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In this work, we demonstrate surface plasmon (SP) excitations by white light irradiation on Ag nanorod
covered diffraction grating substrates. Recordable digital versatile discs (DVD) were used as the
diffraction grating substrates on which aligned Ag nanorods arrays were deposited by oblique angle
deposition. A simple experimental method based on normal incidence optical transmission was used to
monitor the first order diffraction spectra from these Ag nanorod arrays on DVD gratings. The SP peak
positions were observed to have dependence on polarization of the incident light and get shifted
according to the aspect ratio of nanorods. The results illustrate that the radiative properties of Ag
nanorod arrays on the DVD grating can be tailored just by controlling the geometric dimensions of the
Ag nanorods. These Ag nanorod arrays on DVD grating templates may be used for cost efficient and
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Introduction

The great variety of nanostructured object applications leads to
an increased interest in investigating the light scattered from
the surface of thin films.'" Coupling of light with nano-
structured materials leads to a unique and potentially useful
optical phenomenon.® Some of the interesting examples involve
the interaction of light with the sculptured metal surfaces which
results in an extraordinary optical transmission.” Metal nano-
rods with high aspect ratios represent an anisotropic medium
and hence, the optical properties were found to be strongly
dependent upon incident angle as well as the polarization of the
incident light.®® The optical properties of metallic nano-
structures, especially Ag and Au have attracted recent attention
due to their potential applications in plasmonics.'>** Guo et al.**
reported a nanoplasmonic circuit with less loss and sub-
wavelength confinement. Byun et al.** demonstrated enhance-
ment of SPR biosensors with a gold nanowire grating. When
excited with visible light, the free electron metals such as Ag, Au
and Cu fulfill the necessary surface plasmon (SP) requirements
by having dielectric constant with large negative real and small
imaginary components. It has already been demonstrated
through experiments that plasmon peaks strongly depend on
the shape,™ structure,' dimensions'® and dielectric constant of
the host medium.”"" A variety of fabrication strategies such as
electron beam lithography* and codeposition of Ag and
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sensitive surface plasmon based applications such as refractive index measurement and biosensing.

polymer® have been utilized in order to tune the surface plas-
mon peaks. Beyond these specialized methods one can utilize
cheap and commercially available diffraction gratings
(Compact Disc (CD), Digital Versatile Disc (DVD) and blue-ray
disc) as templates. The optical properties of the metal nano-
structure grown over these grating templates can be used to
tune the position of surface plasmon peaks. The metal coated
DVD grating shows highly sensitive surface plasmon based
potential applications such as cheap SERS substrate,* diffrac-
tion-based tracking of enhanced transmission of light* and
refractive index measurement.*

So far, most of the studies have been focused on determining
the transmission and reflection of light from thin films,
whereas studies on radiative properties such as diffraction from
Ag nanorod arrays grown on grating templates are still lacking.
Recently, Zhao et al.*® have used a laser scatterometer with an
integrating sphere to observe anisotropic diffraction from
inclined silver nanorods arrays on CD grating templates. They
have shown that the orientation of the tilted nanorods with
respect to the direction of grooves has a significant effect on the
diffracted rays and the angular distribution of the scattered
light. In the present study, we report a simple optical micro-
scope-based method for monitoring the diffraction peaks from
Ag nanorods arrays on DVD grating templates. The peaks
associated with SP excitation were observed by tracking the light
transmitted through +1 diffraction orders.

Experimental section

In this work, we have utilized the grooved polycarbonate layer of
the DVD-R as an inexpensive source of high quality diffraction
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grating as substrate. The preparation of DVD grating substrates
is given as the ESI in Fig. S1.f The dried DVD grating is then
placed into vacuum chamber for deposition of silver nano-
structures. Silver films were grown over DVD grating substrates
by thermal evaporation of silver powder (99.9%) using oblique
angle deposition (OAD) method.?**® For the growth of silver
films the substrates were inclined in such a way that the
substrate normal made a very high angle (« = 85°) with respect
to the incident vapor flux direction. The random nucleation
centers are formed initially and later on due to the geometric
shadowing effect, the preferential growth of nanorods towards
the direction of deposition takes place. The OAD chamber was
evacuated to a pressure of about 2 x 10~ ® Torr, and the
substrates were kept at room temperature (~30 °C).

Characterizations

The morphology and structural analysis of the as-prepared Ag
nanostructures were characterized by scanning electron micro-
scope (SEM) (Zeiss, EVO 50). The topographic images of the bare
DVD grating were recorder by atomic force microscopy (AFM)
(Dimension Icon Model, Bruker). Optical transmission
measurements were performed using an optical microscope
(Nikon Eclipse LV 100) in transmission mode with white light
source. Fig. 1 shows schematic of the optical setup used for the
diffraction measurements. The light source consisted of a 50 W
halogen light source. Control of incident light polarization was
done by placing a linear polarizer (Thorlabs Inc.) in the path of
the incident beam and the sample. Light was focused onto the
sample using a condenser lens. The sample was mounted on the
vibration resistant rotating stage for xyz movement. Diffraction
spectra on the screen were captured by Nikon camera (Coolpix
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Fig.1 Schematic of optical configuration used to record transmission
diffraction spectra induced surface plasmon resonance.
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810). Subsequent data analysis was done by using Image] soft-
ware (National Institute of Health, USA).** The sensitivity of the
three colors on a color camera is different, but we have
mentioned the transmittance in arbitrary unit and discussed
about the relative transmittance of the Ag nanorods grown DVD
templates having different film thickness. For determination of
film thickness (d) acetone cleaned glass slide with a step made by
scotch tape is placed at o = 0° with respect to the incident vapor
flux prior each deposition. After removing the scotch tape, the
thickness of the metal deposited was determined by measuring
the step height by line profiler (KLA Tencor).

