected
multiple times within the interstices of the ZnO NW, thereby additionally interacting with the gold
nanorods and further enhancing the Raman intensity.

The SERS enhancement factor (EF) of the 3D substrate was calculated using the intensity of

1567cm Raman band using the following expression

\ SERY

EF = "lr..l.-.'.\ !
L. /N

[T S 111 -

Where | and N correspond to the intensity of the Raman band and number of molecules being
probed and the subscript refers to SERS and bulk cases. I, and Ny Were estimated from the

Raman spectra of 100mM of 1,4-BDT in 12M NaOH,,, solution. The packing density of a



monolayer of 1,4-BDT molecule with a molecular footprint of 0.54nm? was calculated to be 1.85
% 10* molecules/cm?.%4 Ngs Was calculated based on a monolayer adsorption of 1,4-BDT on the
AuUNRs for 1mM concentration, ensuring that the EF is not overestimated. The number of gold
nanorods adsorbed on the ZnO NW and subsequently the number of 1,4-BDT molecules was
calculated based on a laser spot size of ~530 nm and a focal depth of 2.2 um. The EF observed
for the 3D ZnO SERS substrate with AuNRs adsorbed on them was estimated to be ~3 %< 10".

In order to probe the trace detection ability and limit of detection, the 3D SERS substrates

were exposed to lower concentrations of 1,4-BDT (Fig. 4B). Fig. 4(C) shows the 1567.4 cm™ band

of 1,4BDT for lower concentrations and in comparison to the SERS substrate with no analyte. It is
clear that a concentration of 1pM of 1,4-BDT in ethanol can be easily detected (signal to noise
ratio of 6) using the 3D SERS substrate. Fig. 4(D) shows the variation in SERS intensity with
concentration of the analyte using a log-log plot showing a monotonic increase in Raman intensity
with concentration.

Homogeneity of SERS substrate is extremely critical for reliable quantitative detection of the
analytes. In the case of 2D SERS substrate lateral homogeneity is critical, whereas in the case of
3D SERS substrates, an additional degree of homogeneity, namely, vertical homogeneity also
becomes critical. In other words, the uniform SERS enhancement at different positions along the
length of the nanowires is critical for reliable and repeatable quantitative detection. In order to
probe the vertical homogeneity, we performed Z-scan along the length of a single ZnO NW (inset
of Fig. 5A). Raman spectra collected along the entire length of the ZnO NWs shows very little
variation in the intensity of the Raman bands of the analyte (Fig. 5B). The relative standard
deviation (RSD) of the SERS intensity along the length of the nanowire was found to be 5%,
which is remarkable considering the simplicity of the fabrication approach demonstrated here. It is
important to note that in most of the 3D substrates demonstrated so far, a large variation in the
SERS intensity was observed along the length of the templates due to inhomogeneous distribution
of the plasmonic nanostructures and/or limited transmission of the incident and scattered light.
The excellent vertical homogeneity observed here clearly shows the large focus-tolerance of the
3D SERS substrates owing to the uniform adsorption of the nanorods along the entire length of the

nanorods.
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Fig. 5 (A) Average SERS spectra along the
length of the ZnO NWs at various distances
from the top surface (Inset: High magnification
image of the ZnO nanowire from where the
Raman intensities were measured.) (B) Plot
showing the intensity of the various Raman
bands of 1,4 BDT vs. distance from the top

surface of a single ZnO NW.

Conclusions

In conclusion, we have demonstrated a highly efficient 3D SERS substrate based on vertically
aligned ZnO nanowires uniformly decorated with gold nanorods on the surface. The large area
ZnO NW-AuUNR hybrids fabricated using chemical bath deposition technique at low temperatures
is a simple method for the fabrication of highly efficient 3D SERS substrates. The 3D SERS
substrates exhibited over three orders of magnitude higher enhancement compared to the 2D
counterparts owing to the nearly 40 times higher number of gold nanorods within the laser foot
print in conjunction with easy access to analytes to the electromagnetic hotspots. Moreover, the
SERS substrate exhibited excellent horizontal and vertical homogeneity (RSD of 5%). These
highly active SERS substrates show an enhancement factor of 3107, which is remarkable for

non-resonant analytes and on par with lithographically defined SERS substrates. We believe that



the optimized version of the SERS substrate demonstrated here by a careful control over the
orientation and aggregation of the plasmonic nanostructures on the template nanowires should
result in higher enhancements, which can surpass even the best 2D designs in enhancement and
homogeneity.

