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Silver nanorod arrays prepared by oblique angle deposition (AgOADs) represent versatile, simple
and inexpensive substrates for high sensitivity surface enhanced Raman scattering (SERS)

. applications. Their anisotropic nature suggests that their optical responses such as the SERS signal,

. the depolarization ratio, reflectivity and ellipsometric parameters critically depend on the states of

. polarization, nanorod angular arrangement and specific illumination-observation geometry. SERS
polarization and angular dependences of AQOADs were measured using methylene blue (MB) molecule.
Our study constitutes, to our knowledge, the most detailed investigation of such characteristics of

. plasmonic nanostructures to date. This is due to the 90°-scattering geometry used in which two out

. ofthree Euler angles determining the nanorod spatial orientation and four polarization combinations
can be varied simultaneously. We attributed the anisotropic optical response to anisotropic (pseudo)
refractive index caused by different periodicity of our structures in different directions since the
plasmonic properties were found rather isotropic. For the first time we demonstrate very good
correspondence between SERS intensities and ellipsometric parameters for all measured configurations
as compared on the basis of the surface selection rules. Obtained results enable quantitative analysis of
MB Raman tensor elements, indicating that the molecules adsorb predominantly with the symmetry
axis perpendicular to the surface.

Plasmonic nanostructures possessing anisotropic morphology are expected to be anisotropic in terms of localized
surface plasmon resonances, which implies that their optical responses such as absorbance or the enhancement
factor should depend on the incident as well as the scattered polarization. In a typical Raman experiment, meas-
urements employing combinations of different polarizations (or possibly different scattering angles) allow to
: compute the Raman depolarization ratio'~* which gives information on the orientation-averaged components of
. the Raman tensor of the analyte and consequently on the symmetry of the vibration involved or on the preferen-
. tial molecular orientation on smooth surfaces (“surface selection rules”)*>. However, in SERS, the relationship
© between the symmetry of the Raman tensor of the analyte and the SERS depolarization ratio is often completely
overwhelmed by polarization-dependent coupling of the incident (or scattered) field to a given nanostructure>®7.
This effect is probably most pronounced for dimers®™!!, i.e. two closely spaced nanoparticles between which a
molecule is embedded. It was found that the field component parallel to the dimer axis exceeds the perpendicular
component by up to ~5 orders of magnitude® 12, which was explained by strong interparticle coupling between
adjacent nanoparticles (however, in practice, a factor around 5-20 is more likely)® *-°. Thus, denoting o as the
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angle between the dimer axis and the incident polarization wavevector, the local field should scale as ~cos o, the
local intensity as ~cos? o and the SERS enhancement factor as ~cos* o in the most common E* approximation,
which was verified experimentally many times. A more in-depth approach was derived in the literature?* where a
formula linking the Raman and SERS depolarization ratios beyond the E* approximation was derived. However,
the possibility of using SERS to probe the Raman tensor of molecules or their spatial arrangement still remains in
question since it is difficult to verify the formula experimentally* 17,

Polarization characteristics of SERS spectra have already been investigated for a wide range of plasmonic
platforms possessing anisotropic morphology, besides nanoparticle dimers Ag nanocubes'®, arrays of silver nan-
oparticle rows'?, gold nanoassemblies' etc. Frequently-studied are also arrays of elongated nanoparticles such as
nanorods®-?, nanowires'”2*-%, nanoantennas?’ and nanorattles?®. Experimental results published so far suggest
that the optical response for light polarized parallel/perpendicular to the long axis of the nanoobjects (related
to excitation of transverse plasmon modes (TM) or longitudinal plasmon modes (LM), respectively) is indeed
different. However, the SERS intensity profile with varying angle/polarization is a function of a wide range of
parameters, such as the dimensions of the metallic objects, their aspect ratios and spatial arrangement, material
(Ag or Au), the exciting wavelength or orientation of the probe molecules on the surface, which resulted in the
last years in some seemingly contradictory results. For example, according to Dluhy and co-workers?., the ratio
of SERS responses in the directions parallel/perpendicular to the nanorods was found to be around 0.8, which
was attributed to the lateral arrangement of the nanorod lattice and strong electromagnetic coupling between
adjacent metallic nanorods instead of preferential molecular orientation of the probe molecule on the surface.
Similar trends were observed for Ag and Au nanowires'” 2426 where the SERS intensity ratios for light polarized
perpendicular/parallel with respect to the nanorod axes was found around 5 and explained by excitation of a
new plasmon mode trapped in the interstices between adjacent, parallel wires, similarly to the case of a dimer.
However, this only happens if the interwire distance is sufficiently small (<10 nm)*. By contrast, the response of
nanorods or antenna-like structures®>2*%”28 were all found to be dominated by the longitudinal plasmon modes.
Such results were, on the other hand, usually rationalized by intense local electromagnetic fields emanating from
points of high curvature, such as nanorod tips (“lightning rod effect”).

Since the vast majority of experiments have been performed only in the backscattering geometry, a detailed
inspection on the angular dependence of the SERS signal is still missing. However, possible optimization of
plasmon-based sensors for maximum signal enhancement relies, among other things, on the right choice of the
exciting and/or the scattering angle*~*. A modified Greenler model based on classical electrodynamic dipole
radiation was used to explain the anisotropic nature of the Ag nanorods, producing maximum SERS intensities at
approximately 45° relative to the surface normal as measured in a backscattering geometry®®%. This model was
treating the surface of the nanorod (length ~868 nm) as planar, neglecting the diffraction effect and calculating
near-field intensities using the Fresnel equations. However, nanorods of subwavelength dimensions can be tricky
to treat as planar as demonstrated by Benson and co-workers* where a strong difference between the optical
constants of the nanorod films and those of the constituent materials was found using generalized ellipsometry.
Such nanorods exhibited biaxial properties with the complex refractive index different for different orientations
of the incident angle with respect to the nanorods. The anisotropy is most significant predominantly at plasmonic
resonances’’.

