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We have started a new research project on a hybrid power generation system consisting of piezo-
electric, thermoelectric and solar cell modules. In the first step, we have focused on the antireflec-
tion coating based on zinc oxide (ZnO) and metal nanolayers incorporated in solar cells. In layered 
structure containing ZnO and metal nanoscale layers, we have presented the possibility of increas-
ing wave transmission in the visible region by adding the top and bottom cap layers. The enhance-
ment of optical transmission is very important in improving the performance of sensor protections, 
solar cells, UV protective films and transparent conductive display panels electrode. It is found 
that, the structure containing both the top and bottom cap layers (S3) yields larger transmittance 
than the structures S1 without any cap or S2 just with one cap layer. The maximum transmittance 
in the visible range can be increased from 33% to 67%. In addition, for the TE mode (TM mode), 
the maximum value of transmission in the S1 and S2 structures occurs at angles close to normal 
incidence while in the S3 multilayer it happens around 1 radian, that is, the behavior of the TE mode 
is the opposite of the TM mode. Also, when the incident angle varies, the band edges experience 
a blue shift. The amount of TE shift is more pronounced than TM one. Moreover, the metal with 
higher plasma frequency will move the band gap edges to the higher frequencies. 

Keywords: solar cells, hybrid energy harvester, optical transmission, materials, photonic multilayer. 

1. Introduction 

Zinc oxide (ZnO) as a wide band gap II–VI semiconductor material, attracted a great 
attention of researchers in the last decades because of its properties, which can introduce 
it as a promising semiconductor oxide for a lot of applications such as thin film solar 
cells as a transparent conductive electrode [1,2], light-emitting diodes and lasers [3,4], 
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142 H. GHOLAMZADEH et al. 

UV detectors [5], gas sensors [6,7], varistors [8], spintronic devices [9], catalysis [10], 
and thin film transistors [11]. ZnO is an n-type semiconductor material that has a trans-
parency in the visible range (Eg ~ 3.37 eV), high chemical and thermal stability. The ZnO 
has emerged as the leading semiconductor material for photonics and optoelectronic 
high-frequency devices with transparency window covering ultraviolet, visible and in-
frared wavelengths [12,13]. It is nontoxic, abundant, inexpensive [14–16], has large 
exciton binding energy (~60 meV) allows efficient excitonic emission even at room 
temperature, thus brings promise for low-threshold and high efficiency photonic de-
vices [17]. ZnO in the nano-scale (1–100 nm) can demonstrate the quantum confinement 
effects, which gives the opportunity to exhibit new physical and chemical properties. 
This encouraged the researchers to synthesize ZnO as a nanostructure material with 
various methods and in different shapes, nanoparticles, nanowires, nanorods, and nano-
tubes [18,19]. Moreover, ZnO can be used as a pure material in many of applications 
like optical and display devices or it can be doped with elements such as (Al, Ag, or Sn) 
to be high conductance [20] or magnetic elements (Mn, Co, or Ni) as a diluted magnetic 
materials [21]. ZnO coatings are used for energy-saving or heat-protecting windows. 
The coating lets in the visible part of the spectrum but the infrared (IR) radiation is 
either reflected back into the room (energy saving) or the coating does not let it into 
the room (heat protection), depending on which side of the window has the coating [22]. 
ZnO based transparent conducting oxides (TCOs) meet the stringent requirements for 
thin-film solar cells as it has both appropriate optoelectronic properties and high re-
sistance to hydrogen rich plasmas [23,24]. In the field of photovoltaic applications, 
the main criteria that TCOs should fit are the following: first, to be highly transparent 
in the visible wavelength range where the solar cell is operating to minimize the photon 
absorption; second, to have high conductivity to reduce the resistive losses and final-
ly, to have low carrier concentration to avoid absorption losses in the red and near-infra-
red (NIR) wavelength ranges. Also, the piezoelectricity in textile fibers coated in ZnO 
have been shown capable of fabricating “self-powered nanosystems” with everyday me-
chanical stress from wind or body movements [25]. ZnO films have been deposited by 
a number of methods like molecular beam epitaxy [26], chemical-vapor deposition [27], 
and pulsed laser deposition [28], radio frequency magnetron sputtering [29], spray py-
rolysis [30], and thermal oxidation [31]. 

