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Abstract

The characteristics of electromagnetic wave reflection and transmission by multilayered struc-
tures consisting of a pair of left-handed material (LHM) and superlattices (LANS) slabs inserted
between two semi-infinite dielectric media are investigated for photovoltaic and solar energy ap-
plications. Maxwell’s equations are used to determine the electric and magnetic fields of the per-
pendicular polarized wave incident at each layer. Snell’s law is applied and the boundary condi-
tions are imposed at each layer interface to calculate the reflected and transmitted coefficients of
the structure. The reflected, transmitted powers are determined using these coefficients by a re-
cursive method. The reflected and transmitted powers are computed in both visible and micro-
wave spectral band with the appropriate LHM for each band and appropriate location of LANS in
the structure. They are illustrated as a function of the incident wavelength, angle of incidence,
magnetic fraction of LANS and thickness of the slabs with the emphasis on the appropriate refrac-
tive indices. I found that, zero reflectance and maximum transmittance of the incident powers are
achieved for visible spectral band at a single frequency if LHM and LANS have the same refractive
index of opposite signs with the same width and more magnetic material of LANS while the re-
flected power is zero for less magnetic material of LANS in the microwave spectral band which
realizes antireflection coating in this structure.
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1. Introduction

In many applications, reflection is undesirable and causes insertion losses, for example. It is well known that the
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application of one or more antireflection coating (ARC) layer on the front surface of the photovoltaic cells and
optoelectronic devices (Lasers, IR diodes, etc.) reduces the amounted reflection of the incident light, which im-
proves the device performance [1]-[3]. Antireflection coatings require a particular refractive index and quarter
wavelength thickness where it operates by overcoming the mis-match between intrinsic impedances of two me-
dia. This approach is scalable over a wide spectral range from microwave to far infrared [4]. There have been a
few efforts to develop antireflection coatings at THz frequencies by using dielectric meta-materials or left-
handed materials (LHM). LHM have both negative permittivity and permeability and consequently have nega-
tive index of refraction [5] [6] and are able to match media impedances. The theory of antireflection coating is
examined by many authors [7] [8]. The matrix method [9] [10] is usually employed for calculation of reflection
coefficient. Chen et al. [4] have presented approach of metamaterial antireflection.

It reduces the reflection and enhances transmission near a specifically frequency over a wide range of inci-
dence angles for both TE and TM polarizations, Bouhafs et al. [3] have made a theoretical study of the antiref-
lection coatings on silicon solar cells. Cory et al. [11] have analyzed the reflection and transmission characteris-
tics of a multilayered structure consisting of metamaterials and dielectric slabs. In this paper, | investigate the
reflection and transmission properties of a superlattices (LANS)-metamaterial (LHM)-dielectric multilayered
structure. Since antireflection coating is formed by two slabs of the same thickness and of opposite refractive in-
dices, a pair of LHM and LANS materials is situated between two semi-infinite dielectric media which are con-
sidered right handed materials (RHM) of positive refractive index. The superlattice is a lateral anti-ferromag-
netic/nonmagnetic (LANS) such as f,f,/z, f, . LANS are described with an effective medium theory. Such
description is valid when the wave lengths of the excitations are much longer than the superlattice period where
kL < 1, where k is the magnitude of the wave vector and L = L; + L, is the period of the superlattice, L; and L,
are the thickness of the anti-ferromagnetic layers and non-magnetic layers ,respectively [5] [12]. f, =L, /L and
f, =L,/L. In the theory the electric and magnetic fields of the incident waves are determined in each region by
Maxwell’s equations. Then Snell’s law is applied and the boundary conditions are imposed at each interface to
obtain the reflection and transmission coefficients. The reflected and transmitted powers of the structure are
presented in terms of these coefficients. In the numerical analysis, a recursive method [13] is used to calculate
the reflected, transmitted powers as a function of incident wavelength, angle of incidence, layer thickness and
magnetic fraction of (LANS). The calculations are performed for electromagnetic radiations in both the visible
and microwave bands for a single wavelength by selecting the optimum refractive indices of LHM and RHM in
both bands. The suitable LHM in each band is selected. The conservation law of energy is checked and satisfied.

2. Theory

Consider LHM and LANS of electric permittivity and magnetic permeability (gh,yh) and (Q,ye) respec-
tively embedded between two semi-infinite dielectric media of permeability and permittivity as (;41 81) and
(y4, 54) . A perpendicular polarized wave is incident on the structure at Y = 0 at angle @ relative to the normal
to the boundary as depicted in Figure 1.
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Figure 1. Wave propagation through a structure consisting of LHM and LANS
materials inserted between two semi-infinite dielectric media.
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Introducing the effective medium theory, the magnetic permeability of the LANS [5] [12] which is described
as a single effective medium, can be written as:

Hx i/uxy 0
lue =| i Hy  Hy 0 (1)
0 0 1

with
Hyx =|:1/(fl+ fzﬂ) :||:(f12+ fzz)ﬂ+ fl fz (1+ﬂ2—ui):|
ﬂyy:'u/ (f1+f2/u)’ /’lxyzflﬂl/(f1+fzﬂ)

where the expressions of x and g, are [5] [12]:

s [of -0y ] oot (T

-1

u, = w0, { ESCEON

ot ~ta+or ]|
with

a)m=4ﬂ7m0’ wazyHa' w0=7H0

o, =72 H,H, +H?

