Calculations of the direct electromagnetic enhancement in surface
enhanced Raman scattering on random self-affine fractal metal surfaces
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We study the classical electromagnetic enhancement at the excitation wavelength related to surface
enhanced Raman scatteri@ERS experimental configurations in the vicinity of random rough
metal surfaces possessing self-affine scaling behavior. The scattered electromagnetic intensity is
obtained by means of numerical calculations based on the rigorous integral equations formulation of
the electromagnetic wave scattering, free from the limitations of electrostatic and/or dipolar
approximations. From the enhancement of the scattered field intensity in the immediate vicinity of
the surface, originated in the excitation of transversal-magnetic surface plasmon polaritons, the
SERS electromagnetic mechanism on substrates of Ag, Au, and Cu is explored as a function of the
surface fractal dimension, rms height, and excitation wavelength. It is found that fractality favors the
occurrence of large electromagnetic enhancements, which in turn appear to be maximum at an
optimum wavelength as a result of the compromise between roughness-induced light coupling into
surface plasmons and absorptive losses. This optimum wavelength is shorter for Ag than for Au and
Cu. Maximum local enhancements on the order of 4@ encountered for the three metals being
considered. ©1998 American Institute of Physid$0021-960608)50101-§

I. INTRODUCTION localizatiort®>?>~?*(localized SPP of course, some of these
] effects may take place altogether on real SERS metal sub-

Surface enhanced Raman scattei8§RS was first de-  gyrates. It is interesting to note that most of the numerous
tected for pyridine adsorbed at silver electrodes after an eleGneoretical works devoted to the description of the EM
trochemical oxidation-reduction cycte® This cycle (so- mechanism, from the subsequent papers following SERS
called "activation cycle’) seems to be the important part of ¢ renorts(cf. Refs. 4-6,8, and references thefgmmore
the “SERS actlvatlon.”_ln fact, several authr§ have con- recent calculation®°rely on the electrostatic and/or dipo-
cluded that the properties of the surface, rather than those ?ir approximations. The full EM character of the FE mecha-
the :c,xdsorbate, govern the .onset Of. a surfacg as SERS afism has only been theoretically considered through pertur-
tive.” Much of the current interest in SERS is directed to- bative or approximative methoi€® or in the case of
ward developing a theoretical model to account for this re-""". dicall ted metal surfadgdd 1627
markable phenomenofrecall that the SERS signal can be periodically corrugated metal suraces.
enhanced by a factor ) especially the role played by sur- F‘fom all of these StUd,',e.S’ ithas peen commonly accepted
face roughness. Thus far the origin of the SERS phenomendhat “surface roughness” is very important for SERS. It
is not entirely clear, but it is generally accepted to be attrib-S10uld be recalled that there are other ways of producing
utable to a large extent to one enhancement mechanisnPCRo active” surfaces than by electrochemical activation.
firmly established as of electromagnetiEM) nature®~® (In Cold deposned_snver islands films and silver or gold coIIO|d_s
addition to the EM mechanism, other effects, such as res@'® the most widely used. The scale of the roughness which

nance Raman scatterfhgr chemisorptiort® can have a mul- induces FE may be on the order of 50~200 nm, submicro-
tiplicative impact upon the SERS signal. scopic (<100 A), or even atomié.In the case of colloids,

