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Surface plasmon excitation and surface-enhanced Raman scatt8ER§ are investigated for periodic
grating-type substrates such as binary silver gratings and silver gratings on silica. Electromagnetic near fields
are calculated by an efficient implementation of a Rayleigh-expansion technique for rectangular-groove grat-
ings. Far-field signals of Raman-active molecules adsorbed at the grating surface are determined by application
of the Lorentz reciprocity theorem. SERS enhancement factors are considered for different types of gratings
and for structures with different dimensions with respect to both the intensity and angular width of the emitted
Stokes light. Thus, consideration of plasmon resonance widths leads to optimum structures for periodic SERS
substrates if realistic experimental configurations involving a lens for detection are taken into account. For
binary silver gratings, optimum grating depths of more than 80 nm are proposed for SERS measurements in a
realistic experimental configuration, whereas maximum SERS signals are emitted into a single direction at
shallow gratings with depths between 10 nm and 20 nm. Furthermore, silica gratings with isolated silver layers
are superior to binary silver gratings. Due to both the large intensity and angular width of the emitted signals,
SERS enhancement factors are additionally increased on such structures.

[. INTRODUCTION In this way, substrates with the structural dimensions re-

quired for optimum SERS enhancement can be fabricated.

Grating-type substrates with nanometer dimensions offeAs the optimum surface structure depends on the kind of

the possibility of enhancing the electromagnetic field close t@pplication, e.g., detection of SERS signals in forward or

surfaces by factors up to 10due to surface plasmon backward scattering geometry, suitable numerical methods

excitation® Thereby, Raman signals from molecules ad-are required to calculate the optimum surface topology in

sorbed at these substrates are enhanced by up to six orderségch case. _ _ 116

magnitude. This surface-enhanced Raman scatfeting 1he Well-defined topology of silver gratings® and

(SERS offers high sensitivity and the possibility of detect- nanoparticle arrays’ has already been used for quantitative

ing monolayers of molecules. For this reason and the addicemparison of theory and experiment. Numerical calcula-

tions in this investigation as well as in different studies con-

tional typical high selectivity of Raman scattering due to theCernin the optimum grating heidfiare based on the expan-
fingerprint nature of the detected spectra, SERS has a Iar%e 9 P 9 g he . pan-
ion of the electromagnetic fields into Bloch waves. This

gg;gﬁlongfe new developments in - chemical SENSONhethod is known as the Rayleigh-expansion meth@ERS

o . enhancement factors on regularly arranged nanoparticles
However, the excitation of surface plasmons by light re-

. X : ) ! have been calculated by a different approach applying an
quires special experimental configurations for flat metal surgytended single-particle mod¥l Electromagnetic enhance-

faces like attenuated total reflection couptevs rough sur-  ment factors of about fthave been calculated for both grat-
face structures. Suitable SERS substrates are, for examplggs and nanoparticle arrays.

electrochemically roughened silver electrodes, metal island |n this paper we investigate one-dimension@lD)

films, metal colloidal films, and other roughened SUFfaZCGS-rectangular-groove binary silver gratings, silver gratings on
In contrast to these irregular substrates, regularly arrangeftht silica substrates, and silver layers on silica gratifsge
particles and metallic gratings offer the possibility for a moreFig. 1). Silver is used because it is the most efficient SERS
systematic and reproducible study of the plasmon resonanceetal due to its dielectric propertiésThe calculations are
contribution to SERS. Silver gratings or silver nanoparticlesrestricted to TM-polarized light because surface plasmon ex-
on crossed gratings of silica posts have been prepared yjtations require this polarizationTherefore, a Rayleigh-
holographi€=*2 or e-beam lithography?®'* consecutive pat- expansion technique that is optimized for this polarization
tern transfer by etching, and final evaporation of a silverand rectangular metal gratings is used. Raman scattering is
layer. Furthermore, suitable SERS substrates have been prpeated classically by assuming dipoles oscillating at the
duced by replicating the silica posts into polyvinyl chloride Stokes frequency with a dipole moment proportional to the
(PVC) and evaporating silver on the PVC poStElectron-  local electric field. The far-field Raman signal of the radiat-
beam lithography has also been used to produce regular ang dipoles is calculated by a combination of Rayleigh ex-
rays of nanoparticles on flat surfaces by lift-off pansion and the Lorentz reciprocity theorem. An efficient
techniqued!* These periodic SERS substrates can be fabimplementation of this method allows one to calculate the
ricated with reproducibly and independently varied structuraknhancement for different types and geometries of gratings.
parameters such as grating period or height of the particle§Ve discuss in detail the influence of angle of incidersge
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' FIG. 2. Grating geometry of the diffraction problem used for
calculation by Rayleigh-expansion technique. The incident TM-

e . * h polarized field is diffracted into plane waves with coefficieRtg
C . d vy (reflected fieldd and T, (transmitted field in regions | and Il. The
&02 . . . . . .
material properties of the different regions are given by their corre-
c) SiO,-grating with silver layers sponding refraction indices.

FIG. 1. Different types of rectangular-groove grating structurescomponentk,,, of the wave vector is determined in both
investigatedia) binary silver grating(b) silver grating on a silica regions by the Floquet condition,
substrate, andc) silica grating with silver layers on top of the
ridges and on the bottom of the grooves. The dotted lines indicate . A
the adsorption sites of the Raman-active molecules. Kxm= ko( n; sin o= mK) : )

and detection anglés, grating periodA, ratio of grating  They componenk,, follows from the separation condition,
ridge width to grating periodb, and grating deptlh on both R

plasmon resonance and SERS enhancement for various types Kz.ym=V(Kong) ™ = Ky ®

of gratings. SERS enhancement factors are defined by COMyhere (=1 or ¢=II denotes the corresponding region. For
paring far-field Raman signals from oscillating dipoles ONcomplexk,, the root that results in evanescent waves has to

gratings and in liquids. The results are compared to othefg taken. A plane wave expansion with constant coefficients
theoretical investigations and to experimental results. is not valid in the grating region. There, the expansion

