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ABSTRACT  

The transfer matrix method was applied to model the reflection and transmission co-

polarization spectra of zig-zag aluminum thin films by different arm numbers and 

lengths and the optical spectra of the zig-zag nanostructures for both s- and p-polarized 

lights were obtained at different incident angles. According to the results, for the s-

polarized incident light, the transmission reduces and the reflection increases by 

incident angle. For the p- polarized light, the reflection is reduced for the incident 

directions near the Bruster’s angle and the transmission almost remains constant. The 

numbers of Bragg peaks via arm number were also considered for s-polarized light at 

the 60° incident angle. The results determined four arms as the period of zig-zag 

structure. Besides, the red and blue shifts were observed for the wavelengths smaller 

and greater than 550 nm, respectively. At last, no Bragg peak was observed for p-

polarized light at all incident angles. 
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INTRODUCTION 

In the recent years, the metal-dielectric 

composite layers have been increasingly regarded and 

their structural, optical and electrical properties have 

been widely studied, both experimentally and 

theoretically. Among the metallic elements used in 

these composite layers, the aluminum (Al) has received 

special attentions due to its simple thin film preparation 

process [1, 2]. The electrical conductivity near its bulk 

value [3] also introduces it as an ideal element for the 

optoelectronic devices production [4, 5]. The physical 

properties of Al thin films are sensitively related to 

their microstructures [6, 7], so it may be manipulated 

[8-10] controllably. The plasmonic properties of 

Al@Al2O3, suggests it as a suitable candidate for 

tremendous applications due to wide ranges of plasmon 

resonances from deep UV to the middle visible region 

[11].  

The glancing angle deposition (GLAD) and 
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oblique angle deposition (OAD) methods are usual to 

make porous thin films with controlled nanostructures. 

Non-isotropic structure of porous thin films [12, 13] 

causes tensional anisotropy and optical birefringence 

[14] and also affects their magnetic permeability [15]. 

The anisotropic degree is related to the element and 

substrate types and deposition angle [16]. Optically 

anisotropic thin films have a variety of applications 

including speed reduction optical plates [17], 

anisotropic antireflection coating [18], birefringent 

omnidirectional reflector [19], 3D photonic band gap 

crystals [20], birefringent thin film polarizers [21], new 

optical filters [14], polarization-selective mirrors and 

interferential filters [22]. Porous thin films had 

prepared with different structural properties, frequency 

filtering abilities and desired geometric shapes such as 

chiral, zig-zag and nano flowers and studied under the 

s- and p- polarized light irradiations [23-26, 28, 29].  

RahChamani et al. prepared zig-zag nano-

sculptured ZnS thin films by GLAD technique and 

showed that their refractive indexes are highly 

sensitive to the preparation conditions [23]. They also 

studied the optical properties of zig-zag nano-

sculptured ZnS thin films with different growth angles 

at 10 and 70 incident light angles for both s- and p-

polarized lights and showed their significant 

difference, indicating the employed angles were above 

Brewster’s angle of ZnS film [24]. Liedtke et al. 

showed that the porosity is significantly influenced by 

the incident angle and substrate temperature [25]. 

There are many other issues on zig-zag thin film 

preparation by different methods [26-29].  

The Bragg reflection is a phenomenon for 

creation of controllable optical filter components [30]. 

A variety of theoretical methods have been used to 

study the optical properties of porous thin films. The 

transition matrix is a useful method to determine the 

optical properties of anisotropic thin films by different 

morphologies. In this method, the structure of porous 

metal composite is homogenized by the Bruggeman 

formula to obtain the effective dielectric properties of 

the layers [31, 32]. The material-void fraction, material 

local direction and the layer thickness are the main 

parameters needed for the homogenization. Reduction 

of the electrical field amplitude in the anisotropic 

composite materials and high real scaler values of the 

metals electric permeability causes difficulties in the 

calculation of the reflection and transmission 

amplitudes, even for thick layers. To overcome these 

difficulties, the anisotropic material is usually 

considered as a semi-space structure, to obtain its 

reflection for vertical incident light [20].  

Vepachedu, et. al prepared the ZnSe zig-zag 

structure of N=10 unit cells and compared the 

empirical and theoretical results of the Bragg 

phenomena for s- and p- linear polarized lights [33]. 