The EM field enhancementFE) stems from the their aggregation is necessary to obtain the SERS etfatt;
roughness-induced excitation of surface-plasmon polaritoniiterestingly, the internal structure of the so formed aggre-
(SPPB by the incoming light! resulting in large EM fields in gates can be in most cases characterized in terms of
the vicinity of the metal surface that strongly polarize thefractality!***~*? Fractals are structures possessing self-
adsorbed molecules. A similar EM enhancement is assumegimilar, or self-affine, scaling properties, which appear ubig-
to occur at the Raman-shifted frequencies, which combineditously in naturé®®3*particularly, many surface growth pro-
with the former direct enhancement may give rise to an overeesses create such structutes.
all FE factor on the order of or above 40A SPP can be Our aim in this paper is to address the issue of the direct
either propagating along a continuous surtac¥ (extended EM enhancement on continuous, fractal metal surfaces from
SPB, confined within metal particlegparticle plasmon the rigorous standpoint of classical electrodynamics. To that
resonance$®'’~1%% or even localized due to Anderson end, we present an exact integral equations formulation of
the EM wave scattering, which is not restricted to the limi-
Iphone: (34-1) 561-6800; Fax: (34-1) 564-5557; electronic mail: tations of electrostatic and/or dipolar approximations. This
jsanchez@pinarl.csic.es formulation has been successfully employed through numeri-
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cal simulation calculations to study the far field scatteredditions at infinity, we are led to the following four integral
from one-dimensional, randomly rough, either metal or di-equations,
electric, surface®¢*9we will apply it to calculate the 1 e
linearly-polarized EM field in the vicinity of self-affine frac- Ug)(r,w)Jr — f dx’
tal surfaces of Ag, Au, and Cu, similar to those mentioned 4m ) o
above that are used as SERS substrates. In this regard, pre- >
L - i~ T JUZ(r',w)
liminary results point out the ability of this kind of surfaces —G7(r,r":w) ﬁ—,
to generate large surface FEHere we analyze in detail the an
origin of such FE and the dependence on both roughness (2.13
parametersfractal dimension and rms height deviatiand )
excitation wavelength. =0, z={(x); (2.1b
The paper is organized as follows. In Secs. Il and lll, 1 (e
respectively, the theoretical formulation and the model used- P f_wdx’
to generate the fractal surfaces are given. The numerical re-
sults thus obtained for the near and surface field intensities &U;(r’,w)
are shown and discussed in Sec. IV with regard to the influ- -G (rro) o’
ence of the fractal dimension and the frequency on the SERS
EM mechanism. In Sec. V we summarize the main conclu- =U;(r,o), z<{(x);
sions derived from this work. (2.19

where r'=[x’,z'={(x")] and the normal derivative is
dlon=(n-V) (with A=y -¢'(x),1] and y={1

1Il. EM SCATTERING THEORY +[§’(X)]2}1/2). The Green’s functionG is given by the
zeroth-order Hankel function of the first kind. In our work,

Let us model the geometry associated with typical SERShe incident field, as mentioned above, is given by the Gauss-

experimental configurations exploiting metal surfaces byian beant®

means of a one-dimensionally rough, vacuum—metal inter- ®

facez=¢(x). The metal occupying the lower half-spdce Ug)[(x,z),w]zexp{ ¢ — (X sin 6p—z cos 6y)

</{(x)] is characterized by an isotropic, homogeneous, ¢

G~ (r,r':w)
an’

U (o)

'=U5(r,w), z>{(X)

AG=(r,r":w)

< !
Uﬁ(r 1w) [?n!

"=0, z>{(X) (2.10

frequency-dependent dielectric functien(w). This surface

is illuminated by a monochromatic, linearly polarized Gauss- X [1+W(X,Z)]}

ian beam of frequency=2=/\ and half-widthW incident

at an angled, measured counterclockwise with respect to the X exd —W~2(x cos 6+ z sin 6)?],

positive z axis.

The restrictions to one-dimensional surfaces and linearly
polarized incident beams have the advantage that notably
simplify the formulation, while still rigorously considering
the scattering processes relevant to interpret the SERS EM (2.2b

mechanism. In fact, under such conditions, we can reducyq integral Eqs(2.1) enable us to obtain an exact solution
the initial three-dimensional vectorial problem to a two- for the scattering of as- or p-polarized electromagnetic
dimensional scalar one, where the EM field is entirely deyyave. A set of two coupled integral equations can be ob-
scribed by they-componentdenoted byU s(r, @), with 1 (aineq by using Eq2.18 and(2.19 as extended boundary

=(x,2)] of, respectively, the electric field f@=s polariza-  .qngitions with the aid of the continuity conditions across
tion (transversal electrjcand the magnetic field fof=p o interface

polarization(transversal magneticlt should be emphasized - _
that this simplification, unlike the case of straight scalar for- Uz (1@)|= 10 = U5 (1, @)| 2= -1 (2.39

(2.23
C2
W(X,2)= —s [2W™2(x cos y+z sin 6,)%—1].

mulations, stems only from the scattering gepmetry, so that aUE(r,w) 1 aU;(r,w)
the full vector, EM character of the problem is preserved. —r -t ,
We aim to calculate the scattered electromagnetic field; Mmoo 9B N o