In spite of numerous studies and approaches aiming to elucidate the optimum conditions for SERS signal
enhancement and studies dealing with ellipsometry characteristics of plasmonic substrates, a detailed relation-
ship between SERS intensities and ellipsometry parameters is still missing in the literature. In this paper, polari-
zation and angular characteristics of methylene blue (MB) adsorbed on silver nanorod arrays prepared by oblique
angle deposition (AgOADs) are investigated. These nanostructures represent uniform, reproducible, large-area
SERS-active substrates with high SERS enhancement and exhibit plasmon resonance over a very broad range
of wavelengths®” *. We demonstrate very good correspondence between SERS intensities, interpreted in terms
of the surface selection rules, and ellipsometric parameters for all polarization states and angular arrangements
used. Information on the relative magnitudes of the Raman tensor elements is extracted and a possible adsorptive
stance of the MB molecules on the nanorod surface is inferred.

Methods

Preparation of AQOADs. Fabrication of AgOADs was performed by low-pressure magnetron sputtering
of a silver target onto Si wafer support using the procedure described in more detail in our previous work®. The
deposition angle was 70° with respect to the surface normal, corresponding to nanocolumns tilted at an angle 5
around 55° as predicted by the Tait’s rule*’. The deposition time was 15 minutes, which led to the mean diameter
of individual Ag nanorods of 60 nm, the mean distance between their centers 150 nm and the height of the nano-
rod array around 300 nm as can be seen in Fig. 1. There, a cross-sectional and top view of AgOADs acquired by
scanning electron microscopy (SEM, TESCAN Mira 3, 15kV accelerating voltage) are presented. All substrates
were kept in a vacuum chamber overnight to prevent their contamination from ambient environment.

SERS Measurements. SERS spectra were acquired using a custom-built Raman spectroscopic system
operating in the 90°-scattering geometry according to the scheme in Fig. 2. This system was equipped with a
frequency-doubled Nd:YVO, laser providing the excitation wavelength 532 nm, an 1800 grooves/mm grating
and a liquid-nitrogen-cooled CCD detector (Princeton Instruments). The laser beam was partly focused using an
anti-reflective coated lens (BK7 glass, focal length 400 mm) to a spot of ~10 mm? at an angle § =45°. The SERS
signal was collected using the Pentacon objective 1.8/50. Since the 532 nm excitation wavelength approaches the
slope of the electronic absorption band of MB, obtained SERS spectra should be considered as pre-resonance
ones. A holographic notch-plus filter (Kaiser) was placed in front of the entrance slit of the monochromator
to remove the Rayleigh line from the scattered light. Light polarization falling on the sample was altered by a
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Figure 1. Schematic illustration of the oblique angle deposition and SEM images of a Ag nanorod array (cross-
sectional and top view). In the cross-sectional view, direction of the nanorod growth is indicated by a dashed
line.
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Figure 2. Scheme of the experimental geometry.

half-wave plate (Thorlabs) and an analyser was placed between the sample and the monochromator to allow only
the light polarized in one plane fall on the detector. In order to overcome different grating responses for different
light polarizations, a scrambler was inserted between the analyser and the monochromator. Correct function
of the scrambler and other optical components was checked using CCl, bands (measured in a cuvette) with a
well-known polarization-dependent behaviour'.

For better description of the experiments, we adopted the laboratory-fixed coordinate system with axes lined
up as sketched in Fig. 2. We call the direction along the wavevector of the incident beam (“vertical”) the z direc-
tion, analogously the y direction along the wavevector of the scattered beam and the x direction perpendicular to
yand z (perpendicular to the plane of sheet). In this notation, yz determines the scattering plane. SERS spectra of
MB were retrieved with varying tilting angle of the substrate 6 (corresponding to rotation about the x axis) and
the azimuthal angle ¢ (corresponding to rotation about the z axis). Four angles ¢ were used in our measurements
(0°,90°, 180° and 270°) with the angle § bound between 20° and 70° (increment 4°; with exclusion of the interval

fliry
between ~40°-50° in order to avoid direct reflection from the surface falling on the detector). The unit vector [
lying in the direction of growing nanorods takes under 4 respective orientations of the angle ¢ in the
laboratory-fixed coordinate system the following form:

0 =0% 1, = (0, sin(0 — 3), —cos(0 — f3)), (1)
¢ =90% 1, = (sinf, sind cosf, —cosh cosf3), ©)
o= 180°: Iy = (0, sin(f + B), — cos(8 + B)), 3)

¢ = 270% I, = (—sinB, sinf cos3, —cosf cos 3). )

To better describe changes in SERS intensities with both angles, we further introduce the primed (sample-fixed)
Cartesian coordinate system x/, y/, z’ where x=x’ and 2’ specifies at any instant the substrate normal. Since there
are two basic possibilities of setting the polarization of the incident beam as well as the scattered beam, a total of
4 different polarization combinations arise, which we will abbreviate as:
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1(e, ey = 1,,, I(e), ety =1, I(e™, e™) =1, (e, ety = 1,
with the first subscript standing for the exciting light and the second subscript standing for the scattered
(detected) light; v stands for vertical (with respect to the scattering plane) and h for horizontal polarization. One
of the four above-mentioned polarization arrangements together with angles 6 and ¢ unambiguously define the
experimental configuration for SERS response measurements.

