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A new substrate for surface-enhanced Raman spectroscopy has been developed in the form of silicon
nanotips, by electron cyclotron resonance plasma chemical vapor deposition, with apex diamegers of
nm, lengths of 1000 nm, and densities of4€n?. The surface areas of the nanotips aE50 nfcm™3,
comparable with the best-quality porous silicon. lon-beam-sputtered silver self-assembles on these
substrates as nanoparticles of 0 nm diameter and these metallic nanoparticles act as surface
enhancement centers for Raman spectroscopy. Standard molecules such as Rhodaming&G- and
1,2-bis(4-pyridyl)ethylene (BPE) of concentrations in the range of i®10° M have been studied on
these substrates and enhancements in the rangé tf 1¢° were observed. These dry etched substrates,
unlike those conventionally prepared by wet chemistry, are compatible with silicon device technology
and are remarkably stable and reproducible.

[. Introduction At this level of enhancements, SERS, with the richness of
Hmlecular information, supersedes laser-induced fluorescence
experiments that carry molecular information only at low
temperatures.

Even as we lack a complete quantitative understanding of
the fundamentals of SERS, the progress in application
developmental research has been remarkably fast and suc-
cessful. Probing single molecufe&or nanostructuréd®and

Surface-enhanced Raman spectroscopy (SERS) has evolve
as a powerful and sensitive tool for detection and identifica-
tion of a wide range of adsorbate molecules down to the
limit of single molecule detectioh:®* Due to the low
scattering cross section (19 cm?molecule), Raman spec-
troscopy was much inferior to fluorescence spectroscopy,
which had a larger cross section (3®cn?/molecule), for i S
trace detection. Using specially prepared rough metallic d€velopment of nanoscale chemical sensdfsutilizing

surfaces the otherwise weak Raman signals can be enhanceg=R® independently or in conjunction with liquid chroma-
by several orders making detection possibTis enhance- tography was made possible. The first step for achieving such

ment can be as large as'4®Hence, SERS has the capability advanced stages of application development was the fabrica-
to unite the sensitivity of fluorescence with the rich structural 10N Of proper substrates which are SERS active and provide
content inherent to Raman spectroscopy. This extraordinaryh'gh enhancement factors. The f|_rst substrate on wh_lch SERS
enhancement is believed to be predominantly due to two WS observed was electrochemically roughened silver (Ag)
mechanisms: a long-range classical electromagnetic (EM)e_IecltSrodé‘. Since then Ag films produccsed by Tollens reac-
effect and a short-range chemical effecthe respective  UON"> Or by vapor-deposition methots® have been com-
contributions of these mechanism to the overall SERS Monplace. Nitric-acid-etched Ag foil$,or Ag photodepos-
enhancement are debated, but the EM effect is believed tolt€d On anatase Tisubstrates are also relatively easy to

be a few orders more than that due to the chemical effect, Prepare. Self-assembled Ag or Au colloid particles on
Nie and Emory showed that the commonly observed
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Figure 1. Scanning electron micrographs showing (A) cross-sectional view of the as-grown silicon nanotips (inset shows the top view of the as-grown
nanotips; scale bar 200 nm); cross-section images of silicon nanotips covered with silver sputtered for (B) 1 min, (C) 3 min, (D) 5 min, (E) 10 min (inset
showing a single tip with the silver nanoparticles; scale bar 20 nm), and (F) 20 min (inset showing a magnified image of the silicon tip covered in a silve
film; scale bar 20 nm) in IBS.

polymer-coated substrates and silver particles layered ontoenhancement. The dry-etching technique is compatible with
etched polymer substrates has also been used as SERS actithe existing silicon device technology and requires no
substrate$? These substrates demonstrate enhancement facehemical modification. Moreover, these substrates are stable
tors of 1G—10° which can be further enhanced by resonance and reproducible as far as SERS signals of analytes are
effects. However, most of these techniques, apart from concerned.

