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Surface enhanced Raman spectroscopy as a probe for local modification of carbon films

A. Ilie,* C. Durkan, W. I. Milne, and M. E. Welland
Engineering Department, Cambridge University, Cambridge CB2 1PZ, United Kingdom

~Received July 13, 2001; revised manuscript received 25 February 2002; published 25 July 2002!

The possibility of achieving nanometer-scale sensitivity in a surface-enhanced Raman~SERS! experiment
while using larger-sized probes~0.1–1mm! 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 nanoparticle size, carbon film thickness,
and excitation wavelength. A selective enhancement of the Raman cross section of theD band 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.

DOI: 10.1103/PhysRevB.66.045412 PACS number~s!: 78.30.Ly, 81.05.Uw, 81.07.2b, 81.40.Tv
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I. INTRODUCTION

There is increasing interest in producing carbon mater
with a structure that varies on the nanometer scale. Th
will take advantage of the unique property of carbon th
solely by varying the type of bonding, very different loc
properties can be obtained, ranging from diamond to g
phitelike or nanotubelike. The applications of these mater
can be various, such as large area electron-field emitter1–6

or, at the other end of the spectrum, as antifuses7 and nan-
odevices in nanotechnology.

Various deposition techniques allow the direct manuf
ture of thin films with mixedsp2 andsp3 phases.1–6 How-
ever, the spatial distribution of the two phases is random
these cases, while for the applications mentioned above
desirable to be able to controllably induce a nanostructur
a specific type and at predetermined locations. One wa
achieve this goal is to use high-energy ion or electron be
to locally transform a given matrix. In this way, graphit
regions can be formed in a diamondlike matrix,8 or
fullerenes in amorphous carbon or graphitic materials,9 or,
conversely, graphitic materials, such as fullerenes, can
transformed into diamond.10

Probing the extent of a local transformation is not alwa
easy. Ideally, we would like to use a technique which~i! has
a nanometer scale sensitivity,~ii ! can be tuned to probe var
ous depths in the film down to the film-substrate interfa
and ~iii ! provides structural information. Atomic force m
croscopy~AFM! can reveal a contrast between irradiated a
nonirradiated zones based on their different conductivit
nevertheless, due to the small size of the probed area,
technique is restricted to materials or regions with rat
high conductivity (.1025 V21 cm21), and, in addition, it
does not provide direct structural information. Energy-lo
spectroscopy~EELS! is a powerful structural characteriza
tion technique at the nanometer scale;11 however, the infor-
mation obtained is global, integrated over the film bulk a
interfaces. Cross-sectional EELS can alleviate t
problem,12 but it is very difficult to apply to the study o
0163-1829/2002/66~4!/045412~13!/$20.00 66 0454
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nanometer scale regions embedded in an matrix.
Here we focus on the surface enhanced Raman~SERS!

technique, which can potentially satisfy the requireme
listed above. Indeed, Raman spectroscopy is the techniqu
choice for identifying bonding in various carbo
systems,13–18 while its surface-enhanced variant has be
used for the detection of low-dimensionality objects, such
single-wall nanotubes19 and single molecules,20,21and for the
study of interfacial phenomena and ultrathin films.22–24Usu-
ally, nm-scale Raman information is obtained using scann
near-field optical microscope~SNOM! techniques, and to
date the highest spatial resolution reported was about 1
150 nm with aperture-based SNOMs25,26 and about 50 nm
when using an apertureless microscope.27

We investigated an alternative way to detect nm size
tive areas in carbon films of tens of nm thickness, while s
using larger-sized Raman probes of 0.1–1mm. This utilizes
the selective enhancement of the signalI * from the zone of
interest~e.g. modified by irradiation in our target applicatio!
when this is adjacent to Ag nanostructures, so thatI * rises
above the nonenhanced backgroundI given by the remaining
probed area~unmodified!. When expressed in terms of th
respective surfaces, this condition leads toS* R.S, where
S* and S are the areas of the enhanced and nonenhan
regions, respectively,S* 1S is the total probed area, andR is
the enhancement factor for regionS* . For S* 1S in the
range 104– 106 nm2 ~as for 0.1–1-mm diameter probes!, an
enhancement factorR'103– 104 is sufficient to allow the
signal from a regionS* with a diameter as low as 30 nm t
largely dominate the overall signal. We were interes
mainly in the configuration with the carbon film grown o
top of the Ag nanostructures, in order to probe the effecti
ness of the transformation down to the substrate, as requ
above; this configuration gives complementary informat
to that from SNOM techniques, which are sensitive main
to the top surface.

We explored the feasibility of this technique primarily
conjunction with tetrahedral amorphous carbon~ta-C!, the
form of amorphous carbon with the highestsp3 bonding
©2002 The American Physical Society12-1
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content~;85%!.28 ta-C is interesting since, due to the pre
ence of somesp2 bonding, it has a higher propensity fo
transformation into a graphitic phase through irradiation
thermal annealing than diamond,8 though retaining many
diamondlike properties. While no irradiation was perform
in this study, our aim was to check the prerequisites to p
form such a SERS experiment: whether there is suffic
enhancement for selective nm-scale sensitivity, how the
man spectra change relative to the well-known bulk spec
and whether there are additional dependencies such as o
carbon overlayer thickness.

We found that the magnitude of the SERS effect var
with the ta-C overlayer thickness, and with different depe
dencies when changing the excitation wavelength. Fo
micron-size probe the intensity of the SERS signal increa
by about 103– 104 relative to the normal Raman signal whe
increasing the wavelength to the infrared. This is alrea
sufficient enhancement to meet our purpose of selective
tection using larger size probes. The complex behavior w
the overlayer thickness and excitation wavelength, was
cussed by considering two possible competitive effects:~i!
tuning into the SERS resonance of the carbon-coated
nanostructures, an effect related to the dielectric function
the carbon film; and~ii ! optical interference accompanyin
Raman scattering as the carbon film thickness is compar
to the excitation wavelength. The SERS effect is found to
highly sensitive to the interfacial layer of the ta-C film
which is moresp2 rich, but it also extends into the film’s
bulk. This high sensitivity is also accompanied by a larg
dispersion with energy of theI (D)/I (G) parameter, the ratio
of the intensities of the RamanD and G bands, than for
normal Raman scattering in any bulk carbon material. Thi
the first report of a selective enhancement of the RamaD
band in amorphous carbons through a surface-enha
effect.