H, represents an isotropy field, H, the exchange field, and » the gyromagnetic ratio. mq is the sublattice
magnetization. The magnetic field of the superlattice is Ho. The effective dielectric function of (LANS) is ex-
pressed by [5] [13] as:

g =gt +6f,

The electric and magnetic field vectors for TE waves propagating along x-axis with angular frequency w are
defined as:

E=[0,0E,(m,y)]expi(k,x—at)

5 . 2)
H=[H (o.y).H,(o,y).0]expi(k,x-ot)
The electric field in each region is [14], [15]:
e, -(Ad 18] o

where A and B, are the amplitude of forward and backward travelling waves in the region of order

(I =123 4) K e is the wave vector inside the material and n, is the refractive index of it.
c

In Superlattice (LANS) Region

The curl Maxwell’s equations are [12]:
OE,, . .
Ws = thuo (:uxxHBX =1 /uxyHSy)
k3x E3z =~ <_i;uxy H3x +:uyy H3y)

. oH
ik Hgy ———2

=-lwe, ¢, E,

By these equations
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1 [0E, Ky
H3>< = = _ 3 :nyEsz) (4)
lopop, | Oy

Hyx /uyy - /lzxy
,Uyy
By Maxwell’s equation VXE, =iwy H,, the magnetic field in the other regions of order (I =1, 2, 4) is:

where u, =[ ] is the Voigt permeability.

_ 1 ikyy ik y
HM_TE(AMe +Bk,e ™)
Matching the boundary conditions at each layer interface, where at y=0, E,=E,, and H,=H,, and
so on yields six equations with six unknown parameters as:

A+B =A+B, (®)
K, K,
—(A-B)=—"(A-B) (6)
H ' Hy ?
Azeikzydz N '32641<2yc12 _ Ajeik:,;yd2 N BBE—ikgydz %
ka ik, dy “ikyy dy k3yluyy +k3x/uxy ikg, dp “ikgy dy
—(Aze 2 _B,e )= —(A3e V2 _Be ) (8)
luh :uv:uyy
A3eik2y(d2+d3) N B3e—ik3y(d2+d3) _ AAeikM (dp+dg) ©)
Koy a2, + Ky ity (A‘)’eik3y (@40) _ g e—ik3y(d2+d3)) 3 l(zl_yA4eik4y (dg +d) (10)
STy | S}y X =
ﬂv:uyy :u4

According to Snell’s law k,, =k,, =k, =k,,, k, =2/n? —n?sin’ (0)

Iy:C

with
Hy f
Ny =, |7 &L Hys N =&ty
XX

For TE polarized light, at the first interface, the Fresnel coefficient (interface reflection and transmission (r, t)
respectively are given by [16]:

:uhkly _:ulka 2/uh kly 11
12 = v b2 T (11)
/uhkly +/u’.l.k2y /uhkly + /ulka
For the other interfaces the Fresnel coefficients are:
_ Gky, — 1, K _ 2Gk,, _ 1K =Gk, Lo 2u,K (12)
z Gky, + 14, K LB Gk, + 14,K * K +Gk,, b K +Gk,,
where G = (/uyykay +:uxyk3x)' K= MMy kly = I(4y' M= Hy = Hy
The reflection and transmission coefficients r’ and t’ respectively of the structure are [17]:
. :ﬁ . B+, Lyl aizkeyds Ly piZeyda L eiz(kzyd2+k3yd3)
. . i2 (k do+k3y d
A, l+r,n, o2yt o g2yt | [ 0,0 (k 2y datksy da)
i(koydp+ksyd
t! :h: t12 t23 t34 e( wrey 3) (13)
. . i2(kpy do+k3yd:
l+rgn, e’ 4 P "23’3I2k2yd2 +hh, € o)
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The reflectance R and transmittance T of the structure are given by:

1% k4y 1y 1%
R=rTr", T=|— |t (14)
k;,
where r” and t” arethe conjugate of r’ and t' respectively.

The law of conservation of energy is [17]:

R+T =1 (15)

In this work, two cases of LHM are considered. The first when the incident electromagnetic waves in the visi-
ble spectral band and other one in microwave band. The frequency—dependent permittivity of LHM in the visi-
ble band is described by Drude medium model as [18]

2
(0]

8(0)) = Elattice _rpia)}/ (16)
where @ is the angular frequency, &, IS the lattice permittivity, «, is the effective plasma frequency and
y is the electric damping factor.