photolithography® involve wet chemical etching and thus

cannot be readily integrated into existing silicon device Il. Experimental

technologies. Achieving nanometer-size metal prints is

sgverallsyl/fars down the I|r_1e (_eve_n for Ilthograph_lc_ tec_h- discharge of silane (Siji methane (Clj, hydrogen (H), and argon
niques:®*> However, a special tip-induced SERS aiding in - (A1) gas mixture was used to etch out these silicon nanotips from
nanoscale chemical analysis has been demonstrated which} pare untreated crystalline silicon wafer. A detailed description of

does not require a substrate fabrical®rSERS active  the nanotip formation can be found elsewh&rén short, severe
substrate generation techniques compatible with silicon plasma (Ar and b) etching of the silicon substrate partially masked
device technology are important since only then can it have by silicon carbide nanoparticles, originating from £&hd SiH,

a wider scope in applications such as miesbectro- plasmas, resulted in a uniform array of aligned silicon nanotips.
mechanical systems (MEMS). In this paper we report a dry- The aspect ratio and the.pacl:king density of these nanotip arrays
etched nanostructured substrate on which silver nanoparticles¢an be controlled by adjusting the etching parameters such as
with less than 10-nm diameter, can be self-assembled at ar§ubstrate temperature, microwave power, etc. Each silicon tip had

. . . .y a cap at its apex that was characterized to be silicon carbide (SiC)
extremely high density that readily exhibits the surface by auger electron spectroscopy (AES) and high-resolution transmis-

sion electron microscopy (HRTEM). The high-resolution scanning

A high-density electron cyclotron resonance (ECR) plasma
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electron microscope (HRSEM) images shown in Figure 1 were and uniform density (Figure 1E). In the optimized condition,
taken using a JEOL JSM-6700 FESEM. for 10 min IBS time, high density of monodispersed Ag
The nanotips were coated with silver by the ion-beam sputtering nanoparticles could be obtained throughout the entire surface
(IBS) process. A base pressure 0k110°° Torr was achieved in - of these nanotips. This ensured a rather high density of
the sputtering chamber that contained a high-purity silver target, nanoparticles that could be packed over a unit area of the
mounted on a rotating stage, and the silicon nanotip substrates Werey pstrate in comparison to the flat silicon or other polymer
held about 1615 cm away from the target. An argon (Ar) ion substrates normally used for SERS. Such high packing
beam (Ar flow rate of 2 sccm) was accelerated toward the silver . . ’ Lo
density of these nanoparticles would help maintain the

target using a Commonwealth Scientific (CS) IBS controller. The - . o
sputtered silver was collected on the substrate, kept at room reproducibility levels since the probability of attachment of

temperature, for different durations of time. The working pressure @n analyte molecule in unit probe area would increase
was about 5x 104 Torr. Flat crystalline silicon substrates were manifold. Longer Ag sputtering time will, however, encour-
also coated with silver by IBS and used for comparison purposes. age agglomerated clusters leading to the formation of a
These silver-coated flat silicon substrates were scanned with aconformal thin film of Ag on these silicon nanotips (Figure
Solver line P-47 SPMMDT to image the resultant silver islands  1F) instead of the well-separated monodispersed nanopar-
and particles. ticles. The density of the metallic nanoparticles could be
Commonly used molecules for SERS experiments such as controlled easily by the sputtering time only, allowing a small
Rhodamine 6G an#tans 1,2-bis(4-pyridyl)ethylene (BPE) (TCl,  gispersion of the particle size. This renders these substrates
Tokyo, Japan) were then dispersed by drop coating onto thesejyeq| gystems for verifying theoretical modeling of SERS.
substrates, in measured quantities, from their solution (in methanol) The effect of silver coating time on the surface-enhanced