We also discuss the sensitivity of the SERS effect
changes in the dielectric properties of the overlayer, as oc
in an irradiation experiment. Therefore, amorphous diamo
like and graphitic regions will show a clear enhancem
contrast, despite having features in the same spectral ra
This allowed us to set a simple procedure for assessing w
the local transformation from a diamondlike phase towar
graphitic phase takes place. The SERS technique desc
here can work particularly well for transformations in whic
the final phase has a low imaginary part of the dielec
constant and Raman features in a different spectral re
than the initial phase, e.g. amorphous carbon into onions
fullerenes into diamond.

II. SERS AND SURFACE PLASMONS
IN Ag NANOSTRUCTURES

The SERS effect induced by small noble metal partic
appears to be of complex origin. The main volume of d
generated in the last two decades points, essentially, to
electromagnetic enhancement with a near-field upper v
of about 107– 108, which is due to the excitation of surfac
plasmon resonances,29 covering the spectral range from vis
ible to near-UV. Only recently, made possible by the dev
04541
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opment of near-field scanning techniques, have some not
disagreements with this approach been observed. Acc
ingly, very peculiar, individual ‘‘hot’’ particles have bee
identified,20,21 which are responsible for a hugelocal en-
hancement, up to 1014, so that single molecules could b
detected. Recent calculations based on the numerical res
tion of the Maxwell’s equations showed that the sharp ang
of particles with irregular shape can generate a near-fi
enhancement locally in excess of 1012, which can be corre-
lated with polarization charge distributions.30 Effects other
than electromagnetic, such as chemical or nonlinear opt
effects~e.g., hyper-Raman scattering!,21 were also invoked in
the case of the hot particles. Collective systems, such as
tal colloidal systems, were also found to give a local-fie
enhancement in excess of 1010,31–33 but with the peculiarity
that the resonances can now reach the microwave range
far away from the classical plasmon resonances.31

Here the Raman signal is averaged over a larger~mm size!
area, and comes from well-formed, continuous overlayers
that it is difficult to distinguish local effects on rare ‘‘hot
particles, whether present or not. In addition, the morpholo
of our Ag films is rather periodic, and nonfractal~see Sec.
III !. Therefore, we will explain our data only in the fram
work of the classical surface plasmon formalism. This h
given a good description of photon emission induced b
scanning tunneling microscope on the same type of
films.34 As the Ag nanostructures lie beneath the Ram
active layer, our main interest is to relate the magnitude
spectral dependence of the observed SERS effect to the p
erties of the overlayer.

A surface plasmon is a collective oscillation mode of co
duction electrons which occurs at the surface of solids un
external electromagnetic excitation. Localized~bound! plas-
mon fields can be excited if the surface is broken into sm
structures, such as gratings, spheroidal particles, or just
mere roughness. The electric field of the plasmon reach
resonance for a certain frequencyvpl . In the case of an
isolated, small spheroidal metal particle, the plasmon field
dipolar, and related to the excitation fieldE0 by a factor
depending on the ratio of the dielectric constants of b
metal and environment,«m and «, respectively, and on the
depolarization factorA of the particle:

E5
«m~v!/«~v!

11@«m~v!/«~v!21#A
E05b~v!E0 . ~1!

Relation~1! describes the field just outside the particle’s s
face.E will be greatly enhanced, i.e., having a resonance
the excitation is at thatvpl for which

Re@«m~v!/«~v!#5121/A. ~2!

For a sphereA5 1
3 , so that the resonance condition becom

Re@«m(v)/«(v)#522.
vpl of a small Ag sphere in air is about 3.4 eV~near the

UV!. One gets an idea about how the plasmon resonanc
modified by overlayers from relation~2!. This shows that by
increasing Re(«)5«1 of the embedding environment~which
can be seen as an infinite overlayer!, vpl shifts to;3.2 eV in
water («151.77), to 3 eV in cyclohexane («152.04), and to
2-2
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SURFACE ENHANCED RAMAN SPECTROSCOPY AS A . . . PHYSICAL REVIEW B66, 045412 ~2002!
2 eV ~red! in an hypothetical nonabsorbing medium wi
«1;6 – 7, as that of ta-C@Fig. 1~a!#. Because here the carbo
overlayers vary from several to hundreds of nm, one ha
investigate how overlayers of finite thickness affectvpl .
This will be discussed in Sec. V.

SERS is based on the enhancement of the Raman in
sity of the vibrating group through two effects: first, the ele
tric field felt by the Raman dipole is enhanced due to
excitation of the plasmon resonance in the adjacent Ag
ticle; second, the field of the Raman dipole itself, which is
the frequency (v2vv) for the Stokes process, can cause
further enhancement of the Ag particle field if (v2vv) is in
the width of the plasmon resonance;vv is the vibrational
frequency. Therefore, the enhanced Raman intensityI will
depend on the product of two enhancement factors, on
the excitation frequencyv and another at (v2vv), so that it
is proportional to the square of the induced dipole mome

I;ub~v!b~v2vv!u2. ~3!

If vv is small compared tov, and if, moreover, the reso
nance is broad, then, from Eqs.~1! and~3!, I;uE(v)u4. The
SERS local enhancement factorG is then

G5uEu4/uE0u4 . ~4!

Relation ~4! is valid for visible SERS on amorphous an
disordered carbons, since they have small vibrational
quenciesvv , of the order 0.2 eV.

For applications involving relatively thick~; tens of nm!
films, as here, one needs to know the distance which ca
probed by the SERS effect, i.e., the spatial extension of
plasmon electric fieldr p . For a dipolar resonance,E is at a
maximum just outside the Ag nanosphere, and then decre
with the distancer in the medium of dielectric constant« as

uE~r !u5~4p/3!1/2u2cr232du, ~5!

wherec andd are constants depending on the dielectric fu
tions of Ag and the carbon overlayer.G thus varies rapidly
with the distance from the nanosphere surface, as 1/r 12. Here
we definer p as the distance at whichE decays toE0 . To
obtain the actual SERS intensityI for an overlayer of thick-
nesst, one has thus to integrateG over t:

I;E
0

r p
uE~r !u4dr1uE0u4~ t2r p!'E

0

r p
uE~r !u4dr. ~6!