particularly, its intensity and polarization in the vicinity of (2.3

the metal surface, where the field enhancement leading twith as=1 and a,=e~/€”, and {)(x)=lim,_o[(X)
stronger SERS signals from the adsorbed molecules shoultl €]. As shown in detail in Ref. 38, upon numerically solv-
be larger. Our rigorous calculation method is based upon thimg the resulting system of integral equations for the surface
exact integral equations formulation of the above mentionedield and its normal derivative, which play the role of source
scattering problent>3¢=3° This formulation can be briefly functions, the scattered field in the entire space can be cal-
summarized as follows. On the basis of the Helmholtz equaeulated from Eqgs(2.19 and (2.1d. Therefore, for our pur-
tions satisfied by the field in the upp@t;(r,w)(z> {) and pose, the exact, self-consistent surface field results directly
lower UE(r,w)(z< {) semi-infinite half-spaces, and by ap- from one of the source functions, and then Exj19 will be
plying the Green’s theorem and recalling the radiation conused to calculate such total field at any other position
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vacuumz>{. Note that this total field consists of the inci- 04 T T

dent field plus the scattered field, the latter being in turn (a) H=0.1 1

given by the surface integral in the left-hand side of Eq. 03 | __ T_ .
(2.19. We will deal in the numerical calculations with the \

former surface integral as shown in E@®.13, unlike in % 02 b I )

Refs. 15, 36—38 in which it was manipulated to yield the far
field scattering amplitudes. Apart from the resulting total

field intensity ot T I
I(r,0)=[Ug(r,m)[% (2.9 0.0
. . . -4 -2 0 2 4
we define the EM field enhancement factor as the normalized ¢
intensity,
12 :
| g(®) (b)
B
og(w)=rT—rm—5. (2.5
P Ug () | o
(Strictly speaking,oz makes full sense for in the region z i::g:g
illuminated by the central spot of the incident bepmRel- >8° +H=0.2
evant to the SERS signal is the product of FE at the excita- B S
tion and Raman frequenciésespectively,w andw’) which
can be approximated by the square of the FE at the pump

i 1

frequency?’ e | i
The numerical implementation of the above given for- 0
mulation relies on the conversion of the integral equations
into linear equations. By means of a quadrature scheme theg. 1. (a) PDF of heightsonly for D=1.9) and(b) variance of increments
surface is truncated to a lengthconsisting ofN sampling  for the self-affine random fractals numerically generated by means of the
points®® In practice, for every realization of the random sur- Voss’ algorithm withD=1, 1.2, 1.5, 1.8, 1.9, and 1.99.
face, it reduces to solving a system ol Zomplex linear
e e o ot 4 & VECKTuhich ae e by et depencence of the foee
position in the vacuum half-space. Furthermore, when statis:[-he X _dependenpe of the .helghlz_ £(9] of a one-
. - ) ' ] dimensional fractional Brownian motio(fBm), leading to
tical quantities such as ensemble averages) or probabil-

) ) . . self-affine fractal®®3>42 that reproduce the properties of
ity density functhn_s(PDF) are needed, the procedure IS re- many naturally occurring surfaces. Self-affinity implies that
peated for a sufficiently large numbbt, of surface profile

o S . X . the scaling relations posses different ratios depending on the
realizationg(ergodicity is assumedFinally, various numeri- 9 P P 9

. direction (along x and z). It is characterized by the local
cal tests are performed as regards energy conservation, reci-

i d ith i NandN. (cf. Ref flactal dimension D=2-H, H being the Hurst
2r50c:;%/, and convergence with IncreasiNand, (Cl. ReIS. oy honenB4#2the global fractal dimension is(tecall that for

. . self-affine fractals the fractal dimension is not uniquely de-

or Itr"?)h(;mgﬂ?]e Tneergi'gggithit ]thii ?/ZitTratl\?v?tr:hit—tqe YPfined). In order to generate such fractal surfaces to an arbi-

per propagating me ¢(%) SE = rary resolution, we employ the successive random addition
can be easily modified to account for any other isotropic an

. . . . Igorithm proposed by Vogé.
homogeneous dielectric medium by conveniently renormal- Inasmuch as we are dealing with physicedther than
izing the dielectric functions and the incoming beam

1 . . . pure mathematicalfractals, generated numerically, whose
wavelengtri* Also, despite the fact that the region OCCLIpIefjfractal properties are hence limited to a range of scales, it is

by the metal is semi-infinite, our theoretical model can be in, |\ o+ +o perform numerical tests to the resulting dis-

practice applied to metal films on a semi-infinite substrat(;:frete surfaces. In Fig. 1 the PDF of heights and the normal-
rovided that their thickness be sufficiently large compare : y -
Fo the metal skin deptii=c[ e~ (w)] Y% . szeger in trrl)e ized variance of incrementsVy,(x)=([£(x) - Z(0)*)/

case of Ag island films for which plasmon resonances o {{(x)?) are shown as obtained from Voss' algorithm for dif-
) 9 I 5617 P Rerent Hurst exponentd, each random surface consisting of
isolated particles are cruciafl’ the surface geometry

hould b dinal dified 1t ¢ f N,=100 realizations with a resolution &f;=8192 points

shou € correspondingly modified to account for Sucrber realization. As expected, the statistics converges to a

close contours. Gaussian function for all the values Hf{H [ 0,1]) consid-
ered herdsee Fig. 1a) for D=1.9; note that(x) is shifted

