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A modified Greenler’s model is proposed to interpret surface enhanced Raman scattering �SERS� for mol-
ecules adsorbed onto a tilted and aligned Ag nanorod array substrate. This model only considers molecules
absorbed on the side walls of the nanorods and the Raman incident and collection configurations. It reveals that
when the incident angle increases to an optimal angle, the SERS intensity reaches a maximum. With the
increase in the nanorod tilting angles, the maximum SERS intensity almost does not change, but the optimal
incident angle increases linearly. The underlayer thin film also plays an important role for SERS enhancement.
In addition, the SERS intensity is closely related to the polarization of the excitation light. When the incident
angle is smaller than 15°, s polarization excites stronger Raman signals; at other incident angles, p-polarization
excitation contributes more Raman intensity. Those theoretical predictions are qualitatively consistent with our
experimental observations.

DOI: 10.1103/PhysRevB.78.075436 PACS number�s�: 78.30.�j, 73.40.�c, 68.49.Df, 78.20.Bh

I. INTRODUCTION

Raman spectroscopy �RS� has been proven to be a valu-
able and accurate tool for process and environmental
monitoring,1–4 chemical and biological sensing,5–12 and dis-
ease diagnosing and biological tissue studying.13,14 A practi-
cal limitation for the application of Raman spectroscopy is
the extremely small scattering cross section of the Raman
process, which is around 10−31 cm2 /molecule, almost 12–14
orders of magnitude lower than fluorescence scattering cross
sections.15 In the 1970s, unexpectedly high Raman signals
from pyridine on a rough silver electrode were discovered,
and this so-called “surface-enhanced Raman scattering”
�SERS� showed a great promise in applications of Raman
spectroscopy.16 It has been reported that unexpectedly large
scattering cross sections on the order of 10−16

cm2 /molecule, corresponding to enhancement factors of
about 14 orders of magnitude compared with normal non-
resonant RS, could give the sensitivity of a single
molecule.17–21 So far, two primary mechanisms are believed
to be responsible for such a huge Raman enhancement: a
long-range classical electromagnetic �EM� effect and a short-
range chemical �CHEM� effect.22–26 These two mechanisms
contribute simultaneously to the overall enhancement. Since
there is no chemical effect in SERS in most molecules,27 the
EM mechanism is proposed to contribute the most to the
observed intensity enhancement. The intensity enhancement
attributed to the SERS EM mechanism is due primarily to
the enhancement of the local electric field. A critical aspect
of SERS is the requirement of a specific surface morphology
to specify the local electric field and to achieve reproducible
and high levels of enhancement. A large variety of nanostruc-
tures have been found to manifest the SERS effect, including
rough metallic surfaces by chemical etching,28 island films,29

aggregates of colloidal particles,20,21 high aspect ratio of Ag
and Au nanorods and nanowires fabricated by chemical and
electrochemical methods,30,31 or regular nanoparticle arrays
prepared by nanosphere lithography32 or electron-beam
lithography.33 Unfortunately, many of these fabrication meth-

ods are either expensive or time consuming and fail to pro-
duce reproducible substrates with the correct nanostructure
to provide maximum SERS enhancements.

The oblique angle deposition �OAD� technique has been
recently employed to produce Ag nanorod arrays which were
shown to make excellent SERS substrates.34–37 OAD is a
physical vapor deposition technique in which the incident
metal vapor is deposited on a substrate at a large incident
angle ��70°� with respect to the surface normal of the
substrate.38–40 Due to the self-shadowing effect and surface
diffusion, nanocolumnar structures can be formed. We have
recently demonstrated that a Ag nanorod array fabricated by
OAD, with length of �900 nm, diameter of �100 nm, and
tilting angle of �73°, can achieve a SERS enhancement fac-
tor of �108 for the molecular probe trans-1, 2-bis�4-pyridyl�
ethane �BPE�.34,37,41 These substrates have a relatively good
uniformity and reproducibility and have been demonstrated
to distinguish different viruses and different strains of
viruses.9,41,42 Figures 1�a� and 1�b� show the typical top view
and cross-section scanning electron microscopy �SEM� im-
ages of this particular Ag nanorod array substrate. The OAD

(a)

(b)

FIG. 1. �a� A top view SEM image and �b� a cross-section SEM
image of Ag nanorod array substrate fabricated by the OAD
technique.
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technique can offer a flexible, easy, and inexpensive way to
fabricate Ag nanorod arrays for high sensitivity SERS appli-
cations.

