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ABSTRACT

A lot of previous researches and studies discussed during the past two decades
reflectance and transmittance and ellipsometric characteristics of waves in multi-
layered thin films.

The angle of incidence and the number of layers and the quality of material
consisting of layers attack the most attention of researchers, as well as the type of
polarization of the wave .

The polarization types are two: electric transverse field r (TE- mode) and the
magnetic transverse field (TM-mode).

While this thesis discusses the reflectivity and permeability and ellipsometric
characteristics of visible incident light on a multi-layered thin film for both types of
polarization (TE- mode) and (TM-mode) in the presence of a surface with a
conductivity.

The conducting surface can be controlled by a transverse voltage . The ability of
controlling the conductivity of the surfaces comes from the existence of
accumulated charges between the layers of different insulating material when
neighboring.

The incident voltage influences the accumulated charges and thus the conductivity
of the surfaces, which affects the optical properties of thin films.

This thesis based on mathematical formulas to calculate the reflection coefficient

and permeability coefficient takes into account the conductivity at surfaces.

A mathematical conductivity-formula to calculate the reflectivity and ellipsometric
characteristics is used in the third chapter in this thesis.

The conductivity values have been manually changed and simulated using the
MATLAB program. The simulation results have been extracted as Excel file. The
Excel file has been imported to be plotted using the Origin program.

The plots were compared at different values of conductivity.

Reflectance and transmittance from a conventional Bragg reflector with alternating

layers of high and low refractive indices will be studied and analyzed in details.



The effect of all structure parameters such as the refractive index ratio, number of
layers, and the angle of incidence will be presented. Reflection and transmission
from simple dielectric layers in the presence of interface free charge layers will be
explored. The influence of the interface charge layer will be studied for TM or TE
polarized light. The effect of a transverse dc voltage on the density of free charges
and hence on the reflectance and transmittance will be presented. A Bragg reflector
with conducting interfaces will be considered in terms of reflectance,

transmittance, phase, band-gap, and tune ability.

Based on the positive results of the simulation in third chapter, researcher derived
in the fourth chapter of his dissertation a mathematical formula to calculate the
effect of a transverse voltage on the conductivity of multi-layered thin film.
Simulation in the fourth chapter was made for structure of two famous materials
silicon and copper.

The ability of controlling the value of conductivity led to the ability to influence the
value of the reflectivity and ellipsometric properties.

The simulation has been done with several variables, including the wavelength and
transverse voltage and angle of incidence.

The research summary comes in Chapter five as a new device can modulates the
optical wave by two types of modulation, one of them based on the reflectivity and

the other based on ellipsometric properties.
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Chapter One

Introduction to electromagnetic theory

In this chapter, a review of electromagnetic theory is presented. Maxwell's equations,
boundary conditions, plane wave, and polarization of light are studied. Moreover,
reflection and transmission at one interface between two different media are

presented.

2.5. Maxwell's equations and electromagnetic field

Maxwell's equations are the cornerstone of electromagnetic theory. They fully
describe the electromagnetic field. Optics, as a branch of physics, describes the
phenomena associated with the propagation of light and it's interaction with matter.
The field of optics usually deals with the behavior of visible light, infrared, and

ultraviolet waves. The time dependent Maxwell equations are given by [1]

. . 0B (1.1)
VXE=——,
Jat
VXH:]f-l_E’
V-B =0. (1.4)

The first is Faraday’s law of induction; the second is Ampere’s law as amended by

Maxwell to include the displacement current aD/at , the third is Gauss’ law for the

electric field, and the fourth is the nonexistence of magnetic monopole.

The displacement current term aD/at in Ampere's law is essential in predicting the
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existence of propagating electromagnetic waves.
The quantities E and H are the electric and magnetic field intensities and are

measured in units of [volt/m] and [ampere/m], respectively. The quantitiesl_ﬁ and B

are the electric and magnetic flux densities in units of [coulomb/m?] and [weber/m?],

or [tesla] respectively. The quantities p and J are the volume charge density and
electric current density of any external charges (that is, not including any induced
polarizationcharges and currents.) They are measured in units of [coulomb/m®] and
[ampere/m?].

These equations describe all macroscopic electromagnetic phenomena where the
primary sources of the electromagnetic fields are free charges and currents.

For wave propagation phenomena considered in optics, media without free charges
and conduction currents are most relevant. With p =0 and J= 0, Maxwell equations

become

VXE =——,
Jt
T ot
VB =0. (1.8)

The behavior of substances under the influence of electric and magnetic fields is
described by relation known as material equations (or constitutive relations). In
general they are rather complicated; but if the field is time-harmonic, and the material
is isotropic (i.e. when its physical properties at each point are independent of

direction), they take the form

j = oE, (1.9)
D =¢E, (1.10)
B =uH, (1.11)



whereo is called the specific conductivity, ¢ is the dielectric constant (or permittivity)

and u is the magnetic permeability.