Il. THEORY N '
Hg,= mE Upn(y)eX — jKynX) (6)

A. Calculation of electric near fields =—N

There exist various methods to calculate the expansiops ysed. The coefficientsl ,(y) are calculated by solving
coefficients of the Rayleigh methddlIn order to study the  Maxwell equations in the quasi-plane-wave basis. Within the
diffraction of TM-polarized plane waves on rectangular- grating region the periodic relative permittivity=n? is a
groove gratings the expansion coefficients are calculated bynction of x only, because rectangular-groove gratings are
a rigorous coupled wave analy$RCWA).*° Due to the con-  considered. Therefore, and its reciprocal  are expanded
vergence problem of this formalism for TM polarizatfomn  in Fourier series with constant Fourier coefficients. Then the
improved method is used:** For completeness a short out- \axwell equations in the quasi-plane-wave basis result in a

line of Rayleigh expansion and the improved RCWA is set of second-order differential equations with constant coef-
given.

) ) o ficients,
A TM-polarized plane wave with a magnetic field
. . P00 .
Hinc, = exfl — jKoni(sin oX — costoy) | D ko ?— =MU, 7
is incident with an angl@, on a rectangular metallic grating %
with grating periodA and groove depth (Fig. 2). which can be solved analytically. The definition of the ma-

~ In regions | ar;d Il the diffracted field can be expandedirix K1 and a detailed step-by-step guide for the numerical
into plane waves: implementation are given in Refs. 20 and 22. The boundary
N conditions for the differential equations are determined by

—u o the continuity equations fad, andE, aty=0 andy=—h.

Az H'”C'Z+m;N R eXH =] (kax tkaymy) ] (2) Thus, the coefficient®,,, Tr,, andU(y) and thereby the
magnetic field can be computed in each region. The corre-
sponding electric field components are calculated from the

Hiz= 2 Tmexd = (KanX—Kiymy) 1, (3 Maxwell equations by evaluating the analytical derivatives
m=—N . . . . . .
of the expansion oH, in the different grating regions. This
whereR,, and T, are the Rayleigh coefficients correspond- yields expansions foE, andE, similar to Egs.(2), (3), and
ing to the reflected and transmitted diffraction orderThex  (6) with additional factors due to the derivatives of the ex-

N
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sequently, the required far fields of ps can be calculated
from the Lorentz reciprocity theorem

=2 53, : E)s: Es' - Ps. 9

When aligningps’ parallel toE, the left-hand product can be
written as|ps’|-|E4 and Eq.(9) is divided by|ps'|. The
\ power density of the incident plane wave from the virtual
> _ ’\g dipole at a distanc® at an angle perpendicular to the dipole
R = ags e
axis is given by®

molecule

FIG. 3. Application of Lorentz reciprocity theorem.

mc
; ; : Sdipole: o 1 p2_ (10)
ponential function. However, the number of expansion coef- 2go\*D?
ficients has to be increased because the convergence for elec- .
tric fields in the grating region is slower than fiiry, . Thus, the dipole momenp'| is calculated from
The algorithm described can be used for the numerical )
simulation of binary silver gratinggFig. 1(a)] and of silver |5 /= gohsDEog (11)
S

gratings on silica substraté&ig. 1(b)]. The SiGQ gratings T

involve a mor mplicat rating region, which i iltup. o '

of tohreeeasin%Ig (gzgoratﬁgellae)gr[gﬂ:?g. %(Cff cl)\le,vertr?elesss,utheupm depende_:nce on the |_nC|dent fiethg) that has been used for

algorithm can be simply extended for this problem. The dif-the ne_ar-fleld calculation by the rigorous goupled wave

ferential Eq.(7) is deduced three times with three different anlaIyS|s. Th(zarefore, the  power  densitySsersmol

Fourier series for(x) and 1£(x) in the different grating ~ 2 Veo/ ol E|* of the SERS signal of a single molecule is

layers. Solutions of the differential equations are calculated 22, A =2

for each grating layer and are used to expand the magnetic Se _E, (80T |Es’- ar-Eql (12)

and electric fields. Then three sets of coefficiedts(y) as FRSMIT2 Ny ¢2\%D2E2

well as the Rayleigh coefficients are determined by the

boundary conditions at=0, y=d, y=h, andy=d+h. The In order to consider enhancement factors for the different

corresponding linear equation system is solved numericallytypes of gratings in Fig. 1 the enhanced SERS signal is com-

The computational times of these numerical calculations depared to the Raman signal of a single arbitrarily orientated

pend on the third power of the matrix dimension, which ismolecule. The power density of the Stokes radiation for such

three times larger for the SiQyratings. Therefore, the num- a molecule, e.g., a molecule in a liquid with a refractive

ber of retained Rayleigh coefficients has to be reduced imdexn=1, is

comparison to silver gratings for comparable computing

times. - e ZIE? 13
iquid 280)\4D2aR ol -

B. Surface-enhanced Raman scattering — . . . o

. . _ ag is a space-averaged Raman polarizability, which is, e.g.,

The above algorithm allows the calculation of the electric

.fleld. at the .adsorptlon s'ltes of the mole<':ules. Rgmqn scatter- a%:[%(axﬂ' ayy)]2 (14)
ing is considered classicalfj. The electric near field, at )
frequencyw, induces an oscillating dipole for diagonal Raman tensof$.Consequently, the molecular
enhancement factdBgy mo is defined by
V.= anE 8 >, A 2
Ps= RS0 ® Ssers,mol |Es T aR: Eo|2
Gemmol= = (15

radiating at the shifted Stokes frequensy= wg— wmyq - AS

one-dimensional gratings are considered, the Raman polariz-

ability tensorag has only 2<2 components. In this investigation a diagonal Raman tensor wi,
The oscillating dipole is located close to the silver sur-= @yy IS used. Because of this the influence of the 90° ro-

face. Therefore, the radiated dipole fields again couple t&t€d orientation of the adsorbed molecules at the grating
surface plasmons. One solution for this problem is the appnsldes can be neglected. Furthermore, absolute values of the

cation of the Lorentz reciprocity theoreth?® A virtual di- ~ Raman tensor elements are thus not required because