From our experimental studies, the SERS spectrum ob-
tained from Ag nanorod array substrates has the following
three unique characteristics: �1� incident angle dependence
�the SERS intensity reaches the maximum value when the
excitation laser incident at an angle around 45° when the
OAD deposition angle is 86° with a backscattering collection
configuration36�, �2� substrate reflectivity dependence �when
Ag nanorods are deposited onto 500 nm thick Ag film sub-
strate, the SERS signal was about 103 times higher than that
obtained from Ag nanorods directly deposited onto a glass
substrate34�, and �3� polarization dependence �with a normal-
incidence excitation and the backscattering collection con-
figuration, the s-polarization SERS signal where the excita-
tion E field is perpendicular to nanorod long axis is higher
than that of the p polarization37�. Clearly these three charac-
teristics all relate to the excitation configuration and the
structure of the substrates. In most SERS studies, these char-
acteristics are hardly studied. There is no existing theory to
predict these behaviors for nanorod array SERS substrates.
However, a similar theory has been proposed to describe the
Raman spectrum of a molecule adsorbed on a flat surface.
Greenler’s model is proposed to explain the effects of the
incident angles, the collecting angles, and the polarization
dependence of Raman scattering by a molecule adsorbed on
a planar surface through classical electrodynamics.43 In this
model, the Raman molecules are treated as oscillating di-
poles. The primary field EP felt by the molecule is the sum of
the incident and reflected fields, and this field induces an
oscillating dipole in the molecule. The oscillating dipole can
be considered as a point-source emitting Raman radiation.
The sum of the directly emitted field and the field suffering a
single reflection from the surface is the secondary or scat-
tered field ER. The Raman intensity is proportional to the
mean square of total scattered field �ER�2. Here, the incident
angle and incident light polarizations determine the magni-
tude of the primary field. The strength and orientation of the
induced dipole depend on the mode symmetry of the mol-
ecule considered and its scattering cross section. The orien-
tation of the induced dipole also determines the variation in
scattered intensity with observation angle. This model gave
some correct explanations for the Raman behavior of a mol-
ecule adsorbed on a planar surface.44 Thus, it naturally ex-
tends this model to SERS behavior of nanorod array sub-
strate. However, the nanorod substrate is not a planar
substrate. Based on our experimental results and conditions,
we have made several further assumptions and proposed a
modified Greenler’s model to explain the dependence of in-
cident angle, nanorod tilting angle, the polarization, and re-
flection of the substrate of the SERS intensity from BPE
molecules adsorbed onto Ag nanorods fabricated by the
OAD method.

II. MODIFIED GREENLER’S MODEL

For Raman scattering by a molecule adsorbed on a planar
surface, the behaviors of both the incident and scattering

fields near this molecule have been considered. Due to the
high porosity and anisotropy of the Ag nanorod, we cannot
treat the substrate as a planar surface as in the standard
Greenler’s model. Based on the experimental geometry, we
make the following assumptions.

�1� The surface of the nanorod can be simply treated as
a planar surface by neglecting the diffraction effect, and
we only consider Raman scattering from a single nanorod.
This is a very crude assumption. The length of nanorods
��800–900 nm� is longer than the wavelength of the exci-
tation source �785 nm�, while the diameter ��100 nm� is
smaller than the wavelength. The multiple-scattering effects
within adjacent nanorods need to be taken into consideration
in the future since the separation and diameter of the nano-
rods are much smaller than the wavelength of the excitation
source, and the Ag nanorod surface is rough.45

�2� The BPE molecules are usually adsorbed on the sides
and top of the nanorods and are also oriented perpendicular
to the nanorod surface. According to Yang et al.,46 the long
axis of the BPE molecule is always perpendicular to the ad-
sorbed surface. The gap between the Ag nanorods is approxi-
mately 177 nm, which is much larger than the diameter of
the BPE molecules; and the nanorods have a large aspect
ratio ��10�. In the development of a scattering model, the
BPE molecule is treated as a dipole on the Ag nanorod sur-
face, which is perpendicular to the long axis of the nanorod.