Before SERS measurements, the AgOADs were cut into ~1 cm X 1cm pieces, immersed in 1 x 107°M MB
solution (Sigma-Aldrich) for 1hour, then removed and dried with an air stream. The samples were glued to a
supporting glass slide and fixed to a substrate holder capable of rotation about the x axis (see Fig. 2). The exact
y position of the holder was set so that the incident beam would intersect the x axis to achieve optimal focus.
Moreover, its z position was slightly readjusted after each change in the angle 6 if needed to retain the laser spot
at any instant exactly in the objective axis and to obtain the highest SERS signal. To keep the sample heating
and photodecomposition at a bare minimum, the laser power was set to 100 mW, which resulted in the power
density around 1 W/cm?. To increase precision of our measurements, measurement in each of the 4 polarization
arrangements was repeated twice (4 spectra I, I, I,;,, I;, were measured in a given order and immediately after
in the exactly opposite order) and the geometric mean of two corresponding spectra was used for further analysis
to account for slight signal diminishment with time. All spectra were recorded using 30 s acquisition time (1
exposition x 30 accumulations) and calibrated against a neon lamp.

Spectral Ellipsometry Measurements. AgOADs were characterized using a commercially available spec-
troscopic ellipsometer Woollam RC2. This ellipsometer employs dual rotating compensator enabling standard
ellipsometry, generalized ellipsometry, Mueller-matrix ellipsometry and reflectivity measurements in the energy
spectral range from 0.7 to 6 eV. The reflectivity spectra were calibrated with respect to the oxidized silicon wafer.
Woollam ellipsometric software CompleteEase was used to analyse the experimental data.

Theoretical Description of the SERS Response. According to Moskovits’ surface selection rules, an
adsorbed molecule may be thought to be illuminated by two beams, a direct beam and the beam reflected from
the surface, which superimpose coherently* °. By analogy, the total scattered radiation results from interference
between a directly scattered beam and the one experiencing a reflection from the surface. Having adopted the
system of coordinates x/, ¥/, z’ as shown in Fig. 2, the surface selection rules for the 90°-scattering geometry read
(see Supplementary Information for more details):

2
L, |os 4 = r)cost + al(1+ r)(A + r,)sind|
p = ——— >
b, ol (1 + 1)1+ )f 6
2
I, ‘ay/x(l + 1‘5)(1‘1/, — Deos? + o) (1 + r)(1 + r;)sin0’|
p = — = 5
P, ol (1 + 1)1 + )] (©)
I, ‘a}fy(l - "p)("; — 1)cosf cosf + a}fz(l + rp)(r;, — 1)sin6 cos®’
p = —_— =
L, a1+ 1) + )
! A / ! A . /12
N azy(l — rp)(l + rp)sme cosf + a,(1 + rp)(l + rp)sm051n9 |
5 >
s + 1)1 + 1)) (7)

where 6 is the incident angle, identical to the inclination angle sketched in Fig. 2, ' =90°—6 in our geometry, r,
and r, are the Fresnel reflection coefficients related to the frequency of the incident radiation, their primed coun-
terparts refer to the frequency of the scattered radiation and o;; refers to orientation-averaged components of the
Raman tensor of the adsorbed molecule in the primed frame of reference. In Eqs 5-7, we introduced the depolar-
ization ratios p;, p, and ps, all of them normalised to I, since this polarization arrangement provides information
only on one term of the Raman tensor. This approach is more convenient because it enables to exclude the insig-
nificant multiplicative constant relating Raman intensities to specific combinations of squares of Raman tensor
elements'. The Fresnel coefficients were retrieved from optical (pseudo)parameters of the sample as measured by
spectral ellipsometry and used for fitting the experimentally measured depolarization ratios on the left side of
Eqs 5-7 via relative ratios of respective Raman tensor elements.

Results and Discussion

SERS Polarization and Angular Dependences. Examples of MB SERS spectra obtained under different
configurations are given in Fig. 3. A more detailed account of varying SERS intensities with varying angles 6,
 and polarization arrangement is given in Fig. 4. These intensities, assumed as height of the 1628-cm™! peak
above spectral background, vary up to ~1 order of magnitude when measured under different configurations.
Since the surface area is covered with occasional hot-spot sites, we tried to estimate the uncertainty in the SERS
intensities. Occurrence frequency of hot-spot sites complies well with the Poisson distribution’®, however, the
actual number of hot-spot sites affected by the laser spot is expected to average out on the mm-scale. Supposing
4 hot-spot sites over 2500 pm? as determined in our previous work, it makes ~16000 hot-spot sites across the
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Figure 3. Examples of MB SERS spectra obtained under different configurations. Spectra for different angles 0
are offset for clarity.
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Figure 4. Variation in MB SERS intensities with angles 6, ¢ and polarization arrangement for the 1628-cm ™!

band.

laser spot with the standard deviation of 16000"/>= 126 and the relative standard deviation of the SERS intensity
<1%. Uncertainty in our measurements was therefore caused mainly by slight sample photodecomposition in
the course of our measurements, estimated at ~5% (i.e. ~10% uncertainty in the depolarization ratios). In order
to obtain a deeper understanding of varying SERS intensities with different experimental configurations and to
possibly identify subtle spectral changes such as varying relative intensities across different bands, factor analysis
(FA) was employed (see Supplementary Information, Fig. S1). FA results suggest that only the first subspectrum is
sufficient so that the original spectral information is retained within the noise level. Therefore, all observable MB
bands in Fig. 3 exhibit the same polarization and angular-dependent behaviour. This is in agreement with the fact
that most observable bands in the spectrum are of the same symmetry*!. For the sake of comparison, absorption
spectra of MB, polarization-resolved Raman spectra measured in a water solution under non-SERS conditions
and corresponding depolarization ratios were also retrieved (see Supplementary Information, Fig. S2).