Results and discussion

Fig. 2(a) presents the image of a bare grooved polycarbonate
diffraction grating constructed from DVD-R. It is observed that
the ridges form a regular periodic pattern throughout the
surface.

From the line profile (Fig. 2(b)), it was observed the period-
icity of the ridges reflects grating period (/1) of 700 nm and
height (a) of 140 nm. A colored diffraction image of bare DVD as
shown in Fig. 3 exhibits three dominant features; a white
circular spot at the center which represents the light trans-
mitted directly through the sample referred as Oth order and
two elliptical spots which were observed on right and left sides
of the central spot referred as +1 (right) and —1 (left) diffracted
order. Due to the curvature of the DVD grating the diffraction
spots were elongated in one direction. The Oth order peak
appears white whereas in +1 diffraction order, the dispersion of
light takes place resulting into the blue light nearest to the
center and the red light at the edges. The relation between the
position (L) of the diffracted spot and grating period () can be

expressed as*?
Lo () o

where L is the distance measured from the 0th order spot, D is
the constant associated with the magnification level, m is the
diffracted order, A is the wavelength, and 4 is the grating period.
The eqn (1) clearly indicates that the dispersion of colors in the
diffracted spot depends on the wavelength, with longer wave-
length appearing at the farther distance from the center spot.
The diffraction image of the bare DVD grating is independent of
the polarization (s or p) under direct illumination as shown in
the Fig. 3.

Fig. 4(a-f) shows the top-view SEM images of the tilted
nanorod growth of Ag on DVD grating templates for different
film deposition thickness (d) values. At the initial stage of the
deposition, random nucleation centers are formed as shown in
Fig. 4(a-c). With increase in the film deposition thickness, the
larger islands will act as shadowing centers and will receive
more vapor flux resulting in the nanorods formation (Fig. 4(d-
f)). The surface morphologies indicate the periodic nanorods
formation at different radial locations due to the shadowing
effect. The X-ray diffraction spectrum in Fig. S2 in the ESI}
shows no apparent oxidation of Ag nanorods samples upon
exposure to the atmospheric conditions.
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Fig. 2 (a) AFM image (5.0 pm x 5.0 pm) of the topography of the commercial DVD-R, and (b) line profile of the AFM image of DVD-R.
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Fig. 3 The diffraction spectra of the bare DVD and the corresponding
line profile for unpolarized, s-polarized and p-polarized light.

Fig. 5 presents the schematic for the nanorods formation on
the DVD grating template. The side of the DVD facing the
incident vapor flux results into the nanorods formation on that
side whereas the other side gets shadowed.
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Fig. 5 The schematic for columnar growth during oblique angle
deposition.

According to Karabacak et al.,* the height (%) of the nanorods
increases almost linearly with film thickness and diameter (D) of
the nanorods vary with & according to the power law D « h” with a
fitting parameter of v = 0.14 £ 0.1 for obliquely deposited silver
nanorods.®It is well known for oblique angle deposited nanorods
that the tilt angle () is not same as the vapor incident angle («).**
The alignment of the Ag nanorods makes the medium optically
anisotropic with its optical axis parallel to the major long axis of

Fig.4 SEMimage presenting the top-view of the Ag nanorods on DVD with varying thickness of (a) d = 55 nm, (b) d =100 nm, (c) d = 185 nm, (d)

d = 305nm, (e) d = 405 nm, and (f) d = 485 nm, respectively.
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the nanorods. Due to the anisotropic nature of the Ag nanorods,
the diffraction spectra show a strong polarization dependence.’
Fig. 6 schematically shows the electric field component for
obliquely aligned nanorods in both s- and p-polarization direc-
tions. Inset in Fig. 6 shows the schematic of the orientations and
coordinates used in the diffraction measurements. For the light
incident normally, the incident beam with wave vector k point
towards the negative y axis and the x—y plane represents the plane
of incidence. The grooves of DVD grating were parallel to the z-
axis. The s-polarized and p-polarized light corresponds to an
incidence plane wave whose E and H vector lies in a plane
perpendicular to the plane of incidence. For s-polarization,
propagation along y-direction has only electric field component
E,, tangential to the top surface of the Ag nanorods. Since this
component of electric field is perpendicular to the major axis of
the nanorods, therefore only transverse mode (TM) appears in
the spectra. Although most of the Ag nanorods are aligned in one
direction still there is a small distribution of the alignment angle
as shown in Fig. 4(f). For the nanorods which are not in the main
alignment direction of the incident vapor flux, the E-field will no
longer remain perpendicular to the long axis of nanorods and a
small component will lie along the long axis of the nanorods as
shown in Fig. 6(a). This field produces longitudinal mode (LM) in
s-polarization spectra. In case of s-polarization, LM appears for
larger thickness of the film. For p-polarization, propagation in
the same y-direction have E, and E, components, in the plane of
incidence. Since, the nanorods have an angle 8 with respect to
the surface normal, the E-field can be decomposed into two
components: parallel E,| and perpendicular Ep, fields to the
major axis of the nanorods (Fig. 6(b)). Thus, Ej,| generates LM,
while E}, | excites the TM. The intensity of these modes further
depends upon the aspect ratio of the nanorods.