For high enhancement factors,uE0u4(t2r p) can be neglected
in Eq. ~6!, so that the direct dependence ofI on t disappears.
In contrast, the nonenhanced Raman intensityI 0 increases
with t because the volume available for scattering increa
We can then have an approximate expression for the inte
SERS enhancement factorR5I /I 0 : the measured quantity

R5I /I 0'

E
0

rp

uE~r !u4/uE0~r !u4dr

t
. ~7!
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There are two factors which can affect simple relation~7!.
One is related to optical absorption in the carbon film; t
can decrease the intensity incident on the narrow regionr p

located near the film-substrate interface, and, subseque
also the Raman scattered signal originating fromr p on its
way back toward the film surface. However, since the opti
gap of this ta-C is about 3.5 eV,35 the absorption coefficienta
is very low (,102 cm21) in the film bulk for excitation
energies in the visible range, as used here. Higher absorp
can occur in the moresp2 interfacial layer of ta-C~see Secs.
III and IV!. However, this effect should be rather weak
this layer is only a few nm thick. The second factor affecti
Eq. ~7! is related to interference, which can occur in bo
normal and surface-enhanced Raman scattering,36–38 and in-
troduce modulations dependent ont and the excitation wave
lengthl. As quantified below in Sec. IV, this effect is impo
tant for specular surfaces and interfaces, but decre
strongly with increasing film roughness.

It is important to note that relation~2! is valid only in the
limit of the quasistatic theory~Rayleigh!, i.e., for Ag par-
ticles of sizea small enough relative to the excitation wav
lengthl @a,0.05l/ARe(«) ~Ref. 39!# so that they seem em
bedded in a static field, and a nonretarded potential can
used. The embedding medium is considered as infinite. T
condition limitsa to about 10–15 nm when ta-C is used
the overlayer, and for excitation energies in the 1.6–2.4
range as used here. For larger size particles, retardation
fects become important, and therefore a full electrodyna
formalism ~Lorentz-Mie! has to be applied.40 In this case,
though the dipolar contribution to the plasmon electrom
netic field is still dominant, multipolar terms cannot b
neglected.39,40Furthermore, the dipolar resonance is damp
broadened, and redshifted, while the multipolar resonan
are sharp and at high energies.39

To increase the SERS effect above the single small sp
values given by the formalism above, one can increase
aspect ratio from sphere to spheroid~the ‘‘lightning rod’’
effect!, and pack the structures closely so that the resonan
couple. Recent calculations of collective electromagnetic
fects in strongly coupled, periodic spheroidal features,41 as
on a rough surface, showed that a surfaceaveragedRaman
enhancement as large as 105– 106 is possible for appropriate
‘‘close packing,’’ and this despite larger~above the quasi-
static limit! features. Figure 1~b! shows such a situation
when semicylinders are packed so that they touch each o
~d52r , whered is the distance between the centers of t
semicylinders whiler is their radius!. Moreover, thelocal
enhancement can be even larger, up to 107– 108, at the crev-
ices between features.41 As expected, the resonance is bro
and redshifted; however, the very strong coupling betwe
features makes it more stable in frequency and magnit
than in the case of isolated Mie scattering centers. Theref
size-related retardation effects only shift the resonance f
3.4 to about 2.6–2.8 eV in this case,41 as opposed to about
eV for isolated features of the same size.39 Note that for a
nonfractal surface~as in Ref. 41!, with periodic boundary
conditions, the more collective nature of the plasmon os
lations reduces the enhancement below the local value
2-3
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fractal systems, where enhancements in excess to 1010 can be
obtained as the excitations remain more localized.31

III. FILM FABRICATION AND MORPHOLOGY

The Ag nanostructures used in this study were produ
by two self-assembly methods:~i! thermal evaporation in an
inert gas atmosphere, and~ii ! slow etching of continuous Ag
films in vapors of nitric acid. These methods are easy
apply on a larger scale, but difficult to implement to defi
nm size enhancement regions as required in a final exp
ment, when only the signal from a specific zone has to
enhanced. Nevertheless, the self-assembled nanostruc
allow us to assess the magnitude of the SERS effect ach
able with carbon films and the factors which control it. We
defined periodic structures, with sizes down to about 20
~to decrease retardation effects!, and controlled positioning
are being produced withe-beam lithography, and the resul
will be presented elsewhere.

The presence of an inert atmosphere during Ag evap
tion causes the Ag atoms to lose energy~to ‘‘cool’’ ! and to
cluster together before they reach the substrate.42 The mor-

FIG. 1. ~a! SERS enhancement and position of the plasm
resonance for a small~in the Rayleigh limit!, isolated Ag sphere in
air ~dashed line!, in an infinite hypothetical medium with«57 as
«1 of bulk ta-C ~dotted line!, and in a medium with«571 i0.6 as
that of ta-C~plain line!. ~b! Comparison between the SERS res
nance of Ag spheres placed in air, in the Rayleigh limit~;18 nm!
and in the Lorentz-Mie formalism~for 30-nm spheres!. Optimal
packing (d52r ) gives higher spatially averaged enhancement t
nonoptimal packing (d.2r ) ~Ref. 41!.
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phology of the Ag films produced in this way was varied
changing the type and pressurep of the inert gas, the dis-
tance between the source and the substrated, and the evapo-
ration ratev. Ag structures were also produced by etchi
continuous layers in vapors of nitric acid. This technique
convenient and can give a uniform substrate coverage,
the surface topography is difficult to control and the result
structures are coarse and irregular.

Figure 2~a! shows a scanning electron micrograph~FEG-
SEM! of the topography of Ag films produced in Ar atp
51 Torr, d;10 cm, andv;10 Å/sec. These films have
porous aspect, and a three-dimensional topology which c
fers them a high roughness. Higher magnification reve
building blocks as small as 50 nm, connected in a rat
random way. Fast Fourier transform~FFT!, radially aver-
aged, of this topography shows uniform contributions in
very large frequency range, which is characteristic for frac
films. Figure 2~b! shows FEG-SEM and AFM~inset! topog-
raphies of films produced in He atp50.7 Torr, d;5 cm,
and at a much lower evaporation ratev;0.2 Å/sec. These
conditions were set to decrease the cluster size and to
crease their uniformity and coverage. These films are cle
different from those from Fig. 2~a!, and three categories o
sizes of spheroidal clusters can be distinguished:~i! a basic
structure of clusters of about 1765-nm diameter, densely
packed, on top of which there are~ii ! isolated clusters of

