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ABSTRACT 

Metallic nanorods synthesized by oblique angle deposition on glass 
substrate are utilized as nano-scale structures that can be coated with SERS 
active metal to allow for excitation of surface plasmons. The synthesized 
nanorods have an average length of  ~500-600 nm and are randomly 
distributed on the substrate. The SERS studies with Near-IR excitation at 785 
nm show significant enhancement with good uniformity to detect sub-
monolayer concentrations of 4-methylbenzenethiol and 1,2-benzendithiol 
probe molecules. The simple synthesis and the reproducibility of SERS 
measurement make these substrates a promising candidate for trace level 
detection of biological and chemical species.  
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I.  Introduction 
 

URFACE-enhanced Raman scattering (SERS) can enhance the Raman scattering cross-section of 
molecules adsorbed on roughened metallic nanostructures by 5-6 orders of magnitude[1-3]. Recently, 
single molecule SERS experiments have suggested that enhancement factors approaching 10-15 orders of 

magnitude may occur under special circumstances[4-9]. This makes SERS an attractive choice for trace level 
analysis and identification of organic and inorganic compounds. However, the single molecule SERS is 
mostly restricted to a few random spots on a substrate and further research is needed to provide uniform 
enhancement over larger areas. The major contribution to SERS originates from an enhanced local electric 
field accompanying the surface plasmons that are excited by light on nanostructured metal or metal 
particles[1, 10]. Consequently, it is logical to study novel substrates that exploit excitation of surface 
plasmons to improve the uniformity of SERS measurement. Commonly employed SERS substrates make use 
of silver or gold nanostructures since these metals allow excitation of surface plasmons using visible 
wavelengths[11]. A wide variety of SERS substrates have been investigated including noble metal colloids[5, 
12], electrochemically or chemically roughened thin films[13, 14], cold deposited metal films[15, 16], 
nanorods/nanowires by chemical and electrochemical methods[17-19], and regular nanoparticle arrays by 
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nanosphere or e-beam lithography[20, 21]. Although the regular arrays prepared by nanosphere or e-beam 
lithography offer good control over substrate.  

morphology, their synthesis requires significant time and effort. Most of the remaining substrates offer ease of 
preparation but suffer from lack of sample reproducibility and uniformity where only a few hot spots yield 
high enhancement. These hot spots form due to natural and uncontrollable aggregation of particles and their 
SERS activity is strongly dependent upon size, shape, and state of aggregation of nanoparticles. Jiang et al., 
found the hotspots to be compact and nonfractal aggregates of nanoparticles with fewer than 1% of the 
particles giving detectable SERS activity[22]. Theoretical analysis and experimental data suggest that a 
separation of less than 5 nm between aggregated nanoparticles is necessary for strong SERS 
enhancement[22]. However, this scale of controlled separation is still beyond the resolution of any scalable 
top-down fabrication approach[23]. An alternate approach is to utilize self-assembled nanostructures that are 
uniform enough on a macro scale so that a reasonably enhanced and reproducible SERS signal can be 
obtained. 

Recently, oblique angle deposition (OAD) of silver nanorods on glass has been employed as 
promising SERS substrates[24, 25]. This is a physical vapor deposition technique that deposits incident vapor 
at a shallow angle on substrates, and nanorod structures are formed due to shadowing effect. The technique is 
quite general and can be used to create nanorods of a variety of materials. Suzuki et al. demonstrated SERS 
from silver and gold coated arrays of SiO2 nanorods prepared by a variation of the OAD technique[26, 27]. 
Here, we investigate OAD based synthesis of aluminum and copper nanorods since these are economical and 
commonly evaporated metals in most research laboratories. However, for SERS only silver, gold, and to a 
lesser extent copper can be used due to their ability to support surface plasmons in visible frequency range. 
We circumvent this problem by coating the tips of aluminum nanorods with silver during final phase of OAD 
to make them SERS active. The resulting substrates are then evaluated using commonly employed SERS 
probes molecules. The SERS performance of these substrates is also compared with those of pure silver 
nanorods. 
 
