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Abstract

Influence of the structural parameters (namely, angle of rise, half structural period, volume fraction of metal inclu-
sion, columns shape factor, thickness) and the dielectric dispersion function on the optical activity of axially excited
chiral nano-sculptured copper thin films are investigated for both s and p linearly polarized lights, using Bruggeman
homogenization formalism in conjunction with the experimentally available relative dielectric constants for the bulk
copper. It is observed that for both s and p polarizations the maximum of optical activity shifts towards longer wave-
lengths with increasing the half structural period, volume fraction of metal inclusion and the film thickness, while it
shifts towards shorter wavelengths with increasing the transverse aspect ratio of the columns. The circular Bragg
phenomenon is clearly observed when the angle of rise increased from 20° to 45°. Comparison of spectral results
shows that the dispersion of the dielectric function has a considerable effect on the results.
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1. Introduction

Chiral sculptured thin films (CSTFs) are three dimen-
sional structures that may be produced by using glanc-
ing angle deposition technique (GLAD) combined
with the rotation of substrate about its normal to sur-
face axis [1]. The intriguing feature in CSTFs is due to
appearance of circular Bragg phenomenon in these
structures [2]. By utilizing the circular Bragg pheno-
menon, chiral STFs as circular polarization filters
have been theoretically examined and then experimen-
tally realized [2,3]. A handedness—selective light in-
verter, which comprises a chiral STF and a CTF func-
tioning as a half wave-plate, was also designed and
then fabricated and tested [4,5]. By introducing either
a layer defect or a twist defect in the middle of a chiral
STF, narrowband spectral-hole filters have been de-
signed and implemented [6-8].

In early 1996 the optical activity of these films (the
rotation of the linear polarized light in the plane of
polarization of light) similar to cholostric liquid crys-
tals and other chiral structures was observed [9].
When a linearly polarized light is incident on a CSTF
structure, the transmitted light experiences a rotation
in the polarization plane. This optical rotation is a
function of wavelength of light in vacuum, which is
called optical activity. Optical activity spectra are
usually used for materials spectroscopy analysis [10].
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The occurrence of circular Bragg phenomenon can be
deduced from circular reflectance and transmission.
However, other characteristics such as optical activity
can also be used for this reason [10]. In our earlier
works the occurrence of circular Bragg phenomenon
in circular reflectance and transmission spectra are
reported [11,12]. In this work our aim is to calculate
the optical activity of chiral sculptured copper thin
films, using the Bruggman homogenization formalism
[13,14] and eigen- value method [11,12,15] and inves-
tigate its dependence on different structural parame-
ters and dispersion of the dielectric function.

2. Theory

Assume that the (0 < z < d) space is occupied by a
metallic chiral STF with a permittivity dyadic of (Fig.

1) [11]:

&(r) = 205 @5 (0 leatt,u, + epuu, + e u |-
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vectors are underlined, dyadics are double underlined,
% is the angle of rise. The relative permittivity scalars
g, Ep, €c are implicit functions of frequency. u,,u,
and u, are unit vectors in the Cartesian coordinate
system. The tilt dyadic [11]:

S(x) = wou, + (wu, +uu,)cos x +

(wu, +uu )sing, @)


http://www.nitropdf.com/
http://www.sid.ir

Dependence of the optical ...

n

trans

_L z=d

2Q RH

A} =0

z axis

Fig. 1. Schematic of the structural period 2Q and the
angle of rise x for a right-handed (RH) CSTF.

with y € (0°,90°) and the rotation dyadic [12]:

S @=wu, +(wy +uu)cospz+h(wu —

uu ) sinpz, 3)

s

where p = o and 242 is the structural period. The

integers h =1 and h = —1 are for the structurally
right- and left-handed chiral sculptured thin film, re-
spectively.