The diffraction spectra from Ag nanorods films on DVD
gratings having different thickness values (d) were obtained for
s- and p-polarization of the incident light. Fig. 7 shows only —1
diffracted order of the diffraction spectra. Through Image]
software, using narrow bandpass filters of 475 nm, 510 nm and

() s- polarization

(b) p- polarization

Fig.6 The cartoon sketch of the E-field component of (a) s-polarized,
and (b) p-polarized light for obliquely aligned nanorods. Inset shows
the coordinates used in diffraction measurement.
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Fig.7 Diffractionimages of DVD grating using s-polarized (left) and p-
polarized (right) light showing —1 and 0 order diffracted peaks with
samples having Ag nanorods of varying thickness of (a) d = 55 nm, (b)
d=100nm, (c)d =185 nm, (d) d =305 nm, (e) d =405 nm, and (f) d =
485 nm, respectively.

650 nm, the intensity spectrum corresponding to each wave-
length was obtained from the diffraction spectra. The line
profile (intensity versus pixel location) of the diffraction images
were converted into spectral data (transmittance versus wave-
length). The details of the calibration are given as the ESI in
Fig. S3.1 Using only —1 order diffraction peak, the resulting
spectral data for Ag nanorods of different thickness values
deposited on DVD grating are shown in Fig. 8. However, the UV-
visible transmittance spectra of the samples having different
film thickness are given as the ESI in Fig. S4.1 The evolution of
the plasmon peaks position as a function of film thickness d
was found to be different for the two different polarizations (s-
and p-) of the incident light. For s-polarization, the broad
surface plasmon peak centered at A, = 592 nm for d = 55 nm is
the main TM of the Ag nanostructured film since it dominates
the s-polarization transmission spectra. Initially, the surface
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Fig. 8 Transmission spectrum from —1-order diffracted peak with s-
polarised (left), and p-polarized (right) light, for Ag nanorods on DVD
with varying thickness of (a) d = 55 nm, (b) d = 100 nm, (c) d = 185 nm,
(d) d =305 nm, (e) d = 405 nm, and (f) d = 485 nm, respectively.
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plasmon peak shows a blue shift from 4, = 592 nm to 534 nm
for the variation in thickness value from d = 55 nm to 185 nm in
case of s-polarization. As OAD progress, more and more atoms
will add onto the structure that has already been deposited on
the substrate. Thus the shift in the plasmon wavelength directly
indicates that the relative aspect ratio (D/h) of the Ag nano-
structure in s-polarization direction becomes smaller. However,
in case of p-polarization, for the same film thickness two plas-
mon peaks (LM mode (~490 nm) and TM mode (~592 nm))
were observed. The intensity of both the peaks were found
almost the same as E, ;| was weak in this case to generate TM
and the nanorods height 7 was not sufficient for the generation
of LM. With increase in the film thickness d upto the value of
185 nm, the intensity of both the peaks increases in a similar
way. As d increases from 305 nm to 485 nm, both the s- and p-
polarized spectral data show a very similar trend: there is one
broad peak nearby A, = 545 nm for all the cases. The broad-
ening of the peak is due to the inter-rods coupling effect. Since,
the diameter of the nanorods D increases slowly as compare to
the height % so the relative aspect ratio of the nanostructure
decreases in s-polarization direction, as compare to p-polariza-
tion direction. It can also be observed from Fig. 4. So, for the
film thickness value d = 305 nm and above, it is only LM which
dominates for both the cases. The plasmon resonance is closely
related to the topographic structure of the metallic nano-
structure. Thus, the changes in the plasmon resonant mode as a
function of the film thickness can be used to observe the change
of nanostructure topology during growth at initial stages.

Conclusion

In conclusion, Ag nanorod structures were deposited on a DVD
grating template using oblique angle deposition (OAD) tech-
niques. The resulting Ag nanorod films grown over DVD grating
templates were found to be anisotropic. This anisotropy was
demonstrated by recording the polarization dependent
diffraction spectra using simple optical microscopy. Diffraction
induced surface plasmon peak positions appear to be depen-
dent on the nanorods height. Thus, we have shown that the
radiative properties of the sample can be tailored just by
controlling the deposition parameters and hence the geometric
dimensions, such as nanorod length, diameter and volume
filling fraction. Ag nanorods grown on DVD templates may offer
a potential application such as sensitive surface plasmon based
refractive index measurement and biosensing.
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