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Surface enhanced Raman spectroscopy as a probe for local modification of carbon films
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The possibility of achieving nanometer-scale sensitivity in a surface-enhanced R8ERS experiment
while using larger-sized probd&6.1-1 um) is investigated. The application targeted is carbon film transfor-
mation under high-energy beam irradiation, and, primarily, the transformation of amorphous carbon into
nanocrystalline graphite. The carbon film covers nanometer-size Ag particles which enhance the signal from
zones of material adjacent to them. This geometry gives access to the film/substrate interface, and in this way
it complements scanning near-field techniques which have similar spatial sensitivity but are mainly surface
sensitive. The SERS effect has been studied as a function of the Ag nanopatrticle size, carbon film thickness,
and excitation wavelength. A selective enhancement of the Raman cross sectiorDabainel of amorphous
carbons was observed. The dielectric properties of the carbon film, when used as an overlayer, strongly affect
the SERS enhancement, so that changes in the dielectric function upon irradiation can be used to produce local
enhancement contrast, and to establish an identification procedure for material transformation.
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I. INTRODUCTION nanometer scale regions embedded in an matrix.
Here we focus on the surface enhanced Raf®&#ERS

There is increasing interest in producing carbon materialsechnique, which can potentially satisfy the requirements
with a structure that varies on the nanometer scale. Thedisted above. Indeed, Raman spectroscopy is the technique of
will take advantage of the unique property of carbon thatchoice for identifying bonding in various carbon
solely by varying the type of bonding, very different local systems:>~18 while its surface-enhanced variant has been
properties can be obtained, ranging from diamond to graused for the detection of low-dimensionality objects, such as
phitelike or nanotubelike. The applications of these materialsingle-wall nanotubé$ and single molecule¥;**and for the
can be various, such as large area electron-field emittérs, study of interfacial phenomena and ultrathin filfis2* Usu-
or, at the other end of the spectrum, as antiflisesl nan-  ally, nm-scale Raman information is obtained using scanning
odevices in nanotechnology. near-field optical microscop€SNOM) techniques, and to

Various deposition techniques allow the direct manufac-date the highest spatial resolution reported was about 100—
ture of thin films with mixedsp? andsp® phased ¢ How- 150 nm with aperture-based SNOWMS® and about 50 nm
ever, the spatial distribution of the two phases is random ivhen using an apertureless microscépe.
these cases, while for the applications mentioned above it is We investigated an alternative way to detect nm size ac-
desirable to be able to controllably induce a nanostructure dive areas in carbon films of tens of nm thickness, while still
a specific type and at predetermined locations. One way tgsing larger-sized Raman probes of 0.1uh. This utilizes
achieve this goal is to use high-energy ion or electron beami#ie selective enhancement of the sighiaffrom the zone of
to locally transform a given matrix. In this way, graphitic interest(e.g. modified by irradiation in our target application
regions can be formed in a diamondlike maftixor ~ when this is adjacent to Ag nanostructures, so thatises
fullerenes in amorphous carbon or graphitic mateflads, ~ above the nonenhanced backgrouigiven by the remaining
conversely, graphitic materials, such as fullerenes, can berobed aregunmodified. When expressed in terms of the
transformed into diamontf. respective surfaces, this condition leadsSttR>S, where

Probing the extent of a local transformation is not alwaysS* and S are the areas of the enhanced and nonenhanced
easy. Ideally, we would like to use a technique whibhhas  regions, respectivel\5* + Sis the total probed area, aiftis
a nanometer scale sensitivityi,) can be tuned to probe vari- the enhancement factor for regi®t. For S*+S in the
ous depths in the film down to the film-substrate interfacerange 16—10° nn? (as for 0.1-1um diameter probesan
and (iii ) provides structural information. Atomic force mi- enhancement factoR~10°-10" is sufficient to allow the
croscopy(AFM) can reveal a contrast between irradiated andsignal from a regior§* with a diameter as low as 30 nm to
nonirradiated zones based on their different conductivitiestargely dominate the overall signal. We were interested
nevertheless, due to the small size of the probed area, thisainly in the configuration with the carbon film grown on
technique is restricted to materials or regions with rathetop of the Ag nanostructures, in order to probe the effective-
high conductivity 10 ° Q~*cm™1), and, in addition, it ness of the transformation down to the substrate, as required
does not provide direct structural information. Energy-loss-above; this configuration gives complementary information
spectroscopyEELS) is a powerful structural characteriza- to that from SNOM techniques, which are sensitive mainly
tion technique at the nanometer scHidtowever, the infor- to the top surface.
mation obtained is global, integrated over the film bulk and We explored the feasibility of this technique primarily in
interfaces. Cross-sectional EELS can alleviate thisconjunction with tetrahedral amorphous carbga-C), the
problem?? but it is very difficult to apply to the study of form of amorphous carbon with the highesp® bonding
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content(~85%).% ta-C is interesting since, due to the pres- opment of near-field scanning techniques, have some notable
ence of somesp? bonding, it has a higher propensity for disagreements with this approach been observed. Accord-
transformation into a graphitic phase through irradiation oringly, very peculiar, individual “hot” particles have been
thermal annealing than diamofdthough retaining many identified?>*! which are responsible for a hudecal en-
diamondlike properties. While no irradiation was performedhancement, up to 1) so that single molecules could be
in this study, our aim was to check the prerequisites to perdetected. Recent calculations based on the numerical resolu-
form such a SERS experiment: whether there is sufficiention of the Maxwell’'s equations showed that the sharp angles
enhancement for selective nm-scale sensitivity, how the Rasf particles with irregular shape can generate a near-field
man spectra change relative to the well-known bulk spectragnhancement locally in excess of'40which can be corre-
and whether there are additional dependencies such as on tla¢ed with polarization charge distributiofs Effects other
carbon overlayer thickness. than electromagnetic, such as chemical or nonlinear optical
We found that the magnitude of the SERS effect variesffects(e.qg., hyper-Raman scatteriifd were also invoked in
with the ta-C overlayer thickness, and with different depen-+the case of the hot particles. Collective systems, such as frac-
dencies when changing the excitation wavelength. For #al colloidal systems, were also found to give a local-field
micron-size probe the intensity of the SERS signal increasednhancement in excess of 83 ~33but with the peculiarity
by about 18- 10" relative to the normal Raman signal when that the resonances can now reach the microwave range, i.e.,
increasing the wavelength to the infrared. This is alreadyfar away from the classical plasmon resonarices.
sufficient enhancement to meet our purpose of selective de- Here the Raman signal is averaged over a lafger size
tection using larger size probes. The complex behavior wittarea, and comes from well-formed, continuous overlayers, so
the overlayer thickness and excitation wavelength, was disthat it is difficult to distinguish local effects on rare “hot”
cussed by considering two possible competitive effe@)s: particles, whether present or not. In addition, the morphology
tuning into the SERS resonance of the carbon-coated Agf our Ag films is rather periodic, and nonfract@ee Sec.
nanostructures, an effect related to the dielectric function ofll). Therefore, we will explain our data only in the frame-
the carbon film; andii) optical interference accompanying work of the classical surface plasmon formalism. This has
Raman scattering as the carbon film thickness is comparablgiven a good description of photon emission induced by a
to the excitation wavelength. The SERS effect is found to bescanning tunneling microscope on the same type of Ag
highly sensitive to the interfacial layer of the ta-C film, films3* As the Ag nanostructures lie beneath the Raman-
which is moresp? rich, but it also extends into the film’s active layer, our main interest is to relate the magnitude and
bulk. This high sensitivity is also accompanied by a largerspectral dependence of the observed SERS effect to the prop-
dispersion with energy of thgD)/1(G) parameter, the ratio erties of the overlayer.
of the intensities of the Ramab and G bands, than for A surface plasmon is a collective oscillation mode of con-
normal Raman scattering in any bulk carbon material. This igluction electrons which occurs at the surface of solids under
the first report of a selective enhancement of the RaMan external electromagnetic excitation. Localizgmbund plas-
band in amorphous carbons through a surface-enhancedon fields can be excited if the surface is broken into small
effect. structures, such as gratings, spheroidal particles, or just via
We also discuss the sensitivity of the SERS effect tomere roughness. The electric field of the plasmon reaches a
changes in the dielectric properties of the overlayer, as occuesonance for a certain frequenay,. In the case of an
in an irradiation experiment. Therefore, amorphous diamondisolated, small spheroidal metal particle, the plasmon field is
like and graphitic regions will show a clear enhancemendipolar, and related to the excitation fieky by a factor
contrast, despite having features in the same spectral ranggepending on the ratio of the dielectric constants of both
This allowed us to set a simple procedure for assessing whanetal and environment,,, and e, respectively, and on the
the local transformation from a diamondlike phase toward alepolarization factoA of the patrticle:
graphitic phase takes place. The SERS technique described
here can work particularly well for transformations in which B em(w)/e(w) B
the final phase has a low imaginary part of the dielectric E= 1+[em(w)/e(w)—1]A Eo=B(w)E,.
constant and Raman features in a different spectral region