-, . : . Gemmol IS Normalized with Eq(14).
P;rliis&j (lssecé‘ogisg;d;e&red at the location of the detector in the Section 1l shows that the SERS enhancement of single

The dstancd benween he detector and e ratng s (1ocoes ‘SRS 1 N calon o e aratng. b e
face is much larger than the Stokes wavelengthof the b g g g g

virtual dipole. Therefore, the light emitted by the virtual di- molecular enhancement factor,

pole is incident as a plane wave on the grating and the algo- Nool 12 7 2 2 |2

. . =2 1 |Es,m 'aR'EO,m|

rithm of Sec. Il A can be used to obtain the fidtd’ of the GEM:N 2 i , (16)
virtual dipole ps’ at the location of the real dipoles. Con- mol =1 [Eo|* ag

Siquid |E0|4~a_§e
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is defined. The sum in E416) considers all adsorption sites K Lk 5
within one grating period and is divided by the number of SP™ Bx1 (20
adsorbed moleculebl,,,. The sum is calculated with the : : : .
emitted powers because of the incoherent nature of the spo\ﬁ:-g?i:)enkglf L?\edfggoer?a%elzgrfg?.e Equation(20) allows esti
taneous Raman emission. Therefore, the calculations can be

confined to one grating period because the fields vary only 3
with the phase factor exjiA) from period to period due to G il Rd — [ NNy A 21
the Bloch periodicity. R arcs| nZ+n2) MmA @D

Ggwm VYields the SERS enhancement for emission into a
single angleds. In practical experimental configurations, for surface plasmon excitatidfl. The calculated value is a
however, the emitted SERS signal is collected by a lens. Fogood approximation only for flat gratings. Resonance angles
this reason an additional enhancement fa@gf; rocusiS de-  for deep gratings can be obtained from the angular depen-
fined, which describes measurements in the focal plane of gence of the Rayleigh coefficiefR; of the first reflected
lens in backscattering geometry. The Gaussian beam of thgder. Furthermore, the dependenceRyf on the grating

incident laser light is focused by the lens on the grating at ajepth can be used to determine an optimum depth for plas-
angled,. The spot size of the focused laser beam is supposeghon resonanct

to be large in comparison to the wavelength. Therefore, the
light close to the focal plane is incident as a plane wave. The
emitted SERS signal is collected by the lens within its ac-

ceptance angle 6. Thus, the detected signal in back- |y Sec. Il A both the excitation of the surface plasmon

IIl. RESULTS

scattering geometry is calculated by integrating Bc), and surface-enhanced Raman scattering are considered for
binary silver gratings withnj=ng;=n,, and n;=ng,
Oo+A0 - L el ar .
SEMfocus:J d6 Seers mop (17) =Nag- Surfage plasmon excitation is discussed in Sec.
’ o= ’ A1 for incident wavelengths of 700 nm and 800 nm.

Corresponding refractive indices for silver of 0.644.806
and 0.037i5.57 have been calculated by interpolating ex-
perimental dat for these wavelengths. SERS on binary sil-

and the corresponding average enhancement factor is

00+Md6§" E /o B2 ver gratings is analyzed in Sec. Il A 2 with 700 nm incident

| s,m &R’ EO,m| | h d k | h hi _

0-A6  m=1 wavelength and 800 nm Stokes wavelength. This corre

Gen= — (18 sponds to a Raman shift of 1781.25 chGrating depths are
Nmol Eol*- a-2A 6 varied between 2 nm and 140 nm. The angle of incidence is

varied in the range of 0° to 20°. Most of the calculations are

It should be noted that all definitions of enhancement facobtained at a fixed grating period of 600 nm because reso-
tors in this section Ggy mo, Gem, andGeyocud give the  nance angles for incident and Stokes wavelengths are within
electromagnetic enhancement per molecule. Differences beéke considered angular range for this period. SERS on silver
tween the definitions are only the averaging and the considgratings on flat silica substrates and on Si§datings with
eration of experimental configurations. Therefore, an ensilver layers is discussed in Sec. 11l B and Sec. Il C with the
hancement effect due to an increasing number of moleculesame grating parameters for a direct comparison of the dif-
is not taken into account by these definitions. This additionaferent grating types.
effect can easily be considered by calculating the increasing The convergence of RCWA critically depends on the or-
surface within the laser spot for increasing grating depth oder of the Rayleigh expansion. Convergent solutions for the

decreasing grating period. Rayleigh coefficients are computed for 151 ord@rahich
correspond to Rayleigh coefficients from75 to 75. The
C. Surface plasmons computation of the electric fields in the grating region is

. o more critical. In order to achieve highly convergent solu-
SERS is closely connected to the excitation of surfac gnly g

, X .e[ions, 301 orders are used for calculation of the electric fields
plasmons. For the first assessment of optimum angles of in

cidence we consider the plasmon dispersion relation o or binary silver gratings and silver gratings on flat silica
P P Yubstrates. For Si{gratings, however, a reduced number of
smooth surfaceb,

151 orders is used due to the higher computational times
5> which are caused by the three-layer grating structure.

