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Metallic nanorods synthesis and application in surface
enhanced Raman spectroscopy
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ABSTRACT

Metallic nanorods synthesized by oblique angle deposition oglass
substrate are utilized as nano-scale structures that canebcoated with SERS
active metal to allow for excitation of surface plasmons. T synthesized
nanorods have an average length of ~500-600 nm and are randomly
distributed on the substrate. The SERS studies with Ne-IR excitation at 785
nm show significant enhancement with good uniformity to deict sub-
monolayer concentrations of 4-methylbenzenethiol and 1,2-beendithiol
probe molecules. The simple synthesis and the reprodudity of SERS
measurement make these substrates a promising candidate fimrace level
detection of biological and chemical species.

Keywords: surface-enhanced Raman scattering, SERS; nanaradsthylbenzenethiol, 4-MBT; 1,2-
benzenedithiol, 1,2-BDT

I. Introduction

URFACE-enhanced Raman scattering (SERS) can enhdmeceRaman scattering cross-section of

molecules adsorbed on roughened metallic nanosmesctby 5-6 orders of magnitude[1-3]. Recently,

single molecule SERS experiments have suggesté@nhancement factors approaching 10-15 orders of
magnitude may occur under special circumstancels[#His makes SERS an attractive choice for trasell
analysis and identification of organic and inorganobmpounds. However, the single molecule SERS is
mostly restricted to a few random spots on a satestand further research is needed to provide umifo
enhancement over larger areas. The major contibutt SERS originates from an enhanced local éectr
field accompanying the surface plasmons that amdtezk by light on nanostructured metal or metal
particles[1, 10]. Consequently, it is logical taudy novel substrates that exploit excitation offace
plasmons to improve the uniformity of SERS measem@mCommonly employed SERS substrates make use
of silver or gold nanostructures since these metdiisw excitation of surface plasmons using visible
wavelengths[11]. A wide variety of SERS substrditage been investigated including noble metal cdd[f,
12], electrochemically or chemically roughened thilms[13, 14], cold deposited metal films[15, 16],
nanorods/nanowires by chemical and electrochemmegthods[17-19], and regular nanoparticle arrays by
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nanosphere or e-beam lithography[20, 21]. Althotlgh regular arrays prepared by nanosphere or e-beam
lithography offer good control over substrate.

morphology, their synthesis requires significamtdiand effort. Most of the remaining substratesrofhse of
preparation but suffer from lack of sample reprabiility and uniformity where only a few hot spotgeld
high enhancement. These hot spots form due toaland uncontrollable aggregation of particles Hrair
SERS activity is strongly dependent upon size, shapd state of aggregation of nanoparticles. Jérad.,
found the hotspots to be compact and nonfractatesygges of nanoparticles with fewer than 1% of the
particles giving detectable SERS activity[22]. Ttetiwal analysis and experimental data suggest dhat
separation of less than 5 nm between aggregatedpaticles is necessary for strong SERS
enhancement[22]. However, this scale of controfledaration is still beyond the resolution of anglaile
top-down fabrication approach[23]. An alternate raygh is to utilize self-assembled nanostructunes are
uniform enough on a macro scale so that a reaspraiilanced and reproducible SERS signal can be
obtained.

Recently, oblique angle deposition (OAD) of silveanorods on glass has been employed as
promising SERS substrates[24, 25]. This is a playsiapor deposition technique that deposits indidapor
at a shallow angle on substrates, and nanorodistescare formed due to shadowing effect. The igclenis
quite general and can be used to create nanoroavafiety of materials. Suzuki et al. demonstr&8&dRS
from silver and gold coated arrays of Si@anorods prepared by a variation of the OAD temhel(i26, 27].
Here, we investigate OAD based synthesis of alumiand copper nanorods since these are economidal an
commonly evaporated metals in most research latmdeat However, for SERS only silver, gold, andato
lesser extent copper can be used due to theityatnlisupport surface plasmons in visible frequerange.
We circumvent this problem by coating the tips lohsinum nanorods with silver during final phaseGAD
to make them SERS active. The resulting substrateshen evaluated using commonly employed SERS
probes molecules. The SERS performance of thesstratds is also compared with those of pure silver
nanorods.