Equation (1.9) is the differential form of Ohm's law. Substances for which o # 0 are
called conductors. Metals are very good conductors, but there are other classes of
good conducting materials such as ionic solutions in liquids and also in solids. In
metals the conductivity decreases with increasing temperature. However, in other
classes of materials, known as semiconductors, conductivity increases with
temperature over a wide range. Substances for which o is negligibly small are called
insulators or dielectrics. Their electric and magnetic properties are then completely
determined by and u. For most substances the relative nonmagnetic permeability u,.
is practically unity. If this is not the case, i.e. if u, differs appreciably from unity, the
substance is said to be magnetic. In particular, if u,> 1, the substance is said to be
paramagnetic (e.g. platinum, oxygen, nitrogen dioxide), while if u,.< 1 it is said to be

diamagnetic (e.g. bismuth, copper, hydrogen, water).

2.6. Boundary conditions

Figure 1.1.shows two media of permittivities &; and &, separated by an interface. The
boundary conditions for the electromagnetic fields across material boundaries are

given by [2]

Eis —E;: =0, (1.12)
Hy; — Hyr = J5 X A, (1.13)
Din — Doy = ps, (1.14)
Bin — B =0, (12.15)

whereni is a unit vector normal to the boundary pointing from medium-2 into

medium-1. The subscript t and n denote tangential and normal components,
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respectively. The quantities pg, ]_; are any external surface charge and surface current

densities on the boundary .

A
E] Tn El"’ TDln Hlf TBM

—

EZ; TDM H2t TBZR

Figure 1.1. Two media of permittivitiese; and e,are separated by an interface.

In words, the tangential components of the E-field are continuous across the interface;
the difference of the tangential components of the H-field are equal to the surface
current density (J); the difference of the normal components of the flux density D are
equal to the surface charge density (ps); and the normal components of the magnetic

flux density Bare continuous. The relative directions of the field vectors are shown in
Fig.1.2. Each vector maybe decomposed as the sum of a part tangential to the surface

and a part perpendicular to it, that is

E,=ax(Exn) ,  E,=a(AE), (1.16)
and
H =ax(Hx#n), Hy,=na(a-H). (1.17)
E H
M .-"’* A A ,-"f M A

i /4E,=n(n.E) n /4H,=n(n-H)

/ ay 1

i‘;" E, =1 x (E x h) J\Lg' H,=hx (Hx h)

“Exh “Hxn

€ €
[ |~ 6 /

Figure 1.2. lllustration of the field components.
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+The first two boundary conditions that appear in equations (1.12) and (1.13) can be

written in the following vectorial forms.

ﬁ21 X (El X ﬁ21) - ﬁ21 X (EZ X ﬁ21) = O, (118 )

figy X (Hy X figy) — figy X (Hy X figy) = Js X iy, (1.19)

The above two equations can be simplified as

ﬁ21 X (El - Ez) = 0 ) (120 )
fiyy X (H, — Hy,) = ;. (121)
2.7. Index of Refraction

We assume an isotropic, homogeneous, and non-conducting medium (i.e. e, = 0).

In this case, we expect E and P to be parallel to each other so V - P = 0,where P is the

polarization. The general wave equation for the electric field reduces in this case to

[3]

- 0%E  92P (1.22)
VEE = &olto 57 = Ho 77

For sinusoidal waves, the solutions are considered to have the forms

E = E eitkT—wb), (1.23)
P = peitkr-owt), (1.24)
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An electric field stimulates a medium at frequency o, then the polarization in the
medium also oscillates at frequency ®. This assumption is typically rather good
except for extreme electric fields, which can generate frequency harmonics through
nonlinear effects. Substitution of the trial solutions (1.23) and (1.24) into (1.22) yields

_KZEoei(k-r—wt) + go.uo(‘)z Eoei(k-r—wt) — _’uoa)ZPoei(k-r—wt)_ (1.25 )

In a linear medium, the polarization amplitude is proportional to the strength of the

applied electric field

Py(w) = gox(w)Ey(w), (1.26)

wherey(w) is the susceptibility which depends on the frequency of the field. By
inserting Eq.(1.26) into Eqg.(1.25) and canceling the field terms, we obtain the

dispersion relation in dielectrics
w
K? = Eollol1 + )((w)]wz or K= ? 1+ y(w), (1.27)

wherec = / W In general, (®) is a complex number, which leads to a complex
orto

index of refraction, defined by

N(w) = n(w) + ik(w) =1 + y(w), (1.28)

where n and k are respectively the real and imaginary parts of the index.According to

Eq.(1.27), the magnitude of the wave vector is also complex according to

K- No (n+ix)w (1.29)
c c '