�3� To be simple, the SERS effect of molecules on the top
of Ag nanorods can be neglected compared to the SERS
intensity of the molecules on the side surface of Ag nano-
rods, i.e., we do not consider the lightening-rod effect. We
set g as the E-field enhancement averaged over the surface of
the Ag nanorod and EP as the magnitude of the primary field
which is the sum of the incident and reflected fields by Ag
nanorod and Ag thin-film surface. The enhanced local elec-
tric field can be written as El=gEP. The molecules adsorbed
at the surface of the Ag nanorod will therefore be excited by
this local field El. The Raman-scattered fields ER are the
result of the radiation by oscillating molecular dipoles and
can be expressed as ER��El sin �, where � is the polariz-
ability of the molecules and � is the radiation angle from the
dipole. The Raman-scattered fields will be reflected by the
Ag nanorod. The sum of the Raman-scattered field and its
reflection from the Ag nanorod called secondary field will be
further enhanced by the Ag nanorods in exactly the same
manner as the primary field is. That is, the Ag nanorod can
scatter light at the Raman-shifted wavelength with a field
enhanced by a factor g�. So, the amplitude of the SERS-
scattered field will be ESERS��gg�EP, and the average SERS
intensity ISERS� ���2�gg��2IP. Since IP� I0, where I0 is the in-
cident intensity, the above equation shows that the SERS
intensity is proportional to the incident intensity, which is
consistent with our experimental observation.9,41,42 If we set
ISERS=GIP, where G is defined as “SERS enhancement fac-
tor,” then G� ���2�gg��2.25 If the primary electric field EP can
be decomposed as the field EP� that is perpendicular to the
nanorod long axis and the field EP� that is parallel to the
nanorod long axis, the average SERS intensity can be written
as ISERS=G�n�EP�

2 +G�n�EP�
2 , where n� and n� are the num-

bers of the molecules on the side and the top surface of
nanorod and G� and G� are the SERS enhancement factors at
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the directions perpendicular and parallel to nanorod long
axis, respectively. If we assume that the BPE molecules are
uniformly adsorbed on the Ag nanorod surface, for a single
Ag nanorod, the ratio of BPE molecules on the side and the
tip of Ag nanorod surface is n� /n� =Sside /Stop=2l /r, where l
is the length of the nanorod and r is the radius of the nano-
rod. According to our experiments, l�900 nm, r�50 nm,
and n� /n� =36. In addition, from the UV-visible polarized
extinction spectra, the longitude-mode plasmon peak of the
Ag nanorod array is around 1056 nm and the transverse-
mode plasmon peak is located at about 357 nm,37 while the
Raman excitation laser wavelength is 785 nm. This means
that the SERS observed in the experiments is not near the
surface-plasmon resonance frequency. Under this condition,
a rough numerical calculation using discrete dipole approxi-
mation �DDA� method has shown that G� /G� �1. Thus the
main contribution of the average SERS intensity can be sim-
plified as ISERS�G�n�EP�

2 , i.e., the contribution to the
SERS intensity of the molecules adsorbed on the tip of Ag
nanorod surface can be neglected compared with the contri-
bution of the molecules on the side surface of the Ag nano-
rod.

�4� In the experimental setup, a backscattering collecting
configuration is employed, which means that the exciting
direction and the collecting directions have 180 phase differ-
ence. Thus, in the proposed model, we also consider such a
configuration.