II.  Experimental Methods 
 

The metallic nanorods were synthesized utilizing the oblique angle deposition (OAD) technique that 
yields a porous columnar morphology on substrate[28-31]. The substrates for the growth were glass slides 
cleaned by successive ultrasonication in acetone, methanol, and DI water before drying with N2. The cleaned 
substrates were heated by a pair of halogen lamps and maintained at 85±4 ºC during synthesis of nanorods. 
The chamber was evacuated to a base pressure of  ~10-6 Torr prior to start of e-beam deposition of metal. Film 
thickness was measured using a crystal quartz monitor (Inficon XTM/2). Initially, 50 nm of metal (aluminum, 
copper, or silver) was deposited at normal incidence with substrate rotation at ~6 rpm. The substrate was then 
tilted (82 ± 3° with respect to source flux direction) so the incident flux arrived at a grazing angle and another 
400-900 nm of metal was deposited without rotating the substrate to get different lengths of nanorods. In the 
case of aluminum nanorods, first we synthesized the desired length of aluminum rod and then coated only the 
tips of nanorods with ~10 nm of silver by switching the source of vapor flux from aluminum to silver. 
Nanorods were characterized using a JEOL 6400 scanning electron microscope (SEM, 15kV, 15mm working 
distance). The composition of nanorods was verified using energy depressive X-ray spectroscopy (EDS). 
Figure 1 shows SEM images of metallic nanorods synthesized on a glass substrate. It may be worth 
mentioning that the choice of substrate is not critical as we observed similar growth on stainless steel sample 
clips holding the substrate. The aluminum nanorods show many sharp facets whereas copper and silver rods 
are mostly cylindrical. Typical length, diameter, and density of aluminum nanorods was found to be 652±96 
nm, 217±66 nm, and 5-6/µm2, respectively, from SEM studies. The silver nanorods were found to be more 
dense (10-11/µm2) with length and diameter averaging 587±46 nm and 71±12 nm, respectively. The copper 
nanorods were also dense (12-14/µm2) like silver but exhibit greater bundling perpendicular to the direction of 
incident flux. The average length and diameter of copper nanorods was 523±58nm and 64±8 nm, respectively.  
It may be mentioned that the length of nanorods is the main controllable parameter in this synthesis technique 
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whereas little or no control exists over density and diameter for the deposition conditions used in this work. 
The nanorods with a length ranging from 500-700 nm, as shown in Figure 1, were found to yield good SERS 
signal.  
 

 

Figure 1.  SEM images of nanorods synthesized on glass substrate. (a) Aluminum nanorods, scale bar 
represents 2 µm and (b) Silver nanorods, scale bar represents 2 µm. Insert shows copper nanorods, 
scale bar represents 1  µm.  

 
SERS analyte molecules 4-methylbenzenethiol (purity 98%) (4-MBT) and 1,2-benzenedithiol (purity 

96%) (1,2-BDT) were purchased from Sigma-Aldrich and used without further purification. Figure 2 shows 
the molecular structure of the analyte molecules used in this study. Diluted solutions with various 
concentrations were prepared in methanol (99.8% HPLC grade). The EzRaman-L from Enwave Optronics 
Inc. with 4 cm-1 resolution at 785 nm excitation was used to acquire Raman spectra with a laser power of 
~30 mW. The sample was mounted on an xyz-stage and illuminated by the Raman system laser beam via 
optical fiber link. All Raman spectra were recorded in a backscattering geometry with a focusing lens (N.A. = 
0.22) that yielded a spot size of less than 100 µm diameter on the substrate. 
 

 
Figure 2.  Structure of analyte molecules. 