Ill. FRACTAL SURFACE MODEL and rescaled to have zero mean and unity variprecord-
The theoretical formulation described in the precedin ing to the expected scaling properties to the self-affine

34,42 ; : :
section can be applied to any kind of either random or dete?f-raCtals’ the normalized variance of increments should
o ! : S obey
ministic surfaces provided that the profile function is known.

In this paper we are interested in random fractal surfaces, V(x)=|x|?". 3.1

logN
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Thus by fitting our results presented in Figbjlto Eq.(3.1) (a) D=1.2
in a log scale, the accuracy of the numerical generation al- )
gorithm is checked. The agreement is good as long as 0.1 04 —_——————  —

o
w

z (microns)
o
[\

o
—

o
~

R A1 L

<H=0.9 within a wide range of horizontal scalgf.ogi-
cally, the scaling behavior breaks down when reaching the
lower N=1 and uppeiN= 8192 limits of the discrete fractal ) /‘w’\
realizations. Nonetheless, foH <0.1 andH=0.9, the fit of
Vy(x) to the scaling law(3.1) yields some deviations from
worsens as the resolution decreadewer N;). In what fol-
lows, only three such cases will be considerét=1, H \_ww//
=0.1, andH=0.01, for whichH’=0.91, H'=0.16, and
H’=0.1 are retrieved, respectively. In spite of this, we still
limits D=1 and 2, respectively. _ _
The sequences of random fractal numbers numerically S 2.5 0 2.5 5
generated as mentioned above are mapped onto real surfaces )
of the kind employed in SERS experimelit&®~'by assign- X (microns)
(N¢=1024) is such that the minimum size of the surface
asperitiesAx=51.45 nm closely resembles the typical sizes (b) D=1.99
of the metal particles that form some widely used SERS
substrate$® Moreover, to reproduce such slowly varying
ticle shape, a cubic spline interpolation with=1 points is
performed. In this regard, it should be remarked that the rms
heights [ 6=(?(x))¥?] of the fractal surfaces studied
throughout this work are also comparable with such typical

the expected value ¢i. We have verified that this deviation

find interesting to study such fractal surfaces, for they pro- m
vide relevant information for fractal dimensions close to the .

ing a lengthL;=52.7 um to each realization. The resolution

profile below the lower spatial limit associated with the par-

sizes.

o
w

z (microns)
o
\®)

IV. RESULTS

o
—

In this section, we present the numerical results obtained
as described in Sec. Il for the self-affine random fractal sur-
faces defined in Sec. lll. In all the cases shown below, unless
otherwise stated, a length=20.58um consisting of N -5 25 0 25 5
=800=400(n;+ 1) (extracted fromN;=1024) is taken per
rgalization, and the intercept of thg Gaussian incident beam X (microns)
with the plane of the mean surface is kept constant regardless
_Of th_e angle of _|n_C|denceV(l/cos_60=L/4). This intercept . FIG. 2. Contour density plot of the near field intensity resulting from the
illuminates a sufficiently large region of the fractal surface inp_polarized scattering from a Ag fractal surface with,=0°, &
terms of the range of incident wavelengths considered below25.725 nm, A=514.5nm €~=-9.4+10.8), L=10.29um, W
(O4Mm<)\<1lﬂm) It should be emphasized that the =L/4 cosfy, andN=400. (a) D=1.2, and the maximum intensity Ig,,
choice of scattering parameters, leaving aside its being ver?o'o‘r’; (6) D=1.99 andl;a=0.11.
realistic from the experimental standpoint, guarantees addi-
tionally that the random surface exhibits self-affine scaling
for a large range of length@pproximately from below one- length of the incident beam\&514.5 nm), the dielectric
tenth of the wavelength to beyond the illuminated aréaus  function of silver i4 €= ag(@)=—9.4+10.8. Both in Figs.
covering the relevant scaling interval of this scattering prob-2(a) and 2b), it is evident that the incident Gaussian beam
lem. impinging on the Ag surfac@ower part of the plotis scat-
tered due to the surface roughness. The interference between
the incident and scattered fields gives rise to the observed

