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Analysis of plasmon resonance and surface-enhanced Raman scattering
on periodic silver structures

M. Kahl and E. Voges
Lehrstuhl für Hochfrequenztechnik, Universita¨t Dortmund, 44221 Dortmund, Germany

~Received 11 November 1999; revised manuscript received 1 February 2000!

Surface plasmon excitation and surface-enhanced Raman scattering~SERS! 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.
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I. INTRODUCTION

Grating-type substrates with nanometer dimensions o
the possibility of enhancing the electromagnetic field close
surfaces by factors up to 103 due to surface plasmo
excitation.1 Thereby, Raman signals from molecules a
sorbed at these substrates are enhanced by up to six ord
magnitude. This surface-enhanced Raman scatterin2,3

~SERS! offers high sensitivity and the possibility of detec
ing monolayers of molecules. For this reason and the a
tional typical high selectivity of Raman scattering due to t
fingerprint nature of the detected spectra, SERS has a l
potential for new developments in chemical sen
applications.4–6

However, the excitation of surface plasmons by light
quires special experimental configurations for flat metal s
faces like attenuated total reflection couplers1 or rough sur-
face structures. Suitable SERS substrates are, for exam
electrochemically roughened silver electrodes, metal isl
films, metal colloidal films, and other roughened surface7

In contrast to these irregular substrates, regularly arran
particles and metallic gratings offer the possibility for a mo
systematic and reproducible study of the plasmon resona
contribution to SERS. Silver gratings or silver nanopartic
on crossed gratings of silica posts have been prepare
holographic8–12 or e-beam lithography,13,14 consecutive pat-
tern transfer by etching, and final evaporation of a silv
layer. Furthermore, suitable SERS substrates have been
duced by replicating the silica posts into polyvinyl chlorid
~PVC! and evaporating silver on the PVC posts.15 Electron-
beam lithography has also been used to produce regula
rays of nanoparticles on flat surfaces by lift-o
techniques.13,14 These periodic SERS substrates can be f
ricated with reproducibly and independently varied structu
parameters such as grating period or height of the partic
PRB 610163-1829/2000/61~20!/14078~11!/$15.00
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In this way, substrates with the structural dimensions
quired for optimum SERS enhancement can be fabrica
As the optimum surface structure depends on the kind
application, e.g., detection of SERS signals in forward
backward scattering geometry, suitable numerical meth
are required to calculate the optimum surface topology
each case.

The well-defined topology of silver gratings12,16 and
nanoparticle arrays9,17 has already been used for quantitati
comparison of theory and experiment. Numerical calcu
tions in this investigation as well as in different studies co
cerning the optimum grating height18 are based on the expan
sion of the electromagnetic fields into Bloch waves. Th
method is known as the Rayleigh-expansion method.19 SERS
enhancement factors on regularly arranged nanoparti
have been calculated by a different approach applying
extended single-particle model.17 Electromagnetic enhance
ment factors of about 104 have been calculated for both gra
ings and nanoparticle arrays.

In this paper we investigate one-dimensional~1D!
rectangular-groove binary silver gratings, silver gratings
flat silica substrates, and silver layers on silica gratings~see
Fig. 1!. Silver is used because it is the most efficient SE
metal due to its dielectric properties.2 The calculations are
restricted to TM-polarized light because surface plasmon
citations require this polarization.1 Therefore, a Rayleigh-
expansion technique that is optimized for this polarizat
and rectangular metal gratings is used. Raman scatterin
treated classically by assuming dipoles oscillating at
Stokes frequency with a dipole moment proportional to
local electric field. The far-field Raman signal of the radia
ing dipoles is calculated by a combination of Rayleigh e
pansion and the Lorentz reciprocity theorem. An efficie
implementation of this method allows one to calculate
enhancement for different types and geometries of gratin
We discuss in detail the influence of angle of incidenceu0
14 078 ©2000 The American Physical Society



ty
o
on
h

io

r-

t-
is

g

ed

d-

h

,

or
to

nts

the

are

the
n a
ef-

a-
cal
ary
by

rre-
the
es

x-

re

e
ca

or
M-

rre-

PRB 61 14 079ANALYSIS OF PLASMON RESONANCE AND SURFACE- . . .
and detection angleus , grating periodL, ratio of grating
ridge width to grating periodb, and grating depthh on both
plasmon resonance and SERS enhancement for various
of gratings. SERS enhancement factors are defined by c
paring far-field Raman signals from oscillating dipoles
gratings and in liquids. The results are compared to ot
theoretical investigations and to experimental results.

II. THEORY

A. Calculation of electric near fields

There exist various methods to calculate the expans
coefficients of the Rayleigh method.19 In order to study the
diffraction of TM-polarized plane waves on rectangula
groove gratings the expansion coefficients are calculated
a rigorous coupled wave analysis~RCWA!.20 Due to the con-
vergence problem of this formalism for TM polarization21 an
improved method is used.22,23 For completeness a short ou
line of Rayleigh expansion and the improved RCWA
given.

A TM-polarized plane wave with a magnetic field

H inc,z5exp@2 jk0nI~sinu0x2cosu0y!# ~1!

is incident with an angleu0 on a rectangular metallic gratin
with grating periodL and groove depthh ~Fig. 2!.

In regions I and II the diffracted field can be expand
into plane waves:19

H I,z5H inc,z1 (
m52N

N

Rm exp@2 j ~kxmx1kI,ymy!#, ~2!