n

n

FIG. 2. Self-assembled Ag nanostructures obtained by ther
evaporation in~a! Ar atmosphere, and~b! He atmosphere. The im
ages are obtained with FEG-SEM, except the inset from~b! which
is an AFM scan. In~b!, the AFM scan has a better definition the
the FEG-SEM image; nevertheless the particles sizes are affe
by the convolution with the tip, especially for the larger particle
2-4
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SURFACE ENHANCED RAMAN SPECTROSCOPY AS A . . . PHYSICAL REVIEW B66, 045412 ~2002!
about 4065 nm, with a surface density of about 70/mm2, and
~iii ! larger, isolated clusters of about 6565 nm and density
4/mm2. Note that only the smaller clusters reach the elec
static limit set in Sec. II for ta-C overlayers. The cluster siz
were obtained by comparing AFM and FEG-SEM imag
Radially averaged FFT reveals important contributions o
in a limited frequency range, corresponding to the three s
categories, as opposed to a fractal topography.

ta-C was deposited from a cathodic arc with anS-bend
filter43 at a floating potential, i.e. from C1 ions at 20 eV, in
several configurations:~i! on Si substrates,~ii ! on flat ~SERS
inactive! Ag films, ~iii ! on the nanostructured Ag films de
scribed above, and~iv! with the nanostructured Ag films o
top. The ta-C thickness was varied from 10 to;120 nm,
covering a range interesting for irradiation experiments, a
estimated through ellipsometry and the deposition rate. t
is usually characterized by a highsp3 bonding content,
around 85%. On the other hand, it has been found that
growth mechanism of ta-C also leads to several-nm-th
interfacial and surface layers which are about 30% l
dense, and, thus, more graphitic than the film bulk;44,45 car-
bon was found to mix with the substrate atoms in the fi
monolayers.12 In addition, films prepared using a single-be
filtered cathodic arc were found to have a multilayered str
ture ~and, thus, variable density! even in the bulk;44 The ta-C
films produced here with theS-bend arc have a much mor
homogeneous structure despite the low ion energy used,
a bulk layer of uniform density and 87%sp3 content, and
very thin ~1–2-nm thick! interface and surface layers.44 Me-
tallic substrates were found to promote increasedsp2 bond-
ing in the interfacial layer of various amorphous carbo
when compared to Si substrates.46 A Raman analysis of ou
ta-C films deposited on flat Ag films~see Sec. IV! showed
that the interface with Ag suffers only a moderate modific
tion compared to the interface with Si, which could be co
sistent withsp2 promotion and increased interfacial disord
The nanostructured Ag films from Fig. 2~b! have similar
topographies with or without ta-C overlayers~confirmed by
both AFM and SEM!, indicating that carbon layers in ou
thickness range uniformly cover the Ag clusters, and t
there is no cluster coalescence during ta-C deposition.

IV. SERS OF CARBON THIN FILMS

We acquired unpolarized Raman spectra in the ba
scattering geometry using three excitation wavelengths
514.5 nm~green!, 633 nm~red! and 785 nm~near-infrared!,
in order to determine the position of the plasmon resonan
Large beam as well as confocal experimental setups w
used, varying the probe size from 10mm to about 1mm,
respectively, to obtain information about spatial uniform
and surface averaging of the enhancement; as expected,
nonuniform values were obtained with the 1-mm probe.

In carbon systems containingsp2 bonding, the visible Ra-
man features are entirely due to thesp2 phase, even if the
sp2 content is low, such as in ta-C~;15%!. This is due to
two reasons.~i! The Raman-scattering cross section of t
sp2 phase is about 50–230 times higher than that of thesp3
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phase47 due to the longer-range polarizability modulation
the p bonds.48 These values are for 514.5-nm excitation.~ii !
Visible Raman is resonant in materials with ansp2

phase.49–51 This comes from the fact that thesp2 phase de-
termines the optical gap by introducing electronic states o
the entire range from IR to UV, so that Raman scatter
takes place with a real photon absorption on the appropr
electronic levels.

A green Raman spectrum of bulk ta-C on non-SERS
substrates is shown in Fig. 3~a!. This consists of a broadG
peak centered around 1560–1580 cm21, which is attributed
to the same in-plane bond-stretching vibrations ofsp2 C-C
bonds ~the E2g2 mode!, as in graphite.13 In an amorphous
matrix, however, disorder relaxes theqW '0 phonon quasise
lection rule valid in a crystal, allowing all the phonons in th
Brillouin zone, and not only those around theG point ~as in
graphite!, to participate in scattering.52 This then allows con-
tributions fromsp2 sites with bond angle disorder,53 and ex-
plains the large width of theG peak in ta-C compared with
that in HOPG or nanocrystalline graphite. The shape of thG
peak can be fitted by a Breit-Wigner-Fano function.54

Another feature present in the Raman spectra of carb
with disorderedsp2 phase is theD peak around 1360 cm21.
In nanocrystalline graphite, its increase in intensity relat
to theG peak,I D /I G , has been related to the decrease in s
of the ordered graphitic crystallites.13 Conversely, in systems
where ansp3 phase is still present, as in amorphous or na
structured carbons, it has been observed that the increa

FIG. 3. Unpolarized~a! normal Raman and~b! SERS spectra of
ta-C for various excitation wavelengths. The near-infrared~785 nm!
activity of ta-C in normal Raman is extremely weak compared w
the two other wavelengths, requiring long acquisition times.
2-5
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I D /I G correlates with ordering into aromatic rings and i
crease in size of thesp2 phase inside thesp3 matrix.15,16,55

The origin of theD peak remains controversial, and expl
nations such as a resonant or double-resonant effect56,57or an
A1g breathing mode of aromatic ring clusters have be
proposed.16 The spectra of bulk ta-C do not show aD peak
for any excitation energy, suggesting that there is no org
zation into aromatic rings of thesp2 phase. However, for the
thinnest ta-C film~,10 nm! on Si theI D /I G parameter is
nonzero and theG peak is broader, indicating a noticeab
contribution to the Raman scattering from the interface a
subsurface regions, so that bulk properties are not enti
dominant. These effects become slightly larger for equi
lently thin ta-C films deposited on flat~SERS inactive! Ag
substrates.

