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Abstract

The use of glancing angle deposition technique provides opportunities for the deposition of sculptured nanostructures
of different shape. The optical properties of such nanostructures that are a function of the shape of these
nanostructures may be investigated, using the discrete dipole approximation theory which is an appropriate method
for solving the light scattering problem from objects of different shape and geometry. In this paper, the extinction
spectra of Ag/glass-sculptured nano-flowers with threefold symmetry are modeled and calculated, while the results are
compared with similar experimental observations. In modeling the nano-flower-shaped sculptured thin films, it is
proposed that the nano-flower is formed as a combination of two chiral thin films with different dimensions. This
structure was replaced with 1,405 electrical dipoles, and its extinction spectrum was calculated as a function of incident
light angle and azimuthal angle. The extinction spectrum consists of both transverse and longitudinal modes of
oscillations. The results showed that by increasing the incident angle, due to increase of amplitude of electrical
oscillations, transverse oscillations shift towards longer wavelengths. It was also observed that at azimuthal angles close
to nano-flower petals, where sharp points or recesses may exist, the intensity of extinction spectrum for longitudinal
mode (long wavelengths in the extinction spectrum) increases.
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Background
Columnar thin films (CTFs) are coatings produced by
physical vapor deposition at oblique or glancing angle. In
glancing angle deposition, the flux of vapor makes an
angle larger than 85° with the surface normal [1]. Hence,
the initially deposited adatoms on the substrate surface
produce shadows at their rear area that prohibits the in-
coming adatoms to be accommodated in these areas;
hence, growth is limited in these areas. Therefore, thin
films produced with this technique contain a large frac-
tion of voids. The ratio of voids to the deposited material
may be controlled by adjustment of the incident angle. In
addition, in the glancing angle method, one may also ro-
tate the substrate holder about its surface normal, using
different modes of movement and produce nano-
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sculptured thin films of different shapes [2-4]. Chiral
nano-sculptured thin films are produced by rotation of
substrate about its surface normal with a constant speed.
Pitch of these chiral thin films can be varied with the de-
position rate and the rotation speed of the substrate.
If we define the deposition rate with R and the rota-

tion speed of the substrate with ω, then the pitch of the
chiral (2Ω) may be obtained as the following:

2Ω ¼ R=ω: ð1Þ

Also, the radius of the chiral may be varied with the in-
cident angle. If the substrate is pre-seeded, then, according
to the size of these ordered seeds on the substrate surface,
one may control the radius of the chiral [3].
Nano-flower thin films are sculptured thin film struc-

tures that may be produced with two different rotation
speeds of the substrate about its surface normal (ω1, ω2) in
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Figure 1 Oblique angle deposition schematic in conjunction with
substrate holder rotation for deposition of silver nano-flower.
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2N sections of one complete rotating period. N defines
the order of symmetry in the nano-flower structure. There
should be a considerable difference between these two ro-
tating speeds. The high speed produces a section of chiral
with small dimension (stem of the nano-flower), while the
low speed produces a section of chiral with large dimen-
sion (petal of the nano-flower) [5,6].
Zhao et al. [5] used glancing angle deposition of Si at

85° while they also changed the rotation rate of the
substrate 2N (N= 1 to 5) times during each revolution
of the substrate. In this way, they managed to change the
lateral shape of the growing columns and produced
nanostructures with N-fold symmetry called nano-flowers.
Savaloni et al [6] produced and characterized silver nano-

flowers with different symmetries and investigated their op-
tical spectra using both s- and p-polarizations at different
azimuthal and incident angles. Some of their experimental
results are used in this work for comparison [6].
Metallic nanostructures with specific properties

dependent on their size and geometrical shape have cre-
ated an interesting research environment for scientist in
different fields of application such as biomedicine [7-12],
antibacterial [13], and optics [14-16].
Nanostructures of noble metals (gold, silver, and copper),

because of their ability in exhibiting localized surface
plasmon resonances [17], have found many applications,
particularly in the field of plasmonics [18-21]. These nanos-
tructures may be used as substrates in surface-enhanced
vibrational spectroscopy, such as the surface-enhanced
Raman spectroscopy (SERS) [22-24], the surface-enhanced
infrared absorbance spectroscopy [25], and metal-enhanced
fluorescence spectroscopy [26-28], as well as chemical and
biological sensors [29-34].
Experiments have demonstrated that the plasmon peak