N LT (19 The relative convergence has been proven for all struc-
P e n|2+ n”' tures. Nevertheless, relative convergence does not necessar-

ily indicate a correct solution of the scattering prob&m.
with n=ng,, andn,;=n,g. For optical excitation of a sur- Therefore, near-field distributions have additionally been cal-
face plasmorkgp has to meet the corresponding componentculated by standard finite-difference time-domain metHdds.
ky of the wave vector at the surface. The incident wave canThey are in good agreement with results that have been com-
not meet this condition but one of diffracted orders mayputed by RCWA. Moreover, the reflected zeroth-order inten-
satisfy it. For example, on gratings with grating periods andsity has been measured for several grating configurations.
wavelengths as considered in Sec. Ill resonant coupling ofhe angular dependence of the experimental signals is in
the first reflected order can be obtained. For this order thexcellent agreement with the numerical restflts this way
resonance condition is given by the correctness of our RCWA results has been ensured.
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FIG. 4. Rayleigh coefficientiR,|2 for 700 nm and 800 nm inci-
dent wavelength& on a binary silver grating with 600 nm grating

period A and groove depthls of 20 nm and 50 nm as a function of
the angle of incidencé. FIG. 6. E, field at a silver grating withA=600 nm grating

period,\ =700 nm wavelength, anid=20 nm grating depth for an
angle of incidencedy= 0r=8°.

0 o . .
(o, ) 20 - \JD\N"\\

A. Binary silver gratings

1. Surface plasmon excitation excitation results in a reflectance dip at resonance
conditiong® because the zero order is the only propagating
'Srder. The incident light completely couples into the surface
. . _ ) . plasmon which is propagating along the surface. Thereby,
I C). For a silver grating with 600 nm grating period Eq. the resonance d®; induces high evanescent electric fields at

(21) yields approximate resonance angles of 8.29°\at th : ; : ;
e absorption sites of the Raman-active molec(des Fig.
=700 nm and 18.47° ak,=800 nm. The exact angular 6 P g

dependence of the surface plasmons iTQ‘ obtaineq from th. The dominance of the evanescent first order can be rec-
angular dependence of the corresponding Rayleigh COe%gnized in the electric near fields. Theeldecay lengths

. 2 .
cient |Ry|* (Fig. 4). ’?'1}’,,3,g of the first order in regiod can be calculated from the

. The resonance angles are shifted to smaller values vylt aginary part of thek, component of the wave vector,
increasing grating depth. Furthermore, the resonance heig

is reduced and the resonance is broadened with increasing 1
groove depth. Figure 5 shows resonance angles and angular Ll,e,fm.
resonance widths in dependence on the grating depth. The (Key,

resonance width 26 is defined as the full width at half g yields 1& decay lengths of 505.08 nm in diregion )
maximum. L ) and 22.67 nm in silvefregion Il). The rather high ¥ length
Optimum plasmon excitation corresponds to @ maximum, 5ir cayses a weak dependence of SERS enhancement fac-
resonance height dRy|“ and is obtained for small grating o5 on the distance of the molecule from the surface. For
depths:® Values of|R;|* up to 700 have been calculated for c4icylations in Sec. II1A2 a distance of 0.5 nm is used,
grating depths between 11 nm and 12 nm. The maximum Qfyhich is approximately the diameter of a benzene ring.
R, coincides with a minimum of the zero-ord&, as ex- The tangential field close to the surface almost vanishes
pected from energy conservation. Therefore, surface plasmqflcayse silver is an excellent conductor. Therefore, only the
perpendicular field components are enhanced. For this reason
E, is enhanced at the grating sidewalisee Fig. . Con-
versely,E, is enhanced at the top of the grating ridges and
the bottom of the grooves. Calculation Bf for the condi-
tions of Fig. 6 yields values dE,|~10* vm™* at both the
bottom and top sides. The different enhancemert,pénd
E, at horizontal and vertical grating surfaces would consid-
erably influence SERS signals if Raman tensors with differ-
ent componentsg,, and ay, were concerned. In this inves-
tigation the effect has only minor influence due to the choice
of the Raman tensor.
E, is especially large at the upper grating edéeee Fig.
6). For E, an additional local enhancement is also obtained
h (nm) at .the top of the grating ridges close to the gratlng _edges.
This edge effect generally occurs for any angle of incidence
FIG. 5. Resonance anglé; and resonance width/9; for a  and is not caused by surface plasmon excitation. Surface
silver grating with a period ofA=600 nm as a function of the plasmons result in enhancement of the electric fields at all
grating depthh. adsorption sites.

In this investigation surface plasmon resonances are co
sidered which are excited by the first reflected ordee Sec.

(22
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2. Surface-enhanced Raman scattering
5
The enhancement of electric near fields at the absorption 10

sites of the molecules results in enhanced Raman signals 5
from the surface. In order to consider the influence of plas- 23"10 |
mon excitation on SERS, enhancement factors as defined in
Sec. Il B are calculated for 700 nm incident wavelength and 2101
800 nm Stokes wavelength. It is obvious from the electric
fields in Fig. 6 that the contribution of single molecules to 1x10°
the overall SERS enhancement depends on their adsorption 0
sites. For this reason the enhancement factor of single mol- 0 10 20 30 40 50 60 70 80 90 100 110

eculesGgy mo defined in Eq.(15 has been considered at
different absorption sites along the surface at a distance of

0.5 nm for a 20 nm deep grating and optimum angle of £ 7. average molecular enhancement faGeg, for 600 nm
incidence and emission angle. At the bottom of the gratingyrating period as a function of grating degthAngle of incidence
grooves and the top of the ridges, enhancement factors of and detection anglé, are optimized for each deptsee Fig. 5.