than the initial phase, e.g. amorphous carbon into onions, drelation(1) describes the field just outside the particle’s sur-
fullerenes into diamond. face.E will be greatly enhanced, i.e., having a resonance, if

the excitation is at thab, for which

@

Il. SERS AND SURFACE PLASMONS Re e(w)/e(w)]=1—1/A. 2)

IN Ag NANOSTRUCTURES "
g For a spheré\= %, so that the resonance condition becomes

The SERS effect induced by small noble metal particleRg e (w)/e(w)]=—2.
appears to be of complex origin. The main volume of data w of a small Ag sphere in air is about 3.4 gkear the
generated in the last two decades points, essentially, to ddV). One gets an idea about how the plasmon resonance is
electromagnetic enhancement with a near-field upper valumodified by overlayers from relatiof2). This shows that by
of about 10— 10, which is due to the excitation of surface increasing Ref)=¢, of the embedding environmefivhich
plasmon resonancé8 covering the spectral range from vis- can be seen as an infinite overlayes, shifts to~3.2 eV in
ible to near-UV. Only recently, made possible by the develwater (£,=1.77), to 3 eV in cyclohexane:(=2.04), and to
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2 eV (red in an hypothetical nonabsorbing medium with There are two factors which can affect simple relati@jn
e1~6-7, as that of ta-CFig. 1(a)]. Because here the carbon One is related to optical absorption in the carbon film; this
overlayers vary from several to hundreds of nm, one has tean decrease the intensity incident on the narrow regjon
investigate how overlayers of finite thickness affegi.  located near the film-substrate interface, and, subsequently,
This will be discussed in Sec. V. _also the Raman scattered signal originating frognon its
 SERS is based on the enhancement of the Raman inteyay back toward the film surface. However, since the optical
sity of the vibrating group through two effects: first, the elec-gap of this ta-C is about 3.5 é¥the absorption coefficient
tric field felt by the Raman dipole is enhanced due to theg very low (<1C? cm 1) in the film bulk for excitation
e_xlcleanon 0; thﬁ al_alsdmofnhresonancedlln tre_adjl?cerrw: ?}g Palsnergies in the visible range, as used here. Higher absorption
:'r? e% second, t e_ 1€ (f) tts Rg[nzn Ipole itself, which IS atean oecyr in the morep’ interfacial layer of ta-Gsee Secs.
¢ ih(ra?qeunehr:r?cgm;ﬁ)ofotLeX (;rte';ep][%?g?f,si—car)l %a.l;]se Al and IV). However, this effect should be rather weak as
uriner g part i ! @y) 151 this layer is only a few nm thick. The second factor affecting
the width of the plasmon resonanas, is the vibrational Eq. (7) is related to interference, which can occur in both
frequency. Therefore, the enhanced Raman interisill 9. ' _ .
pormal and surface-enhanced Raman scattéfingand in-

depend on the product of two enhancement factors, one -1 qulati d dent cand th itat
the excitation frequency and another at¢— w,), so that it roduce modufations dependen € excltation wave-
length\. As quantified below in Sec. 1V, this effect is impor-

is proportional to the square of the induced dipole moment: .
tant for specular surfaces and interfaces, but decreases