and dried. They were then used for the Raman measurements using_ lis d trated in Ei 2 and 3. Surf h d
a Renishaw-2000 micro Raman spectroscope. Single accumulation Ignal 1s demonstrated In Figures 2 and 5. surtace-enhance

with integration times of 5s were used to collect the spectra in a Raman signals of Rhodamine 6G (Figure 2) and BPE (Figure
backscattered mode. A 532-nm laser with a source intensity of 100 3) were collected from silicon nanotip substrates coated with
mW was used with a probe beam diameter ofirt. Different 0 min (uncoated), 1, 3, 5, 10, and 20 min of silver using
concentrations (16 to 10-1° M) of Rhodamine 6G and BPE were  IBS. Different concentrations of Rhodamine and BPE were
used and their Raman spectra were taken on these specializedlispersed on these differently coated substrates. Figure 2A
substrates. shows the Raman spectra collected from uncoated silicon
nanotips for three different concentrations of Rhodamine 6G
lll. Results and Discussion adsorbed on these substrates. A broad fluorescence band and
only the silicon signal from the nanotips at 520 ¢naould
be observed with all three different concentrations of
Rhodamine 6G used. However, with the silver coating on
these silicon nanotip substrates, the surface-enhanced Raman
signals were readily observed on a fluorescent background.
It is to be noted that one of the analytes used in this study,
namely Rhodamine 6G, has electronic resonance in the
visible and our probe laser (532 nm) may excite resonance
effects contributing to the Rhodamine signals. But to
maintain a uniform terminology over the entire text, the term
SERS has been retained. The enhancement factors were
calculated from the ratio of the SERS cross-section of
adsorbed analytes to the RS cross-sections of bulk an&lytes
through the calculation of the total number of Raman photons
(Ngr) from the recorded counir is calculated as follows:

The formation of silicon nanotips, by a process named
self-masked dry etching (SMDE), has been depicted sche-
matically elsewheré! Arrays of aligned silicon nanotips with
a tip diameter typically in the range of2 nm, base diameter
of 100 nm, and tip length of1 um can be obtained using
the electron cyclotron resonance (ECR) plasma chemical
vapor deposition (CVD) technigué Figure 1A shows the
cross-section scanning electron micrograph (SEM) of the as-
grown silicon nanotip® without any metal particles on them.
The inset shows a plane view SEM of the as-grown nanotips.
The tip density could be as high as'18m™2, as shown in
Figure 1A. Assuming all the nanotips are touching each other
at the bottom, the surface area can be quantified at 150
m?cm~3, which is as good as the high-porosity porous silicon.

These substrates were then coated with silver (Ag) by
Argon ion beam sputtering (IBS) using silver target at room (N) x (collection efficiency)x (optical throughput)
temp_gratures. Dpe to the surfac_e energy difference between (CCD efficiency)x (gain)= recorded count
the silicon nanotips and that of silver they self-assembled to
form nanoparticles on these nanotips. The size of thesewhere collection efficiency (in %) is that of the objective of
nanoparticles was always between 4 and 10 nm with a ratherthe microscope, optical throughput is the total transmission
small departure from the mean value. The density of these(in %) of the optical path involved in the detection, which,
particles, under optimized IBS time, was also very high and along with the detector efficiency and gain can be calculated
could be found throughout the entire surface of the nanotips.for a particular Raman spectroscope. The recorded count
Figure 1B-F depict the SEM images of the silicon nanotips being known from the Raman spectruig, is estimated.
coated with different ion beam sputtering times using silver  The number of analyte moleculed\() can be calculated
targets. As evident from the pictures, with lower silver as follows: since the number density {¥6n¥), the base
sputtering times, between 1 and 5 min, the silver nanopar-radius (50 nm) and length (Zm) of the nanotips are all
ticles were scattered near the apex of the nanotips only withdetermined from HRSEM measurements, we can calculate
a random low-density distribution (Figure ). From the the number of nanotips, approximately 1000, in the probe
sputtering time of 5 min onward the nanoparticles developed area. The surface area of the nanotips can be found out
throughout the entire surface of these nanotips with a higherassuming the nanotips as regular cones of fixed heigim (1
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Figure 2. (A) Raman spectra of Rhodamine 6G drop-coated on as-grown silicon nanotips (the concentration of Rhodamine 6G is marked on each curve);
SERS spectra of different concentrations of Rhodamine 6G drop coated on silicon nanotips covered with different amounts of self-assemblegasiticemna