They did not observe the Bragg peaks in the zig-zag 

structures with the same arms lengths and 20 growth 

angle for the s- and p- polarized lights at different 

incident directions () and zero azimuthal angle (ψ=0 

), but for ψ=90  and θ≳40  the Bragg peaks observed 

in a narrow spectral region.  

This work is devoted to the study of linearly 

polarized light propagation in the Al zig-zag thin films, 

using transfer matrix method. At first, the Bragg 

phenomena of Al zig-zag thin films were simulated and 

studied for both s- and p- polarized incident light for 

different numbers of arms and incident light angles. 

The effects of nanostructure arm lengths on the Bragg 

phenomena were also investigated. 

OPTICAL MODELING 

The harmonic time dependency of the 

incident light is considered as xp( )e iωt  which ω 

shows the angular frequency. The wave number, 

wavelength and intrinsic impedance of free space 

denoted by 0 0k ω ε μ= , 2λ π k= and

0 0 0/η ε μ= , respectively. The 0μ  and 0ε  show 

the magnetic permeability and electrical permittivity of 

the free space, respectively. The Cartesian unit vectors 
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displayed by ,x yu u , and zu . The vectors are 

underlined once and the dyadics underlined twice. 

The studied model structure is a zig-zag thin 

film occupied the region 0 ≤ z ≤ d surrounded by 

vacuous regions z <0 and z >d as given in the Fig. 1.  It 

is assumed that the structure is excited by a plane wave 

propagating with the incident angle θ to the z-axis and 

azimuthal angle ψ with the x-axis in the xy-plane. The 

phasors of incident, reflected and transmitted electric 

fields are given by [20] 

0
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(1) 

That is expressed in terms of the s- and p- polarized 

light components via the unit vectors 
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(2) 

The parameters( ),s pa a , ( ),s pr r  and 

( ),s pt t  show the amplitudes of incident, reflected and 

transmitted waves, respectively with the s- and p-

indexes as the linear polarization types. The phasor of 

the magnetic field in any region is given by

1

0( )H i E   . We also have the following 

equations in the Cartesian coordinate system. 
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(3) 

The continuity of the tangential components 

of the electrical and magnetic fields at the interfaces of 

thin films may be used to calculate the reflectance and 

transmittance amplitudes through the solution of the 

algebraic matrix equation 

1
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(4) 

The different terms and parameters of this equation are 

described in details, in the reference [20]. 

We now consider a zig-zag thin film with thickness of 

zd Nt= , where zt  is the thickness of an arm of zig-

zag, and N is the number of arms. The transfer matrix 

of a columnar thin film with thickness of t  is given by 

i P t
e

  
 [20]. Therefore, the transfer matrix of a zig-zag 

nanostructure is [23], 
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i P t

i
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          
. 

The ζ and χ are the rotation angles of the arms about z-

axis and the growth angle of columns to xy-plane, 

respectively. Replacing ( , , )M d k     by the 

transfer matrix of zig-zag, 
zigzag

M  
in the Eq. (5), 

the reflectance and transmittance amplitudes may be 

calculated. The results in terms of the matrix relations 

are 
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And 
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Four reflection xyr  and transmission xyt  

coefficients with x and y in {s, p} were used to compute 

the reflectance
2

sp spR r , etc., and the 
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transmittances
2

sp spT t , etc., of the zig-zag thin 

film.  

Thin film is wholly dissipative, when the 

amplification is negligible. As a result, from the energy 

conservation principle, the inequalities must be hold.   

1

1

ss ps ss ps

pp sp pp sp

R R T T

R R T T

   


                                                                                      

(8) 

The optical absorption for s- and p-linear polarized 

lights are given by  

 
,

1 , ,i ji ji

j s p

A R T i s p


                                                         

(9) 

In order to model the optical characteristics of 

prepared sample, we considered a zig-zag structure for 

which relative permittivity scalars , ,a b c may be 

calculated using the Bruggeman homogenization 

equations [31]. In this formalism, the two- component 

structure is composed of the Al metal and void. The 

relative permittivity scalars depend on different 

parameters, including geometric form factor, fraction 

of Al (fAl), the wavelength in the free space and the 

refractive index. In addition, each column in the 

structure is considered as a string of identical long 

ellipsoids by small electrical interactions [31]. In all 

calculations, columnar form factors considered as 

( ) ( ) 15, 1Al void

Al void

c c b b

a a a a

   
      

                                                              

(10) 

That c, a and b are semi major axis and small 

half axes of ellipsoids, respectively [34]. We have used 

the bulk experimental refractive index of Al for 

homogenization [35]. In homogenization of the 

structure, effects of dispersion and dissipation of 

dielectric function are considered [36].  