For microwave region, | employ a dispersive LHM with ¢, (w) and u, () appeared in [15] [19] as:
F.o?

_ e“ep
&y (w)_l_ 2 2
o° -, +iwy,

p

= (17)
a,
(@) =1-——

o° - o, +ioy,
where @,, and «,, are the electric and magnetic plasma frequencies. @,, and ,, are the electric and
magnetic resonance frequencies. F, and F, are the scaling filling parameters, y, and y, are the electric
and magnetic dissipation factors.

3. Numerical Results and Discussion

The parameters were used in carrying out the numerical calculations are [12]: the applied field Hy = 0.8 kG,
m, =056 kG , H, =200kG, H,=540kG, y=197x10"rad/sec and ¢ =55 for antiferromagnetic
layers, &, =8 for the non-magnetic layers. The relative permeability of the dielectrics is z4 = u, = 4, , the re-
fractive index of the dielectrics n,=n,=n, and d,=d,=d.

3.1.In Visible Spectral Band

The parameters were used are [18]: @, =1.2x10"rad/s, y =1.2x10"rad/s, &y =9.1.

The relative permeability of LHM is assumed to be —1. The thickness of each slab is assumed to be one-half
long of the central wavelength. The reflected, transmitted power of the structure is calculated as a function of
wavelength of the incident waves, angle of incidence, layer thickness and magnetic fraction of LANS. Accord-
ing to (16) the real part of refractive index of LHM is negative in the wavelength range of (500, 600, 700, 1000)
nm where the real part of n, of values (-1.023, —2.34, —3.27, to —5.596) where the damping factor of LHM in
this region is ignored and no energy loss is displayed. The central wavelength is assumed to be 600 nm. This
choice is based on the spectral stability of the coating and for low reflectance. Stability means that the low-ref-
lectance spectrum changes very slightly with refractive index variations as shown by Figure 2. It displays the
reflected, transmitted power as a function of the normal incident wavelength when the dielectric refractive index
ng changes to the values of (2.34, 4.86, 6.58). It shows maximum reflectance R of value <0.25 and minimum
transmittance T of value >0.75 at ny of value 2.34 over a wide wavelength range (4 = 500 - 1000 nm). The re-
fractive indices of LHM are (—2.34, —4.86, —6.58) at incident wavelength 1 of values (600, 900, 1140) nm re-
spectively and that of LANS is (n; = 2.49 at A = 600 nm and magnetic fraction f, =0.7). n, changes very
slightly with frequency. For these indices, one minimum appears around A = 600 nm at which the refractive in-
dices of LHM, and LANS, dielectrics are approximately closed to each other and opposite in signs which con-
firm that high transmitted power can be achieved if n, =n,, n, = |n2| , d,=d; [11]. These conditions which
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Figure 2. (a) The reflected, (b) transmitted power as a function of the normal incident wavelength when the dielectric
refractive index ny changes as ny =2.34, 4.86, 6.58, f; =0.7, d = 250 nm.

leads to R=0and T = L around 1 =600 nmare: r,, =0, t,, =1, k, =-k,, =0.3498x10°m™,

r,=-r, =0.27225, t,=1.27225, t, =0.728, t,t,, =1+r1,r, =0.926 . Such AR coating systems are used
in photodiodes (LASER) and other optoelectronic devices which need a minimum reflectance at a single wave-
length. Figure 3 illustrates the reflectance spectra over a wide range of incidence angle for 4 of values (600, 700,
800) nm. In the range (0 = 0°, 27°) the minimum reflectance is achieved at 4 = 600 nm. The implementation of
LANS layer adjacent to LHM layer dramatically reduces the reflection and greatly enhances the transmission
near a specifically frequency at incidence angles (¢ = 0°, 27°). By wavelength increase to the value of 800 nm,
minimum reflectance is observed at higher incidence angle of value 57°. The effect of the magnetic fraction f,
on the reflectance and transmittance is described in Figure 4. As f, increases to the values of (0.1, 0.5, 0.9),
the refractive index of LANS n, decreases to the values of (2.78, 2.59, 2.39) while n, of LHM increases to
the value of (—2.83 to —4.486) in the wavelength range (600 - 850) nm which leads to reflectance increase. It is
worth to note that, R = 0 and T = 1 at 4 = 600 nm, f; = 0.9. This is because n, =n, =4.86, n, ~|n,|=2.39,
d, =d,. Figure 5 demonstrates the effect of thickness d of LHM on the reflectance and transmittance at normal
incidence of A = 600 nm, 800 nm. The slab thickness is changed from 50 nm to 500 nm. It is noticed that reflec-
tance and transmittance changes periodically with thickness. Besides that, more transmittance is realized at A =
800 nm where maximum R is 0.03 while minimum T = 0.97 of the incident power. It is shown that the selected
thickness (d = 250 nm) is appropriate for achieving zero reflectance at 2 = 600 nm.