The use of complex index of refraction only makes sense in the context of complex
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representation of plane waves. The complex index N takes into account absorption as
well as the usual oscillatory behavior of the wave. This can be seen by explicitly
placing Eq.(1.29) into Eq.(1.23)

E(r,t) = Eoe—lm{K}'rei(Re{K}-r—wt) — Eoe—kTwﬁ-rei(%ﬁ-r—wt). (2.30)

wheretl is a real unit vector specifying the direction of K. When lookingat Eq.(1.30),

the real part should be considered

kog, nw
E(r,t) = E,e” <" cos (Tﬁ-r_wt+¢) (1.31)

Figure 1.3.shows a graph of Eq.(1.31). The imaginary part of the index causes the
wave to decay as it travels. The real part of the index n is associated with the
oscillations of the wave. From Eq.(1.28)
(n+iK)2=n? —k?+i2nk =1+ Re{y}+ilm{y}=1+y. (1.32)
The real and imaginary parts in the above equation are separately equal
n? —x?=1+Re{y} and 2n=Im{y}. (1.33)

From the latter equation

= Im{X}/Zn' (1.34)

When this is substituted into the first equation of (1.33) we get a quadratic in n?

n* — (1 + Re{yHn? — w =0. (1.35)

The positive real root to this equation is given by
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(1.36)

n— J(l + Re{x}) + /(1 + Re{)})? + (Im{x})?
2 .

The imaginary part of the index is then obtained from Eq.(1.34). When absorption is
small one can neglect the imaginary part of (w), and Eq.(1.36) reduces to [3]

n(w) =1+ y(w). (1.37)

2.8. Plane wave

Maxwell's equations relate the field wvectors by means of simultaneous

differentialequations. Confining our attention to that part of the field which contains

no charges or currents, i.e. where /] = 0,and p = 0, then substituting for B from
Eq.(1.11) into the first Maxwell Eq.(1.1), dividing both sides by p,and applying the

operator curl (V x); this gives
~ /1- .\ 1- (0H (1.38)
Vx(;VxE)+EVx — ] =0.

Differentiating Eq.(1.1) with respect to time, usingEq.(1.10) forD, and eliminating

V x (Z—f) between the resulting equation and Eq.(1.2); this gives

&, 02E (1.39)

Using the identities V x (uv) = uV x & + (Vu) x andVx 7V x = V(V-) — V2,
Equation (1.39) becomes

. &u, 0%E (1.40)

V2E C—ZF-F(VIHILLT)XVXE—V(W'E):O.
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Also from Eq.(1.7), using again the material equation for D and applying the

—

identityV - (d%) =u V-9 + 3 Vu,

8\7-E+E-V‘9=0. (1.41)

Hence Equation (1.40) may be written as

, 0%E Y e o (1.42)
ZE—i—étW+(Vln,u)><V><E+V(E-Vlne)=0.

In a similar way we obtain an equation for H field as

, 0%H Y o (1.43)
H =5+ (VIne) x ¥ x H + 9(H - Flnw) = 0.

In particular, if the medium is homogeneous, V(lng) = V(lnu) =0, and
Equations.(1.42) and (1.43) reduce to [4]

e ety 0°F (1.44)
c2 otz

e _ Erbtr 02H — 0 (1.45)
c2 atz

These are standard equations of wave motion and they suggest the existence of

electromagnetic waves propagating with a velocity

v = C/m. (1.46)

According to the law of refraction, if a plane electromagnetic wave falls onto a plane
boundary between two homogeneous media, the angle of incidence bears a constant
ratio to the angle of refraction. This constant ratio being equal to the ratio of the

velocities v; and v, of propagation in the two media, namely
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sinf; vy (1.47)
sin, v,

We also define an 'absolute refractive index' n of a medium; it is the refractive index

for refraction from vacuum into that medium,

(1.48)

SIe

If n; and n, are the absolute refractive indices of two media, the (relative) refractive

indexni, for refraction from the first into the second medium then is

n =z_"n (1.49)
12 ny v, .
/
4
Refracted -y
wave-front 0,/

Uy, Ny

L

O, m

Incident
wave-front

Figure 1.3. lllustrating of the refraction of a plane wave.

Comparison of Eq.(1.46) and Eq.(1.48) gives Maxwell's formula

n =& . (1.50)

In a homogeneous medium in regions free of currents and charges, each rectangular
component V(r, t) of the field vectors satisfies, according to Eq.(1.44), and Eq.(1.45)

the homogeneous wave equation
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10%V (1.51)

The simplest solution of this equation can be examined as follows; let r(x, y, z) be a
position vector of a point P in space and K(k, ky, k;) a unit vector in a fixed direction.