Gemmor=2X 10° have been calculated as long as the loca-

tion is not close to the grating edges. Close to the gratingzonvergence 06gy is slow in the range of 5 nm to 20 nm
edges the enhancement factor is one order of magnitud&aﬁng depth.

larger. Nevertheless, the average enhancement fégtgris The maximum SERS signal is detected at an emission
about 2<10° again, because there are far fewer moleculegingle that corresponds to the plasmon resonance angle at the
adsorbed at the grating edges than at the rest of the gratingiokes wavelength. Furthermore, the angular width of the
Experimentally fabricated gratings will not have the exactsignal is given by the plasmon resonance widthég for
rectangular shape considered here. Therefore_, average e(- which increases for larger grating deptisee Fig. 5.
hancement factors are reasonable for comparison with eXrherefore, SERS signals from deep gratings are emitted into
perimental results because an overall enhancement is respoMarger angular range. This has to be taken into account if
sible for SERS. experimental enhancement factors are compared to calcu-
For calculation of the averaged enhancement faGi@f,  |ated enhancement factorsbecause a configuration with a

a step size of 2 nm between the molecules parallel to thgjngle detection angle is not useful experimentally. For prac-
surface has been used. The experimental molecule density 4ga| reasons the emitted signal is collected by a lens. Figure
most probably _higher but a smaller step _size increases thg shows the calculated fact@ ey 1ocus defined by Eq(18),
computational time and has only a small influence on avergich corresponds to measurements in backscattering geom-

age enhancement per molecule. A larger step size, howeveyry. The angle of incidence, is varied in the range of 0° to
influences the calculation &gy and has not been used for 52g° The emitted signal is integrated frofa—20° to 6,

this reason. . . +20°. Thereby, SERS signals from deep gratings become
In order to obtain maximum average enhancement faCtoréomparable to SERS signals from a 20 nm deep grating and
Ggwm, the angle of incidencé, has to be the plasmon reso- accurately adjusted angle of incidensee Fig. 8
nance angle of the incident wavelength Due to additional The maximum enhancement factor in backscattering ge-
coupling of the Raman scattered light to surface p|asm°n%metryGEM focus IS about 2< 10° for a 20 nm deep grating.
the most enhanced SERS signals are emitted in the directiofy ;g Gen f(’)cus is reduced by two orders of magnitude in
of the resonance angle and — 6 for the Stokes wave-  comparison to the enhancement fadgy, at a single detec-
length \s. This angular dependence has already been coRjon angle(see Fig. 7. Nevertheless, this does not mean that

sidered in numerous theoretical and experimental investigay |ower signal from the grating is detected. Obviously, the
tions (see, for example, Refs. 10-12, 16, and.3or this

reason we discuss the influence of the grating depih the
average enhancement fact@g,, only at a configuration
with a single optimum angle of incidence and a single opti- g

mum emission angle. As surface plasmon resonance angles = XHXHXK —=—h=20nm
depend on the grating deptbee Fig. 3, the optimum angles o "\\’ A —e—h=50rm
have to be adjusted for each depth. Figure 7 exhibjtg for 1x10°*1 \:(
grating depths betweem = 2 nm andh = 110 nm at reso- tadans,, /
nance angles from Fig. 5. We have tested by additional cal- -
culations of Ggy, that these angles actually result in the
maximum enhancement factor for each depth.

_ Flat gratings yield_ higher SERS e_nhancements due to op- 0 E 3 10 12 14 16 18 20

timum plasmon excitation. For grating depths of about 11 9, (°)

nm average molecular enhancement factors of more than 4 0

X 10° are achieved. However, this requires very accurate ad- F|G. 8. Enhancement factdBey rocus fOr backscattering mea-
justments of both the angle of incidence and the detectioBurements on silver gratings with 600 nm grating period and various
angle. For the calculation of Fig. 7 resonance angles havgrating depths versus the angle of incideige The emitted signal
been evaluated with an accuracy of 0.01°. Nevertheless, the integrated over a detection angle fratg—20° to 65+ 20°.

h (nm)

2x10°1

——h=140nm

i —x—h=80nm
. —a—h=110nm

*

A
A

o A




14 084 M. KAHL AND E. VOGES PRB 61

6x10° - a 2x10°1
—e—b=0.1 g
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FIG. 9. Enhancement fact@gy,ocus 8t NOrmal incidence as a  FIG. 10. Enhancement fact@gy rocus for various Stokes wave-
function ofb. The other grating parameters are as in Fig. 8. lengths at normal incidence as a function of grating depth. The

emitted signal is integrated over a detection angle frei20° to
signal intensity at the detector will be increased if the signabo°.
is collected by a lens. The increase of detected signal inten-
sity, however, is larger for the isotropic signal from a liquid | the following, optimum grating structures are deter-
which is used as reference. For this reason the acceptang@ned for SERS measurements in backscattering geometry
angle of the detection lens has to be taken into account pregithout angle adjustment. Figure 10 Sho®gy focusfOr NOI-
cisely if SERS signals from gratings are compared to refery | incidence as a function of grating depth for different
ence SERS signals, e.g., from a liquid or a flat silvergiokes wavelengths of 800 nm, 750 nm, and 725 nm. These
surface _ wavelengths correspond to Raman shifts of 1781 £r850

Due to the dependence on the detection system, generaln—ly and 491.4 cm’® at an incidence wavelength of 700

SERS enhancement factors cannot be given for grating-typgm The optimum grating depth is about 85 nm. Experimen-
substrates. Therefore, the influence of the grating geometrﬁény, maximum SERS signals are observed at slightly deeper
on the enhancement has to be considered also with rESpeCthatings of approximately 100 nm due to the increasing num-
the experimental configuration. For this reason a general digser of adsorbed molecules within the laser focus. Further-
cussion of grating parameters is not useful. Here, we only,qre the increasing number of molecules yields a slower
show the influence of the ratiwof the grating ridge width to  jocrease of SERS signals than @y s in Fig. 10 for
the grating periodsee Fig. 1 on Ggy focus &t NOrmal inci- grating depths that are larger than 100 nm.

dence(Fig. 9. A reduced groove width will considerably ™ the optimum grating depth decreases for smaller Stokes
increase the SERS enhancement if the optimum grating,,yelengthgsee Fig. 10 because the resonance angles are

depth is adjusted to the ratln Additional enhancement of gpitied to lower values. Nevertheless, this dependence on the
SERS signals has already been experimentally investigat§aman shift is weak. Therefore, comparable SERS signals

for asymmetric gratings with a reduced groove witfthe 416 ohtained for all Raman bands in the considered experi-
confirmation of this effect by numerical calculations is a newantal configuration without angular adjustment.