I~|B8(w)B(0—w,)|2. (3)  strongly with increasing film roughness.
It is important to note that relatiof?) is valid only in the
If w, is small compared ta, and if, moreover, the reso- limit of the quasistatic theoryRayleigh, i.e., for Ag par-

nance is broad, then, from Eq4) and(3), | ~|E(w)|*. The ticles of sizea small enough relative to the excitation wave-
SERS local enhancement factGris then length\ [a<0.05\/\Ref) (Ref. 39] so that they seem em-
T 4 bedded in a static field, and a nonretarded potential can be
G=|E["/|Eq|". (4 used. The embedding medium is considered as infinite. This

condition limitsa to about 10—-15 nm when ta-C is used as

Relation (4) is valid for visible SERS on amorphous and h | dqf o ies in the 1.6-2 4-6V
disordered carbons, since they have small vibrational fret€ OVerlayer, and for excitation energies in the 1.6-2.4-e

quenciesw, , of the order 0.2 eV. range as used here. For larger size particles, retardation ef-
For appll)iE:ations involving relatively thick~ tens of nm fects become important, and therefore a full electrodynamic

films, as here, one needs to know the distance which can f@malism (Lorentz-Mig) has to be applief In this case,
probed by the SERS effect, i.e., the spatial extension of thiough the dipolar contribution to the plasmon electromag-
plasmon electric field ,. For a dipolar resonancé is at a netic field is still dominant, multipolar terms cannot be

maximum just outside the Ag nanosphere, and then decreaspgglected>® Furthermore, the dipolar resonance is damped,
with the distance in the medium of dielectric constantas ~ Proadened, and redshifted, while the multipolar resonances

are sharp and at high energis.
To increase the SERS effect above the single small sphere
[E(r)|=(4m/3)*32¢cr3—d, (5  values given by the formalism above, one can increase the
aspect ratio from sphere to spherdithe “lightning rod”
wherec andd are constants depending on the dielectric func-€ffect, and pack the structures closely so that the resonances
tions of Ag and the carbon overlayd®. thus varies rapidly ~couple. Recent calculations of collective electromagnetic ef-
with the distance from the nanosphere surface, @€ 1Here  fects in strongly coupled, periodic spheroidal feati'eas
we definer,, as the distance at whick decays toE,. To ~ On a rough surface, showed that a surfaveragedRaman
obtain the actual SERS intensityfor an overlayer of thick- €nhancement as large as’2a @ is possible for appropriate

nesst, one has thus to integra® overt: “close packing,” and this despite largéabove the quasi-
static limit) features. Figure (b) shows such a situation,

o . . p . when semicylinders are packed so that they touch each other
|~f [E(r)|*dr+|Ey| (t—fp)”f |[E(r)|*dr.  (6)  (d=2r, whered is the distance between the centers of the
0 0 semicylinders whiler is their radius. Moreover, thelocal
For high enhancement factot&,|*(t— f,) can be neglected fanhancement can be even larger, up t6-10®, at the crev-
in Eq. (6), so that the direct dependencelaint disappears. ceS between featurdS As expected, the resonance is broad
In contrast, the nonenhanced Raman intenkjtyncreases and redshifted; however, the very strong coupling between
with t because the volume available for scattering increasedeatures makes it more stable in frequency and magnitude
We can then have an approximate expression for the integrg?a” in the case of isolated Mie scattering centers. Therefore,

SERS enhancement factBe=1/1,: the measured quantity size-related retardation e_ffec';s only shift the resonance from
3.4 to about 2.6—2.8 eV in this ca$eas opposed to about 2

; eV for isolated features of the same sizeNote that for a
P
f [E(r)|*|Eo(r)|*dr nonfractal surfacdas in Ref. 4], with periodic boundary
0 @) conditions, the more collective nature of the plasmon oscil-

R=I/1y~ . .
0 lations reduces the enhancement below the local values in

t
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FIG. 2. Self-assembled Ag nanostructures obtained by thermal
FIG. 1. (8 SERS enhancement and position of the plasmongvaporation in@ Ar atmosphere, antb) He atmosphere. The im-
resonance for a smalin the Rayleigh limi}, isolated Ag sphere in ages are obtained with FEG-SEM, except the inset ftbywhich
air (dashed ling in an infinite hypothetical medium wita=7 as IS an AFM scan. Inb), the AFM scan has a better definition then
€4 of bulk ta-C (dotted ling, and in a medium witte=7+i0.6 as the FEG-SEM image; nevertheless the particles sizes are affected
that of ta-C(plain line). (b) Comparison between the SERS reso- by the convolution with the tip, especially for the larger particles.
nance of Ag spheres placed in air, in the Rayleigh li(itL8 nm)
and in the Lorentz-Mie formalisnifor 30-nm spheres Optimal ~ Phology of the Ag films produced in this way was varied by
packing @=2r) gives higher spatially averaged enhancement tharthanging the type and pressyseof the inert gas, the dis-
nonoptimal packingd>2r) (Ref. 41). tance between the source and the substiasad the evapo-
ration ratev. Ag structures were also produced by etching
fractal systems, where enhancements in excess'tocafl be  continuous layers in vapors of nitric acid. This technique is
obtained as the excitations remain more locali¥ed. convenient and can give a uniform substrate coverage, but
the surface topography is difficult to control and the resulting
structures are coarse and irregular.
Figure 2a) shows a scanning electron micrograftEG-
The Ag nanostructures used in this study were produce®&EM) of the topography of Ag films produced in Ar at
by two self-assembly method§) thermal evaporation in an =1 Torr, d~10 cm, andv~ 10 A/sec. These films have a
inert gas atmosphere, afid) slow etching of continuous Ag porous aspect, and a three-dimensional topology which con-
films in vapors of nitric acid. These methods are easy tders them a high roughness. Higher magnification reveals
apply on a larger scale, but difficult to implement to definebuilding blocks as small as 50 nm, connected in a rather
nm size enhancement regions as required in a final experitandom way. Fast Fourier transfor(RFT), radially aver-
ment, when only the signal from a specific zone has to beged, of this topography shows uniform contributions in a
enhanced. Nevertheless, the self-assembled nanostructunegsy large frequency range, which is characteristic for fractal
allow us to assess the magnitude of the SERS effect achiefiims. Figure Zb) shows FEG-SEM and AFNinse) topog-
able with carbon films and the factors which control it. Well- raphies of films produced in He g=0.7 Torr, d~5 cm,
defined periodic structures, with sizes down to about 20 nnand at a much lower evaporation rate-0.2 A/sec. These
(to decrease retardation effectand controlled positioning conditions were set to decrease the cluster size and to in-
are being produced wite-beam lithography, and the results crease their uniformity and coverage. These films are clearly
will be presented elsewhere. different from those from Fig. (3), and three categories of
The presence of an inert atmosphere during Ag evaporasizes of spheroidal clusters can be distinguist{gda basic
tion causes the Ag atoms to lose eneftgy “cool” ) and to  structure of clusters of about £5-nm diameter, densely
cluster together before they reach the subsftalthe mor-  packed, on top of which there af@é) isolated clusters of