Any solution of equation (1.51) of the form
Vv =V(#k,t). (1.52)

is said to represent a plane wave, since at each instant of time, V is constant over each

of the planes

7 -k = constant (1.53)

which are perpendicular to the unit vector k.

Figure 1.4. Propagation of a plane wave.

2.9. Polarization of light (TE and TM)

In transverse electric mode, the electric field has no longitudinal components (E,=0)

but in the transverse direction (E, # 0). By definition, in the case of TE polarization
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the electric intensity E is parallel to the interface. In the notation of Fig.1.5,the vector
E has only one component, E = (0, E,,, 0), and vector Hhas two components,

H= (Hy, 0, H;).As shown in Fig. 1.5, each field contains components that propagate to
the right (denoted by the superscript +) and components propagating to the left
(denoted by the superscript —).

The boundary condition requires that the component of the electric field parallel to the
interface is the same on both sides of the interface,

Ef +Ef =E; +E; . (1.54)
The same holds for the magnetic field,
H, + H = H}, + H;, . (1.55)
Using Maxwell’s equation

Hw

HY 5 (1.56)
.

kxE =
to express the magnetic field H in Eq. (1.55) in terms of E,
e @ (1.57)

Tfo = —ky,Ef THl_x = kqi,ET .
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Figure 1.5. Scattering of electromagnetic waves at an interface: TE case.

and similar relations for the field in the second medium. Here, ki, is the z-component
of the wave vector in medium 1. Note that, the right- hand side of the second part of
Eq.(1.57) has the opposite sign because the wave E; propagates in the opposite
direction. Inserting Eq.(1.57) into the Eq.(1.55), we obtain

(1.58)

Equation (1.58) together with Eq.(1.54) can be written in a matrix form as

1 1\ (Ef\ (1 1\ /(E; (1.59)
Uz Uz

251 251

which expresses the electric field on one side of the interface in terms of the electric

field on the other side of the interface. Eq.(1.67) can be written as

Ef _y® E} (1.60)
E5 E7)’

with the transfer matrixM ®)is given by [1]
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Hz K1z

1 1
M(s) _ U1 kaz
2\ 1 - H2Faz
U1 k2z

_H2kiz
U1 k2z

k .
1+ H2 K1z
U1 kaz

(1.61)

For transverse magnetic polarization, shown in Fig.1.6, we have the magnetic field

vector Hparallel to the interface and, therefore, it has only one component H =

(0,H,,0).

1 AET iy
i i %
b VB
o) S5 :
i 7 ps
Ef

Figure 1.6.Scattering of an electromagnetic wave at an interface: TM case.

The electric field vector E has two components E= (E,, 0, E,). Following the same

procedure used for the TE polarization, we get

+£_2&
&1 kaz

& k
1 -2z
&1 kaz

_ g2k
&1 kaz

(1.62)

+ &2 kiz
&1 kaz

where M ®is the transfer matrix for TM-polarization[1].
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2.10. Transmission and reflection of a plane wave at an interface

2.10.1. Plane wave at an interface

Consider a plane wave striking the interface between two media as shown in Fig. 1.7.

The electric and magnetic fields are given by the

E@ ) = E,eikr-ot), (1.63)
H# ) = H,ellki-ot), (1.64)
I
€ fi €2 2

o '\ 92

Figure 1.7. Wave vectors for an electromagnetic wave incident on a

boundary separating two different media.

Whereﬁo and ﬁoare the vectors that define the absolute value and the direction of

E(#t) and H(# t), respectively. The two media are characterized by different
permittivities £; and e, and permeabilities y,and p, .

The coordinate system is chosen such that the interface between the two media is
perpendicular to the z-axis and the plane of incidence. The geometry of the problem is

shown in Fig. 1.7. Thus, the wave vector has only two components,
k = (ky,0,k,). (1.65)
The conditions
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Elt = Ezt , and ﬁlt = ﬁZt ’ (1'66 )

must be satisfied at any point x of the interface and the tangential component of the

vector E, ky, must be the same for both media

klx = ka = kX' (167)

The explicit form of the dispersion relation ”2“)2/C2 = k? between the frequency and

wave vector is given by

nfw? (1.68)
22 =ki =ki+ki,, ni=me,
nZw? (1.69)

2 =ki=ki+ki,, n,=.e,

for media 1 and 2, respectively. Here, k; and k, are the absolute values of vectors
Eland Ez, respectively. In the case of planar waves, both components of the wave
vector are real, thus an angle of incidence 8, and angle of refraction 6, can be defined

as

k 1.70
tan 6, = =, ( )
klz
k 1.71
tan @, = =, ( )
2z
From equation (1.67) we also have that
kx = kl Sin 61 = kz Sin 02 . (172 )