Il. Experimental Methods

The metallic nanorods were synthesized utilizing dblique angle deposition (OAD) technique that
yields a porous columnar morphology on substrat&P8 The substrates for the growth were glasseslid
cleaned by successive ultrasonication in acetoe¢hanol, and DI water before drying with.N'he cleaned
substrates were heated by a pair of halogen lamgsraintained at 85+4 °C during synthesis of nat®ro
The chamber was evacuated to a base pressure0Sf Tetr prior to start of e-beam deposition of mefalm
thickness was measured using a crystal quartz oraitficon XTM/2). Initially, 50 nm of metal (alumum,
copper, or silver) was deposited at normal incigenith substrate rotation at ~6 rpm. The substrate then
tilted (82 + 3° with respect to source flux directj so the incident flux arrived at a grazing arayie another
400-900 nm of metal was deposited without rotathmgsubstrate to get different lengths of nanorbushe
case of aluminum nanorods, first we synthesizedld®ired length of aluminum rod and then coateg thd
tips of nanorods with ~10 nm of silver by switchitite source of vapor flux from aluminum to silver.
Nanorods were characterized using a JEOL 6400 sggetectron microscope (SEM, 15kV, 15mm working
distance). The composition of nanorods was verifisthg energy depressive X-ray spectroscopy (EDS).
Figure 1 shows SEM images of metallic nanorods mgited on a glass substrate. It may be worth
mentioning that the choice of substrate is notoatditas we observed similar growth on stainlessl sample
clips holding the substrate. The aluminum nanosiusy many sharp facets whereas copper and sildsr ro
are mostly cylindrical. Typical length, diametendadensity of aluminum nanorods was found to bet662
nm, 217+66 nm, and 5-6/|firespectively, from SEM studies. The silver nanoragse found to be more
dense (10-11/pfh with length and diameter averaging 587+46 nm &h#12 nm, respectively. The copper
nanorods were also dense (12-149\like silver but exhibit greater bundling perpendar to the direction of
incident flux. The average length and diameterapfpeer nanorods was 523+58nm and 6448 nm, resplsctive
It may be mentioned that the length of hanorodedsmain controllable parameter in this synthestfimique
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whereas little or no control exists over densitg aiameter for the deposition conditions used ia tork.
The nanorods with a length ranging from 500-700 asnshown in Figure 1, were found to yield good SER
signal.

Figure 1. SEM images of nanorods synthesized onagk substrate. (a) Aluminum nanorods, scale bar
represents 2 um and (b) Silver nanorods, scale baepresents 2 pm. Insert shows copper nanorods,
scale bar represents 1 um.

SERS analyte molecules 4-methylbenzenethiol (p@&86) (4-MBT) and 1,2-benzenedithiol (purity
96%) (1,2-BDT) were purchased from Sigma-Aldricld arsed without further purification. Figure 2 shows
the molecular structure of the analyte moleculesdui this study. Diluted solutions with various
concentrations were prepared in methanol (99.8% GlBtade). The EzRaman-L from Enwave Optronics
Inc. with 4 cn® resolution at 785 nm excitation was used to aegqRiaman spectra with a laser power of
~30 mW. The sample was mounted on an xyz-stageillandinated by the Raman system laser beam via
optical fiber link. All Raman spectra were recorde backscattering geometry with a focusing e\, =
0.22) that yielded a spot size of less than 10Qdjameter on the substrate.

CH,
SH
SH SH

4-methylbenzenethiol 1,2-benzenedithiol
Figure 2. Structure of analyte molecules.

I1l. Results and Discussion

The SERS performance of substrates was analyzaed 4diBT probe molecule. The 4-MBT, being
an aromatic thiol, forms self-assembled monolay&AMs) on gold, silver, and copper[32]. The SAM
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forming analyte allows for easier and more accucataputation of the number of molecules contritmytio
SERS and helps to obtain a better estimation oR&mman enhancement factor. Also, such common probe
molecules allow for comparing the performance & 8ERS substrates to other substrates reportdtein t
literature. The SAMs were prepared by soaking tlverstipped aluminum nanorods in a 100 pM methanol
solution of 4-MBT for 14 h. This concentration ofMBT is an order of magnitude smaller than the one
reported for SAM[33, 34] and is expected to yialtb-snonolayer coverage. Actual coverage is expectee
even lower since silver-tipped aluminum nanorodgehsubstantial voids between adjacent rods. After t
4-MBT soak, the substrate was rinsed with methameemove multilayers and/or crystals that mighteha
formed[34]. The substrate was dried in the streamitoogen before acquiring the SERS spectra. Ed(a)
shows Raman spectra from silver-tipped aluminunor@as substrate and the characteristic peaks oB4-M
are easily identifiable. Also shown is the Ramaacsum from the substrate alone, which shows a weak
background continuum. A slightly enhanced contindaralso present in the SERS spectrum of the 4-MBT
monolayer.