In order to investigate the optical properties of 

Al zig-zag thin film, the growth angle of columns was 

considered χ=30° and the void fraction were fixed at 

0.85. For metallic fraction greater than 0.2, it is very 

difficult to observe the Bragg phenomena [37]. 

 

 

 

Fig. 1. Schematic representation of modeled zig-zag thin film. 

 

RESULTS AND DISCUSSION    

The effect of the arm number  

The co-remittance spectra (i.e., Rpp, ss and 

Tpp, ss) of the Al zig-zag films with the arm numbers 

(2,4,8,16) at the 0° azimuthal angle and the incident 

light angles 0° , 30° , 60° and 80° are plotted in the 

Figures 2 to 5 for both s and p-polarized incident lights. 

Since, the cross-reflection and transmission spectra are 

very small compared to those obtained for the co-

remittance spectra, the cross-remittance spectra are 

ignored [38]  

Figure 2, shows the co-reflection Rpp, ss (Fig. 

2a and 2b) and co-transmission Tpp, ss (Fig. 2c and 2d) 

spectra for the Al zig-zag film with 2 arms at azimuthal 



J. Nanoanalysis., 10(1): 415-427, Winter 2023 

 M. Gholizadeh Arashti et al. / .Theoretical investigation of optical properties… 
 

419  

angle ψ=0° and incident light angles θ = 0°, 30°, 60° 

and 80° for both s and p-polarized lights. According to 

the figure 2a and 2b, the co-reflection and co-

transmission spectra for incident light angles θ = 0°, 

30°, 60° and 80° for both s and p-polarized lights are 

opposite of each other. The Brewster angle of 

Aluminum thin-film at wavelength of 667 nm is 82° 

[39]. Therefore, for s-polarized incident light, the 

intensity of co-reflection spectrum (Fig. 2b) increases 

with incident angle, while the co-transmission 

spectrum (Fig. 2d) decreases.  

The intensity of the co-reflection (co-

transmission) for s-polarized light increases 

(decreases) with the incident light angle (θ) from 0° to 

80° that may be devoted to more interaction of the 

electric field (Es) of the incident light with the structure 

surface. At azimuthal angles of 0°, the s- and p-

polarized lights are perpendicular to each other, so the 

intensity of co-reflection (co-transmission) spectra for 

p-polarized light behaves opposite to the s-polarized 

light except at 80° that is near the Brewster angle. The 

intensity of co-reflection spectrum of p-polarized light 

decreases with the incident light angle, except at 80 

that is near to the Brewster angle. Also, for the incident 

light angles 0° and 30°, three peaks can be observed at 

co-reflection spectrum of p-polarized light (Rpp) that 

shift towards lower wavelengths (blue shift), as the 

incident light angle increases. The behavior of co-

transmission spectrum of p- polarized light (Tpp) for 

different incident light angles are almost the same. 

The co-remittance spectra (i.e., Rpp, ss and 

Tpp, ss) for the Al zig-zag film with 4 arms at the 

azimuthal angle 0° and the incident light angles 0°, 30° 

, 60° and 80° for both s and p- polarized lights are 

shown in the Fig. 3. As the incident light angle 

increases, the intensity of the co-reflection (co-

transmission) for s-polarized incident light increases 

(decreases) (Fig. 3a and 3b). The reflection spectra 

(Fig. 3b) of the s-polarized incident light for 60° and 

80° incident angles have very wide peak at about 520 

nm wavelength while transmission spectrum (Fig. 3d) 

has its minimum value. This may be considered as the 

beginning of the mirror Bragg phenomenon in these 

nanostructures. For the p-polarized incident light, and 

two arms, the behavior of transmission spectrum is the 

same at all incident angles. For the s-polarized incident 

light, as the incident light angle increases, except for 

the angles near the Brewster angle, the intensity of the 

co-reflection (co-transmission) decreases (increases). 