The possibility of creating a multilayer structure using a combination of metals 
and dielectric or semiconductors has opened novel possibilities for manipulating 
light [32–35]. Metallic thin films are candidates for various filters, waveguides, focus-
ing and matching devices, etc. A transparent and electrically conductive metallic based 
multilayer structure in the visible range can block ultraviolet and infrared light. In this 
paper we purposed an improved transmittance in 1D metallic photonic crystal which 
is transparent to visible light. The large conductivity and negative permittivity of met-
als in the visible spectrum are of great interest for both linear and nonlinear devices. 
The enhancement of optical transmission is very important in improving the perfor-
mance of sensor protections, solar cells, UV protective films and transparent conduc-
tive display panels electrodes that have applications in flat panel displays ranging 



   
  

     

  
  

  

   
    

  

 
 

  
 

   
 

 

  

143 Window layer based on ZnO and Ag thin films... 

from liquid crystals to the new polymer LEDs. The supposed structure needs fewer 
numbers of periods to give high transmittance gap and economic cost for fabrication. 
Also, this kind of multilayer can be used as a polarizer for TE and TM waves. Its loss 
is low, and it is better than usual polarizing elements. Our supposed multilayer can be 
fabricated experimentally by utilizing radio frequency (RF) sputtering. Several ap-
proaches such as the plane-wave expansion (PWE) method [36], the transfer matrix 
method (TMM) [37], and the finite difference time domain (FDTD) method [38], the 
finite difference eigenvalue method [39], etc., have been used to calculate the photonic 
band structures. Here, we use the TMM one. 

2. Model 

Diagrams of the supposed ZnO and Ag based multilayer structures as S1 (without cap 
-layers) S2 (with top cap-layer) and S3 (with both top and bottom cap-layers) are de-
picted in Fig. 1. These structures, which are embedded in air, are made of layer A and 
layer B materials, with thickness, electric permittivity, and magnetic permeability giv-
en by dA and dB, εA and εB, µA and µB, respectively. 

The structures that we proposed here are formed of dielectrics (or semiconductor) 
and metallic inserts. The dispersive properties of a metal can be described via a com-
plex dielectric function εm(ω) = ε r(ω) + iεi (ω). Thus, the index of the metal is given

2by nm = [εm(ω)]1/2, and can be modeled through εm(ω) = 1 – ωp /ω (ω + iγ ) which is 
the Drude model, where ωp is the plasma frequency and γ is the damping coefficient. 
Table 1 shows the plasma and damping frequencies of some metals. 
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Fig. 1. Diagram of the supposed ZnO based multilayer structures as S1 (without cap-layers) S2 (with top 
cap-layer) and S3 (with both top and bottom cap-layers). 
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T a b l e 1. Plasma and damping frequencies of some metals. 

Metal Plasma [PHz] Damping [THz] Source 

Ag 2.321 5.513 BLABER et al. [40] 

Ag 2.18 4.353 ORDAL et al. [41] 

Ag 2.186 5.139 ZEMAN et al. [42] 

Al 3.7 144.7 BLABER et al. [40] 

Al 3.57 19.79 ORDAL et al. [41] 

Al 2.911 31.12 ZEMAN and SCHATZ [42] 

Cu 1.914 8.34 ORDAL et al. [41] 

Cu 2.118 23.09 ZEMAN and SCHATZ [42] 

Na 1.381 6.674 BLABER et al. [40] 

Na 1.434 91.89 ZEMAN and SCHATZ [42] 

Pt 1.244 16.73 ORDAL et al. [41] 

T a b l e 2. Quality factors and SPP propagation lengths for some metals [44]. 

Wavelength regime Metal Qspp (×10–3) Lspp [μm] 

Ultraviolet (280 nm) Al 0.07 2.5 

Visible (650 nm) Ag 1.2 84 

Cu 0.42 24 

Au 0.4 20 

Near-Infrared (1000 nm) Ag 2.2 340 

Cu 1.1 190 

Au 1.1 190 

Telecom (1550 nm) Ag 5 1200 

Cu 3.4 820 

Au 3.2 730 

Another feature of the metallo-dielectric PCs, which we can study, is that it can be 
used in surface plasmon polaritons (SPP) systems. Table 2 shows the quality factors 
and SPP propagation lengths for four common plasmonic metals; Al, Ag, Au and Cu. 
It is clear that silver is the best plasmonic material in the optical, near-infrared and 
telecom domains (see Table 2). 

Among them silver is a low-loss material, the transmission analysis of PCs made 
of silver yields great insight into the effects of the photonic structure on the resulting 
radiation. Also, silver is the metal best suited for applications in the entire visible range. 
It was shown that in spite of containing a total thickness of metal much greater than 
its skin depth at visible wavelengths, at the proper dielectric thicknesses, resonant 
tunneling opens up transmission windows that allow for high transmission to be 
achieved in regions where metals are typically opaque [45]. 