Since any oscillating motion of the dipole can be decom-
posed into two orthogonal motions which are parallel and
perpendicular to the incident plane, respectively, we can sim-
ply consider two cases. The details of the model are depicted
in Fig. 2. Case I—the dipole is parallel to the incident plane;
case II—the dipole is perpendicular to the incident plane. For
case I, as shown in Fig. 2�a�, the incident light beam ¬ hits
the molecule and reflects from the surface of nanorod and
another incident light beam − hits the Ag thin film and re-
flects back to the molecule. The incident beam ¬ the re-
flected beam from the nanorod, and the reflection of the
beam − all contribute to the primary field for the molecules
on the nanorod and excite the molecules vibrating and radi-
ating. One part of the radiation or the scattered light ® from

the molecule dipole directly goes to a detector; the other part
of the scattered light ¯ hits the nanorod and is reflected by
the surface of nanorod and then goes into the detector. For
case II, as shown in Fig. 2�b�, the incident light beam ° hits
the molecule and the incident light beam ± hits the Ag thin
film and reflected by the film and then passes through the
molecule. In this case, the incident beam ° and the reflection
of beam ± contribute to the primary field. The scattered light
² from the molecule dipole is directly collected by the de-
tector, and no scattered light reflecting from the nanorod en-
ters the detector since the collection direction is perpendicu-
lar to molecular vibrating direction in this case. The total
Raman intensity is the sum of the scattering intensities in
case I and case II. In both cases, since the tilting of the
nanorod breaks the symmetry, if the excitation light incidents
from right or left of the substrate surface normal, � is posi-
tive or negative. The nanorod tilting angle is � with respect
to the normal of substrates.

A. Primary fields

Assuming that the fields Eis and Eip are s- and p-polarized
components of the incident light, the fields Ers and Erp are s-
and p-polarized components of the reflected light from the
Ag nanorod, and the fields Ers� and Erp� are the s- and
p-polarized components of the reflected light beams from the
Ag thin film, respectively. The total phase shifts of the beam
reflected by the Ag nanorod surface compared with incident
beam ¬ for the s- and p-polarized components are �s and �p,
�s,p=�r, where �r is the phase shift of the reflected beam of
beam ¬. The phase shifts of the beam reflected by Ag thin
film compared with incident beam ¬ for the s- and
p-polarized components are �s� and �p�, �s�,p�=�r�+�d,
where �r� is the phase shift of the reflected beam of beam −.
The phase shift due to the optical path difference between
beams ¬ and − is �d=2	
 /� and 
=d�1+cos 2�� /cos �
where d is the vertical distance from the molecule to the Ag
thin film. In our experiments, the length of Ag nanorod is
around 900 nm and the nanorod tilting angle is �70°, so d
varies from 0 to 308 nm. The reflected fields can be calcu-
lated by the Fresnel equations,

rs = Ers/Eis =
cos �i − �ñ2

2 − sin2 �i�1/2

cos �i + �n2
2 − sin2 �i�1/2 , �1�

rp = Erp/Eip =
ñ2

2 cos �i − �ñ2
2 − sin2 �i�1/2

ñ2
2 cos �i + �ñ2

2 − sin2 �i�1/2 , �2�

where �i is the incident angle with respect to the direction
perpendicular to Ag nanorod, �i=	 /2−�+�. The reflected
fields from Ag thin film are given by the following equa-
tions:

rs� = Ers� /Eis =
cos � − �ñ2

2 − sin2 ��1/2

cos � + �ñ2
2 − sin2 ��1/2 , �3�
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FIG. 2. �Color online� A schematic illustration of the modified
Greenler’s model. �a� Case I—the dipole is in the incident plane; �b�
Case II—the dipole is perpendicular to the incident plane. All the
induced dipoles are perpendicular to the nanorod.
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rp� = Erp� /Eip =
ñ2

2 cos � − �ñ2
2 − sin2 ��1/2

ñ2
2 cos � + �ñ2

2 − sin2 ��1/2 , �4�

where rs and rp are the reflectivity of s- and p-polarized
components by the Ag nanorod surface and rs� and rp� are the
reflectivity of the s- and p-polarized components by the Ag
thin film.