In Fig. 2, the intensity of th@-polarized EM near field intensity pattern with horizontal fringes of length limited by
for normal incidence is shown in a region of about one wavethe beam width. In Fig. @) the EM field appears to be
length above two Ag fractal surfaces of length weakly scattered, and a strong specularly reflected beam re-
=10.29um andé=25.7 nm, corresponding, respectively, to sults in a well defined interference pattern, with the first
D=1.2 [Fig. 2a)] and D=1.99 [Fig. 2(b)]. At the wave- maximum above the surface close z& c(27— ¢g)/(2w)

A. Near EM field
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=231 nm (¢g being the phase shift introduced by the (a) D=1.2
Fresnel coefficient on reflectionThe more rugged surface )
profile with D=1.99 used in obtaining the results shown in
Fig. 2(b) scatters the EM field more strongly, thus leading to
both a weaker and more distorted reflected bétma inter-
ference pattern appears bluryednd to larger EM field in-
tensities in the proximity of the surfacez<\/4
=128.625 nm.

To gain physical insight into the origin of such FE, let us
calculate the EM field resulting from subtracting the incident
and the singly scattere@n the geometrical optics sense
fields from the total field. The latter field is numerically ob-
tained from the surface integral in the left-hand side of Eq.
(2.1(a)), upon replacing the exact source functions by their
Kirchhoff approximation expressiotts

Ugl[x,{(0)], 0} ={17 Ryl a(x)]}U&?{[x,z:(x)],w}i

4.1)

Rg being the Fresnel coefficient for the local angle of inci- X (microns)
dencef(x) = 6,—d¢/dx, and the minugrespectively, plus

sign corresponding t@=s (respectively,8=p); a similar

expression holds for the normal derivati?eln Fig. 3, the (b) D=1.99
intensity of the component of the doublgnd highly scat- '
tered EM fields is shown for the same fractal surfaces as 120

used in Fig. 2, but for a smaller region in the vacuum up to \’
z~\/4 above the surface. We observe in both Figa) and

3(b) an interference pattern whose spatial frequency along 80
the surface indicates the existence of SPP with wave vector
k=(w/c){e~(w)/[1+ e~ (w)]}¥? propagating in opposite
directions. Moreover, we have verified the excitation of SPP
by plotting in Fig. 4 the intensity from Fig.(B) along the 40

line x=0 away from the interface; as expected, it closely Iw

z (nm)

follows the well known SPP exponential decay in the form
exd —2B(w)z] with decay length /=[28(w)] 1=.%{c 0
[—1-€exg(®)]1Y¥(20)]~119 nm (2 denoting the real
par). Whereas for the surface with lower fractal dimension
D=1.2 the intensity of this field component is very weak D -1 0 1 2
(two orders of magnitude smaller than the incident field
there exist very strong intensities in FighR comparable to .
those of the incident and singly scattered EM fields. X (microns)
Figures 3 and 4 thus support the argument that propagat-
ing SPP, excited due to the surface roughness, are respdﬂg. 3 Same as Fig. 2 but o_nIy for t_he doultgnd highly scattered field
sible for the occurrence of large FE for this kind of Ag in- intensity and a smaller near-field regiqa) D= 1.2 andl ,,,=0.00056;(b)

. T .. D=1.99 andl ,,,=0.02.
terfaces. This is corroborated by the polarization selectivity

(our results fors polarization, not shown here, yield no rel- pea stydied below. To that end. the FE fadich Eq. (2.5)] is
evant FE, as expectgdvhich leads to the well known SERS 50y jated within the central region of the incident beam spot

selection ruled. Similar qualitative behavior is encountered — W/ cos B,<x<WIcosf, on every surface profile from a set
in the numerical calculations of the near EM field for Au and of N, =20 realizations, and for several angles of incidence

Cu surfaces, with the corresponding SPP wavelengths an90=0° 5°,..,60°. The PDFp[o4(w)] is then obtained

decay lengths. from 200 000 data points. Figure 5 shows fier,(w)] for
Ag fractal surfaces withd=25.725 nm and different local
fractal dimension®=1, 1.2, 1.5, 1.8, 1.9, 1.99, at the wave-
length A =514.5 nm[ €x4(w) = —9.4+10.8]. It is evident in
Since the higher FE values are found precisely on top ofig. 5 the strong dependence of the FE on the fractality of
the metal surface, in what follows we concentrate on thehe rough surface. When the fractal dimension is small, the
roughness and frequency dependence of the surface EBkcitation of SPP is wedlsee also Fig. @) for D=1.2], and
field. For the random surfaces we are dealing with, this surthe surface EM field is basically given by the Kirchhoff ap-
face EM field is a stochastic variabi®so that its PDF will ~ proximation[cf. Eq. (4.1)]. This is clearly seen in Figs(&