Using Egs. (1.68), and (1.69) we finally obtain that

) )
k, =n; ?sin 0 =n, ?sin 0, . (1.73)
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Taking the ratio of the two equations in (1.73), we obtain a relation between angles of

incidence and reflection, known as Snell’s law ,

sinf; _ ny (1.74)

sinf, n;’

For the reflected wave, we have from Eqs.(1.68), and (1.69) ki? = ki?. As the x-

component of the wave vector is preserved, we obtain that
ki, = _kil-z : (175 )

The negative sign is due to the opposite direction of propagation of the reflected

wave. Consequently, the angle of the propagation of the reflected wave,8, =

tan™t kx/k_ equals in absolute value the incident angle 8,
1z

0, = —0,. (1.76)

2.10.2. Transmission and reflection coefficients

The aim of this subsection is to determine the transmission and reflection coefficients
for both TE and TM polarizations.

2.10.2.1. The TE Polarization

The transfer matrix M®given by Eq.(1.61) has been derived for the general case when
the electromagnetic waves are coming from the left and the right of the interface.
Consider now the case when the electromagnetic wave E; is incident from the left

and is scattered on the interface. Part of the wave, E, is reflected back, and another
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part, E5, is transmitted through the barrier. Since no wave is incident from medium 2,

we designate E; =0. Then, we obtain from Eq.(1.60) that

Ef = MOEH + MSET, (1.77)

Ey = M$EF + MEET = 0. (1.78)
The transmission and the reflection amplitudes for the electric field are defined as

_E

==,
E{

Ef (1.79)

tS —_ E_il_.

and Ty

Using the explicit form of the matrix M®, given by Eq.(1.61), we can solve
Eqs.(1.77), and (1.78) to obtain

o MO 2ppky, (1.80)
ST MZ(;) _M1k2z+ﬂ2k1z

— Mz(si) _ Hakz — Uako, (181)

MZ(;) ko + poky,

The transmission coefficient is given by the ratio of the energy flows in the two

media. Using the relations between Eand H, we can express the energy flow

perpendicular to the surface can be expressed as

c I c . c Rek, (1.82)
$1 = g—Re[Ef x H{"| = ——RelEf Hiy] = o ulwzl 112,
and
c o c i ¢ Rek, (1.83)
S, = QR‘«’[E? x Hy*] = o RelEZ Hixl = o ,UZ(UZ |EZ ]2
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Since ES = t,E;, we finally obtain the transmission and reflection coefficients as

S MmReky, (1.84)
Ts - < — |ts| .
S1 Mz Reky,
R, = || (1.85)

2.10.2.2.The TM Polarization

Following the same procedure used for the TE polarization, the transmission and

reflection amplitude can be written as

LAY 2k, (1.86)
P Mz(g) &2k, + &2ky,
f _ ng) _ gzklz - glkZZ , (187 )
=

1\7192’) ek, + e1kyy

where the transfer matrix M® is given by Eq.(1.62). The tilde was used to emphasize
that £ is the transmission amplitude for the magnetic field. The Poynting vectors in

this case are given by

¢ Re klZ|H+|2 (1.88)

c - — c
S: =§Re[E1+ x Hi"] =§Re[E1+xH1+ 1= ]

T8 qw ’

with a similar expression for S,. The Poynting vector represents the directional energy
flux density i.e. the rate of energy transfer per unit area, in units of watts per square
meter (W/m?) of an electromagnetic field.

The transmission coefficient, given as the ratio of S,/Ss, is given by

_ & Rek,,

& [ (1.89)
P e, Reky,'P

36



and the reflection coefficient is given by
12
Rp — |rp| (190)

It is easy to prove that, in the absence of absorption (Re ki, = ki, and

Re Kz, = ky;), we have
T+R=1. (1.91)

for both TE and TM polarizations.

2.10.3. Total transmission and total reflection

2.10.3.1.Total Transmission

Formulas for the transmission and reflection coefficients can be applied to find the
conditions under which the interface is totally transparent. In the absence of

absorption
T+R=1 (1.92)

The parameters for which the total transmission appears can be obtained by solving
the Equations

1]
o

I (1.93)
for the TE mode,and

=0, (1.94)

for the TM mode.
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First, we calculate the conditions of zero reflectance of an interface between two
regular dielectrics. The usual result for the Brewster angle will be recovered, where
only the p polarization(TM) gives zero reflection. However, if we have an interface
between a dielectric and a left-handed medium with negative refractive index, we can
have zero reflection for both the TE and TM polarizations. This is a very important
result, since we have perfect transmission for both polarizations of electromagnetic

waves.

2.10.3.2.Brewster Angles

There are special angles of incidence for which the reflection amplitudes

_ Z31€080; —cos 0, or 7 = Z15 0801 —cos O, 0 (1.95)
= =

1. = =
$ Zp1 €080 + cos 0, Z1, €0S 0; + cos 6,

where z,1 and z;, are defined as

P &ﬁ _ [|H2&1 2o = H1E2 (1.96)
21 Uy ko Hi€r 12 25251

These angles that satisfy the conditions of Eq.(1.95) are called Brewster angles. The

wave incident on an interface with Brewster angle(6p, for TE and 85, for TM) is
totally transmitted through the interface.