Let

Rs = �rs�2, Rp = �rp�2, �5�

Rs� = �rs��
2, Rp� = �rp��

2. �6�

The reflection phase shifts of s-polarization and
p-polarization E fields from the Ag nanorod and the Ag thin
film are

�s = tan−1	Im�rs�/Re�rs�
, �p = tan−1	Im�rp�/Re�rp�
 ,

�7�

�s� = tan−1	Im�rs��/Re�rs��
, �p� = tan−1	Im�rP��/Re�rP��
 .

�8�

The primary field at the nanorod surface is the sum of the
incident and reflected fields from Ag nanorod and the re-
flected electric field from the Ag thin film, i.e., E� P=E� i+E� r

+E� r�e
i�d. We set the direction along the nanorods as the x axis

as shown in Fig. 2�a�, the direction perpendicular to the in-
cident plane and pointing inside as the y axis, and the direc-
tion perpendicular to the nanorod surface as z axis. For case
I, the components, Ex, Ey, and Ez of the primary field in
Cartesian coordinates can be written as

Ex = − Eip sin�� − �� + Erp sin�� − �� − ñ2
2Erp� cos�� + �� ,

�9�

Ey = Eis + Ers + ñ2
2Ers� , �10�

Ez = Eip cos�� − �� + Erp cos�� − �� − ñ2
2Erp� sin�� + �� .

�11�

Thus, the intensity of the primary field for case I is

�Ex
2� = �Eip

2 ��sin2�� − �� + Rp sin2�� − �� + ñ2
4Rp� cos2�� + �� − 2Rp

1/2 sin2�� − ��cos �p − 2ñ2
2Rp�

1/2 sin�� − ��

�cos��p� +
2	

�


cos�� + �� + 2ñ2

2Rp
1/2Rp�

1/2 sin�� − ��cos��p� +
2	

�

 − �p
cos�� + ��� , �12�

�Ez
2� = �Eip

2 ��cos2�� − �� + Rp cos2�� − �� + ñ2
4Rp� sin2�� + �� + 2Rp

1/2 cos2�� − ��cos �p + 2ñ2
2Rp�

1/2 cos�� − ��

�cos��p� +
2	

�


sin�� + �� + 2ñ2

2Rp
1/2Rp�

1/2 cos�� − ��cos��p� +
2	

�

 − �p
sin�� + ��� , �13�

�Ey
2� = �Eis

2 ��1 + Rs + ñ2
4Rs� + 2Rs

1/2 cos �s + 2ñ2
2Rs�

1/2 cos��s� +
2	

�


 + 2ñ2

2Rs
1/2Rs�

1/2 cos��s� +
2	

�

 − �s
� . �14�

Moreover, the polarized primary intensity is

�Ep
2� = �Ex

2� + �Ez
2� = �Eip

2 ��1 + Rp + ñ2
4Rp� + 2Rp

1/2 cos �p cos 2�� − �� + 2ñ2
2Rp�

1/2 cos��p� +
2	

�


sin 2�

+ 2ñ2
2Rp

1/2Rp�
1/2 sin 2� cos��p� +

2	

�

 − �p
� , �15�

�Es
2� = �Ey

2� = �Eis
2 ��1 + Rs + ñ2

4Rs� + 2Rs
1/2 cos �s + 2ñ2

2Rs�
1/2 cos��s� +

2	

�


 + 2ñ2

2Rs
1/2Rs�

1/2 cos��s� +
2	

�

 − �s
� . �16�

In case II, because there are no reflections from Ag nanorod surface, Rs=Rp=0 in Eqs. �15� and �16�, the polarized primary
intensity can be written as

�Ep
2� = �Ex

2� + �Ez
2� = �Eip

2 ��1 + ñ2
4Rp� + 2ñ2

2Rp�
1/2 cos��p� +

2	

�


sin 2�� , �17�

�Es
2� = �Ey

2� = �Eis
2 ��1 + ñ2

4Rs� + 2ñ2
2Rs�

1/2 cos��s� +
2	

�


� . �18�
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B. Secondary fields

The radiation from the molecule dipole is the primary
source for the secondary field. The relationship between the
scattering field and the incident field can be expressed as47

�Ep_sca

Es_sca

 = 
�sin � 0

0 1

�Ep_inc

Es_inc

 , �19�

Ep_sca = 
Ep_inc sin � , �20�

Es_sca = 
Es_inc, �21�

where 
= �exp�ik0r� /r�k0�, r is the distance between the di-
pole and the observer �or the detector�, k0=2	 /�, and � is
the molecular polarizability. Here, to be simplified, we set

=1, thus �Ep_sca

2 �= �Ep_inc
2 �sin2 � and �Es_sca

2 �= �Es_inc
2 �.