The ta-C spectra on SERS active substrates show a b
feature around 1300–1700 cm21, with a D peak shoulder
@Fig. 3~b!# at all thicknesses. No other narrow bands58 or
lines showing strong fluctuations from site to site59 were de-
tected in our experiments. The results of deconvolution
our spectra intoD andG peaks are shown in Figs. 4~a!–4~c!.

FIG. 4. Raman parameters after deconvolution of the SE
spectra intoD andG peaks; Lorentzian and Breit-Wigner-Fano lin
shapes were used, respectively.
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A Lorentzian was used for the fit of theD peak; the error
bars are due to different choices of baseline, and nonho
genenity of the Ag films. As theD peak is not related to bulk
ta-C, it can only be due to the interfacial layer of ta-C
contact with the Ag structures, which experiences the high
enhancement. AD peak indicative of more graphitic inter
faces has also been observed in a combination of SERS
interference Raman spectroscopy, when a diamondlike
bon layer was sandwiched between Al and Ag layers;37 simi-
lar to our case, the bulk film did not present aD peak.37

Nevertheless, the interface for our films appears to be clo
to the diamond like phase than that in Ref. 37~at 514.5 nm,
our spectra present a less pronouncedD peak when com-
pared to the spectra from Ref. 37!. An extrinsic contribution
to the D peak may also come from a buildup of the amo
phous carbon contamination due to residual hydrocar
cracking by a gas ionization source~such as ion gauges!.60

We checked this and found that in our vacuum conditio
~about 1027 mbar! a weaka-C carbon signal can be obtaine
from Si substrates covered only with Ag. Various substr
cleaning procedures involving acids or organic solvents
not significantly change these results. On the other ha
thick Ag layers did not give any carbon signature, provi
that the signal does not come from Ag itself, but from mon
layers ofa-C building up on the substrate prior to Ag dep
sition.

The variation of theG peak parameters with increasin
ta-C thickness is consistent with an increasing sensitivity
the SERS effect to the film’s bulk. TheG peak position@Fig.
4~a!# at low thickness disperses with energy as in amorph
carbons with more orderedsp2 phases, while for thicker
films there is much higher dispersion, characteristic o
more disordered material, such as ta-C~Ref. 51!; for ta-C
there is a strongG peak dispersion from 1570 nm to belo
1480 nm, for the same wavelength range. TheG peak’s full
width at half maximum~FWHM! is shown in Fig. 4~b!. For
thin films, the FWHM is about 200–240 cm21, and there is
no significant dispersion with energy; this behavior is ch
acteristic of carbon systems with moderate disorder.51 The
FWHM then increases slightly with thickness, indicative o
transition from a more graphitic to a more disordered ma
rial such as ta-C.51 This therefore shows that the SERS effe
also probes the bulk ta-C. At 514.5-nm~2.4-eV! excitation,
an increase with the thickness of the FWHM is accentua
tending toward that of ta-C~;300 cm21!, but we attribute
part of this to the less uniform absorption of light at th
energy.

TheD peak position only gives information about thesp2

phase in the interfacial layer~as aD peak is not present in
bulk ta-C!. A 1340–1370-cm21 value is rather typical of
amorphous carbons annealed at moderate temperatures,
cating more order of thesp2 phase than, for example, i
as-depositeda-C:H, where theD peak is located around
1270 cm21.51 I D /I G @Fig. 4~c!# has the most interesting be
havior of all the Raman parameters, as for any thicknes
hashigher dispersion with energy than any bulk carbon m
terial. In normal Raman scattering, the dispersion of theD
peak in materials with a distribution ofsp2 clusters has been
attributed to resonant Raman scattering, indicating that

S
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decreasing the energy, clusters of larger size, and
smaller gap61 are selected and probed.50,51 This means that
I D /I G is expected to disperse more in materials with m
ordered and significantsp2 phase. However, the rang
spanned in normal Raman scattering51 is significantly less
than that obtained here with SERS. We attribute this str
dispersion and sensitivity of the SERS effect to theD band to
a preferential enhancement of the Raman cross sec
through an enhanced coupling of thesp2 phase with the
electromagnetic field. As theD peak is related to the cluste
ing of thesp2 phase into aromatic rings, these are expec
to show anisotropy in the polarizability. The electromagne
coupling would then increase if the directions of maximu
polarizability and the electric field of the incident radiatio
coincide.29 Preferential enhancement and broadening
some vibrational modes relative to the others were also
served in the case of C60 and copperphthalocyanine~CuPc!,
an organic molecule, and attributed to preferential orienta
of the aromatic rings and electric field gradients over
molecules.38

Figure 5 shows the dependence of the integral SERS
tor R5I /I 0 ~the ratio of the intensity of the enhanced a
nonenhanced Raman peaks! on ta-C thickness for 514.5-nm
excitation, and for the various Ag nanostructures describe
Sec. III. A higher enhancement was obtained on the irreg
structures shown in Fig. 2~a!. We attribute this to the highe
roughness and non-homogeneity of these films compare
the more ordered films from Fig. 2~b!. On the other hand,R
was found to decrease with increasingt with similar rates for
all types of films, despite differentR values. Almost the same
thickness dependence was also found upon varying the e
tation wavelengthl down to near-infrared~Fig. 6!. As the
nonenhanced intensityI 0 introduces a 1/t dependence onR
~see Sec. II!, this common behavior upon thickness rega
less of the wavelength and film topography suggests that
variation of the enhanced intensityI with t is dominated by
that in 1/t of I 0 , as in formula~7!. Figure 6 also shows tha
increasing the excitation wavelength to near-infrared
creasesR, which means that the plasmon resonance
strongly redshifted.R values between 103– 104 were ob-
tained for 785 nm excitation@Fig. 6~b!#.

Figure 7~a! shows the dependence of the enhanced in

FIG. 5. Apparent enhancement factor (R5I /I 0) as a function of
ta-C overlayer thickness, for various Ag nanostructures. Gr
wavelength~514.5 nm! has been used.
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sity I on the film thickness for variousl’s. For green excita-
tion I increases witht, to reach a maximum around 40 nm
then decreases. The same~I-t! behavior is obtained in red
excitation, with the shape of the curve slightly shifted a
less variation. However, in the near-infrared region ma
mum disappears and the beginning of a plateau is obta
for the highest thicknesses. This shows that the varia
thickness of the ta-C overlayer causes a complex wavele
dependence of the SERS effect, the origin of which will
discussed below in Sec. V.