B. Surface EM field enhancement
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FIG. 4. z-dependence of the doubliand highly scattered field intensity
(solid curve from Fig. 3b) along the linex=0. The dashed curve shows the
exponential decay for a SPP on a flat surface.

and §b) for D=1 and 1.2, respectivelyp(o,) takes the
form of a convolution of narrow distributions for eadh
centered about the flat surface FE facter(”~|1
+Ry(6p)|? [with the maximum close to the normal inci-
dence valuerg°)~3.53]. Upon increasing the fractal dimen-
sion, the roughness-induced excitation of SPP increases
that the surface FE can reach values larger thé’r’\ (and
also smaller, as expected from energy conservatitme dis-

3t (@{ 03} (d)
Ee s {1 o2} .
(o}

1t {1 o1} .

0 Hn 0.0 ! '

3F (b){ 03} (e}
Ee s 1 o2} .
o R

1t 4 01} .

0 ! L } 0.0 ! ¥

3t (c){ 03¢} ()
Eaz s {1 o2} .
[o 8

1t 41 01t .

0 0.0

2 3 4 0 5 10 15
Gp Gp

FIG. 5. PDF of thep-polarized FE factop[o,(w)] for Ag fractal surfaces
with rms heights=25.725 nm and several fractal dimensiobs: 1 (a), 1.2
(b), 1.5 (c), 1.8 (d), 1.9 (e), and 1.99 (f). Other parameters ara
=5145nm €<=-9.4+10.8), W/A=10cosf,, L=20.58 nm, andN
=800. Average ovelNyu=200000 points fromN,= 20 realizations and
0,=0°,5°,..,60°.
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FIG. 6. Same as Fig.(8), but for 5(nm)=25.725, 51.45, 102.9, 205.8, and
308.7.

tribution of p(op,) thus widens as seen in Figgchand 3d)

for D=1.5 and 1.8. For high fractal dimensiobs=1.9 and
1.99, the larger surface FE values are encountered, and the
broadening of the PDF becomes even more pronounced,
$panifesting a slow decay for values @f beyond the maxi-
mum probability[see Figs. &) and §f)]. Our results for Au

and Cu, not shown here, manifest the same dependence of
the PDF on the fractal dimension.

Therefore, despite the fact that the rms deviation of
heights of the ensembles of random fractal surfaces used in
Fig. 5 are all the same, the PDF differs significantly from one
fractal surface to another, in such a way that the higher the
local fractal dimension is, the larger are the surface FE
found. The physical reason for this behavior has been
pointed in Ref. 40. The surface power spectrum, which plays
the role of the scattering potential, exhibits a power law
decay—uwith increasing spatial frequency—that is slower for
higher D. Hence, upon increasing the fractality the
roughness-induced photon-SPP coupling is favored, which
lies on the basis of the existence of large FE for the configu-
ration being considered.

In Fig. 6 the influence of the rms roughness is shown by
plotting p(o7,) for (nm)=25.725, 51.45, 102.9, 205.8, and
308.7, in the case dD =1.9[the other parameters as in Fig.
5(e)]. Note that the increase of the rms height further broad-
ens the PDF. In fact, the maximum probability shifts to
lower values ofo, (down to zero for§>102.9 nm). Never-
theless, the tail of the distribution substantially grows,
thereby revealing the occurrence of large surface FE. We
have found values of up tog“aleog, not only for the Ag
fractal surfaces used in Fig. 6, but also for Au and Cu sur-
faces with analogous roughness parameters; the average sur-
face FE’s, however, lie well beloabout 2 orders of mag-
nitude. Interestingly, we have not gone further up in the
increase of § for the sake of computation constraints
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FIG. 7. PDF of thep-polarized FE factop[o,(w)] in a log scale for Ag 02 | + |
fractal surfaces withD=1.9 and 6=102.9 nm; \(nm)=413.3, 514.5, : + & Q 8 @
619.9, 729.3, 826.6, and 10&dorrespondinglye~=—4.41+10.73, — 9.4
+10.8, —15.04+11.02, —22.45+11.4, —30.2+11.6, and —48.8+13.16. 0.0 ) : .
Other parameters as in Fig. 5. 400 600 800 1000
A (nm)