(B)1x 106M, (C)1x 10 7M, (D) ~1 x 10°1°M (the numbers mentioned on each curve in Figure-BBdenote silver sputtering times). Inset in Figure

2D shows the background-subtracted Raman spectra for Rhodamine 6G dispersed on silicon nanotips covered silver coating for 10 and 20 min by IBS.
Silicon signal and the three most intense Rhodamine 6G Raman lines are marked by arrows.

14000

6,
A 35000 | (1x10°M)
12000 LA (8)
30000 | fm
5 10000 g
5 so00t (1x10°°M) 5 25000 3am
S L g L
& T x1omy| & 20000 5m
z eor £ 15000 |
s 120 + §
£ gof £ 10000 10m
L (1x10°M) 20
40 P vt iume 5000 | "
0 1 1 1 1 1 1 1 1 1 1
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Raman Shift (cm™) Raman Shift (cm™)
— 20000 -
24000 (C) (1x ) 18000 [ (D) (1x107°M)
20000 - 1m 16000 [
0 am | @ 14000}
S 160001 sm| 5 12000f
§ 12000 § 10000p ,__JL 1
< r CA m
> > 8000} M
€ 8000\ 1om| @ 6000} /_,J am
= 2om| £ 4000} M
4000 - 2000 F M%m
0 0 20m|
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000

Raman shift (cm™) Raman Shift (cm™)
Figure 3. Raman spectra of BPE drop coated on as-grown silicon nanotips (the concentration of BPE is marked on each curve); SERS spectra of different
concentrations of BPE drop coated on silicon nanotips covered with different amounts of self-assembled silver nanopartiglg(8M, (C) 1 x 108
M, and (D)~1 x 10°° M (the numbers mentioned on each curve in Figure-BBdenote silver sputtering times).
long) and base radius of 50 nm. Using a fixed volume of probe volume can be estimated by assuming homogeneous
analyte solution (1Q:L) of fixed concentrationNy in the dispersion (the assumption of homogeneous distribution is
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supported from the fact that our nanotips were hydrophilic its molar concentration. An increase of 4 orders in concentra-
having very low water contact angles) of the molecules over tion saw an increase of & 1(? in the SERS intensity (plot
the entire sample area (5 mm 5 mm). This has been not shown). Intuitively, a linear variation of the SERS
estimated to be-2 x 10° molecules in the probe volume intensity with the analyte concentration is expected assuming
for an analyte concentration of £ 107 M. We assumed  that the SERS active sites increase linearly with the analyte
100% dye molecules taking part in the SERS process to concentration, and the SERS active and inactive sites all have
estimate the “minimum” enhancement factor in our case the same adsorption energy (consistent with the Langmuir
using isotherm)!® But SERS active sites have higher affinity for
adsorbates than the inactive sitéghis is the reason for
(F(photons/crfrsec))x (Ny,) x (0g*) = Ng the blinking of SERS signal probably arising out of the
thermally activated diffusion of analyte molecules between
whereF is the incident photon flux andg* is the SERS  SERS inactive and active sit&sA nonlinear increase in
Cross section. Basica”y, this methodology of enhancementSERS active partic|esl hence SERS intensity' was also
factor calculation is identical to what was reported by opserved with molecular concentration by Michaels &f al
Nikoobakht et al** assuming 100% adsorption. A lower The sub-linearity in our case may be a result of (i) nonlinear
adsorption (less than 100%), will give rise to a lowy increase in SERS active sites with the increase in analyte
taking part in the Raman process and hence, a higherconcentratiorf® (i) the rough morphology of our substrate
enhancement. An estimation Of the enhancement faCtorSScattering (Over a much |arger So|id ang|e than that projected
using careful geometrical analysis and consideration of py our objective lens) or re-absorbing the Raman photons
surface coverages and adsorption isotherms have produce@redominantly at the higher concentrations, or (iii) the