Obtained polarization and angular characteristics may be attributed to many different factors, such as: (i)
different surface plasmon coupling efficiency between the incident/scattered laser field and silver nanorods with
changing polarization/wavevector direction (“plasmonic anisotropy”), (ii) interference between the incident/
scattered and reflected radiation as dictated by the surface selection rules, (iii) effectiveness of collection of the
scattered radiation and different laser spot size with a given angle 6 (scaling approximately as ~cosf)*. In order
to better understand intensity changes with varying angle 6, Raman spectrum of a Si wafer was measured as a
reference (see Supplementary Information, Fig. S3). Comparison between Raman intensities as measured using a
Si wafer and corresponding theoretical values predicted by the surface selection rules revealed that the point (iii)
plays a crucial role in the observable characteristics. Therefore, in order to diminish the effect of the geometrical
layout, to highlight the difference between different angles ¢ and since we are interested rather in the relative
ratios of MB Raman tensor elements instead of their magnitudes, the depolarization ratios p,, p, and p; were
further analysed instead of intensities. Obtained results for these 3 depolarization ratios with varying angles 6 and
 are shown as colour points in Fig. 5.
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Figure 5. Depolarization ratios of the 1628-cm™~! MB band for different angular arrangements (colour
points) and their fit by the surface selection rules with pseudo-refractive indices obtained from ellipsometry
measurements (lines).

In order to determine the effect of the “plasmonic anisotropy”, a simple model based on “competition” between
the enhancement provided by longitudinal plasmon modes (excited by polarization parallel to the long axis of
the nanorods) and by transverse plasmon modes (excited by polarization perpendicular to the long axis of the
nanorods) was employed at the first stage. The primary reason for this competition (and consequently alteration
of the incident/scattered polarization caused by the nanostructures) is the presence of hot-spots, which may be
distributed both at the edges of nanowires and at the gaps among adjacent nanorods. Knowing the long axes ori-
entation under given angular arrangement in the laboratory-fixed coordinate system (determined by Eqs 1-4),
intensities obtained in respective configurations are expected to be® 10-11.17:21

L~ fager L+ a (= (e DAaf(es - 1Y+ al(l = (e - LY, ®

where ?{ is the unit incident field vector, 7{ is the unit scattered field vector, j € {1, 2, 3, 4} and a, and a) are
factors determining the plasmonic response to polarization parallel/perpendicular to the long axis of the nano-
rods for the exciting light (unprimed values) and the scattered light (primed values). The first bracket in Eq. 8
accounts for the enhancement of the incident radiation and the latter accounts for the enhancement of the scat-
tered radiation. Since we analyse the depolarization ratios instead of intensities, the final formulas will depend
only on the ratio r = aJ_/aH. We tried to fit the obtained depolarization ratios using the Eq. 8, but no value of r
consistent for all three depolarization ratios and any of the four angles ¢ and copying the shape of the experimen-
tally measured depolarization ratios (Fig. 5) was found (see section 4 in Supplementary Information for more
details). An insightful view on failure of such a fit is provided by the depolarization ratios in Fig. 5, which exhibit
marked distinction after rotating the sample by 90° about the z’ axis while upon rotating the sample by 180° the
depolarization ratios change very little. This was expected for ¢ =90° and 270° since in both cases the angle
between the axes of the nanorods and incident/scattered wavevector is the same. More surprisingly, even the
ratios for ¢ =0° and 180° are similar (but still distinct from ¢ =90° and 270°), truly indicating that different sur-
face plasmon coupling efficiency of light polarized rather parallel/rather perpendicular to the nanorods has very
little effect on the observable characteristics. In other words, although our nanostructures are morphologically
anisotropic, the plasmonic properties around the wavelength used (532 nm) are rather isotropic and therefore it
can not be the main reason for the anisotropic behaviour we observed in the SERS experiments. It suggests that
hot-spots, which are primarily responsible for altering the polarization of the SERS photons, are evenly distrib-
uted both at the edges of nanowires and at the gaps among adjacent nanorods. This result indicates that the major-
ity of the difference in the depolarization ratios after rotating the sample by 90° is attributable to different
refractive indices along different directions and may be explained within the framework of the surface selection
rules.

Ellipsometry Characteristics. In order to theoretically describe the SERS response, ellipsometry meas-
urements were performed on the nanostructures with the aim of retrieving their optical constants which enter
Eqs 5-7. Ellipsometry measurements of AgOADs were carried out after MB adsorption with varying angles 0
and ¢ in the same range as in the case of SERS measurements. From ellipsometry measurements several basic
conclusions were drawn: As expected, the optical (pseudo)parameters of the nanostructured layers are strongly
different from the optical constants of the constituent materials. Unlike optical constants of homogeneous materi-
als, optical constants of silver nanorods depend (due to the presence of subwavelength structures) on the incident
angle 6 and are strongly influenced by rotating the sample by 90° about the z’ axis (see Fig. 6 or the section 5 in
Supplementary Information for more details). On the other hand, the optical constants are virtually insensitive
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Figure 6. Real and imaginary part of pseudo-refractive index# = n + ik of AgOADs and their variation with

angles § and o as measured by standard ellipsometry. The values pertain to substrates after MB adsorption,
A = 532 nm. To compare, the refractive index of the bulk silver is 73, ~ 0.05 + 3.4i%.
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Figure 7. Extinctance of the AgOAD:s for angles o = 90° (virtually identical to ¢ = 270°) and ¢ = 0°
(virtually identical to o = 180°). Extinctance (E) was calculated as E = 1 — R, where the reflectivity R was
obtained based on the values 7 = n + ik from Fig. 6. The exciting wavelength is marked with a green arrow, the
angle 0 was 45°.

to rotating the sample by 180°, which is in full compliance with the SERS results. Comparison between optical
(pseudo)refractive indices, obtained in standard ellipsometry measurement mode, and total reflected intensity,
measured in the reflection mode (together with Mueller-matrix measurements) revealed that the structures may
be treated as non-depolarizing (with only ~5% of the reflected light exhibiting depolarization, see Supplementary
Information, Fig. $6) and thus analysed by the standard Jones formalism®> . Moreover, further analysis showed
that the off-diagonal elements of the Jones matrix are ~10% x smaller than the diagonal elements and thus may
also be dismissed. This justifies application of the surface selection rules in the form given by Eqs 5-7 for theoret-
ical analysis of the SERS response.

