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The angular dependence of surface enhanced Raman scattering (SERS) has been investigated for
molecules adsorbed onto Ag nanorod array substrates fabricated using an oblique angle deposition
technique. The strong SERS signal of trans-1,2-bis(4-pyridyl) ethene (BPE) was found to be
strongly dependent on the incident angle of the excitation laser, with the maximum SERS intensity
appearing at approximately 45° relative to the surface normal. A scattering model based on classical
electrodynamic dipole radiation has been developed for BPE adsorbed onto these Ag nanorod
substrates, and the theoretical SERS scattering intensity was found to be in good agreement with the
experimental results. © 2006 American Institute of Physics. [DOI: 10.1063/1.2369644]

Surface enhanced Raman scattering (SERS) is a power-
ful and sensitive spectroscopic method for chemical structure
analysis.l*4 A large variety of nanostructures have been
found to manifest the SERS effect, including rough metallic
surfaces by electrochemical oxidation reduction cycles,5
chemical etching,6 and island films;’ aggregates of colloidal
particles;&9 high aspect ratio Ag and Au nanorods and nano-
wires fabricated by chemical and -electrochemical
methods;'™"" or regular nanoparticle arrays prepared by
nanosphere lithographylz’13 or electron-beam lithography.14
Unfortunately, many of these fabrication methods are expen-
sive or time consuming and fail to produce reproducible sub-
strates with the correct nanostructure to provide maximum
SERS enhancements.

Recently, the oblique angle deposition (OAD) technique
was employed to produce nanorod arrays that were shown to
make excellent SERS substrates.””™'” OAD is a physical va-
por deposition technique in which the incident metal vapor
atoms are deposited on a substrate at a large incident angle
(>70°) with respect to the surface normal of the
substrate."* ™ Due to the shadowing effect and surface dif-
fusion, nanocolumnar structures can be formed. We have re-
cently demonstrated that a Ag nanorod array fabricated by
OAD with length of ~868 nm, diameter of ~99 nm, and
tilting angle of 73° achieved a SERS enhancement factor of
10® for the molecular probe trans-1,2-bis(4-pyridyl) ethene
(BPE).IS’16 The OAD technique can offer a flexible, easy, and
inexpensive way for the fabrication of Ag nanorod arrays for
high sensitivity SERS applications. In this letter, we report in
our investigations of the angular dependence of the SERS
scattering intensity from BPE molecules adsorbed onto Ag
nanorod substrates fabricated by the OAD method. We have
observed that the SERS signal from BPE molecules adsorbed
onto Ag nanorod arrays shows a strong dependence on the
incident angle that the excitation laser makes with the sur-
face normal. We have theoretically modeled these results us-
ing classical dipole radiation electrodynamics from mol-
ecules adsorbed on the nanorod surface. These observations
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can help to optimize the design of a SERS sample interface
for these nanorod array substrates.

The Ag (Alfa Aesar, 99.999%) nanorod array substrates
were prepared by OAD technique using a custom-designed
electron-beam evaporation system.15 The details of the depo-
sition configuration and conditions have been reported
elsewhere.” In brief, a layer of 500 nm Ag thin film was first
deposited onto the glass substrate (Gold Seal® Catalog No.
3010). Then a Ag nanorod array with a length of ~1 pum was
deposited using the OAD method at a vapor incident angle of
86°. A schematic of the substrate structure is illustrated in
Fig. 1(a), and a typical scanning electron microscopy (SEM)
image of the Ag nanorod substrate is shown in Fig. 1(b). The
tilting an(gle B of the nanorods was measured to be
~73°."%20 The nanorod substrate was mounted onto a rota-
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FIG. 1. (Color online) (a) Schematic illustration of the structure of the Ag
nanorod array on a glass substrate and definition of the incident angles. (b)
SEM image of the Ag nanorod array fabricated by the OAD technique.
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FIG. 2. (Color online) Representative SERS spectra of BPE adsorbed on the
Ag nanorod substrate at different incident angles =-10°, 0°, 20°, 45°, and
60°. The peak intensity was strongest at around 45°.