large errors of 36:50%:9%° Here the quoting of a “mini-  extremely low surface covera§eegimes in our experiments.
mum” enhancement by considering 100% adsorption seems |t has been mentioned that a silver coating time around
more reasonable. ~10 min produced the best enhancements. At longer silver

The intensities of the Raman signals were markedly higher coating times, since they produced a continuous thin film
for higher concentrations (1@ M) of Rhodamine 6G used  on the nanotips, the enhancements were relatively small.
(Figure 2B) and merely visible for lower concentrations Again at small silver coating times, say 1 min, the density
approaching 10°° M (Figure 2D). However, unambiguous  of the nanoparticles was not sufficiently high to guarantee a
signals of the three most intense Rhodamine 6G Ramanstrong and reproducible SERS signal. This can be interpreted
frequencies can be found even at the lowest concentrationsrom the modeling of Garcia-Vidal and PendfyThey
(inset, Figure 2D) which may not be too obvious in Figure sphowed from a model study that the efficiency of an SERS
2D ?tS’?'f- active substrate is maximum when the separatiphetween

Similarly when BPE was used as the analyte, there was the metallic particles is equal to their diameteR, gassuming
no SERS signal from the uncoated silicon nanotip substrates,n,f cylindrical particles), i.e., the particles just touching each
with only a broad fluorescence and the silicon signal at 520 gther. To satisfy this modeling condition, we need to have a
cm* being observed (Figure 3A). For the highest concentra- high density of nanoparticles on our substrate. This condition
tion of BPE used {1 x 107° M) even the silicon signal s close to what we have for the nanotips covered with silver
was suppressed. However with silver coating on the sub-gpyttered for 10 min in the IBS system. With lesser silver
strates, the SERS signals could be readily obtained for a”coating times, we observed scattered nanoparticles which
three concentrations of analytes used in this study (Figure gjmulates the modeling condition df> 2R, and with higher
3B-D). silver coating times (20 min or more) we approach the

Figures 2 and 3 both show the Raman signals on a broadmgdeling condition ol < 2R, both of which will amount
fluorescent background. The fluorescent background ob-tg reduced SERS activity of the nanoparticles. Gunnarsson
served in most spectra indicates that a fraction of analytesgt 5118 also demonstrated through their electron beam
were adsorbed on bare silicon instead of the metallic Siteslithographically prepared substrates that SERS activity
which would have quenched the fluorescence. The nanotipsjncreases manifold with decreasing particle separation. This
coated with silver for 10 min yielded the largest SERS signals -quid be related to the electromagnetic coupling effects
independent of the concentrations. Several groups havepetween the silver nanoparticisHowever it should be
investigated the variation of the SERS intensity with analyte mnentioned here that the silver particles used by Gunnarsson
concentrations and inferred a linear dependéhéetHow- et al’8 are of the size 200 nm, much larger than what was
ever, they differ on the range of this linear regime, spanning sed in this study. Although in that study they mentioned
1071%to 10°° M in concentration in some ca¥eand only  that the effect of interparticle separation far outweighs the
107°to 10* M*%in some. This indicates a system-dependent effect of particle size itself. Talking of interparticle coupling,
variation of the SERS intensity with analyte concentration. 3 sjtyation very similar to the present case was reported by

We observed that the integrated intensity, say, of the 1650 paxwell et al2® where the SERS intensity was shown to
cm ! line of Rhodamine 6G does not increase linearly with

(25) Maruyama, Y.; Ishikawa, M.; Futamata, Mnal. Sci.2001, 17,i1181.