 
III.  Results and Discussion 
 

The SERS performance of substrates was analyzed using 4-MBT probe molecule. The 4-MBT, being 
an aromatic thiol, forms self-assembled monolayers (SAMs) on gold, silver, and copper[32]. The SAM 
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forming analyte allows for easier and more accurate computation of the number of molecules contributing to 
SERS and helps to obtain a better estimation of the Raman enhancement factor. Also, such common probe 
molecules allow for comparing the performance of the SERS substrates to other substrates reported in the 
literature. The SAMs were prepared by soaking the silver-tipped aluminum nanorods in a 100 µM methanolic 
solution of 4-MBT for 14 h. This concentration of 4-MBT is an order of magnitude smaller than the one 
reported for SAM[33, 34] and is expected to yield sub-monolayer coverage. Actual coverage is expected to be 
even lower since silver-tipped aluminum nanorods have substantial voids between adjacent rods. After the 
4-MBT soak, the substrate was rinsed with methanol to remove multilayers and/or crystals that might have 
formed[34]. The substrate was dried in the stream of nitrogen before acquiring the SERS spectra. Figure 3(a) 
shows Raman spectra from silver-tipped aluminum nanorods substrate and the characteristic peaks of 4-MBT 
are easily identifiable. Also shown is the Raman spectrum from the substrate alone, which shows a weak 
background continuum. A slightly enhanced continuum is also present in the SERS spectrum of the 4-MBT 
monolayer. 

 

Figure 3.  (a) Raman spectra from silver-tipped aluminum nanorods before and after 
application of        100 µM 4-MBT, tacc= 15 s. (b) 4-MBT SAM Raman spectra from aluminum 
nanorods, tacc= 5 s. 

 
It has been almost a universal observation that the molecular SERS spectrum is accompanied by a 

broad background covering most of the normal 0-3000 cm-1 range[11, 22]. The precise origin of this 
continuum is still not clear and some researchers attribute this background to electronic Raman scattering 
from metal[35, 36] while others consider it luminescence[37]. The background continuum can be removed 
using base line correction to extract analyte peaks superimposed on a slowly varying background.  Figure 3(b) 
shows the successive spectra from different sample points lying along a line arbitrarily scanned on the 
substrate and the characteristic spectrum of 4-MBT is easily recognizable. The spatial uniformity and 
repeatability of SERS measurement from substrate has been a challenging issue in SERS research. To 
investigate repeatability of the SERS signal, we acquired spectra from 100 raster-scanned locations covering 
an area of 1 mm ´  1 mm. The 1071 cm-1 Raman peak intensity from each sample point was then plotted in 
Figure 4 to give a spatial map of enhancement from the substrate. It can be seen that the substrate provides 
unambiguous and uniform SERS spectra for a monolayer of analyte over the tested area with only subtle 
variations. 

The copper nanorods were also evaluated for SERS using 4-MBT as probe molecule. The substrate 
was soaked in 1 mM 4-MBT solution for 15 h to form SAM[38]. After monolayer formation, substrate was 
rinsed with methanol to remove any physisorbed molecules and dried with nitrogen. The copper nanorods 
also yield sufficient enhancement to detect main peaks of 4-MBT as shown in Figure 5, but the signal 
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intensity is low compared to silver-tipped aluminum nanorods. This result is not unexpected given greater 
SERS activity of silver compared to copper. 

 
 
 

 
 

Figure 4.  4-MBT 1071 cm-1 Raman peak intensity distribution from silver-tipped aluminum 
nanorods for randomly chosen area on substrate, tacc= 5 s. 

 

 
Figure 5.  Raman spectra from copper nanorods before and after formation of monolayer of  
4-MBT,  tacc= 15 s. 

SERS from silver nanorods have been previously reported[24, 25], therefore, it is reasonable to 
compare the SERS performance of aluminum and copper nanorods to that of silver.  Hence, we also 
synthesized silver nanorods and soaked these in 100 µM 4-MBT to compare the performance with aluminum 
nanorods. The silver nanorods also yield strong SERS spectrum of 4-MBT as shown in Figure 6(a). 
Quantitatively, the intensity of the main Raman peak at 1068 cm-1 is ~6 times stronger for silver than for 
aluminum. The spatial variation of 1068 cm-1 peak of 4-MBT is shown in Figure 6(b) and confirms good 
reproducibility of SERS signal. 
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Figure 6.  (a) Raman spectra of silver nanorods before and after application of 100 µM 4-MBT, 
tacc= 15 s. (b) 4-MBT 1068 cm-1 Raman peak intensity distribution for a randomly chosen area 
on a silver nanorod substrate, tacc= 5 s. 