tion stage, facing a fiber-optic interfaced Raman probe head
containing both the excitation and collection fibers. The fiber
Raman system utilized was the HRC-10HT Raman analyzer
from Enwave Optronics Inc. It consists of a diode laser, a
spectrometer, an integrated Raman probe head used for both
excitation and collection, and separate delivery and collec-
tion fibers. The excitation source is a frequency stabilized,
narrow linewidth, near an IR diode laser with a wavelength
of 785 nm. The excitation laser beam coupled to a 100 um
fiber is focused onto the substrate through the Raman probe
head and is unpolarized at the sample. The focal length of the
Raman probe is 6 mm, and the diameter of the focal spot is
1 mm. The Raman signal from the substrate is also collected
by the same Raman probe head and is coupled to a 200 wm
collecting fiber, which delivers the signal to the spectrometer
equipped with a charge coupled device detector. The Raman
probe molecule used in this study was frans-1,2-bis(4-
pyridyl) ethene (Aldrich, 99.9+%). A 107°M BPE solution
was prepared by sequential dilution in methanol (Aldrich,
HPLC grade), and a 2 pL drop of BPE solution was placed
onto the Ag nanorod substrate, where it formed a sample spot
with a diameter of approximately 1.2 cm. The estimated BPE
molecular coverage on the nominal surface was 1.19 X 1073
ML (assuming 7 X 10" molecules/cm? in a monolayer).”!
Thus, approximately 1.39X 107'* moles of BPE were ex-
cited in the laser spot.

SERS spectra were collected from multiple spots on dif-
ferent samples in order to ensure the reproducibility and ac-
curacy of the measurements. Since the Ag nanorod substrates
used in this study are highly anisotropic [see, e.g., Fig. 1(b)],
different incident laser angles can result in different Raman
spectral intensities for the BPE bands, especially when the
tilting plane of the Ag nanorods is parallel to the incident
plane, as shown in Fig. 1(a). Therefore, one has to account
for the effect of the laser incident angle on the spectral in-
tensities. For modeling purposes, we have assigned a posi-
tive incident angle when the incident direction, is facing the
nanorod tilting direction, as shown in Fig. 1(a) (first quadrant
in the incident plane), while a negative incident angle is as-
signed when the laser strikes the surface on the other side of
the surface normal (second quadrant in the incident plane).
All the SERS spectra reported here were collected with an
incident power of ~30 mW and a collection time of 10 s.

Figure 2 shows the representative SERS spectra of BPE
on Ag nanorod arrays at the different incident angles 6=
—-10°, 0°, +20°, +45°, and +60°. All the spectra show the
characteristic Raman peaks of BPE; i.e., the 1200 cm™! peak
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FIG. 3. (Color online) Integrated SERS intensity for the BPE band at
1200 cm™! plotted as a function of the incoming laser incident angle (scat-
tered points). In addition, the ratio of Raman scattering intensity to the
incident light intensity as calculated from the modified oscillating dipole
model described in the text is plotted (solid curve).

corresponds to the C=C stretching mode, the 1610 cm™!

peak corresponds to the aromatic ring stretching mode, and
the 1639 cm™! peak corresponds to the in-plane ring mode.
These results demonstrate that even at very low BPE cover-
age, a Ag nanorod array prepared by the OAD method can
give very high signal-to-noise ratio spectra.

Figure 2 also shows that the Raman peak intensities
change with the incident angle 6. From 6=-10° to 0=
+45°, the peak intensity of each Raman band increases with
an increasing value of 6. When the incident angle exceeds
+45°, the Raman peak intensity decreases, reaching a mini-
mum value at +70°. This relationship is illustrated in Fig. 3
by plotting the integrated intensity of the 1200 cm™' band
1150 versus the incident angle 6. The maximum SERS inten-
sity is observed at about #=+45°, and is about five times the
intensity at #=0°. Thus, the optimum experimental configu-
ration to ensure maximum SERS scattering response for Ag
nanorod arrays is to position the incident beam at 6,=+45°
to the substrate surface normal. Note that the optimum angle
6y is smaller than the nanorod tilting angle B8=73°.