Here, the numerical method is based on the TMM. The TMM in electromagnetic 
and optics is a powerful and convenient mathematical formalism for determining the 
plane wave reflection and transmission characteristics of an infinitely extended slab 
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of a linear material. For this purpose, we assume that a wave is incident from air with 
angle θ onto a multilayer structure. For the transverse electric (TE) wave, the electric 
field E is assumed in the x direction (the dielectric layers are in the xy plane), and the 
z direction is normal to the interface of each layer. When such an electromagnetic wave 
propagates through this multilayer structure, the incident, reflected and transmitted 
electric fields are connected via a transfer matrix M [46] as 

cos k jΔz j/qj sin k jΔzz zMj Δz ω = (1) 
jqj sin k jΔz cos k jΔzz z 

j c –1where k = ω ε μ 1 sin2ε  is the component of the wave vector along– z j j j μj
the z axis, c indicates the speed of light in vacuum, qj = εj / μ 1 sin2ε  for– j μj j
TE polarization, and j = A, B. The transmission coefficient can be expressed as 

2 cosθt ω θ  = ------------ -- -- -- -- -- -- -- -- -- ----- -- -- -- -- -- ------- (2)  -------------- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- --
m11 m22 i m12cos2θ m21 +  cosθ +  – 

N
Here mij (i, j = 1;2) are the matrix elements of XN ω = Π j = 1 Mj dj  ω which rep-   
resents the total transfer matrix connecting the fields at the incidence and exit ends. 
The treatment for TM wave is similar to that for TE wave. 

3. Results and discussion 

In the visible frequency region and for both TE and TM polarizations, we study the pos-
sibility of increasing the wave transmission in the visible region by adding the top and 
bottom cap-layers. For this propose, three different arrangements as air/(AB)N/air (S1), 
air/C(AB)N/air (S2) and air/C(AB)N D/air (S3) are considered. The layers labeled as A 
and B, are two nano-scale building blocks. Also, C and D are considered to be top and 
bottom cap-layers, respectively. N is the number of period. Transmittances for the 
structures S1, S2 and S3 are obtained by varying either the dielectric material or the 
metal. Here, silver (Ag) as layer A and zinc oxide (ZnO) as layer B are selected as 
constituent blocks. The dielectric constant of ZnO has a little dependency to frequency, 
so we consider it as a constant in the optical region. The ZnO is an II–VI group 
semiconductor with impressive optical and electrical characteristics, such as wide en-
ergy bandgap (3.37 eV), faster switching speed, higher thermal conductivity and high 
breakdown voltage. In this paper, we choose the structure parameters as follows: 

  = 1 – ω2 /ω ω  iγ with the plasma frequency ωp = 2π × 2.175 × 1015 rad/s [45],εA ω p  + 
the damping frequency γ = 2π × 4.35 × 1012 rad/s [40], µA = 1, εB = 4.24, µB = 1, dA = 
= 50 nm, dB = 100 nm and the number of periods N = 8. For simplicity, the material 
of top cap-layer (labeled C) and the material of bottom cap-layer (labeled D) are taken 
to be from layer A and B layers, respectively, with thicknesses dC = dA/2  and  dD = dB/2.  

Figure 2 shows the real part ε (solid line) and the imaginary part εi (dashed line)r 
of Ag permittivity εAg. The imaginary part of Ag is low and positive, also for frequen-
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Fig. 2. The real part (solid line) and the imaginary part (dashed line) of Ag permittivity εAg as function 
of frequency. 

cies below ωp the permittivity is negative. In the visible range, i.e., from 0.4 × 1015 to 
0.8 × 1015 Hz, the wave vector is imaginary, so Ag is opaque. Here, we focused our 
attention on PBG structures containing metal layers due to the low refractive index 
value typically offered by metals in the visible range. For the supposed S1, S2 and S3 
structures, the linear transmission spectra of TE (Fig. 3) and TM (Fig. 4) waves versus 

Fig. 3. The TE transmission spectra of S1, S2, and S3 structures consisting of Ag and ZnO. 
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Fig. 4. The same as Fig. 3 but for TM mode. 