result to our knowledge. Furthermore, the grating period has only a small influence
_ ) for such a configuration. On the contrary, for shallow grat-
3. Optimum grating structure for SERS measurements ings a different grating period will considerably influence the
In the last section we discussed several effects that ha'8ERS signal because the angle of incidence is out of the
to be taken into account for comparison to an experimentalesonance condition. For 100 nm grating depth, however, we
investigation of SERS on binary silver gratings. An optimumcalculated a decrease of the enhancement fa&igf,c.s by
grating depth for maximum enhancement has not been prenly a factor up to 5 for reduced grating periods down to 100
posed because SERS depends not only on the grating struam. Moreover, the dependence of the rdtiof grating ridge
ture but also on the experimental configuration. Thereforewidth to grating period is also weak for this grating depth
the optimum grating structure can only be determined withsee Fig. 1 Consequently, we suggest that binary silver
regard to the application. Here, we consider practical aspec@ratings with depths of about 100 nm should be used for
of SERS measurements in backscattering geometry. This irstable and reproducible SERS measurements. The depen-
volves large signal enhancement as well as stability and redence on other grating parameters and the experimental con-
producibility of the measurements. In contrast to irregularfiguration is weak for deep gratings. Additionally, SERS en-
roughened substrates, grating structures offer the possibilitfancement factors for measurements in backscattering
for reproducible SERS measurements due to the well-definegeometry are comparable to that shallow gratings at adjusted
surface topology. However, this advantage will only be use-angle of incidence.
ful if the signal enhancement does not critically depend on
the experimental configuration. For this reason deep gratings
should be used in order to avoid the critical adjustment of the
angle of incidence. Large SERS signals are obtained on both In this section silver gratings on flat silica substrates are
roughly adjusted deep gratings and accurately adjusted flaonsideredsee Fig. 1b)]. This configuration is a 1D ap-
gratings(see Fig. 7. proximation for the properties of regular 2D arrays of nano-

B. Silver gratings on flat silica substrates
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TABLE |. Radiating reflected and transmitted orders for a silverdence and detection angles of 19.46° ant9.46°. For both

on silica grating with a grating period of 600 nm. grating depths in Fig. 11 a maximum valGg,, of about 60

— has been calculated at these conditions. These small SERS
A b0 Radiating orders enhancements at a single angle of incidence and a single
700 nm 0% 6,<9.59° Ro, To, Ty, andT_, detection angle in comparison to binary silver gratings lead

to smaller enhancement factdBg: socus for the backscatter-

9.59°< 0,<16.76° Ry, To, T4, T_4, andR . . .
0 o o T Tt ' ing configuration. An enhancement fac®Eyy, rocus Of about

16'72; 21231'44 ROROT'OTOT’lTlé?n:n?Tz 10 has been calculated for both gratings of Fig. 11 at normal
800 nm 0% 6. 6.89° Rl Tl T’ andT |nC|dence._ One reason for this small enhancement may be the
689°<g —19.46° O‘R O,T b T -1 large grating period of 600 nm, because optimum plasmon
) 0 : 0. Tor andiy resonances are proposed for smaller isolated parfitles.
19.46°< §,<90° Ry, To, T1, andR;

Structural dimensions, however, have only a small influence
for an incident wavelength of 700 nm. For this wavelength
variations of the grating period result in an optimum grating
particles with a cross section equal to the line width of theperiod of 200 nm with a correspondit@gy roeus Of 30.

grating. Such arrays of nanoparticles have been fabricated Optimum localized plasmon excitation on single isolated
and tested experimentall{.in contrast to binary silver grat- particles will be obtained only if both the structural dimen-
ings the substrate refractive index, is real with nsio,  sions and the incident wavelength are redutetherefore,
=1.455 at\=700 nm anchg;o, = 1.453 at\ =800 nm3This  we consider the dependence®f,, on the wavelength for a

causes differences in the propagation characteristics of th@ating with a grating period of 10 nm and a grating depth of
transmitted orders. For binary silver gratings only the zere® "M. Gey exhibits a resonance for an incident wavelength
reflected order is nonevanescent for angles of incidence up &f 410 nm for such a particle. For this incident wavelength
9.59°. On the contrary, for silver gratings on silica noneva-enhancement factofSgy, pcusare about & 107, 3x 107, and
nescent transmitted waves exist for all angles of incidence? 10” for Stokes wavelengths of 420 nm, 430 nm, and 440
Table | shows the propagating orders for wavelengths of 706m, which correspond to Raman shifts of 579 ¢m1131
nm and 800 nm. cm 1, and 1658 crl. It should be noted that these enhance-

For a direct comparison with binary silver gratings thement factors are valid for 1D gratings. For small particles
enhancement factdBgy, is calculated for a grating period of With @ cross section of 5 nm in the direction of thaxis this
600 nm. In the range from 0° to 2@Bg, exhibits two reso- 1S @ rough approximation. Therefore, the quantitative validity
nances at angles 9.59° and 19.46° and two additional smalléf enhancement factors of abouxag” for very small par-
ones at 6.89° and 16.768ee Fig. 11 These resonances are tlcles.has to be carefully considered. Nevertheless, an in-
not localized plasmon resonances but grating-induced res§réasing SERS enhancement for smaller wavelengths and
nances as discussed in Ref. 15. They occur when a reflectédrticle dimensions and a stronger dependence on the Raman
or transmitted order changes from radiating to evanescent &hift are qualitatively proposed by our model.
vice versa. Here, the small resonances are caused by a
change of the propagation behaviorTf, (see Table)l