H II, z5 (
m52N

N

Tm exp@2 j ~kxmx2kII, ymy!#, ~3!

whereRm andTm are the Rayleigh coefficients correspon
ing to the reflected and transmitted diffraction orderm. Thex

FIG. 1. Different types of rectangular-groove grating structu
investigated:~a! binary silver grating,~b! silver grating on a silica
substrate, and~c! silica grating with silver layers on top of th
ridges and on the bottom of the grooves. The dotted lines indi
the adsorption sites of the Raman-active molecules.
pes
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componentkxm of the wave vector is determined in bot
regions by the Floquet condition,

kxm5k0S nI sinu02m
l

L D . ~4!

They componentkym follows from the separation condition

kz,ym5A~k0nz!
22kxm

2 , ~5!

wherez5I or z5II denotes the corresponding region. F
complexkym the root that results in evanescent waves has
be taken. A plane wave expansion with constant coefficie
is not valid in the grating region. There, the expansion

Hgz5 (
m52N

N

Um~y!exp~2 jkxmx! ~6!

is used. The coefficientsUm(y) are calculated by solving
Maxwell equations in the quasi-plane-wave basis. Within
grating region the periodic relative permittivity«5n2 is a
function of x only, because rectangular-groove gratings
considered. Therefore,« and its reciprocal 1/« are expanded
in Fourier series with constant Fourier coefficients. Then
Maxwell equations in the quasi-plane-wave basis result i
set of second-order differential equations with constant co
ficients,

k0
22 ]2UW

]y2
5M̂UW , ~7!

which can be solved analytically. The definition of the m
trix M̂ and a detailed step-by-step guide for the numeri
implementation are given in Refs. 20 and 22. The bound
conditions for the differential equations are determined
the continuity equations forHz andEx at y50 andy52h.
Thus, the coefficientsRm , Tm , andUm(y) and thereby the
magnetic field can be computed in each region. The co
sponding electric field components are calculated from
Maxwell equations by evaluating the analytical derivativ
of the expansion ofHz in the different grating regions. This
yields expansions forEx andEy similar to Eqs.~2!, ~3!, and
~6! with additional factors due to the derivatives of the e

s

te

FIG. 2. Grating geometry of the diffraction problem used f
calculation by Rayleigh-expansion technique. The incident T
polarized field is diffracted into plane waves with coefficientsRm

~reflected field! andTm ~transmitted field! in regions I and II. The
material properties of the different regions are given by their co
sponding refraction indicesn.
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14 080 PRB 61M. KAHL AND E. VOGES
ponential function. However, the number of expansion co
ficients has to be increased because the convergence for
tric fields in the grating region is slower than forHgz .

The algorithm described can be used for the numer
simulation of binary silver gratings@Fig. 1~a!# and of silver
gratings on silica substrates@Fig. 1~b!#. The SiO2 gratings
involve a more complicated grating region, which is built
of three single grating layers@Fig. 1~c!#. Nevertheless, the
algorithm can be simply extended for this problem. The d
ferential Eq.~7! is deduced three times with three differe
Fourier series for«(x) and 1/«(x) in the different grating
layers. Solutions of the differential equations are calcula
for each grating layer and are used to expand the magn
and electric fields. Then three sets of coefficientsUm(y) as
well as the Rayleigh coefficients are determined by
boundary conditions aty50, y5d, y5h, andy5d1h. The
corresponding linear equation system is solved numerica
The computational times of these numerical calculations
pend on the third power of the matrix dimension, which
three times larger for the SiO2 gratings. Therefore, the num
ber of retained Rayleigh coefficients has to be reduced
comparison to silver gratings for comparable comput
times.

B. Surface-enhanced Raman scattering

The above algorithm allows the calculation of the elect
field at the adsorption sites of the molecules. Raman sca
ing is considered classically.24 The electric near fieldEW 0 at
frequencyv0 induces an oscillating dipole

pW s5âREW 0 ~8!

radiating at the shifted Stokes frequencyvs5v02vmol . As
one-dimensional gratings are considered, the Raman pol
ability tensorâR has only 232 components.

The oscillating dipole is located close to the silver s
face. Therefore, the radiated dipole fields again couple
surface plasmons. One solution for this problem is the ap
cation of the Lorentz reciprocity theorem.16,25 A virtual di-
pole pW s8 is considered at the location of the detector in t
far field ~see Fig. 3!.

The distanceD between the detector and the grating s
face is much larger than the Stokes wavelengthls of the
virtual dipole. Therefore, the light emitted by the virtual d
pole is incident as a plane wave on the grating and the a
rithm of Sec. II A can be used to obtain the fieldEW s8 of the
virtual dipolepW s8 at the location of the real dipolepW s. Con-

FIG. 3. Application of Lorentz reciprocity theorem.
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sequently, the required far fieldEW s of pW s can be calculated
from the Lorentz reciprocity theorem

pW s8•EW s5EW s8•pW s. ~9!

When aligningpW s8 parallel toEW s the left-hand product can b
written as upW s8u•uEW su and Eq.~9! is divided by upW s8u. The
power density of the incident plane wave from the virtu
dipole at a distanceD at an angle perpendicular to the dipo
axis is given by26

Sdipole5
p2c

2«0l4D2
p2. ~10!

Thus, the dipole momentupW s8u is calculated from

upW s8u5
«0ls

2DE0

p
~11!

in dependence on the incident fieldE0 that has been used fo
the near-field calculation by the rigorous coupled wa
analysis. Therefore, the power densitySSERS,mol

5 1
2 A«0 /m0uEsu2 of the SERS signal of a single molecule

SSERS,mol5
1

2
A«0

m0

p2uEW s8•âR•EW 0u2

«0
2ls

4D2E0
2

. ~12!