Figure 7~b! compares the situations when ta-C is on top
underneath the Ag nanostructures. Due to the limi
electric-field ranger p associated with the plasmon excitatio
@see relation~6!#, the configuration with ta-C on top of Ag
~C/Ag! allows us to probe regions of ta-C close to the su
strate, while when the ta-C is underneath the Ag~Ag/C! the
subsurface region is probed. While C/Ag gives the reson
behavior described above, the Ag/C configuration give
constant value ofI above;20 nm. This shows that~i! the
resonant behavior for C/Ag from Fig. 7~a! is due to the ta-C
layer and not to Ag, and~ii ! r p in ta-C is less than abou
20–30 nm. In addition, the analysis of the Raman parame
of the SERS spectra corresponding to the two configurati
C/Ag and Ag/C indicates that the resulting bottom and t
interfaces are similar, so that the changes induced by
cesses related to ta-C deposition, such as C subplantatio

n

FIG. 6. Apparent enhancement factor (R5I /I 0) as a function of
the ta-C overlayer thickness, for different excitation wavelengt
Ag clusters were produced in~a! He and~b! Ar atmosphere. The
error bars are due to the nonhomogeneneity of the Ag films,
obtained by comparing ten spectra from different locations on
sample.
2-7
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diffusion into Ag, appear to be similar to those induced in t
carbon subsurface by Ag evaporation.

V. DISCUSSION

A. Factors controlling the SERS effect

In Sec. IV, a complex picture emerged about how
SERS effect depends on the type of Ag clusters, carbon
thickness and structure, and excitation wavelength. When
carbon film is an overlayer, its thickness affects the SE
effect through the dielectric properties of the overlayer, ca
ing resonance effects. On the other hand, because the ca
film thickness is comparable with the probe wavelength,
terference can affect both the SERS and the normal Ra
signal. Interference Raman scattering has been shown to
lectively probe either the surface, the interface, or the bul37

while by placing the film in between thin layers of approp
ately chosen materials, the signal of interest was a
enhanced.62

FIG. 7. ~a! SERS intensityI as a function of thickness, fo
different excitation wavelengths and for Ag clusters produced i
He atmosphere. Increasing the excitation wavelength tunes
SERS effect into resonance.~b! Comparison between situation
when Ag is on top or underneath the ta-C layer. Green wavelen
~514.5 nm! was used in this case.
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1. Tuning into the SERS resonance

To discuss these aspects, we considered the simple m
of an Ag spherical particle coated with a ta-C layer of thic
nesst, and then placed in air. The quasistatic~Rayleigh! for-
malism was used since it is the simplest to manipulate. T
is not strictly applicable to our Ag nanostructures, because
their dimensions and dense packing. However, one can
reach valuable conclusions about how the dielectric fu
tions of Ag and carbon overlayer determine the characte
tics of the plasmon resonance. These trends tend to rem
the same regardless the formalism used, static or electr
namic, as indicated by calculations for embedding me
with simple dielectric properties, such as water.39

The choice of the dielectric functions for Ag and ta-
require some discussion. In a rigorous treatment, one sh
take into account the mixed, moresp2-rich, interface region,
for which one should consider a spatially varying dielect
constant. However, in order to keep the calculations sim
while still capturing the essential dependencies, we first c
sidered the dielectric function of the carbon overlayer eq
to that of bulk ta-C@Figs. 10~a! and 10~b!#, and then ob-
served how the enhancement values and resonance pos
are affected by considering an interfacial layer with the
electric function of a moresp2 rich carbon, of lower density
@Fig. 10~c!#.

Re(«)5«1 and Im(«)5«2 of ta-C ~Fig. 8! were obtained
from a Kramers-Kronig analysis performed on low-ener
EELS spectra,63 and corroborated with values from spectr
scopic ellipsometry.64 «2 is nearly zero below 1.2 eV, an
increases moving toward the UV, while«1 is high ~;6–7!
over the whole visible range. For Re(«m)5«m1 and Im(«m)
5«m2 of Ag, we used the bulk values from Ref. 65. This
strictly justified only for features above about 100 nm, belo
which surface scattering limits the electron mean free pat40

« has two origins: interband electron transitions and Dru
losses related to the relaxation time of the electrons in
plasmon, which increase due to surface scattering. The m
affected is«m2 which increases as«m25«m2,interband1(3/4)
3(vb

2/v3)(nF /a). Here vb is the Ag bulk plasmon fre-
quency ~corresponding to an energy of 9 eV!, nF51.4
3108 cm/s is the Fermi velocity for Ag,v is the incident
frequency, anda is the Ag nanoparticle size. To give an ord
of magnitude, this correction increases«m2 by a factor less
than 2 for excitation energies decreasing from 2.8 to 1.6
in the case of 10-nm sized of Rayleigh Ag particles. Fro
Fig. 8 we note also that«2 and«m2 have inverse tendencies
increasing and decreasing, respectively, with increasing
ergy.

Both real and imaginary parts of Ag and ta-C are imp
tant for the spectral position and magnitude of the plasm
resonance. Their effects are shown in Fig. 1~a!, which was
derived using relations~1!, ~2!, and~5!, and the assumption
that ta-C is an infinitely thick embedding layer. The hig
value of«1 ~;7! causes an important shift ofvpl , from near
UV (v053.4 eV), when air is the embedding environme
to red (v`52 eV). This shift is accompanied by an increa
of the maximum of the resonance@Fig. 1~a!#. On the other
hand, the nonzero values of«2 and«m2 ~; 0.6 and 1 in red,
respectively! damp and broaden the resonance.
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The vpl shift from near UV to red occurs gradually wit
increasing thicknesst of the ta-C overlayer, saturating for th
highest thicknesses, and Fig. 9 showsG5uEu4/uE0u4 calcu-
lated at the ta-C side of the Ag/ta-C interface. The elec
field decays in ta-C according to relation~5!. The behavior

FIG. 8. Dielectric functions for Ag and bulk ta-C.