depends strongly on the morphology and assembly of the
nanoparticles, such as diameter [18], aspect ratio [35],
shape [36,37], or assembly of array and the lattice para-
meters of the array [38] and the dielectric constant of the
host medium [39-41]. Experimental and theoretical inves-
tigations have shown that increased number of corners or
recesses in the morphology of the nanostructure provides
higher number of sites for creation of enhanced fields
which facilates SERS detection [42].
In this work, our aim is to compare the optical spectra

of Ag/glass nano-flowers with 3N symmetry obtained
using both s- and p-polarizations at different azimuthal
and incident angles with the results of calculations using
discrete dipole approximation (DDA). This work is, to the
best of our knowledge, the first of its kind to be reported
on the DDA results for the nano-flowers which is success-
fully modeled, and its results are consistent with those of
experimental ones, while one should consider the differ-
ences between the experiment and the model. It is also
worthwhile to mention that the results reported in this
paper are preliminary achievements and further calculations
with higher number of dipoles, and perhaps, refinement of
the model may be required.
Experimental details
Silver nano-flower-shaped sculptured thin films with
threefold symmetry were deposited on glass (15× 15 mm2

microscope slide) substrates by resistive evaporation from
tungsten boats at room temperature. The purity of silver
was 99.99 %. An Edwards (Edwards E19 A3, West Sussex,
UK) coating plant with a base pressure of 3 × 10−7 mbar
was used. The deposition angle was fixed at 75°, and a
deposition rate of 2.5 s−1 was chosen. Figure 1 shows the
schematic of the evaporation system showing substrate
position and rotation for sculptured thin film growth. The
distance between the evaporation source and the substrate
was 30 cm. In order to provide a point source for geomet-
rical considerations, a plate of tungsten with a 6-mm
diameter hole in the middle was used as a mask on top of
the evaporation boat. The deposition process was repeated
a few times, and the reproducibility of the results was con-
firmed. The movement of the stepper motor and its speed
of revolution, as well as facility for dividing each revolu-
tion to different sectors, are controlled through interface
to a computer in which the related software is written and
installed. All these are domestic made.



Figure 2 FESEM images of silver nano-flowers with threefold
symmetry. (a) Surface image around a defect showing a threefold
symmetry for the structures deposited. (b) Surface images obtained with
higher magnification. (c) Cross-sectional images from threefold symmetry
nano-flower sculptured silver thin films.
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Nano-flowers with threefold symmetry were produced;
considering that for an N-fold symmetry, each revolution of
the substrate holder should be divided to 2N sectors. In this
work, the smaller sector was chosen as (ΘL=24°) which
rotates with a speed of RL=0.0151 rev/s, while the other
sectors size depends on the order of chosen symmetry and
its speed (RH) was chosen to be 32 times that of RL.
Prior to deposition, all substrates were ultrasonically

cleaned in heated acetone and then ethanol. The surface
roughness of the substrates was measured by a Talysurf
profilometer (Taylor Hobson, Leicester, England, UK) and
atomic force microscope, and the root mean square sub-
strate surface roughness Rq obtained using these methods
were 0.3 and 0.9 nm, respectively.
The deposition rate was measured by a quartz crystal

deposition rate controller (SQM-160, Sigma Instruments,
Cranberry Township, PA, USA) positioned close to the
substrate and at almost the same azimuthal angle as that
of the substrate. This was corrected after obtaining the
film thickness using field emission electron microscopy
(FESEM) (S-4100 SEM, Hitachi High-Tech, Minato-ku,
Tokyo, Japan). FESEM samples were coated with a very
thin layer of gold to prevent the charging effect. The
surface physical morphology and roughness was obtained
by means of atomic force microscopy (AFM) (Solver, NT-
MDT, Moscow, Russia, with a Si tip of 10 nm radius in
non-contact mode) analysis. Reflectance and transmittance
spectra of the samples were obtained using a single beam
spectrophotometer (nkd-8000, Aquila Instruments, Essex,
UK) in the spectral range of 350 to 1,050 nm using both
s- and p-polarization measurements in steps of 5 nm.