(22) Nikkobakht, B.; Wang, J.; EI-Sayed, M. &hem. Phys. Let002 (26) Michaels, A. M.; Nirmal, M.; Brus, L. EJ. Am. Chem. Sod.999
366, 17. 121, 9932.
(23) Hildebrandt, P.; Stockburger, M. Phys. Chem1984 88, 5935. (27) Garcia-Vidal, F. J.; Pendry, J. Bhys. Re. Lett. 1996 77, 1163.

(24) Tao, A.; Kim, F.; Hess, C.; Goldberger, J.; He, R.; Sun, Y.; Xia, Y.; (28) Otto, A. InLight Scattering in SolidsCardona, M., Guntherodt, G.,
Yang, P.Nano Lett.2003 3, 1229. Eds.; Springer: Berlin, 1984; Vol. IV, Chapter 7.
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Figure 4. Atomic force microscope image of a flat crystalline silicon
surface covered with silver sputtered in the ion beam system for 10 mi

increase as a function of “particle coverage” and ultimate

saturation of SERS signal above 1 monolayer. The lack of nhanotips, by decreasing the Ag sputtering time on flat silicon
particle—particle interaction as a result of longer interparticle - sypstrates, will produce a 2-dimensional wetting 1&3or
separation implying lower particle coverage (substrates 5 coverage below 1 monolayer) devoid of particle formation
shown in Figure 1B and C), produced relatively weak SERS required for SERS.
intensities, but wit_h incrqasing particle coverage (Figure 1E), Figure 5 shows the background fluorescence subtracted
stronger SERS intensity was observed. However, with gERg spectrum, normalized to the intensity of silicon signal
increased sputtering times, the 3-dimensional particle forma- 5; 509 cntl, for Rhodamine 6G on flat crystalline silicon
tion breaks down promoting a 2-dimensional film (Figure (55 in Figure 4) and silicon nanotips coated with 10 min of
1F), our observation is a decreased SERS intensity thatg;er by IBS (as in Figure 1E). The background removal
matches W(_all with the reported SERS intensi_ty normalized 55 done by pixel imaging of the spectrum or alternatively
to the particle coverag€. The current technique of Ag  py sing mathematical software to fit the background with
particle generation, apart from being friendly to silicon " holynomial and using a suitable scaling factor to match
technologies, can also produce substrates on which suchne SERS spectrum and generating the particular background
model$” can be verified. after specifying the Raman peak positions of the analytes.
There are several repotts* on the growth of silver on  Figure 5 only distinguishes the SERS activity of differently
flat Crystalline silicon that generally demonstrates a Stranski- self-assembled Ag morpho]ogies generated on silicon nano-
Krastanov or a modified Stranski-Krastanov growth mode, tips against a control sample of flat silicon. Clearly the silicon
where 3-dimensional Ag islands grow on a thin 2-dimen- nanotip substrates showed higher enhancemerits«(10%),
sional Ag wetting layer. However, we are less cognizant hy about 2 orders of magnitude, in comparison to the silver-
about the growth of silver on rough silicon surfaces, such coated flat silicon substrates ¢3 10F). This is attributed to
as these nanotips. To identify the advantage of using a roughseveral factors. The silicon nanotips with silver particles were
silicon nanotip morphology to generate SERS-active Ag found to be hydrophilic, whereas the silver-coated flat silicon
nanopaticles, flat crystalline silicon substrates and silicon sypstrates were found to be hydrophobic in our experiments.
nanotips both were identically coated with silver for 10 min  sych difference in the wettability of these substrates defi-
(that yielded the best SERS signals) using IBS technique pitely arose due to the difference in surface roughness in
and matched for the surface enhancement effects usingthese two substrates apart from other possible chemical
Rhodamine 6G as an analyte. The silver-coated flat silicon contributions. The removal of any surface hydrogen from
surfaces had Iarger silver nanoparticles>(2|0 nm diameters the nanotip surface during the p|asma etching may be one
sparsely (interparticle distances®00 nm) distributed on  sych chemical contribution. The same volume of analyte
agglomerated Ag islands (Figure 4) as expected for a Ag molecules dispersed uniformly over the whole surface area
coverage exceeding 1 monolay@ihis is both qualitatively  of the nanotip substrate reproducibly produced SERS spectra,
and quantitatively different to the high density of nearly \hereas the same volume of analyte on the flat silicon
monodispersed Ag nanoparticles observed for the nanotipsubstrate was confined to a small area only, outside which
substrates. An effort to mimic the effective thickness or the no SERS spectra could be obtained. This resulted in an
surface coverage of the Ag layer as observed on silicon excess population of analyte molecule per unit probe volume
on the flat silicon substrate. This, apart from the difference