The angular dependence of the SERS response can be
interpreted qualitatively using a modified Greenler
model.>*** In the Greenler model, the SERS intensity is
treated as proportional to the scattering intensity of a mol-
ecule adsorbed on a planar surface, and can be calculated by
classical electrodynamics. The primary electric field felt by
the molecule is the sum of the incident and reflected fields,
which induces an oscillating dipole in the molecule. This
dipole can be treated as a point source, and its radiation field
and the reflection field from the surface contribute to the
Raman scattering field or the secondary field. Both the pri-
mary field and the secondary field determine the strength of
the Raman scattering signal. Due to the high porosity and
anisotropy of the Ag nanorod arrays used in this experiment,
we cannot treat the substrate as a planar surface as in the
standard Greenler model. The gap between the Ag nanorods
in our array configuration is approximately 177 nm,' >
which is much larger than the diameter of the BPE mol-
ecules; in addition, the nanorods have a large aspect ratio
(~10). Therefore, we assume that the BPE molecules are
predominately adsorbed on the side of the nanorods. Accord-
ing to Yang et al., the long axis of the BPE molecule is
always perpendicular to the adsorbed surface.” As a result,
in the development of a scattering model, we treat the BPE
molecule as a dipole on the Ag nanorod surface, which is
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FIG. 4. (Color online) Schematic illustration of the modified Greenler’s
model of an induced dipole on a Ag nanorod: case I, where the dipole is
perpendicular to the incident plane; case II, where the dipole is on the
incident plane. All the induced dipoles are perpendicular to the nanorod.

perpendicular to the long axis of the nanorod. This arrange-
ment is illustrated in Fig. 4.

Since the nanorods are of the same size
(~800-900 nm) as the wavelength of the excitation source
(785 nm), one can as a first approximation treat the surface
of the nanorod as a planar surface by neglecting the diffrac-
tion effect. Rigorously, of course, diffraction effects need to
be taken into consideration since the separation and diameter
of the nanorods are much smaller than the wavelength of the
excitation source. However, due to the random arrangement
of the nanorods on the surface, the phase coherence only
exists at a short distance and disappears at a long distance. In
order to calculate the Raman scattering field, we consider
two dipole configurations: case I, where the dipole is perpen-
dicular to the incident plane, and case II, where the dipole is
in the incident plane, as shown in Fig. 4. Since the Raman
signal in the experiments was collected through a back-
scattering configuration, we only consider the backscattered
Raman signal in the model. The oscillating dipole excited by
incident light can be considered as a point source emitting
radiation from the side wall of the nanorod. For case I, only
the s-polarized incident light can induce a dipole radiation,
and the scattered Raman field collected by the detector is a
constant since the collecting direction is always perpendicu-
lar to the induced dipole oscillation direction. For case II,
only the p-polarized light can induce dipole oscillation. Due
to the tilting of the nanorods, only dipoles on one side of the
nanorods can be excited, as shown in Fig. 4. The total Raman
scattering field E, is the sum of the scattered field radiated
directly from the dipole, namely, the “direct scattered field”
in Fig. 4, and that reflected from the nanorod surface,
namely, the “indirect scattered field” in Fig. 4,

2 2 o .
(Ep>/<El-> ~ (I +R,+2VR, cos 5p)2 sin*(4)), (1)

where E; is the incident field, 6;=a+ 6 is the incident angle
on the nanorod, @=90°—-4, and 6 is the incident angle with
respect to surface normal of substrate. R,=|r,|% J,
=tan”'(Im(r,)/Re(r,)). The r, is the reflectivity of
p-polarized light on Ag surface, determined by the Fresnel

equations,
) 22 2 py12r 2 2
r,=[n; cos 6;,—ny(ny — ny sin® 6,)"“1/[n; cos 6; + ny(n;
—nj sin? 6)?], )
where n;=1 and n,=0.03+5.242; are the indices of refrac-
tion of air and Ag at the wavelength of 785 nm, respectively.

Considering both cases I and II, the total Raman scattering
field Ex_;,a can be written as
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(B3 ou{E2 ~ (14 R, + 2R, cos 8,2 sin*(6) + 1. (3)

The solid curve plotted in Fig. 3 is a result of theoretical
calculations obtained from the modified Greenler model in
Eq. (1) by assuming a=17°. The curve is rescaled in order to
match the experimental data. Both the experimental data and
the theoretic curve show asymmetric angular dependence,
with a maximum observed SERS scattering intensity ex-
pected at 45°-50° relative to the surface normal. At negative
incident angles, the model predicts that the Raman intensity
should approach a constant value, which is consistent with
the experimental data. Overall, the model provides a good
agreement with the observed SERS intensities for the BPE
molecule adsorbed on Ag nanorods.

In conclusion, SERS scattering from BPE molecules ad-
sorbed onto Ag nanorod substrates prepared by an OAD
technique has been shown to be strongly dependent upon the
incident angle of the incoming laser beam. This behavior can
be qualitatively explained by a modified Greenler model by
considering the anisotropic nature of the Ag nanorods.
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