Silver nano-flower structural characteristics
FESEM images of the silver nano-flower-shaped sculptured
thin film with threefold symmetry are given in Figure 2.
Figure 2a shows the surface structure of this film around a
defect. This defect has acted as a natural shadowing block
(pre-grown seed), and the threefold symmetry can be
clearly observed in this image. Figure 2b is a larger scale
image from the surface structure of this film. The symmetry
of the grown nano-flowers on the surface of the films is
shown by geometrical shapes (i.e., triangles) while the
orientation of grown arms/columns (directions/petals) are
also shown by black arrows. These arrows show the princi-
pal axes that the columns grow along their directions.
Figure 2c shows the cross section of silver nano-flowers.
Due to high surface diffusion of silver adatoms, the initial
temperature of the substrate (room temperature), and the
heat accumulation during the long time deposition of these
sculptured thin films (approximately 5 h), and the fact that
films were grown on bare (unseeded) glass substrates, the
pitches of the chiral shapes are not clearly distinguishable.
However, more careful examination of these cross sections
not only shows the chirality of the grown films, but also
some petals of the nano-flowers. It is worthwhile to men-
tion that it was a laborious and cumbersome task to obtain
such cross-sectional images from these samples. The
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diameter of the vertical columns/chirals including the width
of petals may be estimated as approximately 300 nm while
the columnar/chiral stem itself (excluding the petals) is
about approximately 50 nm. Zhao et al. [5] who grow Si
nano-flowers on Si(100) substrates with cooling facility for
the substrate to keep the substrate temperature fixed at 4°C
during deposition also encountered such difficulty, while
diffusion of Si adatoms on the Si substrate is much less
than Ag adatoms on glass substrates. In addition, as men-
tioned above, they also used the cooling facility for the sub-
strate while the temperature during our deposition of Ag
films (which took a considerably long time) increased above
room temperature (i.e., initial substrate temperature).
If the pre-seeding is arranged in a way that seeds are in a

sufficient distance from each other, then the neighboring
columns will not affect each other [5]. If neighboring nuclei
are close to each other, then one may shadow the other
one; hence, nano-flowers with missing one or few petals
Figure 3 Silver nano-flower sculpted thin film images. (a) 2D and
(b) 3D images of the silver nano-flower sculptured thin films with
threefold symmetry.
may result. The latter has been the case for our samples
that were grown on flat microscope slides.
In Figure 3, two-dimensional (2D) and three-dimensional

(3D) AFM images of silver nano-flowers of threefold sym-
metry are given. These images clearly show the threefold
symmetry nano-flowers. Size distributions of the grains/
petals of these nano-flowers were obtained from the 2D
AFM images using JMicroVision Code (University of
Geneva, Geneva, Switzerland) as 92 nm.
Experimental optical spectra of Ag/glass nano-flowers
Transmission and reflection spectra of silver nano-flower-
shaped sculptured thin films with threefold symmetry were
measured in the wavelength region of 350 to 1,050 nm at
two different incident angles of 30° and 70°, and at different
azimuthal angles (φ ) of 0°, 45°, 90°, 135°, and 180°, for
both s- and p-polarizations. Figure 4 shows the schematic of
the measurement setup. We define the p-polarization at the
plane of grown nano-flowers and the s-polarization at normal
to this plane. In Figure 4, only the chirality of the nano-flower
structure is shown, and the grown petals on this structure are
omitted for clarity.
In obtaining the absorption/extinction spectra from our

optical measurements, the following effects/phenomenon
were considered: (a) the transmittance spectrum from our
nano-flower silver thin films was negligible due to the high
film thickness; (b) usually, the non-specular reflection is
very low for Ag films, and it is also well known that by
Figure 4 Schematic of the measurement setup. The schematic for
the chiral stem of the nano-flower and the definition of the incident
polarization directions, as well as decomposition of the p-polarized
field by changing the incident light direction.
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increasing the particle size, the absorption maximum shifts
towards lower energies and the band/peak becomes
broader; (c) it is also possible that higher order modes
become excited; and (d) in case of particles whose size is
smaller than the wavelength of the incident light, the elec-
tromagnetic wave cannot distinguish their structural details.
However, the absorption spectrum may be affected by their
shape. When features with different shapes are distributed
in the structure of thin films, they cause broadening of the
absorption peaks. If the feature size is about the same or
greater than the wavelength of the incident light, then
scattering becomes the dominant process in the extinction
spectrum (i.e., absorption+ scattering) [43]. Hence, accord-
ing to the AFM results, since the size of our nano-flowers
is smaller than the minimum wavelength (i.e., 350 nm), it
may be concluded that the scattering contribution in
our work is negligible. Therefore, it may be a good ap-
proximation to consider (1-R) as the film extinction
which may show the surface plasmon resonances in the
Ag nanostructures.
The incident angle is also an important parameter in