In order to consider enhancement factors for the differ
types of gratings in Fig. 1 the enhanced SERS signal is c
pared to the Raman signal of a single arbitrarily orienta
molecule. The power density of the Stokes radiation for su
a molecule, e.g., a molecule in a liquid with a refracti
index n51, is

Sliquid5
p2c

2«0l4D2
aR

2 uEW 0u2. ~13!

aR
2 is a space-averaged Raman polarizability, which is, e

aR
25@ 1

2 ~axx1ayy!#
2 ~14!

for diagonal Raman tensors.24 Consequently, the molecula
enhancement factorGEM,mol is defined by

GEM,mol5
SSERS,mol

Sliquid
5

uEW s8•âR•EW 0u2

uE0u4•aR
2

. ~15!

In this investigation a diagonal Raman tensor withaxx
5ayy is used. Because of this the influence of the 90°
tated orientation of the adsorbed molecules at the gra
sides can be neglected. Furthermore, absolute values o
Raman tensor elements are thus not required bec
GEM,mol is normalized with Eq.~14!.

Section III shows that the SERS enhancement of sin
molecules depends on their location on the grating. In or
to compare SERS signals for different gratings the avera
molecular enhancement factor,

GEM5
1

Nmol
(

m51

Nmol uEW s,m8•âR•EW 0,mu2

uE0u4
•aR

2
, ~16!
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is defined. The sum in Eq.~16! considers all adsorption site
within one grating period and is divided by the number
adsorbed moleculesNmol . The sum is calculated with th
emitted powers because of the incoherent nature of the s
taneous Raman emission. Therefore, the calculations ca
confined to one grating period because the fields vary o
with the phase factor exp(jkxmL) from period to period due to
the Bloch periodicity.

GEM yields the SERS enhancement for emission into
single angleus . In practical experimental configuration
however, the emitted SERS signal is collected by a lens.
this reason an additional enhancement factorGEM,focus is de-
fined, which describes measurements in the focal plane
lens in backscattering geometry. The Gaussian beam o
incident laser light is focused by the lens on the grating a
angleu0. The spot size of the focused laser beam is suppo
to be large in comparison to the wavelength. Therefore,
light close to the focal plane is incident as a plane wave. T
emitted SERS signal is collected by the lens within its
ceptance angle 2Du. Thus, the detected signal in bac
scattering geometry is calculated by integrating Eq.~12!,

SEM,focus5E
u02Du

u01Du

du SSERS,mol, ~17!

and the corresponding average enhancement factor is

GEM5

E
u02Du

u01Du

du (
m51

Nmol

uEW s,m8•âR•EW 0,mu2

NmoluE0u4•aR
2
•2Du

. ~18!

It should be noted that all definitions of enhancement f
tors in this section (GEM,mol , GEM , andGEM,focus) give the
electromagnetic enhancement per molecule. Differences
tween the definitions are only the averaging and the con
eration of experimental configurations. Therefore, an
hancement effect due to an increasing number of molec
is not taken into account by these definitions. This additio
effect can easily be considered by calculating the increa
surface within the laser spot for increasing grating depth
decreasing grating period.

C. Surface plasmons

SERS is closely connected to the excitation of surfa
plasmons. For the first assessment of optimum angles o
cidence we consider the plasmon dispersion relation
smooth surfaces,1

kSP5
v

c
A nI

2nII
2

nI
21nII

2
, ~19!

with nI5nair and nII5nAg . For optical excitation of a sur
face plasmonkSP has to meet the corresponding compon
kx of the wave vector at the surface. The incident wave c
not meet this condition but one of diffracted orders m
satisfy it. For example, on gratings with grating periods a
wavelengths as considered in Sec. III resonant coupling
the first reflected order can be obtained. For this order
resonance condition is given by
f

n-
be
ly

a

or

a
he
n
ed
e
e
-

-

e-
d-
-

es
l
g
r

e
n-
n

t
-

d
of
e

kSP5
!

kx1 ~20!

wherekx1 is defined by Eq.~4!. Equation~20! allows esti-
mation of the resonance angle

uR5arcsinFReS 2A nI
2ñII

2

nI
21ñII

2 D 1
l

nIL
G ~21!

for surface plasmon excitation.10 The calculated value is a
good approximation only for flat gratings. Resonance ang
for deep gratings can be obtained from the angular dep
dence of the Rayleigh coefficientR1 of the first reflected
order. Furthermore, the dependence ofR1 on the grating
depth can be used to determine an optimum depth for p
mon resonance.18

III. RESULTS

In Sec. III A both the excitation of the surface plasmo
and surface-enhanced Raman scattering are considere
binary silver gratings with nI5ng15nair and nII5ng2
5nAg . Surface plasmon excitation is discussed in S
III A 1 for incident wavelengths of 700 nm and 800 nm
Corresponding refractive indices for silver of 0.0412 i4.806
and 0.0372 i5.57 have been calculated by interpolating e
perimental data27 for these wavelengths. SERS on binary s
ver gratings is analyzed in Sec. III A 2 with 700 nm incide
wavelength and 800 nm Stokes wavelength. This co
sponds to a Raman shift of 1781.25 cm21. Grating depths are
varied between 2 nm and 140 nm. The angle of incidenc
varied in the range of 0° to 20°. Most of the calculations a
obtained at a fixed grating period of 600 nm because re
nance angles for incident and Stokes wavelengths are w
the considered angular range for this period. SERS on si
gratings on flat silica substrates and on SiO2 gratings with
silver layers is discussed in Sec. III B and Sec. III C with t
same grating parameters for a direct comparison of the
ferent grating types.