In case I, the dipole is perpendicular to the nanorod and is
also parallel to the incident plane. We assume that Ed is the
directly scattered field from the dipole and Er is the field
scattered from the dipole toward the nanorod and then re-
flected toward the detector. The components of the total Ra-
man scattering fields EI recorded by the detector are EIx, EIy,
and EIz,

�Ed
2� = �Ep

2�sin2 �i, �22�

EIx = − Ed cos �i − Er cos �i, �23�

EIz = − Ed sin �i − Er sin �i, �24�

EI
2 = EIx

2 + EIz
2 = Ed

2 + Er
2 + 2EdEr, �25�

�EI
2� = �Eip

2 � � A = �Eip
2 ��1 + ñ2

4Rp� + 2ñ2
2Rp�

1/2 cos��p� +
2	

�


sin 2��sin2 �i�1 + Rp + 2Rp

1/2 cos �p� , �26�

where

A = �1 + ñ2
4Rp� + 2ñ2

2Rp�
1/2 cos��p� +

2	

�


sin 2��sin2 �i�1 + Rp + 2Rp

1/2 cos �p� . �27�

For case II, the dipoles are not only perpendicular to the nanorod but also perpendicular to the incident plane. The total Raman
scattering fields going into the detector are EII,

EII = Ed, �28�

�EII
2 � = �Ed

2� = �Es
2� = �Eis

2 � � B = �Eis
2 ��1 + ñ2

4Rs� + 2ñ2
2Rs�

1/2 cos��s� +
2	

�


� , �29�

where

B = �1 + ñ2
4Rs

2 + 2ñ2
2Rs�

1/2 cos��s� +
2	

�


� . �30�

Therefore, considering both case I and case II, the total Raman scattering field ER total can be written as

�ER total
2 � = �EI

2� + �EII
2 � = �Eip

2 � � A + �Eis
2 � � B

= �Eip
2 ��1 + Rp + ñ2

4Rp� + 2Rp
1/2 cos �p cos 2�� − �� + 2ñ2

2Rp�
1/2 cos��p� +

2	

�


sin 2� + 2ñ2

2Rp
1/2Rp�

1/2 sin 2�

�cos��p� +
2	

�

 − �p
��1 + Rp + 2�Rp cos �p�cos2�� − �� + �Eis

2 ��1 + ñ2
4Rs� + ñ2

22Rs�
1/2 cos��s� +

2	

�


� . �31�

This equation reveals that the SERS intensity from nanorod
array depends on the incident angle, the nanorod tilting
angle, the polarization of incident light, and the reflection of
the substrate. In the following, we will give a detailed dis-
cussion.

III. DISCUSSIONS

A. Effect of incident and tilting angles

From Eq. �31�, SERS intensity clearly depends on the
incident angles and nanorod tilting angles. For case I, only
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the p-polarized light can induce dipole oscillation. Due to the
tilting of the nanorods, only dipoles on one side of the nano-
rods can be excited as shown in Fig. 2�a�. For case II, only
the s-polarized incident light can induce dipole radiations.
When the incident light is unpolarized light, �Eis

2 �= �Eip
2 �

= �Ei
2� /2. Assuming that the nanorod tilting angle � is fixed

and �Raman is the ratio of the total Raman scattering power to
incident light power called the relative Raman intensity, then
the relative Raman intensity �Raman excited by an unpolar-
ized light can be expressed as