Another purpose of ellipsometry measurements was that it can reveal more detailed information on the plas-
monic properties of the AgOADs. Calculated extinction spectra of our structures for given angles ¢ are depicted
in Fig. 7. The extinctance presented there (E) was computed as E = 1 — R, where the reflectivity R was obtained
based on the values contained in Fig. 6. Extinctance features a sharp transverse plasmon peak around 357 nm and
a broad band above ~400 nm, attributed to the longitudinal plasmon mode?" %, The latter is less intense than
expected, probably due to very high reflectivity of the sample above ~400 nm, which may be partly attributed to
the supporting Si wafer. We suppose that the distinction between these two profiles may be attributed to different
periodicity of our structures in the x'/y’ direction. As can be seen in Fig. 1, the nanorods are almost perfectly
aligned in the direction perpendicular to the nanorod axes (the deviation of the nanorod axes from the x’ axis is
negligible from 90°) while the tilting angle of the nanorods /3 exhibits a certain distribution around the value of
~55°. Since the ¢ = 90°/270° configuration is sensitive predominantly to the former case, the corresponding
plasmonic resonance is expected to be rather sharp. On the other hand, in the ¢ = 0°/180° arrangement, the
angle made between the polarization vector and axes of respective nanorods exhibits a certain distribution which
is reflected in the inhomogeneously broadened longitudinal plasmon peak above ~400 nm. Figure 7 indeed con-
firms that the coupling efficiency for \ =532 nm is almost identical for all four angles  and therefore the differ-
ence in the SERS responses when rotating the sample about the z’ axis is mostly dictated by interference between
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Table 1. Relative magnitudes of Raman tensor elements (normalised to &/,,) of the 1628-cm ™! MB band for
different angles ¢. The values were obtained by fitting the SERS depolarization ratios using the surface selection
rules. Values revealed by the fit of p, are labelled as a, by p, as band by p; as c.

the incident/scattered and reflected radiation. “Higher plasmonic anisotropy” is more likely to arise at shorter
wavelengths as can be seen in Fig. 7 where the two curves differ more obviously, although more extensive research
is required to confirm this. We have to note, however, that the relationship between the near-field
(Raman-enhancing) properties and the far-field properties (such as extinctance of reflectance) is not straighfor-
ward in SERS and in the case of anisotropic SERS substrates no correlation between these two phenomena was
found?"*.

Determination of Molecular Orientation on the Surface. Knowing the optical (pseudo)parameters
of the sample, it is possible to use Eqs 5-7 to fit the measured SERS depolarization ratios (colour points in Fig. 5).
Unlike the former model based on different surface plasmon coupling efficiency for different light polarization,
the model using optical (pseudo)parameters fits the experimentally measured depolarization ratios very well.
Moreover, these fits provide information on the relative ratios of Raman tensor elements of the probe molecule
and are represented by solid lines in Fig. 5. The obtained results are summarized in Table 1.

Table 1 clearly demonstrates basically comparable values of a/,, oz}fy, o, anda and considerably lower values
of a), o), a)» ), and o). MB belongs to the C, point group symmetry with the vibrational representation
N=% — 54 A + 54 B, The strongest MB band at 1628 cm ™! belongs to the A species which transform as x’2, y'2,
z'? and x'y’ (2’ being the axis of symmetry of the molecule)*. Moreover, almost all the other observable bands in
the SERS spectrum exhibit very similar intensity profile and thus very similar relative magnitudes of Raman ten-
sor elements as already discussed using FA. This conclusion is also justified by the fact that the pseudo-refractive
indices change very little within the Raman shift wavelengths. Thus, for the MB orientation on the surface with
the symmetry axis along the z’ direction (the plane of the fused phenyl rings perpendicular to the substrate), the
g a,,a, and a;, Raman tensor elements are expected to be enhanced most while the o, o, o), and o
elements should tend to zero. Therefore, we conclude that the orientation of the MB molecule on the surface is
predominantly edge-on and possibly a small proportion of the molecules may take also different orientations
(since thear,, azlx a}fz and azl elements are not exactly zero but still much lower than o] and«/,). This is in agree-
ment with the literature since at higher concentrations the MB is supposed to take rather edge-on adsorptive
stance on the surface with the face-on orientation preferable at lower concentrations**®. The concentration used
in our experiments (10~° M) is expected to be slightly above the complete surface coverage’">*’. We have to note,
though, that the group theory (together with experimentally measured depolarization ratios) provides informa-
tion only on the orientation of the molecular symmetry axis with respect to the surface, but says nothing about
the distribution of the planes of the fused phenyl rings of the molecules with respect to x’ or y'. Thus, the
non-diagonal elements of the MB Raman tensor should be viewed as orientation-averaged for an ensemble of MB
molecules possessing predominantly edge-on adsorptive stance on the surface.

The similarity between the MB Raman tensor elements for four angles ¢ is rather peculiar since it indicates
that the molecules do not follow the curved orientation of the nanostructured surface. It suggests that the mole-
cules actually do not cover the lateral surface of the nanowires and probably aggregate in the vicinity of the nano-
rod tips. This may be caused by rather densely-packed nanocolumns, low porosity of the AgOADs and surface
tension of the solution?, but obviously more in-depth experiments are required to confirm this. We propose that
this could be further validated by testing different solvents, different analytes and their concentration-dependence
or by preparing different nanocolumn height, porosity or constituent materials. Some of these aspects will be
addressed in our further research.