Also, in the reflection spectrum (Rpp) at the 0° and 30° 

incident angles, a peak is created in the wavelengths 

greater than 1000 nm that is out of assumed spectrum 

region. Increasing the incident angle to 60° and 80° 

creates a blue shift for the peak.  

The co-remittance spectra (i.e., Rpp, ss and Tpp, 

ss) for the Al zig-zag film with 8 arms (L=30 nm) at 

azimuthal angle 0° and incident light angles of 0° , 30° 

, 60° and 80° for both s and p- polarized lights are 

plotted in the Fig. 4. Increasing the incident light angle 

creates some peaks in the reflection spectrum of s-

polarized incident light. In the reflection spectrum (Fig. 

4b) for the incident angles of 60° and 80°, two peaks 

may be clearly observed in  λ  = 364 nm and ≳ λ  900 

nm for which the transmission spectrum (Fig. 4d) has 

decreased. In other words, the mirror Bragg 

phenomenon occurs at these wavelengths that become 

more obvious by increasing the incident light angle. 

The behavior of co-remittance spectra for p-polarized 

incident light (i.e., Rpp and Tpp), are similar to the Al 

zig-zag film with 4 arms. 
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Fig. 2. Co-polarized reflectances Rss, pp and co-polarized transmittances Tss, pp spectra for both s- and p-polarized lights at 

incident light angles (θ = 0°, 30°, 60° and 80°) and azimuthal angle ψ=0° for Al zig-zag thin film with two arms 

 

The co-remittance spectra (i.e., Rpp, ss and 

Tpp, ss) for the Al zig-zag film with 8 arms (L=30 nm) 

at azimuthal angle 0° and incident light angles of 0° , 

30° , 60° and 80° for both s and p- polarized lights are 

plotted in the Fig. 4. Increasing the incident light angle 

creates some peaks in the reflection spectrum of s-

polarized incident light. In the reflection spectrum (Fig. 

4b) for the incident angles of 60° and 80°, two peaks 

may be clearly observed in  λ  = 364 nm and ≳ λ  900 

nm for which the transmission spectrum (Fig. 4d) has 

decreased. In other words, the mirror Bragg 

phenomenon occurs at these wavelengths that become 

more obvious by increasing the incident light angle. 

The behavior of co-remittance spectra for p-polarized 

incident light (i.e., Rpp and Tpp), are similar to the Al 

zig-zag film with 4 arms. The co-remittance spectra 

(i.e., Rpp, ss and Tpp, ss) for the Al zig-zag film with 

16 arms at azimuthal angle 0° and incident light angles 

0° , 30° , 60° and 80° for both s and p-polarized lights 

are shown in the figure 5. Three peaks can be seen at 

λ = 300 nm,  λ = 427 nm and λ = 730 nm for s-polarized 

incident light for which reflection spectra (Fig. 5b) are 

maximized and transmission spectra (Fig. 5d) reduced. 

As the incident light angle increases, the intensity of 

the mirror Bragg phenomenon increases, without any 

displacement of wavelengths. For the p- polarized 

incident light, as in the previous cases, no Bragg 

phenomenon was observed. 

(a

) 

(b

) 

(c

) 

(d

) 
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Fig. 3. Co-polarized reflectances Rss, pp and transmittances Tss, pp spectra for s- and p-polarized lights at θ = 0°, 30°, 60° and 

80° incident light angles and azimuthal angle ψ=0° for Al zig-zag thin film with four arms. 

 
The co-remittance spectra (i.e., Rss and Tss) 

for the Al zig-zag film with different numbers of arms 

(4,8,16) at the azimuthal angle 0° and incident light 

angle 60° for the light with s- polarized light are shown 

in the Fig 6. Since no Bragg phenomenon was observed 

for the Al zig-zag film with two arms, it was discarded. 

Also, at the incident light angle 60°, the Bragg peaks 

can be seen, clearly. The calculations were obtained for 

angle 60°, as it is close to the Brewster angle.  