�Raman = �ER total
2 �/�Ei

2� =
1

2
�A + B�

=
1

2
��1 + Rp + ñ2

4Rp� + 2Rp
1/2 cos �p cos 2�� − �� + 2ñ2

2Rp�
1/2 cos��p� +

2	

�


sin 2� + 2ñ2

2Rp
1/2Rp�

1/2 sin 2�

�cos��p� +
2	

�

 − �p
��1 + Rp + 2�Rp cos �p�cos2�� − �� + �1 + ñ2

4Rs� + ñ2
22Rs�

1/2 cos��s� +
2	

�


�� . �32�

From Eq. �32�, the relationship between the relative Raman
intensity �Raman and the incident angles can be calculated. In
the calculation, we set the wavelength of incident light �
=785 nm, the index of refraction ñ1=1 for air, and the com-
plex refractive index of Ag ñ2=0.03+5.242i �for �
=785 nm� where n2=0.03 and k2=5.242. Figure 3 plots the
relative Raman intensity �Raman as a function of the incident
angle � for nanorod tilting angles from 63° to 72°. The Ra-
man intensity increases with the incident angle initially and
then reaches a maximum. With a further increase in the in-
cident angle, the Raman intensity decreases. The incident
angle that results in the maximum Raman intensity is de-
noted as the optimal angle �0. This result is qualitatively
consistent with our experimental observation.36 For example,
in our experiments, the deposition angle was 86°, the tilting

angle of the Ag nanorods was �=71.3° �4°, and the optimal
angle we measured was around �0=45°. According to Fig. 3,
the modified Greenler’s model gives �0=47° for �=71°,
which is consistent with the experiment. Figure 3 also shows
that the maximum Raman intensity is almost the same for the
Ag nanorod array substrates with different nanorod tilting
angles, and the curves shift to right with the increase in the
nanorod tilting angles, which means that the optimal incident
angle � increases with the increase in nanorod tilting angles
�. Figure 4 plots the relationship of �0 versus �; the optimal
angles �0 change linearly from 40° to 49° when the nanorod
tilting angles � change from 63° to 72° in Eq. �32�.

B. Effect of the underlayer thin film

As demonstrated by the experiments, a Ag thin-film layer
underneath the Ag nanorod array substrate plays an impor-
tant role to enhance the Raman intensity. In Eq. �32�, the role
of this thin-film layer is reflected by Rs� and Rp�, the reflec-
tivity from the underlayer film. To see how different under-
layers affect the Raman intensity, we consider three different
cases: �a� Ag thin film, �b� glass substrate, and �c� freestand-
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FIG. 3. �Color online� The relative Raman intensity �Raman as a
function of the incident angle � calculated from the modified
Greenler’s model for a Ag nanorod SERS substrate. The underlayer
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tiling angles are �=63° �navy short-dashed curve�, 65° �green
short-dashed curve�, 67° �blue dashed-dotted curve�, 70° �red
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ing Ag nanorod array �an ideal situation�. In case �c�, Eq.
�32� will be simplified as

�Raman =
1

2
	�1 + Rp + 2�Rp cos �p�2 sin4��i� + 1
 . �33�

For each of these cases, we take ñAg=0.03+5.242i, ñglass
=1.5, and ñvaccum=1. Figure 5 shows the relationship be-
tween the relative Raman intensity �Raman and the incident
angles in the three cases with a fixed nanorod tilting angle
�=70°. The excitation light is unpolarized. If the excitation
light is normally incident onto the substrates, i.e., �=0°, the
corresponding reflectances for the three different underlay-
ers, Ag, glass, and air, are 0.9958, 0.04, and 0, respectively.
The relative Raman intensity �Raman obtained from Ag nano-
rod SERS substrates increases with the increase in reflec-
tance from the underlayer, regardless of the incident angle. In
case �a� the relative Raman intensity is about 800 times
larger than that obtained from case �b� and is above 1200
times larger than that obtained from case �c�. Therefore, the
Ag thin-film layer scientifically improves the Raman inten-
sity. This is quantitatively consistent with our experimental
result,34 which shows around 1000 times improvement com-
pared Ag film with glass substrates. Figure 5 also shows that
the SERS intensity-incident angle curves become narrower
and narrower with the decrease in the reflectance of sub-
strates, and the optimal incident angle becomes bigger and

bigger: in case �a�, the optimal incident angle �0=47°; in
case �b�, �0=48°; and in case �c�, �0=58°.