Our aim is to obtain the response of electromagnetic
plane waves of frequency (® normally fallen on a
metallic chiral sculptured thin film slab and the slab is
axially being excited. Let the source being positioned
at z = —oo. In general form, this plane wave is ellipti-
cally polarized. The electric field phasors in vacuous
half spaces Z < 0and Z > d are [11,12]:

E(z)= (aLE+ + aRE_) etkoz 4 (aLE_ + TRE+) e—ikoz’
Z2<0 o

E(2) = (tLg+ + th_) etko(z=d), Z2>d.
(%)

In Egs. (4) and (5), uy = (u, £ gy)/\/f are the com-
plex unit vectors and a; and ay are the known ampli-
tudes of the left and right-circularly polarized compo-
nents of the incident plane wave; (1, and rg) and (¢,
and tg) are the unknown amplitudes of the reflected
and transmitted plane wave (left-circularly polarized
(LCP) and (right-circularly polarized

(RCP)) components, respectively. The magnetic field
phasors in these regions are obtained from:

H(2) = (iwpo) 'V X E(2). (6)

The phasors of the excited electric and magnetic fields

inside the chiral sculptured thin film slab are com-

bined of four axially excited modes in an unbounded

chiral sculptured thin film [11]. Therefore, 0 < z < d:
4

E(Z) = Z aneignz {Ex [enl COSPpz — €en2 sin PZ]
n=1
+ u, [en1 sinpz + e,, cospz]

+uens}, 0<z<d

(7
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4
ﬂ(Z) = Z aneignz {Ex [hnl coSpz — hy, Sin pZ]

n=1
+ Uy [hp; sinpz + hy, cos pz]

+uzens} 0<z<d.

®)

In this stage the a,,1 < n <4 coefficients are un-
known and the Cartesian components of the field are
given in Eqgs. (7) and (8):

€n1 = WU, [gTZL - k(z)gc + pz]
en2 = 2thwu,pg,
Eu— &

b~ .
en3 = €en1 Egcosysiny\

acb
hay = —ihp |92 + koec — p?|
hz = g, |92 + kiec —p?| )

©)
and the four modal wavelengths are given by:
L _
91=795= 272 {kg(‘gc +&)+ sz
+ ko[ko(ec — Eq)?
1z
+8p2(e. + 1)
X (10)
9, =94, = 272 {kg(‘gc +&g) + sz
— ko[ko(ec — Eq)?
1z
+8p2(e. + 1)
.. (11)
~ ach
7 g cos2y + g, sin? y
(12)

Here, the possibility of excitation of axially propagat-
ing Voigt waves is excluded [11]. Two of these four
modal waves propagate in the +z direction and the
other two propagate in the -z direction. In order to
make decision on the propagation direction of these
modal waves, their imaginary part should be ex-
amined. The Im[g,] is always positive, but Im[g,] in
some regions of half structural period becomes nega-
tive. In this case, g, should be substituted by g,
[11,12].

In order to determine the values of reflection and
transmission a boundary condition should be imposed.
The boundary value problem can be applied by consi-
dering the continuity of the tangential components of
the electrical and magnetic fields’ phasors at z = 0
and z = L. By solving Eq. (13) in matrix form the un-
known values for (1, and 1) and (t; and tz) can be
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obtained as functions of known values of a; and ag

[11].
@] =[z@] ] [c@] 2] [ )]

(13)
(r, +7r) + (a, + ag)
L | i[._(TL — 1) + (a, — ag)] |
[fO] = F|-L 100 =) + (@~ ap) |
— oo L0+ 1) = (@ + ap)]
(14)
(t, + tg)
i(t, — tg)
1 i
fw] =5l ).
1
T (t, + tg)
(15)
[z
cos(pL) —sin(plL) 0 0
__|sin(pL)  cos(pL) 0 0
B 0 0 cos(pL) —sin(pL)
0 0 sin(pL) cos(plL)
(16)
etlit 0 0 0
igpL
col-[§ 4 2l
0 0 0 e~ lg2L
17)
eq1 €1 €11 €21
ei; ey €12 €
[(E)] - Ihll hyy  hyy hy |
h12 hZZ _h'12 _hZZ
(18)

When the reflectance and transmittance amplitudes are
determined one can obtain the reflectance and trans-
mittance coefficients using:
Ti
T j =,

a;

i,j=LR
tj=-=, ij=LR
(19)