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

It has been almost a universal observation thantbkecular SERS spectrum is accompanied by a
broad background covering most of the normal 0-3860' range[11, 22]. The precise origin of this
continuum is still not clear and some researchérgate this background to electronic Raman scaige
from metal[35, 36] while others consider it luminesce[37]. The background continuum can be removed
using base line correction to extract analyte psak&rimposed on a slowly varying background. E@(b)
shows the successive spectra from different samplets lying along a line arbitrarily scanned ore th
substrate and the characteristic spectrum of 4-M87easily recognizable. The spatial uniformity and
repeatability of SERS measurement from substrate been a challenging issue in SERS research. To
investigate repeatability of the SERS signal, waured spectra from 100 raster-scanned locationsroty
an area of 1 mrh 1 mm. The 1071 cthRaman peak intensity from each sample point was fiotted in
Figure 4 to give a spatial map of enhancement fileensubstrate. It can be seen that the substratédps
unambiguous and uniform SERS spectra for a monplay@nalyte over the tested area with only subtle
variations.

The copper nanorods were also evaluated for SER§ dsMBT as probe molecule. The substrate
was soaked in 1 mM 4-MBT solution for 15 h to foBAM[38]. After monolayer formation, substrate was
rinsed with methanol to remove any physisorbed mdés and dried with nitrogen. The copper nanorods
also yield sufficient enhancement to detect maiakpeof 4-MBT as shown in Figure 5, but the signal
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intensity is low compared to silver-tipped aluminumanorods. This result is not unexpected giventgrea
SERS activity of silver compared to copper.

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

Figure 5. Raman spectra from copper nanorods beferand after formation of monolayer of
4-MBT, tae= 15s.

SERS from silver nanorods have been previously rtegf24, 25], therefore, it is reasonable to
compare the SERS performance of aluminum and coppeorods to that of silver. Hence, we also
synthesized silver nanorods and soaked these imilD8-MBT to compare the performance with aluminum
nanorods. The silver nanorods also yield strong SERectrum of 4-MBT as shown in Figure 6(a).
Quantitatively, the intensity of the main Raman kpaa 1068 critis ~6 times stronger for silver than for
aluminum. The spatial variation of 1068 ¢rpeak of 4-MBT is shown in Figure 6(b) and confirgmod
reproducibility of SERS signal.
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Figure 6. (a) Raman spectra of silver nanorods befe and after application of 100 uM 4-MBT,
tac= 15 s. (b) 4-MBT 1068 cit Raman peak intensity distribution for a randomly chosen area
on a silver nanorod substrate, {.= 5 s.

The experimental Raman enhancement fadi®i) for the nanorods substrate was estimated using

the equation:
EF = Vsers Nt (1)
Iref NSERS

where Isgrsis the intensity of some specific Raman band frém &nalyte adsorbed on a SERS active
substrate, antliserds the number of molecules contributingl ¢grs Similarly, I, is the intensity of the same
Raman band from the bulk analyte, afig is the number of molecules that yiglg. Thus, equation 1 yields
the Raman enhancement per molecule for a spedifi@tional band of analyte. This specific band is
typically the one that gives the strongest Ramaittexing and hence we selected the 1068 Baman band
for EF calculation. For a more comprehensive estimat&fgfwe utilized the average intensity from 100
sample points of substrate in equation 1. Takiriy 4.0 molecules/crhfor a monolayer of 4-MBT on
silver (we assume that the binding of 4-MBT on eihis similar to that of gold[39]), approximately
5.86" 10 moles (or 3.53 10'° molecules) of 4-MBT were excited in the laser s@dte determination of
Nt is more involved and different methodologies hbeen reported to estimate it. One obvious choice to
estimateN, is by recording the Raman signal from a flat metzted part of the same substrate, but this
method seldom yields any discernable spectra deattemely weak Raman signal from just a monolayer
analyte in this configuration. Moreover, the Ransgnal obtained in this configuration is not theetr
ordinary Raman spectra due to the presence of iinetia vicinity of the analyte[1]. Alternately, emtmay use
solid bulk form or higher concentration solution arfalyte to get the approximate values of the esies
parameters. Either of these techniques needs iamaéstof laser interaction volume and that candleutated
from depth of field considerations. We did not déeteny ordinary Raman spectra from 8@ 4-MBT bulk
solution. Therefore, we used a solid form of 4-MBTget values of,; andN,,r. The number of molecules
excited in the bulk sample was determined by assgitiie excitation volume to have the shape of tackb
to-back truncated cones with waist diameter equahé focused laser beam spot diameter. The ddptieo
field was determined by changing the laser beams@n the sample and recording the 1/2 power paiitts
Nserswas computed by taking the monolayer thicknes4-BfBT as 0.5 nm[34]. The average enhancement
factor, based on mean intensity from 100 sampletppiwas estimated to be ~7/66C. It may be
mentioned that we ignore surface roughness irEthealculations that can introduce a minor variafiam
the calculated value. However, the increased seirfaea due to roughness is largely offset by sobiata
voids between nanorods. The aver&gefor the copper and silver nanorods was found teh&” 10° and
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~4.72° 10, respectively. The higheEF for silver nanorods is probably due to greater SERtivity of
silver.