Ill. FILM FABRICATION AND MORPHOLOGY
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785 nm

about 46: 5 nm, with a surface density of about Z@#? and
(iii) larger, isolated clusters of about 65 nm and density 400 -
4/um?. Note that only the smaller clusters reach the electro-
static limit set in Sec. Il for ta-C overlayers. The cluster sizes
were obtained by comparing AFM and FEG-SEM images.
Radially averaged FFT reveals important contributions only
in a limited frequency range, corresponding to the three size
categories, as opposed to a fractal topography.

ta-C was deposited from a cathodic arc with &bend 100
filter*® at a floating potential, i.e. from Cions at 20 eV, in
several configurationgi) on Si substrategji) on flat(SERS
inactive Ag films, (iii) on the nanostructured Ag films de- AR
scribed above, anflv) with the nanostructured Ag films on 2000
top. The ta-C thickness was varied from 10+d20 nm,
covering a range interesting for irradiation experiments, and
estimated through ellipsometry and the deposition rate. ta-C
is usually characterized by a highp® bonding content,
around 85%. On the other hand, it has been found that the
growth mechanism of ta-C also leads to several-nm-thick
interfacial and surface layers which are about 30% less 500
dense, and, thus, more graphitic than the film Bt car-

bon was found to mix with the substrate atoms in the first %

300 -

200

Intensity (arb. units)

5145 nm
1. 1

1500

1000

Intensity (arb. units)

monolayers? In addition, films prepared using a single-bend o o T
filtered cathodic arc were found to have a multilayered struc- 800 1200 1600 2000 2400
ture (and, thus, variable densjtgven in the bulk The ta-C Raman shift (cm™)

films produced here with th&bend arc have a much more )
homogeneous structure despite the low ion energy used, with F'fG' 3. Unpolarizeda) ”Ormall Rart’]‘a” "’r‘]”(b) SE_RfS spectra of
a bulk layer of uniform density and 87%p® content, and ta't_c_or Vfatr'ogs_ exutatlolanave engt f T elnear-ll? S nrg "
very thin (1—2-nm thicK interface and surface layet$Me- activity of ta-C in normal Raman Is extremely weak compared wi
; . the two other wavelengths, requiring long acquisition times.
tallic substrates were found to promote increasgtl bond-

ing in the interfacial layer of various amorphous carbons . o ]

when compared to Si substrafésh Raman analysis of our Phasé’ due 1o the longer-range polarizability modulation of
ta-C films deposited on flat Ag filmgsee Sec. 1Y showed the 7w bonds.” These values are for 514.5-nm e>_<C|tat|(1n)

that the interface with Ag suffers only a moderate modifica—ws'meg_'?lam?“ is resonant in materials with &P’

tion compared to the interface with Si, which could be con-Phase’’">' This comes from the fact that thep? phase de-
sistent withs p? promotion and increased interfacial disorder. termines the optical gap by introducing electronic states over
The nanostructured Ag films from Fig.(t® have similar the entire range from IR to UV, so that Raman scatterl_ng
topographies with or without ta-C overlayei@nfirmed by takes plgce with a real photon absorption on the appropriate
both AFM and SEM, indicating that carbon layers in our €lectronic levels. .
thickness range uniformly cover the Ag clusters, and that A green Raman spectrum of bulk ta-C on non-SERS Si

there is no cluster coalescence during ta-C deposition. ~ Substrates is shown in Fig(s. This consists of a broaG
peak centered around 1560—1580 ¢trwhich is attributed

to the same in-plane bond-stretching vibrationspf C-C
bonds (the E,gz mode, as in graphité® In an amorphous
matrix, however, disorder relaxes tkje=0 phonon quasise-

We acquired unpolarized Raman spectra in the backlection rule valid in a crystal, allowing all the phonons in the
scattering geometry using three excitation wavelengths, oBrillouin zone, and not only those around thepoint (as in
514.5 nm(green, 633 nm(red) and 785 nm(near-infrareg graphite, to participate in scatterint. This then allows con-
in order to determine the position of the plasmon resonancetributions fromsp? sites with bond angle disord&tand ex-
Large beam as well as confocal experimental setups wenglains the large width of th& peak in ta-C compared with
used, varying the probe size from 1fm to about 1um, thatin HOPG or nanocrystalline graphite. The shape ofahe
respectively, to obtain information about spatial uniformity peak can be fitted by a Breit-Wigner-Fano functn.
and surface averaging of the enhancement; as expected, moreAnother feature present in the Raman spectra of carbons
nonuniform values were obtained with theuin probe. with disordereds p? phase is thé® peak around 1360 cr.

In carbon systems containirsgy? bonding, the visible Ra- In nanocrystalline graphite, its increase in intensity relative
man features are entirely due to thp? phase, even if the to theG peak,lp/lg, has been related to the decrease in size
sp? content is low, such as in ta-C-15%). This is due to  of the ordered graphitic crystallitéd Conversely, in systems
two reasons(i) The Raman-scattering cross section of thewhere arsp® phase is still present, as in amorphous or nano-
sp? phase is about 50—230 times higher than that ofste  structured carbons, it has been observed that the increase in

IV. SERS OF CARBON THIN FILMS
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1550 1 A Lorentzian was used for the fit of the peak; the error
; bars are due to different choices of baseline, and nonhomo-
15401 genenity of the Ag films. As th® peak is not related to bulk
1530 L ta-C, it can only be due to the interfacial layer of ta-C in
e contact with the Ag structures, which experiences the highest
< 1520 | ] enhancement. A peak indicative of more graphitic inter-
o 1510 - 1 faces has also been observed in a combination of SERS and
interference Raman spectroscopy, when a diamondlike car-
1500 | ] bon layer was sandwiched between Al and Ag layésmi-
lar to our case, the bulk film did not presentDapeak®’
13 Nevertheless, the interface for our films appears to be closer
to the diamond like phase than that in Ref. (@7 514.5 nm,
280 ¢ ] our spectra present a less pronounégeak when com-
’; 260 | ] pared to the spectra from Ref.)37An extrinsic contribution
e to the D peak may also come from a buildup of the amor-
O 240} phous carbon contamination due to residual hydrocarbon
= i cracking by a gas ionization sour¢guch as ion gauge&®
= 2207 1 We checked this and found that in our vacuum conditions
200 . ] (about 10 7 mban a weaka-C carbon signal can be obtained
; from Si substrates covered only with Ag. Various substrate
a5t , , , , cleaning procedures involving acids or organic solvents did
T not significantly change these results. On the other hand,
3t ] thick Ag layers did not give any carbon signature, proving
25 ] that the signal does not come from Ag itself, but from mono-
" layers ofa-C building up on the substrate prior to Ag depo-
_o : sition.
e 150 . The variation of theG peak parameters with increasing
. 3 ] ta-C thickness is consistent with an increasing sensitivity of
: the SERS effect to the film's bulk. THe peak positiorf Fig.
05 %4 stasmm 4(a)] at Iow_ thickness disperses with energy as in am_orphous
of . . : s carbons with more orderedp? phases, while for thicker
0 20 40 60 80 100 films there is much higher dispersion, characteristic of a
thickness (nm) more disordered material, such as tafef. 5J); for ta-C