plasmon excitation [44]. The 70° incident angle was chosen
to make sure that the p-polarized light interacts with the
Ag column with almost its maximum electric field, while
the 30° incident angle should provide information from the
nano-flower surface morphology, including anisotropy
when the φ angle is changed.
In Figure 4, it is shown that when the incident light inter-

acts with the nano-flower at an angle, the Ep field decom-
poses into two components: a field parallel to (EpII ) and a
field perpendicular to (Ep? ) the long axis of the Ag rod.
Therefore, the larger θi results in larger EpII component.
Figure 5 (1-R) Spectra of Ag 3N chiral nano-flower thin film.
These spectra were obtained at 30° incident angle for p-polarization
light and different azimuthal angles.
Hence EpII excites the longitudinal mode (LM), and Ep?
excites the transverse mode (TM) [29].
Figure 5 shows the (1-R) (as explained above, this may be

considered as extinction with good approximation) spectra
of the threefold symmetry nano-flower for p-polarization
measured at 30° incident angle and different φ angles
(ranging from 0° to 180° in steps of 45°), respectively.
A common peak at about 350 nm (which can be distin-

guished with some difficulty due to our limitation for the
measurement at the lower wavelengths) and a broad peak
at about 391 to 406 nm for the p-polarized light corre-
sponding to the transverse plasmon mode resonances
(TM) can be distinguished. These peaks are directly
related to the nano-columns topography. The common
peak at about 350 nm is called the transverse quadrupole
mode (TQM), and the peak located at longer wavelength
is called transverse dipole mode (TDM) [45,46]. In
addition, a very broad shoulder can be observed.
Figure 6 shows the (1-R) spectra of the threefold

symmetry nano-flower of p-polarization measured at 70°
incident angle. The distinguished feature in these spectra is
the broad shoulder (peak) at higher wavelengths, which
have higher intensity than that observed for 30° incident
angle. Zhao et al. [29] also found a very broad shoulder
similar to that observed in this work for aligned Ag nano-
rod arrays prepared by oblique angle deposition particularly
when the film thickness is more than 600 nm (see Figure 5a
in the work of Zhao et al. [29]). Our nano-flowers are not
perfectly aligned structures (see FESEM pictures in Figure 2)
though majority of them are aligned in one direction, but
there is a distribution. In addition, when the incident light
Figure 6 (1-R) Spectra of Ag 3N chiral nano-flower thin film.
These spectra were obtained at 70° incident angle for p-polarization
light and different azimuthal angles.



Abdi et al. Journal of Theoretical and Applied Physics 2012, 6:4 Page 6 of 10
http://www.jtaphys.com/content/6/1/4
has an angle with respect to the long axis of nano-flower,
then as discussed above (Figure 4), the Ep field will be
decomposed into two components: a field parallel to (EpII ),
and a field perpendicular to (Ep?) the Ag nano-flower long
axis. Therefore, EpII excites the LM plasmon mode, and
Ep? excites the TM plasmon mode. Hence, when the inci-
dent angles of 30° and 70° are compared, the EpII (LM plas-
mon mode) of the latter is stronger and contributes to the
broad shoulder at higher wavelengths. As it can be deduced
from Figure 4 and the above discussion, p-polarization can
excite all plasmon modes.

DDA theory
Since the exact solution of the Maxwell equation only exists
for a certain number of geometries, there is a need for
other methods to obtain the optical properties of nanoparti-
cles with arbitrary geometrical shapes. DDA method is a
useful technique for solving light scattering problems from
objects with arbitrary geometries. In this theory, the object
is in arbitrary shape, but its size is of the order of wave-
length or smaller than the wavelength of the incident light
[47,48]. This object is then replaced with an array of point
dipoles, and the interaction of these dipoles with the elec-
tric field of the incident light is considered. The dipoles, be-
cause of electric field, react with each other, too. Therefore,
the applied/external electric field produces a local electric
field at a position of each point dipole; in addition, the rest
of the dipoles also produce an electric field at this point.
Hence, each dipole effectively consists of an electrical di-
pole momentum due to the local electric field of the
process just mentioned. Therefore, calculation of this dipole
momentum will provide the appropriate facility for obtain-
ing answers to the scattering problems [49,50]. For larger
objects, one should also consider the high multipolar exci-
tations [51]. The distance between dipoles, d , in the array
can be obtained as follows:

V ¼ Nd3

d ¼ V=Nð Þ
1
3;

ð2Þ

where N is the number of point dipoles and V is the
volume of the object. In order to solve this problem by
replacing the object with an assembly of point dipoles, both
the position of N dipoles (ri ; i ¼ 1; :::::;N ) and dipole
momentums Pi must be determined. When this dipole
momentum is determined, one can calculate the absorp-
tion, scattering, and extinction cross sections of light.
According to the Clausius-Mossotti equation, polarizability
of an electrical dipole i , at a position ri with a dielectric
constant of Ei, is given as follows [52]:

αCMi ¼ 3d3

4π
Ei � 1
Ei þ 2

: ð3Þ
Since the radiation interaction effects are not considered
in Equation 3, the Clausius-Mossotti equation does not
satisfy the energy conservation law. Hence, inclusion of ra-
diation interaction effects modifies Equation 3, and the
polarizability of the electrical dipole is as follows [49,50]:

αi ¼ αCMi
1� 2=3ð Þik3αCMi

: ð4Þ

In Equation 4, αCMi is the Clausius-Mossotti polarizability,
and k is the wave number. Electrical dipole momentum is
then obtained as follows:

pi ¼ αi:Eloc rið Þ: ð5Þ
In Equation 5, Eloc rið Þ is the local electric field (i.e., the

electrical field at the position of ith dipole) which is the
sum of the incident electric field and the electric field due
to the rest of point dipoles in the suggested array for the
object under examination [53]:

Eloc rið Þ ¼ Einc;i �
X
j 6¼i

AijPj; ð6Þ

where Einc is the incident electric field. If Einc is a plain wave
field with a wave number k , then by omitting its time
dependence, its dependence on the position is as follows:

Einc rð Þ ¼ E0 exp ik:rð Þ: ð7Þ
Pi is the electrical dipole momentum of ith dipole, and

Aij is the vector potential that is given as [53] follows:

Aij ¼
exp ikrij

� �
rij

� k2 r̂ ijr̂ ij � I3
� �þ ikrij � 1

r2ij
3r̂ ijr̂ ij � I3
� �" #

; ð8Þ

where rij ¼ ri � rj , r̂ ij ¼ ri�rj
ri�rjj j , and I3 is a 3×3 identity

matrix. Using the definition Aii ¼ α�1
i , the electrical dipole

momentum may be obtained as follows:

XN
j¼1

Aijpj ¼ Einc;i: ð9Þ

One can then calculate the absorption, scattering, and
extinction cross sections as follows:

Cext ¼ 4πk

E2
0

�� ��X
N

i¼1

Im E∗
inc;i:Pi

� �
; ð10Þ

Cabs ¼ 4πk

E2
0

�� ��X
N

i¼1

Im Pi: αi
�1

� �∗
P∗
i

h i
� 2
3
k3 Pij j2

� �
;

ð11Þ
Csca ¼ Cext � Cabs: ð12Þ
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Owing to the ability of the DDA theory in solving the
scattering problem from objects of complex in different
shapes, it has attracted the attention of many researches
during the last few years. Sosa et al. [51] in 2003 calculated
the extinction spectra for silver nanoparticles in spherical,
ellipsoidal, and cubic shapes. In 2006, Zhang and Zhao [54]
reported their results for extinction spectra of silver rods of
different shapes (i.e., needle, periodical nano-rod, L-shaped
nano-rod, and Y-shaped nano-rod). They also investigated
the dependence of extinction spectra on the nano-rod
height, and their results showed that extinction spectra shift
towards long wavelengths with increasing the height of the
nano-rod [29,55]. Later, Zhang and Zhao [56] investigated
the extinction spectrum of a U-shaped silver structure with
varying dimensions. Their results showed that the extinc-
tion spectra are strongly dependent on the dimensions
(size) of this structure; for large scale U-shaped structure,
they obtained numerous resonance peaks that increased
with size. They concluded that in addition to electrical di-
pole effects, one should also include multiple dipole effects
in the calculations [56]. They also, in another work [47],
reported their findings for a silver chiral structure with
varying structural parameter and azimuthal incident angle,
while they compared these results with those of a multi-
ring.
In this work, as mentioned in the ‘Background’ section,

