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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]. 

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 ሺ0  ݖ  ݀ሻ space is occupied by a 
metallic chiral STF with a permittivity dyadic of (Fig. 
1) [11]:  
 
൯ݎ൫ߝ ൌ 0ܵߝ

ݖ
ሺݖሻ · ܵ

ݕ
ሺ߯ሻ · ቂݖݑݖݑܽߝ  ݔݑݔݑܾߝ  ቃݕݑݕݑܿߝ ·

ܵ
ݕ
െ1ሺ߯ሻ · ܵ

ݖ
െ1ሺݖሻ,                                                    (1) 

 
vectors are underlined, dyadics are double underlined, 
χ is the angle of rise. The relative permittivity scalars  
,ߝ ,ߝ ,௫ݑ . are implicit functions of frequencyߝ   ௬ݑ
and ݑ ௭ are unit vectors in the Cartesian coordinate 
system. The tilt dyadic [11]: 
 
ܵ ቀ߯ቁ ൌ ݕݑݔݑ  ቀݔݑݔݑ  ቁݖݑݖݑ ߯ ݏܿ 

ቀݔݑݖݑ  ቁݖݑݔݑ ݊݅ݏ ߯,                                          (2) 
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Fig. 1. Schematic of the structural period 2Ω and the 
angle of rise χ for a  right-handed (RH) CSTF.  
 
with ߯ א ሺ0°, 90°ሻ and the rotation dyadic [12]: 
 
ܵ

ݖ 
ሺݖሻ ൌ ݖݑݖݑ  ቀݔݑݔݑ  ቁݕݑݕݑ ݏܿ ݖ  ݄ ቀݔݑݕݑ െ

൯ݕݑݔݑ ݊݅ݏ  (3)                                                        ,ݖ
 
where  ൌ గ

Ω
,  and 2Ω is the structural period. The 

integers ݄ ൌ 1 and ݄ ൌ െ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 ω  normally fallen on a 
metallic chiral sculptured thin film slab and the slab is 
axially being excited. Let the source being positioned 
at ݖ ൌ െ∞. In general form, this plane wave is ellipti-
cally polarized. The electric field phasors in vacuous 
half spaces ܼ  0 and ܼ  ݀ are [11,12]: 
 
ሻݖሺܧ ൌ ቀܽݑܮ  െቁݑܴܽ ݖ0݇݅݁  ቀܽݑܮെ  ቁݑܴݎ ݁െ݅݇0ݖ,  
Z ≤ 0                                                                    (4) 
 
ሻݖሺܧ ൌ ቀݑܮݐ  െቁݑܴݐ ݁݅݇0ሺݖെ݀ሻ,                Z ≥ d.                          

(5) 
 

In Eqs. (4) and (5), ݑേ ൌ ሺݑ௫ േ -௬ሻ/√2  are the comݑ
plex unit vectors and ܽ and ܽோ are the known ampli-
tudes of the left and right-circularly polarized compo-
nents of the incident plane wave; (ݎ and ݎோ) and (ݐ 
and ݐோ) 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: 
 
ሻݖሺܪ ൌ ሺ݅߱ߤሻିଵ ൈ  ሻ.                                     (6)ݖሺܧ
 
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  ݖ  ݀:  

ሻݖሺܧ ൌ  ݖ݊݃݅݁݊ܽ
4

݊ൌ1
ቄݔݑ ሾ݁݊1 cos ݖ െ ݁݊2 sin ሿݖ

 ሾ݁݊1 ݕݑ sin ݖ  ݁݊2 cos ሿݖ
 3ൟ,                    0݊݁ݖݑ  ݖ  ݀ 

(7) 

ሻݖሺܪ ൌ  ܽ݁௭
ସ

ୀଵ

൛ݑ௫ ሾ݄ଵ cos ݖ െ ݄ଶ sin ሿݖ

 ௬ ሾ݄ଵݑ sin ݖ  ݄ଶ cos ሿݖ
 ௭݁ଷሽ,           0ݑ  ݖ  ݀. 