The transmittance coefficients for plane waves of s
and p polarization can easily be obtained from Eq. [9]:

_ (i +trp) — (Gup + tr)

ss 5
L (tp +trr) — (trr — trr)
tsp = —1 2
, (20)
_ . (C, — trp) — (ELg — tgre)
tpS =1 D)
_ (@t +trr) — (E1r + trr)
tpp = 5

The incidence and transmittance ellipticities are de-
noted by:
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—2im [asay]

(lasl? + |ay|”

(21

inc
and,

—2im [tsty]
W, = 2—1’2 (22)
(Its12 + |t

where Im[ ] defines the imaginary part.

Optical activity is the angle that occurs because of the
rotation of the long axis of the transmittance vibra-
tional ellipsoid with respect to the long axis of the
incident vibrational ellipsoid. In order to calculate the
optical activity (optical rotation) the following aux-
iliary vectors are introduced [16]:

1
E o= 1 (19 re o~ oy
— Wi dm [asgx + apgy],
23)
E

tr

1+ (1 - ‘Pfr)%] Re [tsgy - tpgx]

— W dm [t + tpgy],
(24)
where Re[ ] defines the real part.

Then the tilt angles 7, and 7;,. can be calculated
from:

El *Uy
COST; = ,
gil
-F -u
sint; = - = , (Il = inc,tr)
||
(25)
and the optical activity as [16,17]:
b =
T,y = Tipe + 70, if —-n<tr,-71, <-n/2
o~ Tine» lf T~ Tine <z/2
Ty = Tipe — 77, if w/2<rt,—71,.<7.
(26)

Calculation of ¢, may result in |¢,.| > /2, in that
case a value of - 7 should be added to the ¢, value.
On the other hand if the calculated value is || <
—1/2 then nt should be added. This procedure con-
fines the value of ¢, in the range of [_”/2 , 7'[/2].

3. Numerical results and discussions

Consider a right handed chiral sculptured copper thin
film that has occupied the free space (vacuum) with a
thickness of d and that this copper film is formed in its
bulk state. In order to obtain the relative permittivity
scalars &4, . in sculptured thin films we used the
Bruggemen homogenization formalism. In this for-
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Fig. 2. A STF column which is considered as a string
of identical long electrical ellipsoids with shape fac-
tors y, and y;.
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100 nm [18,19]. Homogenization was only performed
for the 590.38 nm wavelength with a relative permit-
tivity -7.67+2.631 [20]. It was assumed that the vac-
uum topology is the same as that of metal (i.e.,
Yi =YL, ve =v¥F). Hence the relative permittivity
scalars remain fixed by changing the wavelength. Af-
ter calculation of relative permittivity scalars from
Bruggeman homogenization formalism one can obtain
the reflectance and transmittance amplitudes using
matrix equation (1).

In Fig. 3 the optical activity of a right handed chiral
sculptured copper thin film in axial propagation for
both s and p polarizations is depicted. In Figs. 3-a and

3b, 7=y =10nm,y; =y, =1 nm, y = 30", Q
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Fig. 3. Optical activity of a right handed chiral sculptured copper thin film in axial propagation for both s and p po-

larizations with different volume fractions.
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Fig. 4. Optical activity of a right handed chiral sculptured copper thin film in axial propagation for both s and p po-

larizations with different structural periods.

malism the film is considered to be formed as a com-
posite of two phases, namely vacuum phase and the
matter phase. These quantities depend on the column
shape, volumetric fraction of vacuum phase, free
space wavelength and relative permittivity of the mat-
ter (inclusion). Each column in the sculptured thin
film is considered to consist of a string of small and
identical ellipsoids and electrically small (i.e., small in
a sense that their electrical interaction can be ignored)
(Fig. 2) [10]. In Fig. 2 y"¥ is one half of the long axis
of the inclusion and void ellipsoids, and y,"” is one
half of the small axis of the inclusion and void ellip-
soids. It should be mentioned that these parameters
which define the shape factor range between 1 and

42

= 100 nm and d = 1000 nm were fixed. In these fig-
ures it can be observed that the optical activity for
both s and p polarizations shifts to longer wavelengths
with increasing the volume fraction of the copper in-
clusions. Therefore, the location of occurrence of cir-
cular Bragg phenomenon (position of maximum of
optical activity) shifts towards longer wavelengths.