The convergence of RCWA critically depends on the
der of the Rayleigh expansion. Convergent solutions for
Rayleigh coefficients are computed for 151 orders,22 which
correspond to Rayleigh coefficients from275 to 75. The
computation of the electric fields in the grating region
more critical. In order to achieve highly convergent so
tions, 301 orders are used for calculation of the electric fie
for binary silver gratings and silver gratings on flat silic
substrates. For SiO2 gratings, however, a reduced number
151 orders is used due to the higher computational tim
which are caused by the three-layer grating structure.

The relative convergence has been proven for all str
tures. Nevertheless, relative convergence does not nece
ily indicate a correct solution of the scattering problem28

Therefore, near-field distributions have additionally been c
culated by standard finite-difference time-domain method29

They are in good agreement with results that have been c
puted by RCWA. Moreover, the reflected zeroth-order inte
sity has been measured for several grating configuratio
The angular dependence of the experimental signals i
excellent agreement with the numerical results.30 In this way
the correctness of our RCWA results has been ensured.
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A. Binary silver gratings

1. Surface plasmon excitation

In this investigation surface plasmon resonances are
sidered which are excited by the first reflected order~see Sec.
II C!. For a silver grating with 600 nm grating period E
~21! yields approximate resonance angles of 8.29° atl0
5700 nm and 18.47° atls5800 nm. The exact angula
dependence of the surface plasmons is obtained from
angular dependence of the corresponding Rayleigh co
cient uR1u2 ~Fig. 4!.

The resonance angles are shifted to smaller values
increasing grating depth. Furthermore, the resonance he
is reduced and the resonance is broadened with increa
groove depth. Figure 5 shows resonance angles and an
resonance widths in dependence on the grating depth.
resonance width 2DuR is defined as the full width at hal
maximum.

Optimum plasmon excitation corresponds to a maxim
resonance height ofuR1u2 and is obtained for small gratin
depths.18 Values ofuR1u2 up to 700 have been calculated f
grating depths between 11 nm and 12 nm. The maximum
R1 coincides with a minimum of the zero-orderR0, as ex-
pected from energy conservation. Therefore, surface plas

FIG. 4. Rayleigh coefficientuR1u2 for 700 nm and 800 nm inci-
dent wavelengthsl on a binary silver grating with 600 nm gratin
periodL and groove depthsh of 20 nm and 50 nm as a function o
the angle of incidenceu0.

FIG. 5. Resonance angleuR and resonance width 2DuR for a
silver grating with a period ofL5600 nm as a function of the
grating depthh.
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excitation results in a reflectance dip at resonan
conditions19 because the zero order is the only propagat
order. The incident light completely couples into the surfa
plasmon which is propagating along the surface. There
the resonance ofR1 induces high evanescent electric fields
the absorption sites of the Raman-active molecules~see Fig.
6!.

The dominance of the evanescent first order can be
ognized in the electric near fields. The 1/e decay lengths
L1/e,z of the first order in regionz can be calculated from the
imaginary part of theky component of the wave vector,

L1/e,z5
1

uIm~kz,y1
!u

. ~22!

This yields 1/e decay lengths of 505.08 nm in air~region I!
and 22.67 nm in silver~region II!. The rather high 1/e length
in air causes a weak dependence of SERS enhancemen
tors on the distance of the molecule from the surface.
calculations in Sec. III A 2 a distance of 0.5 nm is use
which is approximately the diameter of a benzene ring.

The tangential field close to the surface almost vanis
because silver is an excellent conductor. Therefore, only
perpendicular field components are enhanced. For this re
Ex is enhanced at the grating sidewalls~see Fig. 6!. Con-
versely,Ey is enhanced at the top of the grating ridges a
the bottom of the grooves. Calculation ofEy for the condi-
tions of Fig. 6 yields values ofuEyu'104 V m21 at both the
bottom and top sides. The different enhancement ofEx and
Ey at horizontal and vertical grating surfaces would cons
erably influence SERS signals if Raman tensors with diff
ent componentsaxx andayy were concerned. In this inves
tigation the effect has only minor influence due to the cho
of the Raman tensor.

Ex is especially large at the upper grating edges~see Fig.
6!. For Ey an additional local enhancement is also obtain
at the top of the grating ridges close to the grating edg
This edge effect generally occurs for any angle of inciden
and is not caused by surface plasmon excitation. Surf
plasmons result in enhancement of the electric fields at
adsorption sites.

FIG. 6. Ex field at a silver grating withL5600 nm grating
period,l5700 nm wavelength, andh520 nm grating depth for an
angle of incidenceu05uR58°.
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2. Surface-enhanced Raman scattering

The enhancement of electric near fields at the absorp
sites of the molecules results in enhanced Raman sig
from the surface. In order to consider the influence of pl
mon excitation on SERS, enhancement factors as define
Sec. II B are calculated for 700 nm incident wavelength a
800 nm Stokes wavelength. It is obvious from the elec
fields in Fig. 6 that the contribution of single molecules
the overall SERS enhancement depends on their adsor
sites. For this reason the enhancement factor of single m
eculesGEM,mol defined in Eq.~15! has been considered a
different absorption sites along the surface at a distanc
0.5 nm for a 20 nm deep grating and optimum angle
incidence and emission angle. At the bottom of the grat
grooves and the top of the ridges, enhancement factor
GEM,mol'23105 have been calculated as long as the lo
tion is not close to the grating edges. Close to the gra
edges the enhancement factor is one order of magni
larger. Nevertheless, the average enhancement factorGEM is
about 23105 again, because there are far fewer molecu
adsorbed at the grating edges than at the rest of the gra
Experimentally fabricated gratings will not have the exa
rectangular shape considered here. Therefore, average
hancement factors are reasonable for comparison with
perimental results because an overall enhancement is res
sible for SERS.