we report our results for extinction spectra of a threefold
symmetry silver nano-flower and its variation with incident
angle and azimuthal angle using the DDA theory.
Figure 7 The model proposed and used in DDA calculations for
nano-flower structure. The nano-flower structure is a combined
structure of two chirals with different dimensions. (a) Side view and
(b) top view.
The model
As mentioned before, nano-flower is a structure that may
be produced by rotation of the substrate about its surface
normal with two considerably different speeds at 2N sec-
tions of one complete rotation. Hence, it may be assumed
that the nano-flower is a structure that is formed as a
combined structure of two chiral structures with different
dimensions. When the substrate is rotating with high
speed, a section of chiral with a small dimension (stem) is
formed. On the contrary, when the substrate is rotating
with slow speed, a section with a large dimension (petal)
is formed. In this paper, we have investigated the extinc-
tion spectra for a threefold symmetry silver nano-flower
with two pitches, while each pitch is divided into six sec-
tions. Of these six sections, three sections are the petals
of the nano-flower, and between them are three sections
of the stem of the nano-flower. Figure 7 shows a sche-
matic drawing of the nano-flower under investigation.
The parameters used in this DDA calculation were

chosen as follows: the pitch of thin chiral is 15 nm with
outer and inner radii of 25 nm and 10 nm, respectively, and
the pitch of thick chiral is 150 nm with outer and inner
radii of 50 nm and 10 nm, respectively. The nano-flower
structure in Figure 7 was filled with 1,405 dipoles with a
distance of 9.33 nm between them, and the extinction spec-
tra at incident angles of 30° and 70° and at different azi-
muthal angles were obtained using DDA calculations.
DDA results and discussion
The extinction spectra of silver nano-flower were calcu-
lated in the wavelength region of 300 to 700 nm for
p-polarization of incident light. In these spectra, both
TM and LM were observed. Figure 8 shows the DDA re-
sult for extinction spectrum of the modeled nano-flower
at incident angle of 70° and azimuthal angle of 180° for a



Figure 8 Result of DDA calculation of extinction spectrum for
Ag 3N chiral nano-flower thin film. These were obtained at 70°
incident angle and 180° azimuthal angle for p-polarization light.
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p-polarized light. It can be observed that there exist four
oscillation peaks. These peaks have appeared at 430-,
460-, 540-, and 670-nm wavelengths. TM is located at
the 430-nm wavelength which is due to the electric field
component in the chiral cross-sectional direction of the
nano-flower axis, and LM mode is due to the electric
field component along the chiral axis of the nano-flower
which occurs at longer wavelengths (peaks at 460, 540,
and 670 nm).
The number of oscillation peaks in the extinction

spectrum depends on the number of directions that are
possible for electronic oscillations which in turn depends
on the dimensions of the nanoparticle. In Figure 9, the
effect of incident angle on the extinction spectrum of the
modeled nano-flower is shown. It can be observed that the
Figure 9 Result of DDA calculation of extinction spectra for Ag
3N chiral nano-flower thin film. These were obtained at different
incident angles.
TM peak (peak that appeared at lower wavelength of about
430 nm) is gone under a redshift (i.e., longer wavelengths)
with increasing incident angle. This is due to the fact (as
mentioned above; Figure 4) that the EpII becomes stronger
at higher incident angles. In addition, it can also be seen
that only at 70° and 90° incident angles do the LM peaks
appear in the spectra, and they become stronger with
increasing incident angle.
Influence of variation of azimuthal angle on the extinc-

tion spectra from the modeled nano-flower is investigated
for two incident angles of 30° and 70° in Figures 10 and 11,
respectively. At 30° incident angle up to 135° azimuthal
angle, all spectra almost show the same behavior, though
the intensity of peaks change in a way that, in general, one
may suggest that when the intensity of TM peak is
increased, the intensity of LM peaks decreased and vice
versa. This is more pronounced in the case of 180° incident
angle. The same behavior can be observed in Figure 11 for
the 70° incident angle. However, much stronger LM peaks
than those obtained for the 30° incident angle can be distin-
guished. This is again due to the fact that at this higher
incident angle, as discussed above, EpII is greater, and hence,
its contribution to the LM peaks is higher than 30° incident
angle.
Now, if we compare the experimental results in Figures 5

and 6 with those obtained from DDA calculations in
Figures 10 and 11, in general, we can observe similarities.
However, one may also claim that there exist some obvious
differences. A comparison of Figure 5 (experimental results)
with Figure 1 (DDA) in fact shows a great deal of agree-
ments, though in Figure 1, the broad shoulder at long
wavelengths is missing. This and other discrepancies will be
explained in the following paragraphs.
A comparison of Figure 6 (experimental results) with