Since the Bragg peak depends on the period 

of structure, refractive index of the environment and 

incident light angle [40], in Al zig-zag film with 4, 8 

and 16 arms there are 1, 2 and 3 Bragg peak, 

respectively, as shown in Fig. 6a. Accordingly, the 

structure period of Al zig-zag film is equal to four arms, 

and so for any 4 arms, a Bragg peak is created. Also, as 

the number of arms increases, the intensity of the peaks 

created in the reflectance spectrum remains constant 

and only the number of reflectance spectrum peaks 

increases. This behavior is not seen in the 

homogeneous and isotropic thin films. 

Effects of arm lengths  

Figure 7, shows the co-polarized reflectance 

Rss, pp (Fig. 7a and 7b) and co-polarized transmittance 

Tss, pp spectra (Fig. 7c and 7d) for both s and p-

polarized light with the incident light angle θ = 60° and 

azimuthal angle ψ=0° for Al zig-zag thin films with 8 

arms of different lengths (l=30, 60, 90, 120 nm). 

(a) (b) 

(c) (d) 
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Fig. 4. Co-polarized reflectance Rss, pp and co-polarized transmittances Tss, pp spectra for both s- and p-polarized 

lights for different incident light angles (θ = 0°, 30°, 60° and 80°) and azimuthal angle ψ=0° for Al zig-zag thin 

film with 8 arms. 

For p-polarized incident light, as the length of 

arms increased from 30 nm to 120 nm, no changes were 

observed in the reflectance spectrum behavior. The co-

polarized reflectance spectrum (Rpp) was significantly 

reduced for
600 nm

. As the length of arms 

increases, the transmittance spectrum decreases. So, 

for Al zig-zag thin film with 8 arms and length of 120 

nm, transmittance spectrum tends to zero. This may be 

devoted to the increase in layer thickness. Therefore, 

the p-polarized incident light is almost absorbed by the 

structure. 

 The Bragg peaks created in reflectance 

spectrum of s-polarizations incident light for the zig-

zag nanostructure with 8 arms and different arm 

lengths are given in the Table 1. The red and blue shifts 

are shown with the arrows. For the s-polarization 

incident light, the number of the Bragg peaks had 

increased as arm length increased from 30 nm to 120 

nm. At the arm length l = 30 nm, two peaks can be 

observed for 
364 nm

 and  ~
1000nm

. By 

increasing the arm length from 30 nm to 60 nm, two 

peaks are observed at 
442 nm 

 and
792 nm 

, and simultaneously a peak begins to be appeared at  

~
300nm

. Moreover, as the arm length increases, the 

peaks formed at low (long) wavelengths show red 

(blue) shift. 

(a) (b

) 

(c) (d

) 
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Simultaneously with increasing the arm 

length from 60 nm to 90 nm, three peaks are observed 

at
364 nm 

,
450 nm 

 and
650 nm 

. 

Besides, two peaks begin to be appeared in λ<300 nm 

and λ>1000 nm. Moreover, with increasing the arm 

length from 60 nm to 90 nm, the peaks formed in 

300 nm
 and 

442 nm 
 have red shift to

364 nm 
 and 

450 nm 
 respectively and the 

peak formed at 
792 nm 

 has blue shift to

650 nm 
. 

 

Also, with increasing the arm length from 90 

nm to 120 nm, the peaks formed in 
300 nm

 , 

364 nm 
and 

450 nm 
 have red shift to

326nm  , 
413nm 

 and 
476 nm 

, 

respectively while the peaks formed at 
650 nm 

 

and 
1000nm

 have blue shift to
619 nm 

 and 

885nm 
. It may be concluded that in the 

wavelengths about
550 nm 

, the wavelengths are 

divided into two groups similar to that seen in the 

spectrum of Tss and Rss. 

 

 

 

Fig. 5. Co-polarized reflectance Rss, pp and co-polarized transmittance Tss, pp spectra for s- and p- polarized lights at different 

incident angles (θ = 0°, 30°, 60° and 80°) at azimuthal angle ψ=0° for Al zig-zag thin film with 16 arms. 