there is a strongs peak dispersion from 1570 nm to below

FIG. 4. Raman parameters after deconvolution of the SER3480 nm, for the same wavelength range. Thpeak’s full
spectra intdD andG peaks; Lorentzian and Breit-Wigner-Fano line width at half maximum(FWHM) is shown in Fig. 4b). For
shapes were used, respectively. thin films, the FWHM is about 200—240 c¢rh and there is

no significant dispersion with energy; this behavior is char-

Ip/1g correlates with ordering into aromatic rings and in- acteristic of carbon systems with moderate disorddie
crease in size of thep? phase inside thep® matrix1>'%5®  FWHM then increases slightly with thickness, indicative of a
The origin of theD peak remains controversial, and expla- transition from a more graphitic to a more disordered mate-
nations such as a resonant or double-resonant &féar an  rial such as ta-CG! This therefore shows that the SERS effect
A,4 breathing mode of aromatic ring clusters have beeralso probes the bulk ta-C. At 514.5-n{2.4-eV) excitation,
proposed® The spectra of bulk ta-C do not showDapeak an increase with the thickness of the FWHM is accentuated,
for any excitation energy, suggesting that there is no organitending toward that of ta-C~300 cm %), but we attribute
zation into aromatic rings of thep? phase. However, for the part of this to the less uniform absorption of light at this
thinnest ta-C film(<10 nm) on Si thelp/l5 parameter is energy.
nonzero and th& peak is broader, indicating a noticeable  The D peak position only gives information about thg?
contribution to the Raman scattering from the interface anghase in the interfacial laydas aD peak is not present in
subsurface regions, so that bulk properties are not entirelpulk ta-Q. A 1340-1370-cmi’® value is rather typical of
dominant. These effects become slightly larger for equivaamorphous carbons annealed at moderate temperatures, indi-
lently thin ta-C films deposited on flIdBEERS inactive Ag cating more order of thesp? phase than, for example, in
substrates. as-depositeda-C:H, where theD peak is located around

The ta-C spectra on SERS active substrates show a brod@70 cm 1.5 |5 /15 [Fig. 4(c)] has the most interesting be-
feature around 1300—1700 ¢ with a D peak shoulder havior of all the Raman parameters, as for any thickness it
[Fig. 3b)] at all thicknesses. No other narrow batfder  hashigher dispersion with energy than any bulk carbon ma-
lines showing strong fluctuations from site to Siterere de-  terial. In normal Raman scattering, the dispersion of Ehe
tected in our experiments. The results of deconvolution opeak in materials with a distribution sfp? clusters has been
our spectra intd andG peaks are shown in Figs(a—4(c).  attributed to resonant Raman scattering, indicating that by
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FIG. 5. Apparent enhancement fact®=1/1,) as a function of o .
ta-C overlayer thickness, for various Ag nanostructures. Green € 107 ¢ 785 nm 7
wavelength(514.5 nm has been used. 8 ]
[0]

. . Q 4
decreasing the energy, clusters of larger size, and thus & 102+ 4
smaller gap' are selected and prob&%>! This means that E ]
Ip/lg is expected to disperse more in materials with more - ]
ordered and significansp? phase. However, the range S 10t ]
spanned in normal Raman scattefhés significantly less S 514 5 nm 1
than that obtained here with SERS. We attribute this strong ® ]
dispersion and sensitivity of the SERS effect to Ehband to 100 L e
a preferential enhancement of the Raman cross section 0 20 40 60 80 100 120 140
through an enhanced coupling of tisg? phase with the thickness (nm)

electromagnetic field. As the peak is related to the cluster-

ing of thes'pz phasg Into arom{?ltlc r.'.”gs' these are eXpeCt(.:"Qhe ta-C overlayer thickness, for different excitation wavelengths;
to sh(_)W anisotropy m_the polar_lzablllty. Th_e electromagnetchg clusters were produced ia) He and(b) Ar atmosphere. The
coupl_lng WOUId then Increase !f the d|rect_|on_s of MaxiMUMepror hars are due to the nonhomogeneneity of the Ag films, and
polarizability and the electric field of the incident radiation gpiained by comparing ten spectra from different locations on the
coincide?® Preferential enhancement and broadening okample.
some vibrational modes relative to the others were also ob-
served in the case ofggand copperphthalocyanin€uPa, sity | on the film thickness for various's. For green excita-
an organic molecule, and attributed to preferential orientatiotion | increases with, to reach a maximum around 40 nm,
of the aromatic rings and electric field gradients over thethen decreases. The sarfieé) behavior is obtained in red
molecules® excitation, with the shape of the curve slightly shifted and
Figure 5 shows the dependence of the integral SERS fadess variation. However, in the near-infrared region maxi-
tor R=1/1, (the ratio of the intensity of the enhanced andmum disappears and the beginning of a plateau is obtained
nonenhanced Raman peaks ta-C thickness for 514.5-nm for the highest thicknesses. This shows that the variable
excitation, and for the various Ag nanostructures described ithickness of the ta-C overlayer causes a complex wavelength
Sec. lll. A higher enhancement was obtained on the irreguladependence of the SERS effect, the origin of which will be
structures shown in Fig.(2). We attribute this to the higher discussed below in Sec. V.
roughness and non-homogeneity of these films compared to Figure 7b) compares the situations when ta-C is on top or
the more ordered films from Fig(l®. On the other handR  underneath the Ag nanostructures. Due to the limited
was found to decrease with increasingith similar rates for  electric-field range , associated with the plasmon excitation
all types of films, despite differefR values. Almost the same [see relation(6)], the configuration with ta-C on top of Ag
thickness dependence was also found upon varying the exdi€/Ag) allows us to probe regions of ta-C close to the sub-
tation wavelength\ down to near-infraredFig. 6). As the  strate, while when the ta-C is underneath the(Ag/C) the
nonenhanced intensitly, introduces a 1/dependence oR  subsurface region is probed. While C/Ag gives the resonant
(see Sec. )| this common behavior upon thickness regard-behavior described above, the Ag/C configuration gives a
less of the wavelength and film topography suggests that angonstant value of above~20 nm. This shows thai) the
variation of the enhanced intensitywith t is dominated by resonant behavior for C/Ag from Fig(d) is due to the ta-C
that in 1f of I, as in formula(7). Figure 6 also shows that layer and not to Ag, andii) r, in ta-C is less than about
increasing the excitation wavelength to near-infrared in-20—30 nm. In addition, the analysis of the Raman parameters
creasesR, which means that the plasmon resonance iof the SERS spectra corresponding to the two configurations
strongly redshifted.R values between £0-10* were ob- C/Ag and Ag/C indicates that the resulting bottom and top
tained for 785 nm excitatiofFig. 6b)]. interfaces are similar, so that the changes induced by pro-
Figure 7a) shows the dependence of the enhanced inteneesses related to ta-C deposition, such as C subplantation or