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

EFsens=| fm). () @

where f (1) and f (1) are, respectively, the enhancement at laser aattesed Raman wavelengths.
For an isolated metallic object of volunveand dielectric functione( 1) = g( Wy +i g( 1y placed in an

external electric filed of frequency, , the electric field enhancemerft(14) is given by[41]:
[ =
le(w)| ®3)
{1-1x e]Ar eG+{eA+ [t 44

and the depolarization factor[49)]< Aj <1 characterizes particle eccentricity. Equation

where C =
/ 3
3 can be used to predict theoretical SERS enhamtefrem the knowledge of dielectric function and
geometry of metal particle. Figure 7(a) is a plbbolk optical constants of silver as reported biirlson and
Christy[43]. We used cubic spline interpolationget silver dielectric constants at 785 nm from régmb
values for use in equation 3. Figure 7(b) showsctleulated Raman enhancement for 71 nm diamever si
nanorod as a function of aspect ratio. The SER%mrement increases with increasing eccentricity of
nanorod and then levels off for an aspect ratigrefiter than 5. It may be reiterated that the #texal model
is valid for an isolated rod and does not take attoount dipolar interactions between neighboringctures.
The measured EF is higher than the predicted \dlegto contributions from neighboring nanorods.

@

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

We also evaluated the SERS performance of the alumiand silver nanorods using 1,2-BDT as a
probe molecule. This molecule also forms self agdednmonolayer (0.49 nm thickness) on silver byrfioig
two sulfur-metal bonds[44]. For monolayer formatidhe silver-tipped aluminum nanorods substrate was
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soaked in 20 uM methanolic 1,2-BDT solution formhutes. The sample was then rinsed with methambl a
dried under dry nitrogen stream to ensure removVany excess analyte. Figure 8(a) shows the Raman
spectrum of 20 uM 1,2-BDT from silver-tipped alumim nanorods. Similar to the results with silveiptp
aluminum nanorods with 4-MBT (Figure 3), we fincthubstrate exhibits good enhancement to yielshgtro
and unambiguous spectrum of 1,2-BDT superimposeslamly varying broad background. For comparison,
we also acquired SERS spectra of 20 uM 1,2-BDT feilwer nanorods substrate that was processed under
similar conditions. Figure 8(b) shows that the esilmanorods yield more intense spectra than aluminu
nanorods as was observed in case of 4-MBT.

Figure 8. Raman spectra before and after applicabin of 20 uM 1,2-BDT, .~ 15 s. (a) silver-
tipped aluminum nanorods (b) silver nanorods.

To quantify the performance of these two substréded ,2-BDT, the SEREF for 1,2-BDT was
again calculated using equation 1 by utilizing 1828 cm* Raman band. Assuming monolayer coverage of
substrate with 1,2-BDT and each molecule bindingwio silver atoms on surface, we get ca. 610"
molecules/crhon the substrate. This implies that nearly 8.30" moles (5.04 10" molecules) of 1,2-
BDT contribute to the SERS signal for the lasertgipe of 100 m. The ordinary Raman spectrum of the
bulk 1,2-BDT was used as a reference to calcutatdramarEF. We used an average intensity of 1028'cm
Raman band from 100 sample points. The averageneah®nt factor from equation 1 was found to be
~5.98" 10 for aluminum nanorods and ~ 2.1.0° for silver nanorods. These values are comparable
those obtained for 4-MBT and confirm strong enhammet from nanorods substrate.

IV. Conclusions and Recommendations

We have synthesized copper and aluminum nanorodgass substrates using OAD with e-beam
evaporation. The silver coating on the tips of ahum nanorods makes them SERS active. The syn#tbsiz
substrates were evaluated for SERS by using 4-MRBil'152-BDT as probe molecules. The substratesedeld
an average enhancement factor of the order dfvith good uniformity over the tested areas. Theamt of
analyte that yields these strong SERS spectra th@order of femto moles and confirms the highsiiity
of these substrates. We also prepared silver nda@abstrates and compared the SERS performanes of
substrates using same probe molecules. The pueg sinorods substrates were found to have highesity
of nanorods and larger enhancement factors%=~¥0e note that the technique for nanorods synshiesjuite
general and can be easily extended to other mistefighoice.
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