               (8) 
 

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

݁݊1 ൌ 0ߤ߱ ቂ݃݊
2 െ ݇0

ܿߝ2  2ቃ
݁݊2 ൌ ݊݃0ߤ2݄݅߱

݁݊3 ൌ ݁݊1
ܽߝ െ ܾߝ

ܾߝܽߝ
݀ߝ cos ߯ sin ߯

݄݊1 ൌ െ݄݅ ቂ݃݊
2  ݇0

ܿߝ2 െ 2ቃ

݄݊2 ൌ ݃݊  ቂ݃݊
2  ݇0

ܿߝ2 െ 2ቃ ۙ
ۖۖ
ۖ
ۘ

ۖۖ
ۖ
ۗ

, 

                                                                            

(9) 
 

and the four modal wavelengths are given by: 

݃1 ൌ െ݃3 ൌ 2െ1
2 ቊ݇0

2ሺܿߝ  ݀ሻߝ  22

 ݇0ൣ݇0ሺܿߝ െ ݀ሻ2ߝ

 ܿߝ2ሺ8  ݀ሻሿߝ
1
2ቅ

1
2
, 

                   (10) 

݃2 ൌ െ݃4 ൌ 2െ1
2 ቊ݇0

2ሺܿߝ  ݀ሻߝ  22

െ ݇0ൣ݇0ሺܿߝ െ ݀ሻ2ߝ

 ܿߝ2ሺ8  ݀ሻሿߝ
1
2ቅ

1
2
, 

  (11)  
ௗ̃ߝ ൌ

ߝߝ

ߝ cosଶ ߯  ߝ sinଶ ߯. 

         (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 ݉ܫሾ݃ଵሿ is always positive, but ݉ܫሾ݃ଶሿ  in 
some regions of half structural period becomes nega-
tive. In this case, ݃ଶ should be substituted by ݃ସ  
[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 (ݎ and ݎோ) and (ݐ and ݐோ) can be 

χ
Ω2

axisz

0=z

dz =
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obtained as functions of known values of ܽ and ܽோ 
[11]. 
 

ቂ݂ሺ݀ሻቃ ൌ ቂܤሺ݀ሻቃ ൣܶ൧ ቂܥሺ݀ሻቃ ቂܶቃ
ଵ

ቂ݂ሺ0ሻቃ, 
                                                                              (13)  

ቂ݂ሺ0ሻቃ ൌ ଵ
√ଶ

ۏ
ێ
ێ
ێ
ێ
ۍ

ሺݎ  ோሻݎ  ሺܽ  ܽோሻ
݅ሾെሺݎ െ ோሻݎ  ሺܽ െ ܽோሻሿ

െ 
ఎబ

ሾሺݎ െ ோሻݎ  ሺܽ െ ܽோሻሿ

െ ଵ
ఎబ

ሾሺݎ  ோሻݎ െ ሺܽ  ܽோሻሿے
ۑ
ۑ
ۑ
ۑ
ې
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ۍ
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1
ߟ
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ۑ
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(15) 
ቂܤሺܮሻቃ

ൌ ൦

cosሺܮሻ െ sinሺܮሻ 0                 0
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0
0

0
0

cosሺܮሻ െ sinሺܮሻ
sinሺܮሻ cosሺܮሻ
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(16) 

ቂܥሺܮሻቃ ൌ ൦
݁భ 0 0                 0

0 ݁మ 0                 0
0
0

0
0

݁ିభ        0
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(17) 

ቂቀܶቁቃ ൌ ൦

݁ଵଵ ݁ଶଵ ݁ଵଵ    ݁ଶଵ
݁ଵଶ ݁ଶଶ െ݁ଵଶ ݁ଶଶ
݄11
݄12

݄21
݄22

   ݄11  ݄21
െ݄12 െ݄22

൪, 

(18) 
When the reflectance and transmittance amplitudes are 
determined one can obtain the reflectance and trans-
mittance coefficients using:  
 

ݎ ൌ
ݎ

ܽ
,        ݅, ݆ ൌ ,ܮ ܴ 

ݐ ൌ ௧
ೕ

,        ݅, ݆ ൌ ,ܮ ܴ                                                                                                    

(19)       
The transmittance coefficients for plane waves of s 
and p polarization can easily be obtained from Eq. [9]: 
 

ە
ۖۖ
ۖ
۔

ۖۖ
ۖ
ۓ ܵܵݐ ൌ

ሺܮܮݐ  ሻܴܴݐ െ ሺܴܮݐ  ሻܮܴݐ
2

ܲܵݐ ൌ െ݅
ሺܮܮݐ  ሻܴܴݐ െ ሺܴܮݐ െ ሻܮܴݐ

2
ܵܲݐ ൌ ݅

ሺܮܮݐ െ ሻܴܴݐ െ ሺܴܮݐ െ ሻܮܴݐ
2

ܲܲݐ ൌ
ሺܮܮݐ  ሻܴܴݐ െ ሺܴܮݐ  ሻܮܴݐ

2

 ,                             ሺ20ሻ 

 
The incidence and transmittance ellipticities are de-
noted by: 
 