For calculation of the averaged enhancement factorGEM ,
a step size of 2 nm between the molecules parallel to
surface has been used. The experimental molecule dens
most probably higher but a smaller step size increases
computational time and has only a small influence on av
age enhancement per molecule. A larger step size, howe
influences the calculation ofGEM and has not been used fo
this reason.

In order to obtain maximum average enhancement fac
GEM , the angle of incidenceu0 has to be the plasmon reso
nance angle of the incident wavelengthl0. Due to additional
coupling of the Raman scattered light to surface plasmo
the most enhanced SERS signals are emitted in the direc
of the resonance anglesus and 2us for the Stokes wave-
length ls . This angular dependence has already been c
sidered in numerous theoretical and experimental invest
tions ~see, for example, Refs. 10–12, 16, and 31!. For this
reason we discuss the influence of the grating depthh on the
average enhancement factorGEM only at a configuration
with a single optimum angle of incidence and a single op
mum emission angle. As surface plasmon resonance an
depend on the grating depth~see Fig. 5!, the optimum angles
have to be adjusted for each depth. Figure 7 exhibitsGEM for
grating depths betweenh 5 2 nm andh 5 110 nm at reso-
nance angles from Fig. 5. We have tested by additional
culations of GEM that these angles actually result in th
maximum enhancement factor for each depth.

Flat gratings yield higher SERS enhancements due to
timum plasmon excitation. For grating depths of about
nm average molecular enhancement factors of more tha
3105 are achieved. However, this requires very accurate
justments of both the angle of incidence and the detec
angle. For the calculation of Fig. 7 resonance angles h
been evaluated with an accuracy of 0.01°. Nevertheless
n
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convergence ofGEM is slow in the range of 5 nm to 20 nm
grating depth.

The maximum SERS signal is detected at an emiss
angle that corresponds to the plasmon resonance angle a
Stokes wavelength. Furthermore, the angular width of
signal is given by the plasmon resonance width 2DuR for
ls , which increases for larger grating depths~see Fig. 5!.
Therefore, SERS signals from deep gratings are emitted
a larger angular range. This has to be taken into accou
experimental enhancement factors are compared to ca
lated enhancement factors,12 because a configuration with
single detection angle is not useful experimentally. For pr
tical reasons the emitted signal is collected by a lens. Fig
8 shows the calculated factorGEM,focus defined by Eq.~18!,
which corresponds to measurements in backscattering ge
etry. The angle of incidenceu0 is varied in the range of 0° to
20°. The emitted signal is integrated fromu0220° to u0
120°. Thereby, SERS signals from deep gratings beco
comparable to SERS signals from a 20 nm deep grating
accurately adjusted angle of incidence~see Fig. 8!.

The maximum enhancement factor in backscattering
ometryGEM,focus is about 23103 for a 20 nm deep grating
Thus, GEM,focus is reduced by two orders of magnitude
comparison to the enhancement factorGEM at a single detec-
tion angle~see Fig. 7!. Nevertheless, this does not mean th
a lower signal from the grating is detected. Obviously, t

FIG. 7. Average molecular enhancement factorGEM for 600 nm
grating period as a function of grating depthh. Angle of incidence
u0 and detection angleus are optimized for each depth~see Fig. 5!.

FIG. 8. Enhancement factorGEM,focus for backscattering mea
surements on silver gratings with 600 nm grating period and vari
grating depths versus the angle of incidenceu0. The emitted signal
is integrated over a detection angle fromu0220° to u0120°.
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14 084 PRB 61M. KAHL AND E. VOGES
signal intensity at the detector will be increased if the sig
is collected by a lens. The increase of detected signal in
sity, however, is larger for the isotropic signal from a liqu
which is used as reference. For this reason the accept
angle of the detection lens has to be taken into account
cisely if SERS signals from gratings are compared to re
ence SERS signals, e.g., from a liquid or a flat silv
surface.12

Due to the dependence on the detection system, gen
SERS enhancement factors cannot be given for grating-
substrates. Therefore, the influence of the grating geom
on the enhancement has to be considered also with respe
the experimental configuration. For this reason a general
cussion of grating parameters is not useful. Here, we o
show the influence of the ratiob of the grating ridge width to
the grating period~see Fig. 1! on GEM,focus at normal inci-
dence~Fig. 9!. A reduced groove width will considerabl
increase the SERS enhancement if the optimum gra
depth is adjusted to the ratiob. Additional enhancement o
SERS signals has already been experimentally investig
for asymmetric gratings with a reduced groove width.14 The
confirmation of this effect by numerical calculations is a n
result to our knowledge.

3. Optimum grating structure for SERS measurements

In the last section we discussed several effects that h
to be taken into account for comparison to an experime
investigation of SERS on binary silver gratings. An optimu
grating depth for maximum enhancement has not been
posed because SERS depends not only on the grating s
ture but also on the experimental configuration. Therefo
the optimum grating structure can only be determined w
regard to the application. Here, we consider practical asp
of SERS measurements in backscattering geometry. Thi
volves large signal enhancement as well as stability and
producibility of the measurements. In contrast to irregu
roughened substrates, grating structures offer the possib
for reproducible SERS measurements due to the well-defi
surface topology. However, this advantage will only be u
ful if the signal enhancement does not critically depend
the experimental configuration. For this reason deep grat
should be used in order to avoid the critical adjustment of
angle of incidence. Large SERS signals are obtained on
roughly adjusted deep gratings and accurately adjusted
gratings~see Fig. 7!.