It is easy to find analytical expressions for the Brewster angles for both TE and TM
polarizations. For instance, for the TE polarization, the Brewster angle 8 satisfies the

equation

Z,, €086, —cosf, =0 (2.97)

Squaring and using Snell's law
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£ £
P25 os 29, + ﬂ—lsinZH1 = 1. (1.98)

Ui & Uz &

If uy = u,, then Eq.(1.98) has only trivial solution wheree; = &, (absence of the
interface). Thus, it is clear that for the TE polarization no Brewster angle exists for an
interface of two identical dielectrics. However, if u, # u,, EQ.(1.98) can be solved to

give the Brewster angle 65, as

2 82/51 — Ml/llz (1.99)
Co0s™0ps = I,
/M1 - /Hz

In a similar manner the Brewster angle 6, for the p polarized (TM) wave is given by

U €

c0s?%0p. = —2/'“1 _ 1/82 (1.100)
Bs ™ & &

/31 - /82

For nonmagnetic materials, pu; = u,, the Eq. (1.100) reduces to the well-known result

n
tan Ogp = 2 (1101 )

2.10.3.3.Total Reflection

Consider an interface between two dielectrics with u; = u, = 1. If the refractive
index n, of the second medium is smaller than that of the first medium, n;> n,.Any
incident wave with angle 6, > 6.,;; is totally reflected. One of the most important
applications of total internal reflection is the propagation of light through fibers.

Total reflection, however, does not mean that the field is exactly zero on the opposite
side of the interface. To calculate the field in the second medium, we start with the

dispersion relations. In the first medium we have the following dispersion relation
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w 2 2
F€1=kx+klz,

where

w
k,=—.,/g;sin0,.
X c 1 1

In the second medium, we have

kZZ:iKZI K'2>0.

and the dispersion relation is given by

2
w

— 1,2 2
C—ZEZ—kx—KZ.

(1.102 )

(1.103 )

(1.104 )

(1.105 )

By solving Egs.(1.102) and (1.105) for k,and substituting Eq.(1.103), we obtain

(1)2
Kf% = C_z [Elsinzgl - 82]

(1.106 )

It might be more suitable to express x in units of the wavelength of the incident wave

as
_2m | 29 & 1 = 2w 2mc (1.107)
Kz_/11 S & ’ 1_k1_0)\/a
Alternatively, we have
(1.108 )

2w & | 2w 2mc
K, =— |—sin?0; -1 , 1 =—=
A &

Note that x; is indeed real for 6; > 6_,;.
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The transmission and reflection amplitudes of the total reflection can be calculated

using the general form of the transfer matrix given by Eq.(1.61) with ky;, = ix».

- 2ik (1.109 )
S kg, ik’
and
r _ klZ - iKZ (1110 )
S ke, + ik,
We can also show that
Rs=rs[?=1 (1.111 )

1.6.3.4. State of the Art

Sina Khorasani and Bizhan Rashidian studied in 2001 the propagation of guided light
in dielectric slab waveguides in the presence of interface free charge layer. They show
that the density and conductivity of interface free charges can be controlled by a
transverse voltage [5].

Feasibility of a new integrated amplitude modulator/switch operation up to the visible
spectrum was investigated in 2002 by Sina Khorasani, Alireza Nojeh, and Bizhan
Rashidian. Plasma layers are suggested to be generated via the Muller effect at the
waveguide’s interfaces [6].

The transfer matrix method was modified for studying of optical wave propagation in
layered media with conducting interfaces in 2002 by Sina Khorasani and Bizhan
Rashidian [7].

Novel optical devices based on surface wave excitation at conducting interfaces were
presented in a scientific paper by Khashayar Mehrany, Sina Khorasani, and Bizhan
Rashidian in 2003 [8].

The effect of two-dimensional electron plasma formed on the surface of a
semiconductor on the surface of a semiconductor on the refraction phase of an optical
beam is presented in a scientific paper by Elham Darabi, Sina Khorasni, and Bizhan
Rashidian and is published in December 2003 [9].
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Chapter Two