The first strong resonance at 9.59° is due to a change of
propagation behavior d®, at the incidence wavelength and  Strong enhancement factors for silver gratings on dielec-
the second strong resonance corresponds to a chafjeadf tric substrates can only be achieved for suitable incident
the Stokes wavelengttsee Table ). Consequently, maxi- Wwavelengths and with grating dimensions that are optimized
mum SERS signals are obtained for a 9.59° angle of incifor localized plasmon resonances. For an incident wave-
length of 700 nm, however, even the electromagnetic cou-
pling between the grating lines does not considerably im-

C. Silver on SiO, gratings

25 prove the performance. One reason for this is that the

20/ resonance condition in Sec. Ill B has been obtained only
from the propagation characteristic of the resonant order. A
phase matching condition for this order has not been consid-

151 ered. Therefore, the basic idea for the structure of Fig\ 1

(."5% with two vertically offset gratings is the possibility of using

104 an additional phase shift in order to induce a different col-
lective plasmon resonance. Thus, interaction between these

51 two layers can cause much stronger electromagnetic fields
and thereby higher SERS enhancements. Figure 12 shows

0 T T

the enhancement fact@gy focusfor backscattering measure-
ments on a 70 nm deep grating with various heights of the
silver lines. Considering suitable fabrication methods the sil-
FIG. 11. Average molecular enhancement fagef, for a si-  Ver line heights of top and bottom layers are identical.

ver grating on silica with 600 nm grating period and grating depths FOr normal incidence, SERS enhancement is comparable
of 30 nm and 55 nm as a function of the angle of incidefigeThe  to that in deep binary silver gratings and thereby two orders
emitted signal is detected é= — 6,. The origins of the resonance Of magnitude larger than the enhancement for a single silver
(R, andT_,) are indicated in the figure. grating layer. There are two different grating conditions that

0 2 4 6 é1'0j21'41'61'82'0
0,=-6,(°)
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——d=60nm,§,=7.1°
—+—d=65nm, 6,=6.8°
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6,(°) 1x10%
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£ 2,0x10*1 ——d=60nm, 6,=124°
' 1,5x10%+ 1X104_—+—d=65nm, 6,=12.0
1,0x10° 9x10*
3 8x10%,
b)>4%" 10
0 2 4 6 8 10 12 14 16 18 20 6x10*,
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FIG. 12. Enhancement fact@gy socus fOr backscattering mea- 3x10%
surements on SiQgratings with a grating depth of 70 nm and 2%10%]
different silver layer thicknesses as a function of the angle of 1104
incidenced, (a) with a grating period ofA =600 nm andb) with a b) o-
grating period ofA =560 nm. 3025201510 -5 0 5 10 15 20 25 30

6, (°)

cause maximum enhancements. For silver line heights FiG. 13. Enhancement fact@g, as a function of detection
slightly smaller than the grating depth, the increased interacangle on SiQ@ gratings with grating periods d&) 600 nm andb)
tion due to the narrow distance between bottom and top paB60 nm, a grating depth of 70 nm, silver layer thicknesses of 60 nm
ticles results in enhanced signdkee Fig. 12 This effect and 65 nm, and angles of incidenégthat correspond to the reso-
has also been tested for other grating depths. Furthermorgance angles for the incident wavelength
especially large SERS signals are obtained for an angle of
incidence that is close to the resonance angle of the first
reflected order. For these resonances integrated enhancementSurface plasmon excitation on rectangular binary silver
factors of about X10° have been calculated for various gratings has been considered in dependence on incident
grating periods and grating depths with slightly smaller sil-wavelength, grating period, ratio of grating ridge width to
ver layer thicknesses. grating period, and grating depth. For shallow gratings reso-

The resonance angle depends on the ratio of silver laygtance angles can be calculated from the approximate Eg.
thickness to grating depth. Both optimum angle of incidencd21). With increasing grating depth resonance angles are
6o and emission anglé ., are shifted from the resonance shifted to smaller values and have to be obtained from the
angles for a single-layer gratingee Fig. 11 by up to 2°  resonance ofR,|2. For_deep gratings the angu!ar adjustment
with increasing silver layer thickness. Figure 13 shows thdS €SS critical due to increasing resonance widths.
enhancement factoBgy as a function of detection angle Maxmum sqrface plasmon excitation is obtained for shall—
with the optimum angle of incidenag, for each grating. An low gratings with depths between 10 nm and 20 nm. This

. . : . coincides well with investigations of sinusoidal gratings,
enhancement factdBgy up to 10 is obtained in the direc- iy propose an optimum depth of 25 ffThe slight
tion of the optimum emission angle. This maximum en-

hancement factor is one order of magnitude lower than thdlfference may be caused by the different grating shape as

. ) i : ; fell as by the different values of grating period and incident
maximumGey, for a shallow binary silver gratingsee Fig. \ayelength used in this investigation. The optimized grating

7). Nevertheless, the emission angular width is about 3° andepth for surface plasmon excitation yields high average mo-
thus much larger than for the binary silver grating. More-|gcylar SERS enhancement up tex 40°. However, this re-
over, the resonance of the transmitted negative first ordejuires a very exact adjustment of the angle of incidence and
yields considerable enhancement due to the additional COlffetection ang|e, which is obvious from the lower conver-
pling between the layers. Thus, a double resonance witgence in the range of 5 nm to 20 nm grating de(stee Fig.
comparable broad angular widths and additionally good en7). The strong dependence on exact angular adjustment is
hancement for the nonresonant emission angles cause th#so valid in experimental measurements on flat gratings.
large integrated enhancement factor for measurements in SERS enhancement factors of single molecules vary de-
backscattering geometry on Si@ratings. pending on their adsorption sites within the grating. Electric