Ψ ൌ
െ2݅݉ ሾܽ௦ܽ

כ ሿ

ሺ|ܽ௦|ଶ  หܽหଶ  ,                                               ሺ21ሻ 

and, 
  

Ψ ൌ
െ2݅݉ ሾݐ௦ݐ

ሿכ

ሺ|ݐ௦|ଶ  หݐหଶ  ,                                               ሺ22ሻ 

 
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]: 
 

ܿ݊݅ ܨ ൌ 1  ቀ1 െ Ψ݅݊ܿ
2 ቁ

1
2൩  ܴ݁ ቂܽݕݑݏ െ ቃݔݑܽ

െ Ψ݅݊ܿ݉ܫ ቂܽݔݑݏ   ,ቃݕݑܽ
 (23) 

ݎݐ ܨ ൌ 1  ቀ1 െ Ψݎݐ
2 ቁ

1
2൩  ܴ݁ ቂݕݑݏݐ െ ቃݔݑݐ

െ Ψ݉ܫݎݐ ቂݔݑݏݐ   ,ቃݕݑݐ
                                            (24) 

 
where Re[   ] defines the real part. 
Then the tilt angles ߬௧ and ߬ can be calculated 
from: 

cos ߬ ൌ
ܨ · ௬ݑ

หܨห
 , 

sin ߬ ൌ
െܨ · ௫ݑ

หܨห
 ,                          ሺ݈ ൌ ݅݊ܿ,  ሻݎݐ

                                                                             (25)  
and the optical activity as [16,17]: 
 

⎪
⎩

⎪
⎨

⎧

≤−≤−−

≤−−

−≤−≤−+−

=

.2/,
2/,

2/,

πττππττ

πττττ

πττππττ

φ

inctrinctr

inctrinctr

inctrinctr

tr

if
if
if

 

 (26) 
Calculation of ߶ may result in |߶|  ߨ 2⁄ , in that 
case a value of - π  should be added to the  ߶ value. 
On the other hand if the calculated value is   |߶| ط
െߨ 2⁄  then π should be added. This procedure con-
fines the value of ߶ in the range of ൣെߨ

2ൗ , ߨ
2ൗ ൧.  

 
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 ߝ,, in sculptured thin films we used the 
Bruggemen homogenization formalism. In this for-
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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 ߛఛ

௦,௩ is one half of the long axis 
of the inclusion and void ellipsoids, and ߛ

௦,௩ 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 

100 nm [18,19]. Homogenization was only performed 
for the 590.38 nm wavelength with a relative permit-
tivity -7.67+2.63i [20]. It was assumed that the vac-
uum topology is the same as that of metal (i.e., 
ߛ

௦ ൌ ߛ
௩, ఛߛ

௦ ൌ ఛߛ
௩). 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 
3-b, ߛఛ

௦ ൌ ఛߛ
௩ ൌ 10 nm, ߛ

௦ ൌ ߛ
௩ ൌ 1  nm, ߯ ൌ 30°,  Ω 

= 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. 

 
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.  
 

 
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. 
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Fig. 2. A STF column which is considered as a string 
of identical long electrical ellipsoids with shape fac-
tors ࢈ࢽ  and ࣎ࢽ. 
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Optical activity was calculated for ߛఛ
௦ ൌ ఛߛ

௩ = 10 nm, 
ߛ

௦ ൌ ߛ
௩ = 1 nm, χ = 30º, 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, ߛఛ

௦ ൌ ఛߛ
௩ = 10 nm, ߛ

௦ ൌ ߛ
௩ = 1 nm, χ 

= 30º, Ω = 100 nm and f = 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, ߛఛ

௦ ൌ ఛߛ
௩ = 10 nm, Ω = 100 nm,  χ 

= 30º, f = 0.2 and  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 for ߛఛ

௦ ൌ ఛߛ
௩
 = 10 nm,  ߛ

௦ ൌ ߛ
௩ = 1 nm , Ω  = 

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. 

 
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.  
 

 
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. 
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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.  
 

300 600 900 1200

0

30

60

90

-30

-60

-90
300 600 900 1200

0

30

60

90

-30

-60

-90

a  b  

)(nmoλ )(nmoλ

o20=νχ
o45=νχ
o50=νχ
o60=νχ

o20=νχ
o45=νχ
o50=νχ
o60=νχ

Archive of SID

www.SID.ir

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


     Dependence of the optical …                                              Journal of Theoretical and Applied Physics, 3-4 (2010) 

44 
 

Results of optical activity for ߛఛ
௦ ൌ ఛߛ

௩ = 10 nm, 
ߛ

௦ ൌ ߛ
௩= 1 nm, Ω = 100 nm, χ = 30º, f = 0.2 and 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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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. 
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