FIG. 6. Apparent enhancement fact®=1/1,) as a function of
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1. Tuning into the SERS resonance

To discuss these aspects, we considered the simple model
of an Ag spherical particle coated with a ta-C layer of thick-
nesst, and then placed in air. The quasistdfRayleigh for-
malism was used since it is the simplest to manipulate. This
is not strictly applicable to our Ag nanostructures, because of
their dimensions and dense packing. However, one can still
reach valuable conclusions about how the dielectric func-
tions of Ag and carbon overlayer determine the characteris-
tics of the plasmon resonance. These trends tend to remain
the same regardless the formalism used, static or electrody-
namic, as indicated by calculations for embedding media
with simple dielectric properties, such as water.

The choice of the dielectric functions for Ag and ta-C
require some discussion. In a rigorous treatment, one should
take into account the mixed, mosg?-rich, interface region,

for which one should consider a spatially varying dielectric
constant. However, in order to keep the calculations simple
while still capturing the essential dependencies, we first con-
sidered the dielectric function of the carbon overlayer equal
to that of bulk ta-C[Figs. 1Ga) and 1@b)], and then ob-
served how the enhancement values and resonance positions
are affected by considering an interfacial layer with the di-
CIAg electric function of a morep? rich carbon, of lower density
[Fig. 1Qc)].

ReE)=¢; and Img)=e, of ta-C (Fig. 8) were obtained

(b) from a Kramers-Kronig analysis performed on low-energy
100 . [ 1 . . EELS spectrd® and corroborated with values from spectro-
0 20 40 60 80 100 120 scopic ellipsometr§” ¢, is nearly zero below 1.2 eV, and
(b) thickness (nm) increases moving toward the UV, whilg is high (~6-7)
over the whole visible range. For Rgfj=¢.q and Imég.)

FIG. 7. (8 SERS intensityl as a function of thickness, for =g - of Ag, we used the bulk values from Ref. 65. This is
different excitation wavelengths and for Ag clusters produced in astrictly justified only for features above about 100 nm, below
He atmosphere. Increasing the excitation wavelength tunes thgnhich surface scattering limits the electron mean free ﬁ%\th.
SERS effect into resonanceb) Comparison between situations ¢ phas two origins: interband electron transitions and Drude
when Ag is on top or undemeath the ta-C layer. Green wavelengtfysses related to the relaxation time of the electrons in the
(514.5 nm was used in this case. plasmon, which increase due to surface scattering. The most

affected isey, which increases asm;= €ma interbana- (3/4)
diffusion into Ag, appear to be similar to those induced in thex (wi/ w®) (v /a). Here wy, is the Ag bulk plasmon fre-
carbon subsurface by Ag evaporation. quency (corresponding to an energy of 9 gVye=1.4
x 10% cm/s is the Fermi velocity for Age is the incident
frequency, an@ is the Ag nanoparticle size. To give an order
of magnitude, this correction increases, by a factor less
than 2 for excitation energies decreasing from 2.8 to 1.6 eV
in the case of 10-nm sized of Rayleigh Ag particles. From
Fig. 8 we note also that, ande,, have inverse tendencies,

In Sec. IV, a complex picture emerged about how thej,creasing and decreasing, respectively, with increasing en-
SERS effect depends on the type of Ag clusters, carbon fllm_}rg _

carbon film is an overlayer, its thickness affects the SERSant for the spectral position and magnitude of the plasmon
effect through the dielectric properties of the overlayer, causresonance. Their effects are shown in Fi¢p) Lwhich was

ing resonance effects. On the other hand, because the carb@érived using relationsl), (2), and(5), and the assumption
film thickness is comparable with the probe wavelength, inthat ta-C is an infinitely thick embedding layer. The high
terference can affect both the SERS and the normal Ramaralue ofe; (~7) causes an important shift ofy,, from near
signal. Interference Raman scattering has been shown to s&V (w,=3.4 eV), when air is the embedding environment,
lectively probe either the surface, the interface, or the Bllk, to red (w..=2 eV). This shift is accompanied by an increase
while by placing the film in between thin layers of appropri- of the maximum of the resonan¢€ig. 1(a)]. On the other
ately chosen materials, the signal of interest was alsdiand, the nonzero values o ande, (~ 0.6 and 1 in red,
enhanced? respectively damp and broaden the resonance.

intensity (arb. units)

V. DISCUSSION

A. Factors controlling the SERS effect
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G'= [E/ME
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energy (eV)
FIG. 8. Dielectric functions for Ag and bulk ta-C. ,_.ZC’
The w, shift from near UV to red occurs gradually with LIUT
increasing thicknessof the ta-C overlayer, saturating for the 10
highest thicknesses, and Fig. 9 sho@s: |E|*/|Eq|* calcu-
lated at the ta-C side of the Ag/ta-C interface. The electric 28 eV
field decays in ta-C according to relatiéf). The behavior
100 1 1l n Il n PR
e 10° 10' 10 10°
' o | ' T t(nm)
10° air/Ag] FIG. 10. Enhancement vs thickness for a 10-nm Ag sphere cov-
ered(a) by a layer of thicknesswith the dielectric function of bulk
<« s ’ | ta-C, and(c) by 3 nm of sp?-rich amorphous carbordielectric
w” 10 '3 function from Ref. 67, followed by a layer of thicknessof bulk
‘% 5 ta-C. (b) Range of the electric field associated with the plasmon
To102 L '] excitation vs thickness at various excitation energies, calculated us-
o ing the quasistatic model and the configuration fr@n
. ]
10 3 shown in Fig. 9 has important consequences for the spectral
dependence of the relationship betwegrandt. One can
0