C. Effect of the polarization of the excitation light

The Ag nanorod SERS substrate has anisotropic morphol-
ogy and is expected that the enhancement factor should de-
pend on the excitation polarization. A SERS polarization de-
pendence has been observed in our experiments.37 To
consider the effect of polarization dependence, one can de-
compose any arbitrary state of incident polarized light into

E� p and E� s. The angle, �, is the polarization angle between the
electric-field direction and the p-polarization E-field direc-
tion. So �Eip

2 �= �Ei
2�cos2 � and �Eis

2 �= �Ei
2�sin2 �. The Raman

scattering in case I can be only excited by the p-component
of the E field, i.e., �EI

2� corresponds to �ERp
2 � and the scatter-

ing in case II can be only excited by the s component of the
E field, i.e., �EII

2 � corresponds to �ERs
2 �. Thus, for the polar-

ized incident light with polarization angle �, the relative Ra-
man intensity �Raman in Eq. �32� becomes

�Raman = A cos2 � + B sin2 �

= cos2 ��1 + Rp + ñ2
4Rp� + 2Rp

1/2 cos �p cos 2�� − �� + 2ñ2
2Rp

1/2 cos��p� +
2	

�


sin 2� + 2ñ2

2Rp
1/2Rp�

1/2 sin 2�

�cos��p� +
2	

�

 − �p
��1 + Rp + 2�Rp cos �p�cos2�� − �� + sin2 ��1 + Rs� + 2ñ2

2Rs�
1/2 cos��s� +

2	

�


� , �34�
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where A and B are defined by Eqs. �27� and �30�, respec-
tively. Figure 6 shows the polarization angle � dependence
of relative SERS intensity from the Ag nanorod substrate at
different incident angles obtained from Eq. �34�. In the cal-
culations, the layer underneath is a Ag thin film with ñ2
=0.03+5.242i, and the incident angle is taken from 0° to 75°
with 15° increment. At different incident angles, the shapes
of the polarization dependent SERS intensity are different. If
the incident angles are smaller than 15°, the maximum SERS
intensity occurs at polarization angle of �=90° and �
=270°, which means most of the Raman scattering intensi-
ties observed are excited by the s-polarized component of the
E field, i.e., the molecules shown in case II in Fig. 2. This is
consistent with our experimental observation at �=0°.37 If
the incident angle is larger than 15°, the SERS intensity
reaches the maximum at polarization angles of �=0° and
�=180°, which means that most of the Raman scattering
intensities collected are excited by the p-polarized compo-
nent of the E field or the molecules shown in case I in Fig. 2.
Note that, for any incident angle, the SERS intensities at the
polarization angles of �=90° and �=270° are almost the
same, since the Raman scattering only results from case II,
which is independent of �. However, the SERS intensity at
�=0° and �=180° increases with the incident angle first,
reaches a maximum at �0=45°, and then decreases, which is
consistent with Fig. 3.

IV. CONCLUSION

In summary, based on a modified Greenlner’s model, the
effect of incident angle, nanorod tilting angle, the underlayer

thin film, and the polarization dependences of SERS ob-
tained from Ag nanorod array substrates have been investi-
gated. The results deduced from this simple model are quan-
titatively consistent with our experimental observations. �1�
The SERS intensity is closely related to the incident angle
and nanorod tilting angle. There is an optimal incident angle
where the SERS intensity reaches its maximum. This optimal
angle increases linearly with the nanorod tilting angle. �2�
The underlayer thin-film reflection has a significant effect on
the SERS intensity. The higher the reflectance is, the larger
the SERS intensity is. �3� The SERS intensity is polarization
dependent. For ��15°, s-polarization excitation contributes
more SERS intensity. For ��15°, p-polarization excitation
dominates the SERS intensity. The agreement between the
model and experiments demonstrates that, although this is a
crude model, it has captured the essential characteristics of
the SERS for Ag nanorod array and can be used to guide
further experimental development.
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