(namely, large number of pointd required to accurately FIG. 8. Spectral depgndgnce(ej me‘.am FE angb) absorption for the same
sample such fractals with steep slope®Vith increasing fractal surface used in Fig. ), Ag; (). Au; (©), Cu.
roughness, the onset of the Anderson localization
regime??~2°owing to the strong SPP interference induced by
the randomness, also helps to reinforce the surface FE. Anywhere the experimental values of the Ag dielectric function
how, it should be mentioned that the SPP reradiation mechat such wavelengths are obtained from Ref). ABhen the
nism beyond some value af preventso, from becoming wavelength diminishes, the maximum probability value de-
arbitrarily large in this configuratiotf:*® This is what the creases approximately following the Fresnel coefficient de-
results shown in Fig. 6 seem to indicate, for the tail growthpendence at normal incidengef. Eq. (4.1)]. At the same
saturates beyond=102.9 nm. time, the distribution widens for lower wavelengths, indicat-
In light of the results of Fig. 6, it is tempting to say that ing that the fractal surface scatters light relatively more
large o, would also appear for the surfaces with snfalby  strongly. This stems from two facts; on the one hand, the Ag
sufficiently raisings. We have verified that this is not the surface-plasmon wavelengihgo= 21’2)\,3%222.2 nm is be-
case by calculating(o) as in Fig. §b) with D=1.2 but for  ing approached! on the other, the roughness parameters in
6=514.5 nm(not shown herg In spite of the strong rms terms of the excitation wavelength become larger for smaller
height of this fractal surfac&ormally equivalent to a large wavelengths. With respect to the occurrence of large FE, we
overall scattering potentiglthe fact that the relative weight observe in Fig. 7 that the tail of large,(w) is built up with
in the surface power spectrum of the higher spatial frequencgecreasing wavelength down 1o=619.9 nm, as somehow
components with respect to the lower ones is preseffed expected according to the preceding argument, but becomes
it only depends o1D) hinders the excitation by light of SPP smaller again upon further lowering the excitation wave-
(and thus the related FEor D<1.5. It is worthwhile men- length toA=413.3 nm.
tioning, however, that a weak FE not connected to the SPP  This is more clearly seen in Fig(&, which shows the
excitation can be observed within the selvedge of this kind ofvavelength dependence of the ensemble average valug of
surfaces when the rms height is high enough as to ensure tlier Ag, Au, and Cu. The experimental values of the dielectric
occurrence of doubléor highey scattering processes in the functions for Au and Cu are also obtained from Ref. 43. The
geometrical optics sense; this has been addressed in Ref. X&ehavior for the lower wavelengths is due to the increase of
This kind of weak FE, which we believe irrelevant to SERSthe bulk absorptive losses of propagating SPP when ap-
on most widely used experimental configurations, is alsgroaching the surface-plasmon wavelength. This increase in
found fors-polarized waves. In this regard, we would like to the absorption is strengthened for Au and Cu, since the onset
point out thatp(o), although not shown here, resembles forof interband transitions for these two metals, which contrib-
all the fractal surface parameters considered thus far the namte to raise considerably the imaginary part of the dielectric
row distribution ofp(o7,) for D=1 shown in Fig. %), con- function;®is reached for the wavelengih=500 nm, in con-
firming that no significant FE takes place fempolarization trast to the case of Ag, for which this onset does not appear
(transverse electric modes within the frequency range covered by Fig. 8. For large
The wavelength dependence pffo,(w)] is studied in  wavelengths(o,) behaves similarly for the three metals,
Fig. 7 forD=1.9 andé=102.9 nm for the excitation wave- diminishing as the ratio of the roughness parameters to the
lengthsA (nm)=413.3, 514.5, 619.9, 729.3, 826.6, and 1064incident wavelength also decreagaamely, the incident ra-
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! T T i monochromatic beam. In this manner, the occurrence of
—— Ag, A=619.9nm large FE in the vicinity of self-affine fractal surfaces of Ag,

=7 AuA=729.3 nm | Au, and Cu has been explored through numerical simulation
——=- Cu, A=729.3 nm

|
—_
T

calculations of both the near field pattern and the PDF of
surface field enhancemenpgo ). This is important to the
understanding of the SERS EM mechanism on substrates
consisting of fractally corrugated metal surfaces.