FIG. 9. Plasmon resonance redshift as a function of the t
overlayer thickness calculated using the quasistatic model;vpl

shifts from v053.4 eV when there is no ta-C overlayer~dashed
line!, to v`52 eV when the ta-C overlayer becomes very thic
Note that, compared to Ag spheres in air, several nanometer
ta-C decrease the enhancement. A higher thickness is require
rise the enhancement above the values in air.
04541
c

shown in Fig. 9 has important consequences for the spe
dependence of the relationship betweenG and t. One can
qualitatively distinguish three cases, depending on the p
tion of the excitation frequencyvex relative tov0 andv` :
~i! whenvex>v0 , G decreases with increasingt, saturating
at low G values for larget; ~ii ! when v`,vex,v0 , G in-
creases first witht, reaching a maximum for an intermedia
t value, to further decrease at highert values; and~iii ! for
vex<v` , G increases with increasingt, to saturate at highG
values for larget.

Figure 10~a! shows calculated~G-t! dependencies for
variousvex. The qualitative behaviors described above a

C

.
of
to

FIG. 10. Enhancement vs thickness for a 10-nm Ag sphere c
ered~a! by a layer of thicknesst with the dielectric function of bulk
ta-C, and~c! by 3 nm of sp2-rich amorphous carbon~dielectric
function from Ref. 67!, followed by a layer of thicknesst of bulk
ta-C. ~b! Range of the electric field associated with the plasm
excitation vs thickness at various excitation energies, calculated
ing the quasistatic model and the configuration from~a!.
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retrieved. Moreover, one can see that there is a ‘‘spec
window’’ for vex, outside which the maximum enhanceme
begins to fall rapidly; here this is about 1.6–2.4 eV. This
due to«2 and«m2 increasing significantly at each side of th
spectral window~see Fig. 8!. The surface scattering correc
tion to «m2 described above affects the enhancement at r
nance shown in Fig. 10~a! by less than 10%. The electric
field ranger p , as defined in Sec. II, was also calculated, a
found to follow almost the same dependence ont asG at the
Ag/ta-C interface@Fig. 10~b!#. Therefore, the SERS intensit
I obtained by integration according to Relation~6! will do
the same, and this accounts for the shape of the experim
(I -t) dependencies from Fig. 7~a! for situations whenv`

,vex,v0 and vex<v` . Note that Figs. 7~a! and 10~a!
should be compared only qualitatively. In Fig. 7~a! the over-
all variation across the thickness range is much less
nounced than in the simulations, while the maximum po
tion also shifts less. This can be explained by broadening
red-shifting of the theoretical resonances from Fig. 10~a! due
to larger-size particles and electromagnetic coupling in
actual Ag nanostructures, as discussed in Sec. II.

Figure 10~b! shows, as a function oft and vex, what
fraction of t, r p /t, is probed by SERS. The liner p5t indi-
cates the limit case when the SERS signal would origin
from the entire thicknesst, while departing from it indicates
that a decreasingly small fraction contributes. Also note t
even for regions in the plasmon electric field ranger p , the
contribution to SERS is uneven as the electric field dec
rapidly as (a/r )12.66 This also means that by increasing t
particle sizea, one can increase the range of the plasm
effect. Figure 10~b! exemplifies how appropriate choices ot
and vex can be used to selectively probe different film r
gions. Fort>100 nm, only a fraction oft is probed even in
the most favorable case~about 20% atvex51.8 eV!. Increas-
ing t and decreasingvex strongly reducesr p /t. On the other
hand, for smallt (10,t,30 nm), a much higher percentag
about 40–100%, is probed at allvex values; while for very
small t ~,10 nm! the whole layer can be probed at highvex.
Moreover, for eacht there is a resonantvex at whichr p /t is
maximum. The reduced SERS range compared with the
thickness for largert values confines the active layer near t
ta-C substrate interface, so that there is only little thickn
dependence of the enhanced intensityI throughr p , in con-
trast with the nonenhanced intensityI 0 which is obtained in
equal measure from the whole ta-C layer. This confirms t
the experimental decay ofI /I 0 with t from Figs. 5 and 6
occurs fromI 0 , as explained in Sec. IV.

The thickness independence ofI with t for thicker films
with Ag nanostructures on top@Fig. 7~b!# can now be under-
stood. Now the embedding medium is air, so that there is
reason forvpl to redshift with decreasing the ta-C unde
layer thickness. Therefore, for a rough surface like in F
1~b!, vpl should be in the 2.8–3-eV range. Moreover, t
constancy ofI with decreasingt down to about 20–30 nm is
in agreement with the ranger p calculated above.

The values reported above in Fig. 10~a!, obtained by us-
ing the optical constants of bulk ta-C are modified by t
presence at the interface with Ag of a few nanometers o
more sp2 rich material~as mentioned in Secs. III and IV!.
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Figure 10~c! shows the results of the quasistatic simulati
for the four-layer system describing this situation: an A
sphere~10-nm diameter!/3 nm of sp2-rich amorphous car-
bon, of density 2.2 g/cm3/bulk ta-C/air. The 3-nmsp2-rich
interfacial layer makes the maximum enhancementG de-
crease moderately when compared to Fig. 10~a!, by about
one order of magnitude at a given wavelength, and sligh
shifts the resonance position from 2 to 1.9 eV.

2. Interference

To assess any effects due to interference which might
fect the data from Fig. 7, the system was modeled as a f
layer structure of, in order, vacuum/ta-C/Ag/Si. Using sta
dard techniques for determining reflection and transmiss
coefficients for multilayer structures from the Fresnel coe
cients for individual interfaces, the light intensity incident
the ta-C/Ag interfaceI i was evaluated as a function of th
ta-C overlayer thickness. Similarly, the effects of interferen
on the Raman-scattered light were assessed by consid
the scattered light generated at the ta-C/Ag interfaceI s and
directed normal to it. The product of these two functionsI i
3I s approximates the modulation of the intensity of t
SERS signal with the thickness of the ta-C film. TheG-t
dependence of the scattered light due to tuning into the p
mon resonance~as described above in Sec. V A 1! was ne-
glected, in order to separate the effect of interference.
modulation I i3I s is quite important in the case of fla
~specular! Ag films ~Fig. 11!. The interfacial roughness
caused by the clustered nature of the Ag films strongly
duces it, and this was modeled by correcting the Fres
reflection coefficients using the method of Stearns.68 One can
thus conclude that theG-t dependencies from Fig. 7 are in
deed due to tuning in and out of resonance by varying
overlayer’s thickness.