Results of our fits also reveal thata), ~ aj, ), ~ a;, and the remaining components are very small for all
angles ¢. This follows directly from tensor rotational transformation formulas and confirms the success of our
fitting procedures since different tensor components were obtained from different fits. For example, when rotat-
ing the system by 90° about the z’ axis, the o/, component becomes o y’ , the o/ component becomes a}ﬁx, the
«,, component becomes o/, and the o/, component becomes o, and vice versa (for details see section 7 in
Supplementary Information). Table 1 demonstrates the agreement between MB Raman tensor elements even
across different angles ¢, although obviously not all elements are obtained with the same accuracy which causes

slight discrepancies. Unfortunately, that tensor components containing 2z’ in at least one of its indices suffer from
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higher uncertainty, especially those obtained from the fit of p,, which presents rather an ill-posed problem since
it aims to fit four values of the Raman tensor simultaneously. In order to obtain a better criterion for reliability of
our fits, we further computed the usual Raman tensor invariants (see the section 7 in Supplementary Information
for more details), the corresponding depolarization ratio of MB adsorbed on AgOADs and compared these values
with the values retrieved from MB Raman spectra measured in a solution. Raman tensor elements in Table 1 give
the usual Raman tensor invariants for each of the angles ¢ as follows: a* =0.43 +0.02,v* = 3.1 £ 0.1and
6% = 0.03 + 0.01. The corresponding depolarization ratio is p = 0.29 4 0.01. To compare, the depolarization
ratio of MB as measured in a water solution (see the section 2 in Supplementary Information for more details) is
p,, = 0.21 £ 0.01 for all symmetric vibrations involved. We suppose that the difference may be attributable
either to the presence of hot-spot sites or to formation of dimers/trimers at the surface which could feature a dif-
ferent depolarization ratio with respect to the monomers that are analysed in liquid (or possibly to a combination
of the two factors). Hot-spot sites are sparsely distributed over the surface as demonstrated by spectral mapping
of the surface in our previous work?. These sites may occur either at the edges of nanowires or at the gap among
nanoparticles (with completely different polarization characteristics), but since no significant difference between
efficiency of excitation of longitudinal/transverse plasmon modes was observed, we hypothesize that the hot-spot
occurrences in these two locations are approximately equal. On the other hand, for a collection of randomly ori-
ented hot-spots such as colloids, the measured depolarization ratio of all modes under SERS conditions will be
Pgzrs = 1/3, virtually independent of the symmetry of a given Raman mode” . When measuring in a
macro-mode (with the laser spot in the order of several mm?), a large number of hot-spots is affected, which may
still cover rather negligible proportion of the illuminated area but have a non-negligible share of the total inten-
sity, difficult to estimate precisely. Thus, for SERS-active systems where only a certain proportion of the signal (say
50%) comes from randomly-oriented hot-spots, one can expect that the depolarization ratio of the vibrations (for
which the depolarization ratio under non-SERS conditions is ~0.21) will be shifted towards 1/3. Supposedly the
depolarization ratio as computed using values in Table 1 is bound between these two extremes (p, < p < pg,o)-

In summary, a detailed analysis of the SERS polarization and angular dependences was performed on MB
adsorbed on silver nanorod arrays prepared by oblique angle deposition (AgOADs). The main advantage of our
approach is employment of the 90°-scattering geometry in which two out of three Euler angles determining the
nanorod spatial orientation and four polarization combinations can be varied simultaneously. This enabled us
to carry out the most in-depth investigation of polarization- and angular-resolved characteristics of AGOADs to
date, as far as we know. Ellipsometry measurements were carried out on the nanostructures to characterize their
plasmonic properties and to retrieve their optical constants which enter the surface selection rules. A detailed
relationship between the SERS intensities and corresponding ellipsometric parameters was elucidated, which
was still missing in the literature. Both the SERS intensities as well as ellipsometric parameters were found to
exhibit strong dependence on rotating the sample by 90°, although being fairly insensitive to flipping the sample
by 180°. We suppose that this distinction may be attributed to slightly different periodicity of our structures in
different directions instead of different surface plasmon coupling efficiency for light polarized parallel/perpen-
dicular to the nanorod arrays as reported in numerous studies where a comparable approach was employed for
other SERS-active systems. The theoretical description of the SERS response on the basis of the surface selection
rules was therefore well applicable. Fit of the obtained depolarization ratios against the optical (pseudo)parame-
ters of the sample obtained by means of spectral ellipsometry provided relative magnitudes of MB Raman tensor
elements. These results enable to gain insight into the adsorptive stance of the molecule on the surface, indicating
that the MB adsorbs predominantly with the symmetry axis perpendicular to the surface. Our experimental find-
ings contribute to better theoretical understanding of the SERS enhancement mechanism and may be useful for
optimization of plasmon-based sensors for maximum signal enhancement.