IV. DISCUSSION
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fields are particularly enhanced at grating edges, and mol should be noted, however, that the enhancement of isolated
ecules at these sites emit SERS signals that are additionalparticles strongly depends on the particle size and the inci-
increased by one order of magnitude. Nevertheless, the adent wavelength. Here, structures with grating periods of
erage molecular enhancement on a silver grating is domimore than 100 nm and an incident wavelength of 700 nm
nated by molecules on the top of the grating ridges and thbave been regarded because they have been used for experi-
bottom of the grating grooves due to their larger number. Fomental measurements. For these conditions the resonances
this reason SERS on silver gratings is not an edge effect buhvolved are purely grating-induced resonances as described
a collective effect which is caused by collective surface plasin Sec. Ill B. For smaller particles and shorter wavelengths,

mon excitations. isolated particle plasmon resonances are extitadd thus
SERS on silver gratings is also a long range effect behigher SERS signals are proposed.
cause the evanescent plasmon fields haeed&tay lengths Electromagnetic interaction between closely spaced par-

of about 500 nm in air. In contrast, numerical models forticles can result in increased SERS sigrialsiere, double
SERS on isolated metal particles predict a strong dependenesiver layers on Si@gratings exhibit very high SERS signals
on the distance from the metal surface due to the eXCitatiOﬂue to the resonant Coup"ng between the |ayers_ This is ob-
of localized surface plasmorisThe weaker dependence on vious from the influence of both the layer thickness and the
the distance of the Raman-active molecules at silver gratinggrating depth on Optimum ang|e of incidence and emission
may be useful in certain applications, e.g., for SERS meaangle, which differ from the angles for a single layer. The
surements with several molecule layers or on surfaces witenhancement of SERS signals is increased by two orders of
additional chemical Coatings for a selective adsorption of thQnagnitude in Comparison to a grating with a sing|e silver
molecules* layer at normal incidence and is comparable to the enhance-
Experimental configurations for Raman measurementgent for optimum binary silver gratings. This increased en-
generally have a detection system with lenses in order tancement at normal incidence has also been observed
collect the emitted intensity. This has to be considered Wheexperimenta||yl_4 Moreover, very |arge enhancement factors
comparing measured and calculated enhancement fdétorswill be obtained if the silver layer thickness is only slightly
Here, we consider the influence of the experimental configusmaller than the grating depth and the angle of incidence is
ration on the calculated enhancement factor. A larger accegrose to the resonance angle of the first diffracted order. This
tance angle has only a minor influence on the enhancemegbndition results in increased enhancement in comparison to
for shallow gratings due to the narrow resonance width. Orpptimum binary silver gratings and yields additionally larger
the contrary, increasing resonance widths for increasing gratesonance widths for the angle of incidence. Due to these
ing depths will result in higher observed signals if the emit-superior properties Spgratings are the most interesting
ted signal is collected by a lens. This is especially obviougyrating-type substrate for SERS.
for a grating depth of 80 nm, for which the integrated en-
hancement factor at normal incidence is only slightly smaller
than that for a 20 nm deep grating and optimized angle of V. CONCLUSION
incidence(see Fig. 1D For this reason we propose that deep
gratings should be used for experimental Raman measure- A general method for the calculation of surface plasmon
ments in backscattering geometry. The average moleculaxcitation and surface-enhanced Raman scattering on rectan-
enhancement factor is comparable but the adjustment of thgular grating structures has been presented. The numerical
angle of incidence is less critical. Especially for measure-analysis of different grating types as well as of gratings with
ments without angular adjustment, e.g., for normal inci-different structural parameters yields SERS enhancement
dence, deep gratings exhibit much larger SERS enhancéactors between 10 and 2@epending both on the grating
ments. This corresponds well with experimental structure and on the experimental configuration. The depen-
investigations reporting maximum SERS signals for gratingdence of calculated enhancement factors on grating period,
depths of more than 100 nfi.The fact that slightly larger grating depth, silver layer thickness, angle of incidence, and
grating depths are optimum in experimental measurementsmission angle is in accordance with experimental restilts.
can be explained by the increasing number of absorbed moln particular, the experimentally observed increasing en-
ecules in the focus due to additional adsorption sites at thBancement at binary silver gratings with depths of more than
larger sidewalls. 80 nm is explained by considering a realistic experimental
On the other hand, reduced groove widths at fixed gratingonfiguration involving a lens for detection. Thereby, the
periods do not influence the number of molecules. For thisncreasing resonance widths of the surface plasmons at deep
reason the effect of a higher enhancement at these grooggatings play an important role at nonadjusted angles of in-
widths will generally be observed. Again, this is confirmedcidence and detection. We suggest from our theoretical con-
by experimental result¥. sideration that deep silver gratings with grating depths of
Silver gratings on silica substrates are a 1D approximatiombout 100 nm should generally be used for reproducible
for the properties of regular arrays of nanoparticles withSERS measurements in backscattering geometry. The SERS
cross sections equal to the linewidth. For these silver gratenhancement is comparable to that at shallow gratings but
ings on silica SERS enhancement factors have been calcthe dependence on other grating parameters and the experi-
lated that are two orders of magnitude smaller than those famental configuration is rather weak.
binary silver gratings with comparable structural dimensions. SERS enhancement factors up t& 50° are calculated on
Thereby, the low signal enhancement of SERS measurdsinary silver gratings for Stokes emission into a single direc-
ments on regular arrays of nanoparti¢fesan be explained. tion. Due to the different angular widths, however, SERS
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enhancement factors have to be calculated in dependence gratings on flat silica substrates are two orders of magnitude
experimental configurations for the comparison of differentsmaller than for binary silver gratings, where factors of about
grating types. Here, we considered measurements in backO® are calculated. On the contrary, double silver gratings on
scattering geometry and a detection lens with an acceptana#lica exhibit increased enhancement in comparison to binary
angle of 2A#=40°. Grating periods have been varied be-silver gratings due to coupling effects between the layers.
tween 100 nm and 600 nm and the incident wavelength haBue to additional larger resonance widths these structures are
been fixed at 700 nm. For this experimental configurationvery interesting for further theoretical and experimental in-

and structural dimensions enhancement factors for silvevestigations of SERS.
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