In these figures some instabilities occur in the numeri-
cal calculations for higher values of volume fraction
of metallic inclusions (greater than 0.2) and at shorter
wavelengths, which are either higher or lower than the
limit of accuracy which can be handled by the com-
puter and they should be avoided.
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Fig. 5. Optical activity of a right handed chiral sculptured copper thin film in axial propagation for both s and p po-

larizations with different thickness.
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Fig. 6. Optical activity of a right handed chiral sculptured copper thin film in axial propagation for both s and p po-
larizations with different transverse aspect ratio of the columns.

Optical activity was calculated for ¥ = y¢ = 10 nm,
Yi =ve =1 nm, y =30° f=0.2 and d = 1000 nm in
Figs. 4-a and 4-b. It can be seen that the maximum of
the optical activity shifts to longer wavelengths with
increasing the half structural period. This is because
the light should at least travel (pass through) one
structural period until the circular Bragg phenomenon
occurs.

Figs. 5-a and 5-b show the results of optical activity
calculations for, Y =y =10nm, y5 =yy =1 nm, x
=30° Q = 100 nm and /= 0.2. In these figures it can
also be observed that the maximum of the optical ac-
tivity for both s and p polarizations shifts to longer
wavelengths with increasing the film thickness.

This is due to the fact that the number of Bragg re-
flecting planes increase with increasing the film thick-
ness.

In Figs. 6-a and 6-b, ¥ = y7 = 10 nm, Q =100 nm, y

=30°%f=0.2and d=1000 nm were fixed. It is obvi-
ous that the maximum of the optical activity for both s
and p polarizations shifts to shorter wavelengths with
increasing the transverse aspect ratio of the columns.
This results because in axial excitation of CSTFs in
which the propagation direction of light is parallel to
the inhomogeneity axis of sculptured thin film (paral-
lel to z-axis) the needle like form of nano-wires disap-
pears.

Figs. 7-a and 7-b are the results of optical activity cal-
culations fory? =y =10nm, y; =y, =1nm,Q =
100 nm, f=0.2 and d = 1000 nm. It can be seen that
the intensity of the maximum of the optical activity
for both s and p polarizations decreases with increas-
ing the rise angle and the circular Bragg phenomenon
disappears. Therefore, if one requires to use the circu-
lar Bragg phenomenon in a particular application, the
lower rise angles are more appropriate.
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Fig. 7. Optical activity of a right handed chiral sculptured copper thin film in axial propagation for both s and p po-

larizations with different angle of rise of the columns.
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Fig. 8. Optical activity of a right handed chiral sculptured copper thin film in axial propagation for both s and p po-
larizations compared for dispersion and nondispersion of the dielectric function.

Results of optical activity for 7 =y = 10 nm,
Yi =ve=1nm, Q=100 nm, y =30°% f=0.2and d =
1000 nm are depicted in Figs. 8-a and 8-b. In these
figures it can be seen that optical activity spectra for
both s and p polarizations is considerably affected by
dispersion of dielectric function and its effect is more
significant at shorter wavelengths.

In summary, the Bruggman homogenization formal-
ism and the eigenvalue method were used in conjunc-
tion with experimental results for dielectric function
of copper in bulk state and calculated the optical activ-
ity of chiral sculptured copper thin films when differ-
ent structural parameters were varied.

4. Conclusions

Optical activity spectra of chiral sculptured copper
thin films are studied, using Bruggman homogeniza-
tion formalism and eigenvalue method. Results show
that the maximum of the optical activity shifts toward
longer wavelength with increasing structural period,
volume fraction of metal inclusion and film thickness,
while it shifts toward shorter wavelengths with in-
creasing transverse aspect ratio of columns. Also opti-
cal activity decays at larger rise angles. Results also
show that at short wavelengths one cannot ignore the
dispersion of the dielectric function.
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