10 : s qualitatively distinguish three cases, depending on the posi-

1 1.5 2 2.5 3 3.5 tion of the excitation frequency,, relative tow, and w., :
energy (eV) (i) whenwe,=wg, G decreases with increasingsaturating

FIG. 9. Plasmon resonance redshift as a function of the ta-c&t 10w G values for large; (i) when .. < we<wo, G in-

overlayer thickness calculated using the quasistatic modgl; — Cr€aS€s first with, reaching a maximum for an intermediate

shifts from wo=3.4 eV when there is no ta-C overlayatashed t value, to further decrease at highevalues; andiii) for

line), to w,.=2 eV when the ta-C overlayer becomes very thick. @ex=< @, G increases with increasirtgto saturate at higts

Note that, compared to Ag spheres in air, several nanometers ofalues for large.

ta-C decrease the enhancement. A higher thickness is required to Figure 1@a) shows calculatedG-t) dependencies for

rise the enhancement above the values in air. various wey. The qualitative behaviors described above are
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retrieved. Moreover, one can see that there is a “spectral 1.6 . ' .
window” for wey, outside which the maximum enhancement
begins to fall rapidly; here this is about 1.6—2.4 eV. This is
due toe, ande,, increasing significantly at each side of the
spectral window(see Fig. 8 The surface scattering correc-
tion to ¢,,,, described above affects the enhancement at reso-
nance shown in Fig. 18) by less than 10%. The electric-
field ranger ,, as defined in Sec. II, was also calculated, and 0.8 ]
found to follow almost the same dependence asG at the

Ag/ta-C interfacdFig. 10b)]. Therefore, the SERS intensity 0.8
| obtained by integration according to Relati@) will do 0.4 Lo , - ,
the same, and this accounts for the shape of the experimental 0 25 50 75 100

(I-t) dependencies from Fig.(& for situations whenw.,, t (nm)

<wu<wg and w,=w.. . Note that Figs. @® and 1Qa)

should be compared only qualitatively. In Figa¥the over- FIG. 11. Interference modulation functidyx |4 for specular Ag

all variation across the thickness range is much less pro's_urfacesz(dashed ling and a rough Ag surface with the roughness

nounced than in the simulations, while the maximum pOSi_derived from Fig. Pb). Calculations were performed for the

tion also shifts less. This can be explained by broadening angi-#->-"M excitation.
red-shifting of the theoretical resonances from Figaldue

to larger-size particles and electromagnetic coupling in th
actual Ag nanostructures, as discussed in Sec. Il.

Figure 1@b) shows, as a function of and w., what
fraction oft, r/t, is probed by SERS. The ling,=t indi-
cates the limit case when the SERS signal would originat
from the entire thickness while departing from it indicates . ) -
that a decreasingly small fraction contributes. Also note thaP"€ Order of magnitude at a given wavelength, and slightly
even for regions in the plasmon electric field range the shifts the resonance position from 2 to 1.9 eV.
contribution to SERS is uneven as the electric field decays
rapidly as @/r)*2.% This also means that by increasing the
particle sizea, one can increase the range of the plasmon To assess any effects due to interference which might af-
effect. Figure 1(b) exemplifies how appropriate choicestof fect the data from Fig. 7, the system was modeled as a four-
and we, can be used to selectively probe different film re-layer structure of, in order, vacuum/ta-C/Ag/Si. Using stan-
gions. Fort=100 nm, only a fraction of is probed even in dard techniques for determining reflection and transmission
the most favorable cagabout 20% atv.,= 1.8 €V). Increas-  coefficients for multilayer structures from the Fresnel coeffi-
ing t and decreasing,, strongly reduces,/t. On the other  cients for individual interfaces, the light intensity incident at
hand, for smalt (10<t<30 nm), a much higher percentage, the ta-C/Ag interfacd; was evaluated as a function of the
about 40—-100%, is probed at all,, values; while for very ta-C overlayer thickness. Similarly, the effects of interference
smallt (<10 nm the whole layer can be probed at high, . on the Raman-scattered light were assessed by considering
Moreover, for each there is a resonani,, at whichr,/t is  the scattered light generated at the ta-C/Ag interfiacand
maximum. The reduced SERS range compared with the filndlirected normal to it. The product of these two functidps
thickness for larget values confines the active layer near the X |4 approximates the modulation of the intensity of the
ta-C substrate interface, so that there is only little thicknesSERS signal with the thickness of the ta-C film. TGet
dependence of the enhanced intensithroughr,, in con-  dependence of the scattered light due to tuning into the plas-
trast with the nonenhanced intenslitywhich is obtained in  mon resonancéas described above in Sec. V AWwas ne-
equal measure from the whole ta-C layer. This confirms thaglected, in order to separate the effect of interference. The
the experimental decay dfll, with t from Figs. 5 and 6 modulation |;X 14 is quite important in the case of flat
occurs froml,, as explained in Sec. IV. (specular Ag films (Fig. 11). The interfacial roughness

The thickness independence loWith t for thicker films  caused by the clustered nature of the Ag films strongly re-
with Ag nanostructures on tdiig. 7(b)] can now be under- duces it, and this was modeled by correcting the Fresnel
stood. Now the embedding medium is air, so that there is neeflection coefficients using the method of Stedfi®ne can
reason forwy, to redshift with decreasing the ta-C under- thus conclude that th€-t dependencies from Fig. 7 are in-
layer thickness. Therefore, for a rough surface like in Fig.deed due to tuning in and out of resonance by varying the
1(b), wp should be in the 2.8—3-eV range. Moreover, theoverlayer’s thickness.
constancy of with decreasing down to about 20—30 nm is How do our experimental enhancement values compare
in agreement with the rangg calculated above. with the estimations aboveR=1/1, has a strong thickness

The values reported above in Fig.(&0 obtained by us- dependencdsee relation(7)], while the quantity (XR)
ing the optical constants of bulk ta-C are modified by theeliminates it, giving the enhancement factor integrated over
presence at the interface with Ag of a few nanometers of dhe film thickness. Our experimental dafeig. 6) give (t
more sp? rich material(as mentioned in Secs. Il and )V XR) values between f0and 18 over the whole thickness

1 (a.u)

igure 1@c) shows the results of the quasistatic simulation
or the four-layer system describing this situation: an Ag
sphere(10-nm diameter3 nm of sp?-rich amorphous car-
bon, of density 2.2 g/cifbulk ta-C/air. The 3-nnsp?-rich
dnterfacial layer makes the maximum enhancem@ntle-
crease moderately when compared to FigalOby about

2. Interference
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range at 785-nm excitation. These values are above those 35 ooy : ; .