Our near field intensity contour maps give a rigorous
picture of the EM scattering mechanisms in the vicinity of
the vacuum/metal interface. The behavior of the nonspecular
component of the scattered field intensity as a function of the
-3 ; . . ; spatial coordinates indicates fprpolarization the existence
of forward and backward propagating SPP along the inter-
P face whose amplitude decays exponentially away from the
FIG. 9. PDF of thep-polarized FE factop[cy(w)] in a log scale for Ag, mean surfac_e p_roflle. This in tu_rn reveals_ that the rqughness—
Au, and Cu fractal surfaces with=1.9 ands=308.7 nm at the optimum  induced excitation of propagating-polarized SPP lies on
excitation frequency. Solid curve, Ag at=619.9 nm; dashed curve, Au at the basis of the occurrence of large FE relevant to SERS in
A=729.3nm; long-dashed curve, Cu Rt=729.3nm. Correspondingly,  this configuration. The calculated PDF of the surface FE ac-
fgg:etferlffﬁn' é‘ig.z‘;““* ~18.9711.43, ec,= ~19.6111.98. Other pa- ) nts for the transition from a narrow distribution centered

about the planar surface HEf. Eq. (4.1)] for weakly scat-

tering surfaces, to a broad, slowly decaying function when
diation tends to “see” a smoother surfac&herefore, Fig. 8 |arge o, takes place. In addition, this study shows that the
indicates that there exists an optimum excitation Wavelengﬂbp( ) for a given frequency increases with the local fractal
abouth =619.9 nm for Ag and\=729.3 nm for Au and Cu, gimension and with the rms height. Fractality seems to be
at which the maximumy, is found for the kind of fractal  ore critical; no significant surface FE are encountered for
surfaces dealt with in this work. small local fractal dimensions regardless of the rms height,

In Fig. &b) the absorption spectrum, derived from the whereas for largeD even a very low surface roughness
average reflectance calculations upon exploiting energy CoNs/\ _0.05 suffices to produce moderate FE

servation, is shown for the fractal surfaces used in Fg). 8 The frequency dependence analysis of the PDF of sur-

Interestingly enough, in our case the maximum in the ab- . . .
; ) face FE manifests the existence of an excitation wavelength
sorption spectrum does not necessarily correlate to the ma>§—

mum FE, for there are no narrow resonances. As a matter ?r_ which the surface FE is maximized. This OP"”‘””_‘ excl-
fact, it should be mentioned that the preceding argument jtation wavelength observed for large fractal dimensiats
valid as long as no other frequency-selective mechanisms afPOUtA~620 nm for Ag.A~730 nm for Au and Clistems
present, such as localized surface plasmons associated wifgm @ compromise between the fractal scatterer strength

EM surface-shape resonan®&or even electronic transition (given by the roughness parameters normalized by the inci-
resonances. dent wavelengthresponsible for light-SPP coupling, and the

Finally, we compare in Fig. 9 the(o,) for Ag, Au, and SPP absorptive losses within the bulk metal. In addition, it

Cu, at the corresponding optimum excitation wavelengthd1as been shown that the optimum wavelength does not coin-
[see Fig. 8], in the case of a fractal surface characterizedcide with that at which the absorption spectrum yields a
by D=1.9 ands=308.7 nm. The three curves lie practically maximum. (Recall also that no frequency resonances are
on top of each other, revealing almost identical behavior fopresent herg.All Ag, Au, and Cu surfaces manifest similar
these metal surfaces provided that the optimum excitatiombilities to produce large FE’s provided that the correspond-
frequency is used. Again, the latter statement is only true ifing optimum excitation wavelength is used.

the absence of narrow resonances. A resonance lying within  Large local FE maxima have been found heie,

the range of interband transitions for Au and Cu, but outside<10®, so thatoSERS<1(f); however the average values are
the range for Ag, would lead to a much lower FE for Au andrelatively modest. Leaving aside the existence of other non-
Cu than for Ag, owing to damping. In general, the fact thatpurely EM mechanisms, we believe this to be due to the
the onset of such transitions in Ag occurs at a wavelengtighojce of fractal surface model, which nonetheless has

|
[\
T

10g,,(p(G,)

A~300 nm, favors its use as a SERS substrate. proven to be very useful for both understanding the EM pro-
cesses being involved and quantitatively establishing rigor-
V. CONCLUSIONS ous criteria as to the role played by surface fractality. The

In this paper, we have presented a rigorous scatteringM scattering formulation presented here could be used to
theory formulation based on the exact Green’s theorem intestudy other surface models and even adapted to take into
gral equations that can be successfully applied to account iaccount more complicated configurations. In addition, it pro-
the full electrodynamic sense for the near EM field found onvides rigorous calculations about the angular distribution of
a corrugated metal surface illuminated by an incomingthe scattered intensity of the elastic comporfént.
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