 
The experimental Raman enhancement factor (EF) for the nanorods substrate was estimated using 

the equation: 

 
refSERS

ref SERS

NI
EF

I N
=  (1) 

where ISERS is the intensity of some specific Raman band from the analyte adsorbed on a SERS active 
substrate, and NSERS is the number of molecules contributing to ISERS. Similarly, Iref is the intensity of the same 
Raman band from the bulk analyte, and Nref is the number of molecules that yield Iref. Thus, equation 1 yields 
the Raman enhancement per molecule for a specific vibrational band of analyte. This specific band is 
typically the one that gives the strongest Raman scattering and hence we selected the 1068 cm-1 Raman band 
for EF calculation. For a more comprehensive estimate of EF, we utilized the average intensity from 100 
sample points of substrate in equation 1. Taking 4.5 ́  1014 molecules/cm2 for a monolayer of 4-MBT on 
silver (we assume that the binding of 4-MBT on silver is similar to that of gold[39]), approximately 
5.86 ́  10-14 moles (or 3.53 ´  1010 molecules) of 4-MBT were excited in the laser spot. The determination of 
Nref is more involved and different methodologies have been reported to estimate it. One obvious choice to 
estimate Nref is by recording the Raman signal from a flat metal coated part of the same substrate, but this 
method seldom yields any discernable spectra due to extremely weak Raman signal from just a monolayer of 
analyte in this configuration. Moreover, the Raman signal obtained in this configuration is not the true 
ordinary Raman spectra due to the presence of metal in the vicinity of the analyte[1]. Alternately, one may use 
solid bulk form or higher concentration solution of analyte to get the approximate values of the reference 
parameters. Either of these techniques needs an estimate of laser interaction volume and that can be calculated 
from depth of field considerations. We did not detect any ordinary Raman spectra from ~20 mM 4-MBT bulk 
solution. Therefore, we used a solid form of 4-MBT to get values of Iref and Nref. The number of molecules 
excited in the bulk sample was determined by assuming the excitation volume to have the shape of two back-
to-back truncated cones with waist diameter equal to the focused laser beam spot diameter. The depth of the 
field was determined by changing the laser beam focus on the sample and recording the 1/2 power points. The 
NSERS was computed by taking the monolayer thickness of 4-MBT as 0.5 nm[34]. The average enhancement 
factor, based on mean intensity from 100 sample points, was estimated to be ~7.66 ´  105. It may be 
mentioned that we ignore surface roughness in the EF calculations that can introduce a minor variation from 
the calculated value. However, the increased surface area due to roughness is largely offset by substantial 
voids between nanorods. The average EF for the copper and silver nanorods was found to be ~4.2 ́  105 and 
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~4.72 ́  106, respectively. The higher EF for silver nanorods is probably due to greater SERS activity of 
silver.  

Theoretical enhancement factor for nanorods under quasi-static approximation can be calculated 
from relationship proposed by Wokaun et. al.[40]: 
 

2

0( ). ( )SERS REF f fw w=  (2) 

 

where 0( )f w  and ( )Rf w  are, respectively, the enhancement at laser and scattered Raman wavelengths. 

For an isolated metallic object of volume V and dielectric function 1 2( ) ( ) ( )ie w e w e w= +  placed in an 

external electric filed of frequency 0w , the electric field enhancement ( )f w  is given by[41]: 

[ ]{ } [ ]{ }

2

2

2 2

1 2 2 1

( )

( )

1 1 1j j

f

A C A C

w

e w

e e e e

=

- - + + + -

  (3) 

where 
2

3

4
3

V
C

p
l

=  and the depolarization factor[42] 0 1jA< <  characterizes particle eccentricity. Equation 

3 can be used to predict theoretical SERS enhancement from the knowledge of dielectric function and 
geometry of metal particle. Figure 7(a) is a plot of bulk optical constants of silver as reported by Johnson and 
Christy[43]. We used cubic spline interpolation to get silver dielectric constants at 785 nm from reported 
values for use in equation 3. Figure 7(b) shows the calculated Raman enhancement for 71 nm diameter silver 
nanorod as a function of aspect ratio.  The SERS enhancement increases with increasing eccentricity of 
nanorod and then levels off for an aspect ratio of greater than 5. It may be reiterated that the theoretical model 
is valid for an isolated rod and does not take into account dipolar interactions between neighboring structures. 
The measured EF is higher than the predicted value due to contributions from neighboring nanorods.  
 