FIG. 9. Enhancement factorGEM,focus at normal incidence as a
function of b. The other grating parameters are as in Fig. 8.
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In the following, optimum grating structures are dete
mined for SERS measurements in backscattering geom
without angle adjustment. Figure 10 showsGEM,focus for nor-
mal incidence as a function of grating depth for differe
Stokes wavelengths of 800 nm, 750 nm, and 725 nm. Th
wavelengths correspond to Raman shifts of 1781 cm21, 950
cm21, and 491.4 cm21 at an incidence wavelength of 70
nm. The optimum grating depth is about 85 nm. Experim
tally, maximum SERS signals are observed at slightly dee
gratings of approximately 100 nm due to the increasing nu
ber of adsorbed molecules within the laser focus. Furth
more, the increasing number of molecules yields a slow
decrease of SERS signals than ofGEM,focus in Fig. 10 for
grating depths that are larger than 100 nm.

The optimum grating depth decreases for smaller Sto
wavelengths~see Fig. 10! because the resonance angles
shifted to lower values. Nevertheless, this dependence on
Raman shift is weak. Therefore, comparable SERS sig
are obtained for all Raman bands in the considered exp
mental configuration without angular adjustment.

Furthermore, the grating period has only a small influen
for such a configuration. On the contrary, for shallow gr
ings a different grating period will considerably influence t
SERS signal because the angle of incidence is out of
resonance condition. For 100 nm grating depth, however,
calculated a decrease of the enhancement factorGEM,focus by
only a factor up to 5 for reduced grating periods down to 1
nm. Moreover, the dependence of the ratiob of grating ridge
width to grating period is also weak for this grating dep
~see Fig. 1!. Consequently, we suggest that binary silv
gratings with depths of about 100 nm should be used
stable and reproducible SERS measurements. The de
dence on other grating parameters and the experimental
figuration is weak for deep gratings. Additionally, SERS e
hancement factors for measurements in backscatte
geometry are comparable to that shallow gratings at adju
angle of incidence.

B. Silver gratings on flat silica substrates

In this section silver gratings on flat silica substrates
considered@see Fig. 1~b!#. This configuration is a 1D ap
proximation for the properties of regular 2D arrays of nan

FIG. 10. Enhancement factorGEM,focus for various Stokes wave-
lengths at normal incidence as a function of grating depth. T
emitted signal is integrated over a detection angle from220° to
20°.
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particles with a cross section equal to the line width of
grating. Such arrays of nanoparticles have been fabric
and tested experimentally.14 In contrast to binary silver grat
ings the substrate refractive indexnII is real with nSiO2

51.455 atl5700 nm andnSiO2
51.453 atl5800 nm.32 This

causes differences in the propagation characteristics of
transmitted orders. For binary silver gratings only the z
reflected order is nonevanescent for angles of incidence u
9.59°. On the contrary, for silver gratings on silica nonev
nescent transmitted waves exist for all angles of inciden
Table I shows the propagating orders for wavelengths of
nm and 800 nm.

For a direct comparison with binary silver gratings t
enhancement factorGEM is calculated for a grating period o
600 nm. In the range from 0° to 20°GEM exhibits two reso-
nances at angles 9.59° and 19.46° and two additional sm
ones at 6.89° and 16.76°~see Fig. 11!. These resonances a
not localized plasmon resonances but grating-induced r
nances as discussed in Ref. 15. They occur when a refle
or transmitted order changes from radiating to evanescen
vice versa. Here, the small resonances are caused
change of the propagation behavior ofT21 ~see Table I!.

The first strong resonance at 9.59° is due to a chang
propagation behavior ofR1 at the incidence wavelength an
the second strong resonance corresponds to a change ofR1 at
the Stokes wavelength~see Table I!. Consequently, maxi-
mum SERS signals are obtained for a 9.59° angle of in

TABLE I. Radiating reflected and transmitted orders for a silv
on silica grating with a grating period of 600 nm.

l u0 Radiating orders

700 nm 0°,u0,9.59° R0 , T0 , T1, andT21

9.59°,u0,16.76° R0 , T0 , T1 , T21, andR1

16.76°,u0,61.44° R0 , T0 , T1, andR1

u0.61.44° R0 , T0 , T1 , R1, andT2

800 nm 0°,u0,6.89° R0 , T0 , T1, andT21

6.89°,u0,19.46° R0 , T0, andT1

19.46°,u0,90° R0 , T0 , T1, andR1

FIG. 11. Average molecular enhancement factorGEM for a sil-
ver grating on silica with 600 nm grating period and grating dep
of 30 nm and 55 nm as a function of the angle of incidenceu0. The
emitted signal is detected atus52u0. The origins of the resonanc
(R1 andT21) are indicated in the figure.
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dence and detection angles of 19.46° and219.46°. For both
grating depths in Fig. 11 a maximum valueGEM of about 60
has been calculated at these conditions. These small S
enhancements at a single angle of incidence and a si
detection angle in comparison to binary silver gratings le
to smaller enhancement factorsGEM,focus for the backscatter-
ing configuration. An enhancement factorGEM,focus of about
10 has been calculated for both gratings of Fig. 11 at nor
incidence. One reason for this small enhancement may be
large grating period of 600 nm, because optimum plasm
resonances are proposed for smaller isolated particle33

Structural dimensions, however, have only a small influe
for an incident wavelength of 700 nm. For this waveleng
variations of the grating period result in an optimum grati
period of 200 nm with a correspondingGEM,focus of 30.