3.2. In Microwave Spectral Band

For dispersive LHM with ¢, (a)) and u, () have parameters appeared in [15] as: @, = 2710.95GHz ,
@,, =2110.1GHz , @, =2n133GHz F, =037, o, =21103GHz, F =026, y, =y,=0.1. For this
LHM, the frequency range in which &, (@) and g, (@) are negative extends from 10.4 up to 11.5 GHz with
corresponding wavelength extends from 26 up to 28 mm. The thickness of each of LHM and dielectrics slabs is
equal to one half-wavelength long at the operating frequency. Reflectance and transmittance are calculated nu-

merically as stated above. The law of conservation of energy is [20]:
R+T =1-P_, (18)

where B is the loss power due to losses in LHM. Since in the structure arrangement shown in Figure 1,

there is no effect of magnetic fraction of LANS on the reflected power and there is very small power loss of
LHM which can’t be displayed in a figure, | rearranged the structure to be LANS in Region 1 instead of the
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Figure 3. The reflected power as a function of the angle of incidence for dif-
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Figure 4. (a) The reflected, (b) transmitted power versus the normal incident wavelength when the magnetic fraction f;
changes as f; = 0.1, 0.5,0.9, ny = 4.86, d = 250 nm.

dielectric which will be in Region 3. The reflection, transmission coefficients are rewritten as:

_ Hh (,uyykiy + :uxyklx)_:uv:unyZy
/uh (/uyy kly + /uxyklx ) + /uv/uyy I(Zy

12



H. M. Mousa

2:uh (/uyykly + /uxy klx)

t, =

/uh (:uyykly + /uxyklx ) + :uv/uyyka
For the other interfaces the Fresnel coefficients are:
_ MKy — i Ks, t = 215k,
23 T ! 23 T

HsKay + Ky HsKay + HiKsy
_ HaKsy = 15Ky _ 241K,

/u4k3y +/u3k4y , * /u4k3y +:u3k4y

Figure 6 displays the reflectance, transmittance and power loss as a function of the incident wavelength for

many values of magnetic fraction. The operating wavelength is assumed to be 0.027 m which is included in the
frequency range in which ¢, () and u, () are simultaneously negative. As f, increases to the values of
(0.1, 0.5, 0.9) n, of LANS decreases to the values of (2.78, 2.59, 2.39) respectively, n, of LHM changes to

the values (0.04 -i0.17x107%) to (1.37 - i0.53x107™?) in the wavelength range of 0.026 to 0.272m. R=0and T
=1 and zero power dissipation are attained at wavelength range 1 = 0.026 - 0.272 mand f; =0.1 at 6 = 30°.

Iy

4. Conclusions

The transmission and reflection of perpindicular polarized waves by a multilayered structure consisting of a pair
of LHM and LANS materials embedded between two semi-infinite dielectrics media have been studied in both
visible and microwave spectral bands with the appropiate LHM and appropiate location of LANS in the
structure. The frequency dependence of ¢, (w) and 4, (@) of LHM and that of LANS is taken into account.
It has been shown that, the frequency-dependent refractive index of both LHM and LANS plays an important
role in the variation of the reflection coefficients of the structure. Low reflection can be achieved for both visible
and microwave rays by choosing the proper indicies of the materials constiuted the structure. For incident visible
rays, LANS is located as shown in Figure 1 R = 0 and then T = 1 is attained at a sigle wavelength value of 600
nm with magnetic fraction of LANS of value 0.9, incidence angle of value 0° or 27°. For incident microwave rays,
LANS is located in Region 1 and the dielectric in Region 3. R = 0 and then T = 1 are achieved at wavelength
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Figure 5. (a) The reflected, (b) transmitted power versus the layer thickness d at normal incident wavelength of 2 = 600

nm, 800 nm, ny =4.86, f; = 0.7.
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Figure 6. (a) The reflected, (b) transmitted, (c) loss power versus the incident wavelength when the magnetic fraction f;

changes as f; = 0.1, 0.5, 0.9, ny = 4.86, 8 = 30°, d = 14 mm, 7, = y,, =0.1.

A =0.026 to 0.272 m with f; = 0.1 at @ = 30°. The implementation of LANS adjacent to LHM layer dramatically
reduces the reflection and greatly enhances the transmission near a specifically frequency. The law of conserva-
tion of energy has been satisfied by the obtained results. The obtained results may be used to refine the un-
derstanding of any related applications that may be modeled requiring controlling of reflected and transmitted
powers as photovoltaic cells and optoelectronic devices.
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