(a) (b) 

(c) (d) 
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As the arm length increases, the peaks formed 

in the wavelengths shorter (longer) than 550 nm have 

red (blue) shift, respectively. Also, the number of peaks 

is increased for λ <300 nm and λ> 1000 nm. These 

behaviors can be seen for the nanostructures with 16 

arms. But, because of the large number of peaks, their 

images are not shown. As a result, these nanostructures 

can be engineered by controlling the arm number and 

length and also incident light angle. CONCLUSION 

The optical properties of aluminum 

nanostructures with zig-zag morphology were obtained 

using the transmission matrix method for linear s- and 

p-polarized incident lights. The reflection and 

transmission spectra of the zig-zag nanostructures with 

different arm numbers and lengths for both s- and p-

polarized lights were obtained at different incident 

angles. The Bragg peaks begin to be appeared for 

zigzag nanostructures of more than 4 arms for s- 

polarized light at the angles greater than 30. For zig-

zag structures of 4, 8 and 16 arms, one, two and three 

Bragg peaks were observed, respectively. However, for 

p-polarized light, no Bragg peak was observed at any 

of the incident angles.  

Also, for the zig-zag structure of 8 arms for s-

polarized light at 60 the incident angles, the number 

of Bragg peaks are increased with increasing the arm 

length. In addition, the peaks created in the 

wavelengths below 550 nm showed red shift and the 

peaks appeared in the wavelengths above 550 nm 

showed blue shift. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The reflectance and transmittance spectra for s-polarized light at incident light angle θ = 60° and azimuthal 

angle ψ=0° for Al zig-zag thin film with different number of arms. 

(b) (a) 
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Fig. 7. Co-polarized reflectance Rss, pp and transmittance Tss, pp spectra of both s- and p-polarized lights at θ = 60° angle and 

azimuthal angle ψ=0° for Al zig-zag thin film with 8 arms of different lengths. 

 

Table 1.  The Bragg peaks created for s- polarized incident light for Al zig-zag thin film with 8 arms of different 

lengths. 

L (nm) λBr (nm) 

30 364 - - - - - - ~1000 

60 ~300 442 - - - - 792 - 

90 < 300 364 450 - - 650 > 1000 - 

120 - 326 413 476 679 885 - - 

 

Simultaneously with increasing the arm 

length from 60 nm to 90 nm, three peaks are observed 

at 364 nm  , 450 nm   and 650 nm  . 

Besides, two peaks begin to be appeared in λ<300 nm 

and λ>1000 nm. Moreover, with increasing the arm 

length from 60 nm to 90 nm, the peaks formed in 

300 nm  and 442 nm   have red shift to

364 nm   and 450 nm   respectively and the 

peak formed at 792 nm   has blue shift to

650 nm  . 

Also, with increasing the arm length from 90 

nm to 120 nm, the peaks formed in 300 nm  , 

364 nm  and 450 nm   have red shift to

(a) (b) 

(c) (d) 
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326nm  , 413nm   and 476 nm  , 

respectively while the peaks formed at 650 nm   

and 1000nm  have blue shift to 619 nm   

and 885nm  . It may be concluded that in the 

wavelengths about 550 nm  , the wavelengths are 

divided into two groups similar to that seen in the 

spectrum of Tss and Rss. 

As the arm length increases, the peaks 

formed in the wavelengths shorter (longer) than 550 

nm have red (blue) shift, respectively. Also, the 

number of peaks is increased for λ <300 nm and λ> 

1000 nm. These behaviors can be seen for the 

nanostructures with 16 arms. But, because of the large 

number of peaks, their images are not shown. As a 

result, these nanostructures can be engineered by 

controlling the arm number and length and also 

incident light angle. 

CONCLUSION 

The optical properties of aluminum 

nanostructures with zig-zag morphology were 

obtained using the transmission matrix method for 

linear s- and p-polarized incident lights. The reflection 

and transmission spectra of the zig-zag nanostructures 

with different arm numbers and lengths for both s- 

and p-polarized lights were obtained at different 

incident angles. The Bragg peaks begin to be 

appeared for zigzag nanostructures of more than 4 

arms for s- polarized light at the angles greater than 

30. For zig-zag structures of 4, 8 and 16 arms, one, 

two and three Bragg peaks were observed, 

respectively. However, for p-polarized light, no Bragg 

peak was observed at any of the incident angles.  

Also, for the zig-zag structure of 8 arms for 

s-polarized light at 60 the incident angles, the 

number of Bragg peaks are increased with increasing 

the arm length. In addition, the peaks created in the 

wavelengths below 550 nm showed red shift and the 

peaks appeared in the wavelengths above 550 nm 

showed blue shift.  
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