Figure 11 (DDA) again shows good agreements. In general,
Figure 10 Result of DDA calculation of extinction spectra for
Ag 3N chiral nano-flower thin film. These were obtained at 30°
incident angle and different azimuthal angles for p-polarization light.



Figure 11 Result of DDA calculation of extinction spectra for
Ag 3N chiral nano-flower thin film. These were obtained at 70°
incident angle and different azimuthal angles for p-polarization light.
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the differences observed between the experimental and
DDA results can be attributed to the following parameters:
(a) DDA calculations were terminated at 700 nm; hence,
longer wavelength results are missing. (b) Experimental
results are obtained from nano-flower thin films with seven
pitches with structural parameter of 150 nm, and the ratio
of high speed rotation of substrate to the low speed section
was 32:1, while DDA calculations were carried out for a
nano-flower with two pitches with a structural parameter
of 150 nm and ratio of high to low rotation speed of 10. (c)
DDA calculations were carried out for a single threefold
symmetry nano-flower, while the experimental results were
obtained for an assembly of nano-flowers on the substrate.
(d) Our experimental nano-flowers are not perfectly aligned
structures (see FESEM images in Figure 2) though majority
of them are aligned in one direction, but there is a distribu-
tion. In addition, when the incident light has an angle with
respect to the long axis of the nano-flower, then, as
discussed above (Figure 4), the Ep field will be decomposed
into two components: a field parallel to (EpII ), and a field
perpendicular to ( Ep? ) the Ag nano-flower long axis.
Therefore, EpII excites the LM plasmon mode, and Ep?
excites the TM plasmon mode. Hence, when the incident
angles of 30° and 70° are compared, the EpII (LM plasmon
mode) of the latter is stronger and contributes to the broad
shoulder at higher wavelengths. As it can be deduced from
Figure 4 and the above discussion, p-polarization can excite
all plasmon modes. Therefore, it may be concluded that the
broad peak at longer wavelengths in both Figures 5 and 6 is
due to overlap of a few LM peaks at this region from the
unaligned nano-flowers on the substrate and from those
that due to shadowing effect have lost one or more of their
petals or have not grown in full size. (e) The film thickness
is also found to be an important parameter in the optical
spectra investigations. (f) DDA calculations were carried
out using only 1,045 dipoles. This was due to our limita-
tions on the use of computer which is planned to be
improved in the near future and to carry out calculations
with much higher number of dipoles while the distance
between dipoles then can be adjusted. In addition, some
refinements of the model can be of some importance, too.
Conclusions
DDA theory is an appropriate technique for obtaining
results for light scattering from arbitrary-shaped complex
objects. Silver nano-flower is modeled as a combination of
two chiral sculptured structures with different dimensions.
When the substrate is rotating with high speed, a section of
chiral with small dimension (stem) is formed. On the
contrary, when the substrate is rotating with slow speed, a
section with large dimension (petal) is formed. The extinc-
tion spectra from the threefold symmetry silver nano-flower
with two pitches are obtained using DDA calculations for
light incident at 30° and 70° angles and at different
azimuthal angles. The results are compared with those of
silver nano-flowers deposited on glass substrate with seven
pitches. In general, good agreements are achieved between
the DDA and experimental results, though the model pro-
posed in this work requires some further refinements, and
there is a need for a higher capacity (i.e., high computa-
tional speed and memory) computer for inclusion of much
greater number of dipoles in the calculations. The discrep-
ancies between the DDA and experimental results are
related to the difference in the number of pitches in two
sets of results, to the fact that for DDA calculations, a sin-
gle nano-flower was considered, while in the experiment,
an assembly of nano-flowers are involved that may also
contain some degree of misalignment and imperfection of
the nano-flowers due to shadowing effects, and to the
overlap of few LM peaks at longer wavelengths in the
experimental spectra.
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