References
1. Long, D. A. The Raman Effect: A Unified Treatment of the Theory of Raman Scattering by Molecules (John Wiley & Sons Ltd, 2002).
. Gucciardi, P. G., Chapelle, M. L. d. l. & Lidgi-Guigui, N. Handbook of Enhanced Spectroscopy (Pan Stanford Publishing Pte. Ltd, 2016).
. Foti, A. et al. On the SERS depolarization ratio. Nanospectroscopy 1, 26-62 (2015).
. Moskovits, M. Surface-Enhanced Spectroscopy. Rev. Mod. Phys. 57, 783-826 (1985).
. Moskovits, M. Surface Selection-Rules. J. Chem. Phys. 77, 4408-4416 (1982).
. Etchegoin, P. G., Galloway, C. & Le Ru, E. C. Polarization-dependent effects in surface-enhanced Raman scattering (SERS). Phys.
Chem. Chem. Phys. 8, 2624-2628 (2006).
7. Le Ru, E. C., Meyer, M., Blackie, E. & Etchegoin, P. G. Advanced aspects of electromagnetic SERS enhancement factors at a hot spot.
J. Raman. Spectrosc. 39, 1127-1134 (2008).
8. Xu, H. & Kill, M. Polarization-Dependent Surface-Enhanced Raman Spectroscopy of Isolated Silver Nanoaggregates.
ChemPhysChem 4, 1001-1005 (2003).
9. Moskovits, M. Surface-enhanced Raman spectroscopy: a brief perspective. J. Raman Spectrosc. 36, 485-496 (2005).
10. Xu, H., Aizpurua, J., Kall, M. & Apell, P. Electromagnetic contributions to single-molecule sensitivity in surface-enhanced Raman
scattering. Phys. Rev. E 62, 4318-4324 (2000).
11. Shegai, T. et al. Managing light polarization via plasmon-molecule interactions within an asymmetric metal nanoparticle trimer.
Proc. Natl. Acad. Sci. USA 105, 16448-16453 (2008).
12. Jiang, J., Bosnick, K., Maillard, M. & Brus, L. Single Molecule Raman Spectroscopy at the Junctions of Large Ag Nanocrystals. J. Phys.
Chem. B 107, 9964-9972 (2003).
13. Luo, W. et al. Polarization-Dependent Surface Enhanced Raman Scattering from Silver 1D Nanoparticle Arrays. J. Phys. Chem. C
112, 11609-11613 (2008).
14. Wei, H. et al. Polarization Dependence of Surface-Enhanced Raman Scattering in Gold Nanoparticle-Nanowire Systems. Nano Lett.
8,2497-2502 (2008).
15. Theiss, J., Pavaskar, P., Echternach, P. M., Muller, R. E. & Cronin, S. B. Plasmonic Nanoparticle Arrays with Nanometer Separation
for High-Performance SERS Substrates. Nano Lett. 10, 2749-2754 (2010).
16. Le Ru, E. C. et al. Experimental Verification of the SERS Electromagnetic Model beyond the |E|* Approximation: Polarization
Effects. J. Phys. Chem. C 112, 8117-8121 (2008).

QN U W N

SCIENTIFICREPORTS | 7:4293 | DOI:10.1038/541598-017-04565-0 9


http://2

www.nature.com/scientificreports/

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.
44,

45.

46.

47.

Fazio, B. et al. Re-radiation Enhancement in Polarized Surface-Enhanced Resonant Raman Scattering of Randomly Oriented
Molecules on Self-Organized Gold Nanowires. ACS Nano 5, 5945-5956 (2011).

McLellan, J. M., Li, Z.-Y., Siekkinen, A. R. & Xia, Y. The SERS Activity of a Supported Ag Nanocube Strongly Depends on Its
Orientation Relative to Laser Polarization. Nano Lett. 7, 1013-1017 (2007).

Hossain, M. K., Huang, G. G., Tanaka, Y., Kaneko, T. & Ozaki, Y. Anisotropic gold nanoassembly: a study on polarization-dependent
and polarization-selective surface-enhanced Raman scattering. Phys. Chem. Chem. Phys. 17, 4268-4276 (2015).

Liw, Y., Fan, J. G., Zhao, Y.-P, Shanmukh, S. & Dluhy, R. A. Angle dependent surface enhanced Raman scattering obtained from a
Ag nanorod array substrate. Appl. Phys. Lett. 89, 173134 (2006).

Zhao, Y.-P, Chaney, S. B., Shanmukh, S. & Dluhy, R. A. Polarized Surface Enhanced Raman and Absorbance Spectra of Aligned
Silver Nanorod Arrays. J. Phys. Chem. B 110, 3153-3157 (2006).

Suzuki, M. et al. In-line aligned and bottom-up Ag nanorods for surface-enhanced Raman spectroscopy. Appl. Phys. Lett. 88,203121
(2006).

Ming, T. et al. Strong Polarization Dependence of Plasmon-Enhanced Fluorescence on Single Gold Nanorods. Nano Lett. 9,
3896-3903 (2009).

Tao, A. R. & Yang, P. Polarized Surface-Enhanced Raman Spectroscopy on Coupled Metallic Nanowires. J. Phys. Chem. B 109,
15687-15690 (2005).

Jeong, D. H., Zhang, Y. X. & Moskovits, M. Polarized Surface Enhanced Raman Scattering from Aligned Silver Nanowire Rafts. J.
Phys. Chem. B 108, 12724-12728 (2004).

Zhou, W, Hu, A., Bai, S., Ma, Y. & Bridges, D. Anisotropic optical properties of large-scale aligned silver nanowire films via
controlled coffee ring effects. RSC Adv 5, 39103-39109 (2015).

Chen, L. et al. Polarization-dependent SERS effects of laser-generated sub-100 nm antenna structures. Nanotechnology 25, 265302 (2014).
Liu, K.-K. et al. Polarization-Dependent Surface-Enhanced Raman Scattering Activity of Anisotropic Plasmonic Nanorattles. J. Phys.
Chem. C 120, 16899-16906 (2016).

Hu, Q, Tay, L.-L., Noestheden, M. & Pezacki, J. . Mammalian Cell Surface Imaging with Nitrile-Functionalized Nanoprobes:
Biophysical Characterization of Aggregation and Polarization Anisotropy in SERS Imaging. J. Am. Chem. Soc. 129, 14-15 (2007).
Stranahan, S. M., Titus, E. . & Willets, K. A. SERS Orientational Imaging of Silver Nanoparticle Dimers. J. Phys. Chem. Lett. 2,
2711-2715 (2011).