Analysis of multilayer structure

2.1. Transmission and reflection coefficients for a slab

Consider a slab of thickness | with permittivity e, and permeability u,,
locatedbetween two semi-infinite media with electromagnetic parameters (&, 11) and
(&3, u3)as shown in Fig. 2.1. The transmission and reflection amplitudes for a plane
wave arriving from the left for both TE and TM polarizations are investigated here.
Transmission through a planar slab is schematically shown in Fig.2.1. Fortunately, the
transfer matrix technique accounts for all the contributions of multiple scattering very
efficiently. On the other hand, multiple scattering inside the slab gives some
interesting phenomena, such as the Fabry-Pérotresonances in dielectric slabs. First a
general formula for the transfer matrix for a slab is derived. Then the transmission of
an electromagnetic wave through a dielectric slab is studied. That the problem of
transmission through a dielectric slab is very similar to the problem of propagation of
a quantum particle through a rectangular potential. This analogy can be used to
explain various interesting phenomena, such as resonant transmission and tunneling
of an electromagnetic wave through a slab of material which has permittivity smaller

than that of the embedding medium.
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Figure 2.1. Schematic description of the transmission of an electromagnetic wave
through a slab with width £.

2.1.1. Transmission and Reflection Amplitudes: TE polarization
To find the transfer matrix for the propagation of waves through the slab, thetransfer
matrix M for a single interface is used which was derived in chapter one, where the

composition law for transfer matrices isMi; =M;Mj. In particular, for the TE

polarization, one can write[1]

ES\ _ elkezl Ef (2.1)
() =152 (%57 o) s (1)

where the matrices My, and M3 are given by equation (1.61) and the diagonal matrix

(eikzz{’ 0 ) (2.2)

O e—ik22'€

is the transfer matrix for a homogeneous medium (&,, u,) between two interfaces.

Multiplication of the matrices leads to the relation
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Ef s)
(Ez—) = Msiab

(55) (2.3)
1

Explicit expressions for the elements of the matrix Ms(lsc)lbare given by

M) = % :1 + Z_j:_z cos kp, +% Z—EZ—Z Z_jl;_z sink,, 2, (2.4)
M = % :1 - Z_jlli_z cos ky, £ + % Z—zl;—z — Z—jl;—z sin k,, 2, (2.5)
Mész) = % :1 + Ei—z cos ky,f — % %Z—Z + %:—Z sink,,?, (2.6)
M) = % :1 _E% cos kzzi’—% %Z—Z_%Z_Z sin k. (2.7)
The transmission and reflection amplitudes can be obtained as
_E_ MY B MY (2.8)
TET MY CTH T MY
and the corresponding transmission coefficientis given by
and the reflection coefficient
Ry = Ir|%. (2.10)
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2.1.2. Transmission and Reflection Amplitudes: TM polarization

Similarly, for the TM mode it is straightforward to show that the elements of the

matrix MF), are given by

1\711(117) = % :1 + i—jl;—z cos ky,? +é i—zz_z + ‘:_il'lz_z sink,, ¢, (2.11)
Mm% = % :1 - i—jz—z cos ke ? + % i_z’li_z _ i_il’i_z sink, ¢, 2.12)
My = % :1 + i—ji—z cos ky,f —% i—zl;—zz n ‘Z_illi_z sink,,®, (213)
My = % :1 — i—ji—z cos ky, —é i_zz_z + ‘:_i':_z sink,, 4 . (2.14)

Expressions (2.4)—(2.7) and (2.11)— (2.14) solve the problem of the transmission
through a finite planar slab completely.

2.2. Multilayer media

Multilayered structures are built up by several thin films which thickness is of the
same order of the wavelength of interest. A first approach, to understand the optical
properties of these structures, is based on the multiple interferences which a light
beam sustains when is reflected by several interfaces. Different transmission spectra
can be obtained by changing the thickness and the refractive index of different layers.
A second approach to understand the properties consists of inserting a periodic
refractive index in the Maxwell equations. Multilayered structure can be considered as
a subcase of a wider class of complex structures called Photonic Crystals. A set of
approaches will be discussed in this chapter in order to explain the properties of

multilayered structures.
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2.3. Mathematical methods for the analysis and simulation of multilayers

The development of methods for analyzing multilayer structures is essential to
understand their fundamental properties. Any experimental exploration of the
multilayers must be accompanied by a quantitative theoretical analysis so that the
most interesting cases can be identified, the experimental measurements interpreted,
and stable designs for successfully operating devices be found. This section provides
an outline of the most widely used numerical techniques that make it possible to
determine the optical properties of multilayers. The first, the Transfer Matrix method
is the method used for the analysis of the multilayers presented in this work, for this

reason it is presented in detail whereas the rest of methods are briefly explained.

2.3.1. Transfer Matrix Method (TMM)

This is the most widely used method for the mathematical study of one-dimensional
structures because it allows the calculation of band diagrams , reflectivity and
transmission spectra , emission spectra , guided modes and the modelization of
porosity and thickness gradients.