the frequency and the incident angle are simulated in the visible range. From nearly 
600 to 680 THz, one photonic band gap is observed for both polarizations which are 
sensitive to the incident angle, frequency, structure parameters and polarization (see 
Figs. 3 and 4). It is illustrated in Figs. 3 and 4 that when the incident angle varies, upper 
and lower band edges of Bragg gaps experience a blue shift in accordance with the 
Bragg–Snell law. Here, it can be proved that the phase shift of the TE waves is smaller 
than the phase shift of the TM waves. Therefore, for the TE mode, the amount of 
blue shift is more pronounced than the TM mode (see insets in figures). The influence 
of the incident angle on the transmission property is introduced by wave vector 
k j = ωc –1 εj μj – sin2 θ .z 

The dependence of transmission spectra on the incident angle is introduced by sin2θ. 
If the amount of sin2θ exceeds the product of εμ, the wave vector will be imaginary 
and photonic band gap is created, consequently. In the S1 structure ((AB)N), the max-
imum value of TE transmission (Tmax) is approximately 26% (see Fig. 3 for S1). To in-
crease the Tmax, we offer a cap layer (labeled C) on the top of  S1 (C(AB)N) as S2. By 
adding a cap layer to the top, the Tmax is nearly enhanced to 32%. Compared to the S1, 
the Tmax is almost increased by 23%. To explore the possibility of further increase of 
the Tmax, another cap-layer (labeled D) is inserted at the bottom of the S2 as C(AB) ND. 
The purpose of this layer is, in general, to hold the material components in place, and 
its exact physical properties may also vary. It is found that in the S3 structure, the Tmax 
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reach to 57% which is significant compared to the S1 and S2 structures. In addition, 
for the TE mode (the TM mode), the maximum amount of transmission in the S1 and 
S2 structures occurs at angles close to normal incidence (around 1 radian) while in the 
S3 multilayer it happens around 1 radian (normal incidence), that is, the behavior of 
the TE mode is the opposite of the TM mode (see Figs. 3 and 4). 

In Figs. 5, 6 we show the effect of different plasma frequency on the transmittance 
response. Because different metal has a different plasma frequency, in the structures S1, 
S2 and S3, instead of Ag we have taken Cu metal layers with ωp = 2π × 1.914 × 1015 [41]. 
The damping frequency of Cu is γCu = 2π × 8.34 × 1012 rad/s. For the TE and TM modes, 
the transmission at the top of the peaks for S1, S2 and S3 structures are 24%, 31%, 50%, 
and 3%, 33%, 48%, respectively. As a result, regardless of the kind of the metal layer, 
the structure S3 yields larger transmittance than the structures S1 and S2. Also, when 
the damping factor is involved, the Tmax decreases, but it is not noticeable. So, the trans-
mission peaks of selected structures are dependent on the damping factor or loss co-
efficient. The more damping factor, the less transmission peak. Moreover, the metal 
with higher plasma frequency will move the band gap to the right, namely to the higher 
frequencies (blue shift). In addition, our calculations for other metals, such as gold (Au) 
and aluminum (Al), indicate that silver is the best choice for the Tmax. The Ag-PC has 
higher transmission peaks than Au-PC, due to Ag which has lower damping coefficient. 
The Al is very lossy and is not recommended for optical PCs. We remember that the 

Fig. 5. The TE transmission spectra of S1, S2, and S3 structures consisting of Cu and ZnO. 



 
 

 

    
  

  
 

       
 

    
       

   
   

   
   

  

149 Window layer based on ZnO and Ag thin films... 

Fig. 6. The same as Fig. 5 but for TM mode. 

oscillatory behavior of the transmittance spectrum, resulting from the layered struc-
ture, can be modified by varying the thickness of metals and/or dielectric layers. 

4. Conclusion 

In summary, in a layered structure containing metal and ZnO nano-scale layers, we have 
presented the possibility of increasing the wave transmission in the visible region by 
adding the top and bottom cap layers. It is found that, the structure S3 (containing both 
the top and bottom cap layers) yields larger transmittance than the structures S1 (with-
out any cap layers) and S2 (just with the top cap layer). The maximum transmittance 
in the visible range can be increased from 33% to 67%. In addition, for the TE mode 
(the TM mode), the maximum amount of transmission in the S1 and S2 structures occurs 
at angles close to normal incidence (around 1 radian) while in the S3 multilayer it hap-
pens around 1 radian (normal incidence), that is to say, the behavior of the TE mode 
is the opposite of the TM mode. Also, when the incident angle varies, upper and lower 
band edges experience a blue shift in accordance with the Bragg–Snell law. The amount 
of TE shift is more pronounced than TM one, because the phase shift of the TE waves 
is smaller than the phase shift of the TM waves. Moreover, the metal with higher plasma 
frequency will move the band gap edges to the higher frequencies. The more damping 
factor, the less transmission. 
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