 

             (a) 
 
 

 
 
 
 
 
 
 
 

Figure 7 (a) Optical constants of silver as function of incident wavelength[43]. Circles 
correspond to laser wavelength used in this work. (b) Theoretical enhancement factor for an 
isolated silver nanorod as function of aspect ratio.  

 
We also evaluated the SERS performance of the aluminum and silver nanorods using 1,2-BDT as a 

probe molecule. This molecule also forms self assembled monolayer (0.49 nm thickness) on silver by forming 
two sulfur-metal bonds[44]. For monolayer formation, the silver-tipped aluminum nanorods substrate was 
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soaked in 20 µM methanolic 1,2-BDT solution for 40 minutes. The sample was then rinsed with methanol and 
dried under dry nitrogen stream to ensure removal of any excess analyte. Figure 8(a) shows the Raman 
spectrum of 20 µM 1,2-BDT from silver-tipped aluminum nanorods. Similar to the results with silver-tipped 
aluminum nanorods with 4-MBT (Figure 3), we find the substrate exhibits good enhancement to yield strong 
and unambiguous spectrum of 1,2-BDT superimposed on slowly varying broad background. For comparison, 
we also acquired SERS spectra of 20 µM 1,2-BDT from silver nanorods substrate that was processed under 
similar conditions. Figure 8(b) shows that the silver nanorods yield more intense spectra than aluminum 
nanorods as was observed in case of 4-MBT.  

 
  

 

Figure 8.  Raman spectra before and after application of 20 µM 1,2-BDT, tacc= 15 s. (a) silver-
tipped aluminum nanorods (b) silver nanorods. 

 
To quantify the performance of these two substrates for 1,2-BDT, the SERS EF for 1,2-BDT was 

again calculated using equation 1 by utilizing the 1028 cm-1 Raman band. Assuming monolayer coverage of 
substrate with 1,2-BDT and each molecule binding to two silver atoms on surface, we get ca. 6.4 ´  1014 
molecules/cm2 on the substrate. This implies that nearly 8.37 ´  10-14 moles (5.04 ́ 1010 molecules) of 1,2-
BDT contribute to the SERS signal for the laser spot size of 100 � m. The ordinary Raman spectrum of the 
bulk 1,2-BDT was used as a reference to calculate the Raman EF.  We used an average intensity of 1028 cm-1 
Raman band from 100 sample points. The average enhancement factor from equation 1 was found to be 
~ 5.98 ́  105 for aluminum nanorods and  ~ 2.1 ´  106 for silver nanorods.  These values are comparable to 
those obtained for 4-MBT and confirm strong enhancement from nanorods substrate. 
 
IV.  Conclusions and Recommendations 
 

We have synthesized copper and aluminum nanorods on glass substrates using OAD with e-beam 
evaporation. The silver coating on the tips of aluminum nanorods makes them SERS active. The synthesized 
substrates were evaluated for SERS by using 4-MBT and 1,2-BDT as probe molecules. The substrates yielded 
an average enhancement factor of the order of 105 with good uniformity over the tested areas. The amount of 
analyte that yields these strong SERS spectra is on the order of femto moles and confirms the high sensitivity 
of these substrates. We also prepared silver nanorods substrates and compared the SERS performance of two 
substrates using same probe molecules. The pure silver nanorods substrates were found to have higher density 
of nanorods and larger enhancement factors (~106). We note that the technique for nanorods synthesis is quite 
general and can be easily extended to other materials of choice. 
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