Optimum localized plasmon excitation on single isolat
particles will be obtained only if both the structural dime
sions and the incident wavelength are reduced.33 Therefore,
we consider the dependence ofGEM on the wavelength for a
grating with a grating period of 10 nm and a grating depth
5 nm. GEM exhibits a resonance for an incident waveleng
of 410 nm for such a particle. For this incident waveleng
enhancement factorsGEM,focusare about 43102, 33102, and
23102 for Stokes wavelengths of 420 nm, 430 nm, and 4
nm, which correspond to Raman shifts of 579 cm21, 1131
cm21, and 1658 cm21. It should be noted that these enhanc
ment factors are valid for 1D gratings. For small particl
with a cross section of 5 nm in the direction of thez axis this
is a rough approximation. Therefore, the quantitative valid
of enhancement factors of about 33102 for very small par-
ticles has to be carefully considered. Nevertheless, an
creasing SERS enhancement for smaller wavelengths
particle dimensions and a stronger dependence on the Ra
shift are qualitatively proposed by our model.

C. Silver on SiO2 gratings

Strong enhancement factors for silver gratings on diel
tric substrates can only be achieved for suitable incid
wavelengths and with grating dimensions that are optimi
for localized plasmon resonances. For an incident wa
length of 700 nm, however, even the electromagnetic c
pling between the grating lines does not considerably
prove the performance. One reason for this is that
resonance condition in Sec. III B has been obtained o
from the propagation characteristic of the resonant order
phase matching condition for this order has not been con
ered. Therefore, the basic idea for the structure of Fig. 1~c!
with two vertically offset gratings is the possibility of usin
an additional phase shift in order to induce a different c
lective plasmon resonance. Thus, interaction between th
two layers can cause much stronger electromagnetic fi
and thereby higher SERS enhancements. Figure 12 sh
the enhancement factorGEM,focusfor backscattering measure
ments on a 70 nm deep grating with various heights of
silver lines. Considering suitable fabrication methods the
ver line heights of top and bottom layers are identical.

For normal incidence, SERS enhancement is compar
to that in deep binary silver gratings and thereby two ord
of magnitude larger than the enhancement for a single si
grating layer. There are two different grating conditions th

r
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14 086 PRB 61M. KAHL AND E. VOGES
cause maximum enhancements. For silver line heig
slightly smaller than the grating depth, the increased inte
tion due to the narrow distance between bottom and top
ticles results in enhanced signals~see Fig. 12!. This effect
has also been tested for other grating depths. Furtherm
especially large SERS signals are obtained for an angl
incidence that is close to the resonance angle of the
reflected order. For these resonances integrated enhance
factors of about 23103 have been calculated for variou
grating periods and grating depths with slightly smaller s
ver layer thicknesses.

The resonance angle depends on the ratio of silver la
thickness to grating depth. Both optimum angle of inciden
u0 and emission angleus,max are shifted from the resonanc
angles for a single-layer grating~see Fig. 11! by up to 2°
with increasing silver layer thickness. Figure 13 shows
enhancement factorGEM as a function of detection angl
with the optimum angle of incidenceu0 for each grating. An
enhancement factorGEM up to 104 is obtained in the direc-
tion of the optimum emission angle. This maximum e
hancement factor is one order of magnitude lower than
maximumGEM for a shallow binary silver grating~see Fig.
7!. Nevertheless, the emission angular width is about 3°
thus much larger than for the binary silver grating. Mor
over, the resonance of the transmitted negative first o
yields considerable enhancement due to the additional
pling between the layers. Thus, a double resonance
comparable broad angular widths and additionally good
hancement for the nonresonant emission angles cause
large integrated enhancement factor for measurement
backscattering geometry on SiO2 gratings.

FIG. 12. Enhancement factorGEM,focus for backscattering mea
surements on SiO2 gratings with a grating depth of 70 nm an
different silver layer thicknessesd as a function of the angle o
incidenceu0 ~a! with a grating period ofL5600 nm and~b! with a
grating period ofL5560 nm.
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IV. DISCUSSION

Surface plasmon excitation on rectangular binary sil
gratings has been considered in dependence on inci
wavelength, grating period, ratio of grating ridge width
grating period, and grating depth. For shallow gratings re
nance angles can be calculated from the approximate
~21!. With increasing grating depth resonance angles
shifted to smaller values and have to be obtained from
resonance ofuR1u2. For deep gratings the angular adjustme
is less critical due to increasing resonance widths.

Maximum surface plasmon excitation is obtained for sh
low gratings with depths between 10 nm and 20 nm. T
coincides well with investigations of sinusoidal grating
which propose an optimum depth of 25 nm.18 The slight
difference may be caused by the different grating shape
well as by the different values of grating period and incide
wavelength used in this investigation. The optimized grat
depth for surface plasmon excitation yields high average m
lecular SERS enhancement up to 43105. However, this re-
quires a very exact adjustment of the angle of incidence
detection angle, which is obvious from the lower conve
gence in the range of 5 nm to 20 nm grating depth~see Fig.
7!. The strong dependence on exact angular adjustmen
also valid in experimental measurements on flat gratings

SERS enhancement factors of single molecules vary
pending on their adsorption sites within the grating. Elect

FIG. 13. Enhancement factorGEM as a function of detection
angle on SiO2 gratings with grating periods of~a! 600 nm and~b!
560 nm, a grating depth of 70 nm, silver layer thicknesses of 60
and 65 nm, and angles of incidenceu0 that correspond to the reso
nance angles for the incident wavelengthl0.
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fields are particularly enhanced at grating edges, and m
ecules at these sites emit SERS signals that are additio
increased by one order of magnitude. Nevertheless, the
erage molecular enhancement on a silver grating is do
nated by molecules on the top of the grating ridges and
bottom of the grating grooves due to their larger number.
this reason SERS on silver gratings is not an edge effect
a collective effect which is caused by collective surface pl
mon excitations.