. i S . 24 eV
obtained in Fig. 1&), when thesp*-rich interfacial layer 5 [ annealed aCH
was taken into account. This indicates that resonance cou- Fink et al. PRB 1986 2 eV

pling between closely packed particles, like the 20-nm struc-
tures from Fig. &), might take place. Indeed, from electro-
dynamic simulations for of rough surface formed by packed
semispherical particles of 30 nthan optimal packing of the w
particles[i.e., d=2r in Fig. 1(b)] would give averaged en-
hancement factors up to 40while if the packing is slightly
nonoptimal ¢>2r), the enhancement falls to below “0
For the random films from Fig.(3) it is possible that “hot
spots” are responsible for the enhancement. Nevertheless,
from our measurements with a micron size beam there is no
direct evidence to support this fact, as in Ref. 59, as the site
to site fluctuations recorded here reached only a factor of
about 5.

4
ol

[EfYE

B. Enhancement contrast and material identification

G

Figure Xa) shows that Img)=¢, of the overlayer causes
damping of the resonance. Consequently, SERS works better
on carbon materials with low, in the visible range such as
ta-C. G and fullerite are other good cases, sgsis nearly
zero for energies below 2 éVAt the other extreme, there is
graphite, whose, values in visible reach 8—9. This makes )
graphite inactive for SERS. Other materials, like amorphous annealing temperature (°C)

_carbons deposited in various colndltlons hayesalues lying FIG. 12. (a) Change in the imaginary part of the dielectric con-
in between these two eXtrem@S?‘ One can pass from amor- stant ofa-C:H during its graphitization process through thermal
phous carbon to nanocrystalline graphite in a continUoUgnnealing. Data are taken from Ref. 76) Corresponding changes

transition, either using thermal annealing, or high-energy the SERS enhancement reflecting the sensitivity of the SERS
particle irradiation. In such a transition, the amorphous netegffect to the dielectric function.

work undergoes several transformatiofig:there issp® to
sp? conversion, andii) clustering of thesp? phase into
more stable aromatic rings$:*® By increasing the annealing

temperature or the irradiation dosay clusters of increasing d€monstrated in experiments using polyimide molec(fles.
size form in the amorphousp® matrix, until this disappears (|||)_ _The_ dielectric functlo_n changes sensibly during the
and the material transforms into nanocrystalline graphitegraphitization process: I increases strongly toward the
The graphitization induced by irradiation can affect thedraphite values (~8-12, while Reg) changes only
SERS effect in three ways. slightly.”® As an example, Fig. 18) shows the evolution of

(i) The clustering of thesp? phase into aromatic rings Im(e) of thermally annealed-C:H with the annealing tem-
affects the shape of the Raman spectrum, througibtheak  perature.e was obtained in this case by a Kramers-Kronig
around 1360 cm*.*>1855jith an increasing size of aromatic analysis performed on the low energy EELS spettrahe
clusters, theD peak increases relative to tkeepeak, so that increase in Im€) makes the SERS enhancemé&heventu-
the Raman parameté(D)/I(G) increases. The Raman in- ally drop to zergFig. 12b)]. G varies significantly at plas-
tensity also increases withp® to sp? conversion as thep? mon resonance, which in the quasistatic model is displaced
phase has a higher cross section tharsiiephase(see Sec. to 2.4 eV due to the lowes; of a-C:H’s (~4) compared to
V). that of ta-C(~6-7).

(ii) In the transition toward nanocrystalline graphite, an The graphitization induced by irradiation will, conse-
anisotropy of the polarizability occurs as te@? aromatic  quently, manifest itself through two signatures in SERS: the
clusters tend to orient in preferential planes, so that the maxishape of the Raman signal changes to reflect clustering of the
mum polarizability is in the plane of the aromatic clusters.sp? phase, and, second, the SERS enhancement at resonance
During post-deposition thermal annealing thg? aromatic  eventually decreases due to the high increase of the imagi-
clusters tend to orient in planes parallel to the subsffate, nary part of the dielectric constant. As the dielectric function
while high-energy particle irradiation aligns them perpen-is very sensitive even to small variations in film structure
dicular to the substraté. Therefore the coupling with the [see Fig. 1(a)], which might not be reflected by changes in
electromagnetic field in SERS can be maximized if the di-the Raman spectra, one can follow the transition from ta-C to
rection of the incident electric field is in the plane of the? graphite entirely by monitoring the decrease of the intensity
aromatic clusters. The effect of the polarizability orientation,| toward| .

TR SR RV TP BT A L

0 100 200 300 400 500 600 700

when perpendicular or parallel to the electric field, has been
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VI. CONCLUSION reduced due to the rough nature of the Ag films. The SERS
effect is highly sensitive to the morsp?-rich interfacial

We mve;ygatgd the possibility of achieving nanomgter-I?yer of ta-C, though it also extends into the film's bulk. This
scale sensitivity in a surface enhanced Raman experimen

while using larger-sized probes of 0.14m. Carbon over- sensitivity is increased by a selective enhancement of the

layers cover Ag nanostructures so that regions close to thRamarD band, attributed to an increased coupling caused by

film-substrate interface are probed, this geometry complet%e alignment of the direction of maximum polarizability to

g " . . . " “the incident electric field. The change of the overlayer dielec-
menting the surface sensitive scanning near-field techniqueg, ; : T

. C : ric function upon irradiation can be used to produce an en-
The main application targeted was carbon film transformas

. . S . hancement contrast, and allows a material identification. This
tion undere-beam irradiation, and here we discussed, as an

example, the transformation of tetrahedral amorphous carbocnontraSt based technique could be extended to other non-
Pie, . . P . _carbon materials and to local mapping of dielectric proper-
(ta-O) into nanocrystalline graphite. The SERS effect with .
ties of materials.

ta-C as the overlayer was found to depend on the Ag nano-
structure size, overlayer thickness, and excitation wave-
length. Enhancement factors, averaged over the film thick-
ness and aum? size area, of about $6 10" were obtained
for several tens of nm thick ta-C overlayers at resonance, in The authors wish to thank Dr. D. R. Richards for many
the nearinfrared. Modulations of the enhancement with thaiseful comments, and Professor T. W. Clyne and D. Roy for
overlayer thickness were attributed to tuning in and out otfhelp with the Raman facilities. A.l. gratefully acknowledges

the SERS resonance, while interference effects were highlg Research Fellowship from Girton College, Cambridge.
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