Experimental

AUNR synthesis

AUNRSs were synthesized using a seed-mediated approach with some minor modifications.** Gold
seed solution was prepared by sodium borohydride (1mL, 10mM) reduction of 10ml of HAuCI,
(0.25mM) in an aqueous cetyltrimethylammonium bromide (CTAB) (0.1M) solution under
continuous magnetic stirring at room temperature. The color of the solution changed from yellow
to brown. Growth solution was prepared by mixing together CTAB (95 ml, 0.1 M), silver nitrate
(2 ml, 10 mM) and HAuUCI, (5 ml, 10 mM) aqueous solutions. To this solution, ascorbic acid (0.55
ml, 0.1 M) was added and gently stirred to homogenize the solution. Ascorbic acid as a mild
reducing agent changes the growth solution from dark yellow to colorless. To the resulting
colorless solution, freshly prepared seed solution (0.12 ml) was added and left in the dark for 14 h.
The solution turned from colorless to violet brown with most of the color change happening in the
first hour. Prior to use, the AuNR solution was centrifuged at 13,000 rpm for 10 min to remove
excess CTAB and redispersed in nanopure water (18.2 MQ-cm). The centrifugation process was
repeated twice. Gold nanoparticles with a diameter of ~~30 nm have been synthesized according
to the procedure discussed in literature, which involved the reduction of gold salt using sodium
citrate.st

Fabrication of 3D SERS substrate

Silicon substrates, cleaned in piranha solution (3 : 1 v/v mixture of H,SO, and 30% H,0,), were
coated with a 75nm Au layer by thermal evaporation (Edwards 306 thermal evaporator) that was
used as a seed layer for the growth of ZnO NW. The root mean square roughness of the gold layer
was found to be 1.38 nm over 1 x 1 pum?. For solution based ZnO NW synthesis, the Au coated Si
substrates were floated face-down in a solution containing equimolar (25mM) concentrations of
zinc nitrate hexahydrate and hexamethylenetetramine (HMTA) and aged for 6 h at 90 <T in a
laboratory grade oven box.2% Substrates were subsequently rinsed with water and oven dried at

60 <C for 30 min in air. For the decoration of ZnO NW arrays with AuNR, the substrates were
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immersed in 1% P2VP solution in ethanol for 1 h and then thoroughly rinsed with ethanol and
dried with a stream of nitrogen. Subsequently, the ZnO NW were exposed to AuNR followed by
rinsing with water to remove loosely bound AuNRs. SERS measurements were performed by
immersing the substrates with the desired concentration of 1,4-BDT in ethanol for 30 min
followed by thorough rinsing with ethanol and drying with a stream of nitrogen gas. Different
concentrations of 1,4 BDT were prepared by serial dilution of 1mM stock solution.

Planar silicon substrates for comparison (2D control) were fabricated by modifying the silicon
substrate with poly(2-vinyl pyridine) (P2VP) by exposing the piranha cleaned silicon surface to 4%
P2V/P solution in ethanol.®* After rinsing the silicon substrate with ethanol it was exposed to gold
nanorod solution to enable adsorption of the gold nanorods. Finally, the substrate was rinsed with
water to remove the loosely bound nanorods leaving a highly dense layer of nanorods on the
surface. 3D control samples were prepared by sputtering of 5 nm gold layer on the ZnO NW
substrate described above.

UV-vis extinction spectra were collected using a Shimadzu 1800 spectrophotometer.
Fluorescence images were obtained with a Leica optical microscope (DM 4000M) using a 50X
objective. AFM images were obtained using a Dimension 3000 AFM (Bruker) system in light
tapping mode using a silicon nitride cantilever.® The thickness of polymer and gold film were
measured using scratch test, by scanning along the edge of the scratch made by a sharp scribe.
Scanning electron microscope (SEM) images were obtained using a JEOL JSM-7001 FLV field
emission SEM at an accelerating voltage of 15kV. Raman spectra were collected using a
Renishaw inVia confocal Raman spectrometer mounted on a Leica microscope with 50X objective
(NA =0.90) in the range of 100-3200 cm* with one accumulation and 10 s exposure time. A 785
nm wavelength diode laser (0.5 mW) was used to excite the sample.
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