Nagai, Y., Yamaguchi, T. & Kajikawa, K. Angular-Resolved Polarized Surface Enhanced Raman Spectroscopy. J. Phys. Chem. C 116,
9716-9723 (2012).

Shegai, T., Brian, B., Miljkovi¢, V. D. & Kéll, M. Angular Distribution of Surface-Enhanced Raman Scattering from Individual Au
Nanoparticle Aggregates. ACS Nano 5, 2036-2041 (2011).

Baumberg, J. J. et al. Angle-Resolved Surface-Enhanced Raman Scattering on Metallic Nanostructured Plasmonic Crystals. Nano
Lett. 5,2262-2267 (2005).

Liu, Y.-J. & Zhao, Y.-P. Simple model for surface-enhanced Raman scattering from tilted silver nanorod array substrates. Phys. Rev.
B78,075436 (2008).

Benson, M., Shah, P,, Marciniak, M., Sarangan, A. & Urbas, A. Optical Characterization of Silver Nanorod Thin Films Grown Using
Oblique Angle Deposition. J. Nanomater. 694982 (2014).

Oates, T. W. H., Ranjan, M., Facsko, S. & Arwin, H. Highly anisotropic effective dielectric functions of silver nanoparticle arrays.
Opt. Express 19, 2014-2028 (2011).

Negri, P. & Dluhy, R. A. Ag Nanorod Based Surface-Enhanced Raman Spectroscopy Applied to Bioanalytical Sensing. J. Biophotonics
6,20-35 (2013).

Subr, M. et al. Ag Nanorod Arrays for SERS: Aspects of Spectral Reproducibility, Surface Contamination, and Spectral Sensitivity. J.
Nanomater. 729231 (2015).

Solat, P. et al. Glancing Angle Deposition of Silver Promoted by Pre-Deposited Nanoparticles. Plasma Process. Polym. 12, 486-492 (2015).
Tait, R. N., Smy, T. & Brett, M. J. Modeling and characterization of columnar growth in evaporated films. Thin Solid Films 226,
196-201 (1993).

Roy, S. D., Ghosh, M. & Chowdhury, J. Adsorptive parameters and influence of hot geometries on the SER(R) S spectra of methylene
blue molecules adsorbed on gold nanocolloidal particles. J. Raman Spectrosc. 46, 451-461 (2015).

Le Ru, E. C. et al. Experimental demonstration of surface selection rules for SERS on flat metallic surfaces. Chem. Commun. 47,
3903-3905 (2011).

Johnson, P. B. & Christy, R. W. Optical Constants of the Noble Metals. Phys. Rev. B 6, 4370-4379 (1972).

Zhao, Y.-P,, Chaney, S. B. & Zhang, Z.-Y. Absorbance spectra of aligned Ag nanorod arrays prepared by oblique angle deposition. J.
Appl. Phys. 100 (2006).

Kleinman, S. L. et al. Structure Enhancement Factor Relationships in Single Gold Nanoantennas by Surface-Enhanced Raman
Excitation Spectroscopy. J. Am. Chem. Soc. 135, 301-308 (2013).

Zhong, L., Huy, Y. ], Xing, D. & Gu, H. M. Adsorption of Methylene Blue on Colloidal Silver-A Surface-Enhanced Raman
Spectroscopy Study Combined with Density Functional Theory Calculations. Spectrosc. Spectr. Anal. 30, 90-94 (2010).
Nuntawong, N. et al. Surface-enhanced Raman scattering substrate of silver nanoparticles depositing on AAO template fabricated
by magnetron sputtering. Vacuum 84, 1415-1418 (2010).

Acknowledgements

The study was supported by the Charles University, project GA UK No. 572216, and the Czech Science
Foundation (P205/12/G118). The authors thank Vlastimil Peksa from Institute of Physics, Charles University, for
help with Raman measurements.

Author Contributions

M.S. carried out both SERS and ellipsometry measurements under the supervision of M. Prochézka (SERS; J.S.
was the consultant) and M.V. (ellipsometry), analysed the results and wrote the manuscript. M. Petr fabricated
the SERS substrates under the supervision of O.K. All authors have given permission to the final version of the
manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04565-0

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS|7:4293 | DOI:10.1038/541598-017-04565-0 10


http://dx.doi.org/10.1038/s41598-017-04565-0

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7:4293 | DOI:10.1038/541598-017-04565-0 11


http://creativecommons.org/licenses/by/4.0/

	Anisotropic Optical Response of Silver Nanorod Arrays: Surface Enhanced Raman Scattering Polarization and Angular Dependenc ...
	Methods

	Preparation of AgOADs. 
	SERS Measurements. 
	Spectral Ellipsometry Measurements. 
	Theoretical Description of the SERS Response. 

	Results and Discussion

	SERS Polarization and Angular Dependences. 
	Ellipsometry Characteristics. 
	Determination of Molecular Orientation on the Surface. 

	Acknowledgements

	Figure 1 Schematic illustration of the oblique angle deposition and SEM images of a Ag nanorod array (cross-sectional and top view).
	Figure 2 Scheme of the experimental geometry.
	Figure 3 Examples of MB SERS spectra obtained under different configurations.
	Figure 4 Variation in MB SERS intensities with angles , and polarization arrangement for the 1628-cm−1 band.
	Figure 5 Depolarization ratios of the 1628-cm−1 MB band for different angular arrangements (colour points) and their fit by the surface selection rules with pseudo-refractive indices obtained from ellipsometry measurements (lines).
	Figure 6 Real and imaginary part of pseudo-refractive index of AgOADs and their variation with angles and as measured by standard ellipsometry.
	Figure 7 Extinctance of the AgOADs for angles (virtually identical to ) and (virtually identical to ).
	Table 1 Relative magnitudes of Raman tensor elements (normalised to α′xx) of the 1628-cm−1 MB band for different angles ϕ.