How do our experimental enhancement values comp
with the estimations above?R5I /I 0 has a strong thicknes
dependence@see relation~7!#, while the quantity (t3R)
eliminates it, giving the enhancement factor integrated o
the film thickness. Our experimental data~Fig. 6! give (t
3R) values between 104 and 105 over the whole thickness

FIG. 11. Interference modulation functionI i3I s for specular Ag
surfaces~dashed line!, and a rough Ag surface with the roughne
derived from Fig. 2~b!. Calculations were performed for th
514.5-nm excitation.
2-10
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range at 785-nm excitation. These values are above th
obtained in Fig. 10~c!, when thesp2-rich interfacial layer
was taken into account. This indicates that resonance
pling between closely packed particles, like the 20-nm str
tures from Fig. 2~b!, might take place. Indeed, from electro
dynamic simulations for of rough surface formed by pack
semispherical particles of 30 nm,41 an optimal packing of the
particles@i.e., d52r in Fig. 1~b!# would give averaged en
hancement factors up to 106, while if the packing is slightly
nonoptimal (d.2r ), the enhancement falls to below 104.
For the random films from Fig. 2~a! it is possible that ‘‘hot
spots’’ are responsible for the enhancement. Neverthe
from our measurements with a micron size beam there is
direct evidence to support this fact, as in Ref. 59, as the
to site fluctuations recorded here reached only a facto
about 5.

B. Enhancement contrast and material identification

Figure 1~a! shows that Im(«)5«2 of the overlayer cause
damping of the resonance. Consequently, SERS works b
on carbon materials with low«2 in the visible range such a
ta-C. C60 and fullerite are other good cases, as«2 is nearly
zero for energies below 2 eV.69 At the other extreme, there i
graphite, whose«2 values in visible reach 8–9. This make
graphite inactive for SERS. Other materials, like amorph
carbons deposited in various conditions have«2 values lying
in between these two extremes.70,71One can pass from amor
phous carbon to nanocrystalline graphite in a continu
transition, either using thermal annealing, or high-ene
particle irradiation. In such a transition, the amorphous n
work undergoes several transformations:~i! there issp3 to
sp2 conversion, and~ii ! clustering of thesp2 phase into
more stable aromatic rings.15,16 By increasing the annealin
temperature or the irradiation dose,sp2 clusters of increasing
size form in the amorphoussp3 matrix, until this disappears
and the material transforms into nanocrystalline graph
The graphitization induced by irradiation can affect t
SERS effect in three ways.

~i! The clustering of thesp2 phase into aromatic ring
affects the shape of the Raman spectrum, through theD peak
around 1360 cm21.15,16,55With an increasing size of aromati
clusters, theD peak increases relative to theG peak, so that
the Raman parameterI (D)/I (G) increases. The Raman in
tensity also increases withsp3 to sp2 conversion as thesp2

phase has a higher cross section than thesp3 phase~see Sec.
IV !.

~ii ! In the transition toward nanocrystalline graphite,
anisotropy of the polarizability occurs as thesp2 aromatic
clusters tend to orient in preferential planes, so that the m
mum polarizability is in the plane of the aromatic cluste
During post-deposition thermal annealing thesp2 aromatic
clusters tend to orient in planes parallel to the substrat72

while high-energy particle irradiation aligns them perpe
dicular to the substrate.73 Therefore the coupling with the
electromagnetic field in SERS can be maximized if the
rection of the incident electric field is in the plane of thesp2

aromatic clusters. The effect of the polarizability orientatio
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when perpendicular or parallel to the electric field, has be
demonstrated in experiments using polyimide molecules.74

~iii ! The dielectric function changes sensibly during t
graphitization process: Im(«) increases strongly toward th
graphite values ~;8–12!, while Re(«) changes only
slightly.70 As an example, Fig. 12~a! shows the evolution of
Im(«) of thermally annealeda-C:H with the annealing tem-
perature.« was obtained in this case by a Kramers-Kron
analysis performed on the low energy EELS spectra.70 The
increase in Im(«) makes the SERS enhancementG eventu-
ally drop to zero@Fig. 12~b!#. G varies significantly at plas-
mon resonance, which in the quasistatic model is displa
to 2.4 eV due to the lower«1 of a-C:H’s ~;4! compared to
that of ta-C~;6–7!.

The graphitization induced by irradiation will, conse
quently, manifest itself through two signatures in SERS:
shape of the Raman signal changes to reflect clustering o
sp2 phase, and, second, the SERS enhancement at reson
eventually decreases due to the high increase of the im
nary part of the dielectric constant. As the dielectric functi
is very sensitive even to small variations in film structu
@see Fig. 11~a!#, which might not be reflected by changes
the Raman spectra, one can follow the transition from ta-C
graphite entirely by monitoring the decrease of the intens
I toward I 0 .

FIG. 12. ~a! Change in the imaginary part of the dielectric co
stant of a-C:H during its graphitization process through therm
annealing. Data are taken from Ref. 70.~b! Corresponding change
in the SERS enhancement reflecting the sensitivity of the SE
effect to the dielectric function.
2-11
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VI. CONCLUSION

We investigated the possibility of achieving nanomet
scale sensitivity in a surface enhanced Raman experim
while using larger-sized probes of 0.1–1mm. Carbon over-
layers cover Ag nanostructures so that regions close to
film-substrate interface are probed, this geometry comp
menting the surface sensitive scanning near-field techniq
The main application targeted was carbon film transform
tion undere-beam irradiation, and here we discussed, as
example, the transformation of tetrahedral amorphous car
~ta-C! into nanocrystalline graphite. The SERS effect w
ta-C as the overlayer was found to depend on the Ag na
structure size, overlayer thickness, and excitation wa
length. Enhancement factors, averaged over the film th
ness and amm2 size area, of about 103– 104 were obtained
for several tens of nm thick ta-C overlayers at resonance
the nearinfrared. Modulations of the enhancement with
overlayer thickness were attributed to tuning in and out
the SERS resonance, while interference effects were hig
r,
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reduced due to the rough nature of the Ag films. The SE
effect is highly sensitive to the moresp2-rich interfacial
layer of ta-C, though it also extends into the film’s bulk. Th
sensitivity is increased by a selective enhancement of
RamanD band, attributed to an increased coupling caused
the alignment of the direction of maximum polarizability
the incident electric field. The change of the overlayer die
tric function upon irradiation can be used to produce an
hancement contrast, and allows a material identification. T
contrast based technique could be extended to other
carbon materials and to local mapping of dielectric prop
ties of materials.
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