(29) MIaXWE”' D.J; Em(JEry. S. RM; l;\l/ile,RS_:?\lem. M«_atirZOORl 1% %082- in SERS count (Figure 5), was taken into account while
(30) Gluecksten, J. C.; Evans, M. M. R.; NogamiPhys. Re. B 199 calculating the enhancement factors. Other than this, the

(31) Miiler, T.; Nienhaus, HJ. Appl. Phys2003 93, 924. larger particle size and interparticle separation of silver
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il are stable over few weeR3.Such instabilities may result
6000 || —— After 3 months from desorption of analytes from the SERS active sites or a
decay in the activity of the metal nanoparticles in the
scattering process, among other probable reasons such as
4000 | photobleaching. However, from the high density of the
silicon nanotips and resultant high packing density of the
monodispersed metal nanoparticles on them, an initial
2000 | explanation of the stability may be statistical in nature
whereby a significant fraction of active analytes on active
SERS centers still exist. However, further studies are required
of to know the reason for such stability in this case, or rather
L the root cause for instabilities in all the SERS active systems.
0 400 800 1200 1600 2000 Viewed in the wider perspective these new SERS active
Raman Shift cm™) substrates can be termed quite st.able. .
Figure 6. Aging of SERS spectra (background subtracted) of Rhodamine . In conclu3|on_, .Self_assembled silver nanOpartldeS mono-
6G (1 x 10°® M) on silicon nanotips covered with self-assembled silver dispersed on silicon nanotips, formed by self-masked dry
nanoparticles (as in Figure 1E). etching of crystalline silicon substrates, demonstrated high
activity for surface-enhanced Raman scattering. These mac-
particulates on the flat silicon substrate in comparison to the roscopic substrates possess the attributes such as uniform
silicon nanotips would affect SERS activity. particle size (410 nm), controllable interparticle distance,
The stability of these substrates was tested by measuringlarge enhancement factors £40.0°), and remarkable stabil-
the Raman activity with time. These substrates can give ity. The high density of the silicon nanotips {@m?) and
Raman signals even three months after they were drop coatec consequent uniform density of the metal nanoparticles,
with the analytes. Figure 6 shows the aging of SERS which can be controlled by the ion beam sputtering time of
spectrum for Rhodamine 6G (4 10~¢ M) on silicon nanotip the metal targets, ensures high levels of inter- and intra-
substrates coated with silver (as in Figure 1E). There is asubstrate reproducibility. Molecules with concentrations as
reduction in the SERS intensity over a period of 3 months low as 10'°M could be detected in a reproducible and stable
but still the analyte detection is clear and unambiguous, fashion with the help of these substrates. These substrates
which is required for analytical studies. can be useful systems for fundamental modeling as well as
Electrochemically roughened silver electrodes are not analytical studies, especially in devices such as MEMS which
stable for SERS; their activity started decreasing after the is not accessible to conventional wet chemical techniques.
preparation itself and the activity may last for few d&ys.
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