SERS on silver gratings is also a long range effect
cause the evanescent plasmon fields have 1/e decay lengths
of about 500 nm in air. In contrast, numerical models
SERS on isolated metal particles predict a strong depend
on the distance from the metal surface due to the excita
of localized surface plasmons.3 The weaker dependence o
the distance of the Raman-active molecules at silver grat
may be useful in certain applications, e.g., for SERS m
surements with several molecule layers or on surfaces
additional chemical coatings for a selective adsorption of
molecules.34

Experimental configurations for Raman measureme
generally have a detection system with lenses in orde
collect the emitted intensity. This has to be considered w
comparing measured and calculated enhancement facto12

Here, we consider the influence of the experimental confi
ration on the calculated enhancement factor. A larger acc
tance angle has only a minor influence on the enhancem
for shallow gratings due to the narrow resonance width.
the contrary, increasing resonance widths for increasing g
ing depths will result in higher observed signals if the em
ted signal is collected by a lens. This is especially obvio
for a grating depth of 80 nm, for which the integrated e
hancement factor at normal incidence is only slightly sma
than that for a 20 nm deep grating and optimized angle
incidence~see Fig. 10!. For this reason we propose that de
gratings should be used for experimental Raman meas
ments in backscattering geometry. The average molec
enhancement factor is comparable but the adjustment o
angle of incidence is less critical. Especially for measu
ments without angular adjustment, e.g., for normal in
dence, deep gratings exhibit much larger SERS enha
ments. This corresponds well with experimen
investigations reporting maximum SERS signals for grat
depths of more than 100 nm.14 The fact that slightly larger
grating depths are optimum in experimental measurem
can be explained by the increasing number of absorbed m
ecules in the focus due to additional adsorption sites at
larger sidewalls.

On the other hand, reduced groove widths at fixed gra
periods do not influence the number of molecules. For
reason the effect of a higher enhancement at these gr
widths will generally be observed. Again, this is confirm
by experimental results.14

Silver gratings on silica substrates are a 1D approxima
for the properties of regular arrays of nanoparticles w
cross sections equal to the linewidth. For these silver g
ings on silica SERS enhancement factors have been ca
lated that are two orders of magnitude smaller than those
binary silver gratings with comparable structural dimensio
Thereby, the low signal enhancement of SERS meas
ments on regular arrays of nanoparticles14 can be explained
l-
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It should be noted, however, that the enhancement of isol
particles strongly depends on the particle size and the i
dent wavelength. Here, structures with grating periods
more than 100 nm and an incident wavelength of 700
have been regarded because they have been used for e
mental measurements. For these conditions the resona
involved are purely grating-induced resonances as descr
in Sec. III B. For smaller particles and shorter wavelengt
isolated particle plasmon resonances are excited33 and thus
higher SERS signals are proposed.

Electromagnetic interaction between closely spaced p
ticles can result in increased SERS signals.35 Here, double
silver layers on SiO2 gratings exhibit very high SERS signa
due to the resonant coupling between the layers. This is
vious from the influence of both the layer thickness and
grating depth on optimum angle of incidence and emiss
angle, which differ from the angles for a single layer. T
enhancement of SERS signals is increased by two order
magnitude in comparison to a grating with a single silv
layer at normal incidence and is comparable to the enha
ment for optimum binary silver gratings. This increased e
hancement at normal incidence has also been obse
experimentally.14 Moreover, very large enhancement facto
will be obtained if the silver layer thickness is only slight
smaller than the grating depth and the angle of incidenc
close to the resonance angle of the first diffracted order. T
condition results in increased enhancement in compariso
optimum binary silver gratings and yields additionally larg
resonance widths for the angle of incidence. Due to th
superior properties SiO2 gratings are the most interestin
grating-type substrate for SERS.

V. CONCLUSION

A general method for the calculation of surface plasm
excitation and surface-enhanced Raman scattering on re
gular grating structures has been presented. The nume
analysis of different grating types as well as of gratings w
different structural parameters yields SERS enhancem
factors between 10 and 105 depending both on the gratin
structure and on the experimental configuration. The dep
dence of calculated enhancement factors on grating per
grating depth, silver layer thickness, angle of incidence, a
emission angle is in accordance with experimental result14

In particular, the experimentally observed increasing
hancement at binary silver gratings with depths of more th
80 nm is explained by considering a realistic experimen
configuration involving a lens for detection. Thereby, t
increasing resonance widths of the surface plasmons at
gratings play an important role at nonadjusted angles of
cidence and detection. We suggest from our theoretical c
sideration that deep silver gratings with grating depths
about 100 nm should generally be used for reproduc
SERS measurements in backscattering geometry. The S
enhancement is comparable to that at shallow gratings
the dependence on other grating parameters and the ex
mental configuration is rather weak.

SERS enhancement factors up to 53105 are calculated on
binary silver gratings for Stokes emission into a single dir
tion. Due to the different angular widths, however, SER
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enhancement factors have to be calculated in dependenc
experimental configurations for the comparison of differe
grating types. Here, we considered measurements in b
scattering geometry and a detection lens with an accept
angle of 2Du540°. Grating periods have been varied b
tween 100 nm and 600 nm and the incident wavelength
been fixed at 700 nm. For this experimental configurat
and structural dimensions enhancement factors for si
h-
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pt
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er

gratings on flat silica substrates are two orders of magnit
smaller than for binary silver gratings, where factors of ab
103 are calculated. On the contrary, double silver gratings
silica exhibit increased enhancement in comparison to bin
silver gratings due to coupling effects between the laye
Due to additional larger resonance widths these structures
very interesting for further theoretical and experimental
vestigations of SERS.
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