To study the reflection and transmission of electromagnetic waves through a
multilayer structure with the TMM method, we consider a one dimensional structure
as shown in Fig. 2.2. in which n; and n; are the layers refractive index, h; and h; are
the thicknesses of the respective layers and A is the period of the structure (A= h;
+hy).
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Figure 2.2. Schematic of a multilayer system. A; represent the amplitude of the right
traveling wave and B; that of the left-traveling one. Note that A; and B; are not

continuous at the interfaces.
The dielectric structure is defined by[10]

(Mor X <X, (2.15)
Ny, xXg < x < xq withxy =x,+hy,
n(x) =<nyx; <x <xywithx, =x,+4=x;+h,,
| :
kns,sz < xwithx,y =x, + NA=x,y_1+h,,

withn(x)=n(x+A). ns is the substrate refractive index, ng is that of the incident medium
and np, is the refractive index of the m layer. Layer thicknesses are related to xn, by
hm=Xm-Xm-1 (M=1...2N), where N is an integer.

The electric field of a general ++plane-wave solution can be written as E=E(x)e“""? |

where the electric field distribution E(x) can be written as

Aoe—ikox(x—xo) + Boeikox(x_xo)’ x < Xo, (216)
E(x) — Ame—ikmx(x—xm) + Bmeikmx(x_xm)’ xm_l < X < xm,
Alethsx(e=x2n) 4 Blotksx(X=2an) x, <,

whereknx is the x component of the wave vectors Kyx =onmcosbm/c and 0y, is the ray
angle in each layer. A, and By, represent the amplitude of the plane waves at interface
X=Xm.

If the two general amplitudes of E(x) are represented as column vectors,
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the plane waves at different layers can be related by

A 4 A '
( . 1) =Dt Dp, ( T'n) = D;ll_lePm( m)'m =12,.....2N+1, (217)
Bm—l B, Bm

where matrices D, are the dynamical matrices given by

. ! (2.18)

cos B, cosHO,,
Nm Ny

D, =
for TM wave

and Py, is the propagation matrix, that can be written as

R (219)
m 0 e_ikmth )

The relation between Ao, By and A, Bs can thus be written as

Ao\ _ -1 _1 v (Min My (A (2.20)
(BO)—DO [D,P, D' D,P,D; 1] Ds—(M21 M22)<B;)'

where N is the number of periods in the structure, and D, is giving by Eq.(2.18)with
m=0.

The reflectance and transmittance of monochromatic plane waves through the
multilayer structure are calculated from the matrix elements. If the light is incident

from medium O, the reflection and transmission coefficients are defined as

_ (B, (2.21)
" (AO)Bszo'

_(As (2.22)
L= (AO)BS_O'

Using the matrix equation (2.20) and following the definitions in Egs.(2.21), and
(2.22) we obtain
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My, (2.23)

r=—,
Mll
‘= 1 (2.24)
Mll .
Reflectance is given by
M, ? (2.25)
R=1r? =2,
11

provided medium O is lossless.
If the bounding media (0,s) are both pure dielectric with real ny and ns, transmittance

T is given by

1 2 (2.26)

ng cos Oy
My,

ng cos Oy

|t]?

n, cos 6, S, cos 8,

2.3.2. Polynomial approach

In this approach the transfer matrix [M] can be expressed as the product of interface

matrices and layer matrices. The matrix[r;*]of the j™ interface located at  the plane z;

between two layers of refractive indices n; and nj. relates the fields on both sides of

the interface, i.e.,
E*(z — ) = [*]E*(z + ¢), (2.27)

where o stands for either p in p-polarization or for s in s-polarization and € is an

infinitely small distance. The interface matrix is given by [11-13]

[ ,a] _ 1 l 0_,1 Tf;-_ﬂl. (2.28)
g tjc,(j+1 Tjj+1 1
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The propagation of the fields across the same layer with refractive index n; between

two interfaces located at zj., and zj= zi.1+dj is given by thej" layermatrix [g;], i.e.,
E*(z-1 +¢) = [B]E“(z —e), (2:29)
where the matrix [;]is given by

b= %) &

andp; = kon; cos 6;d; with k, is the free space wave number.

The M-matrix of such a system can be written as the product

[My] = [Bi]lr*1[B21[r2'] ... [Brllr ] (2.31)

In this approach, the M-matrix is then defined in terms of the elementary symmetric

functions of the mathematical theory of polynomials[14,15].

2.3.3. BCITL Model

Traditionally, the propagationmatrix approach is employed to solve problems
relatedto planar multilayer structures rigorously. Alternatively, it is wellknown that
these problems can also be solved readily by modelingthese structures using multi-
section transmission lines with appropriatecharacteristic impedances and propagation
constants, where eachtransmission line possesses the same length as of the

correspondinglayer [16-19].

Recently, it has been shown that lossless multi-section transmissionlines can be
analyzed  successfully  using an  equivalent  model basedon  the
conjugatelycharacteristic-impedance transmission line (CCITL) [17]. By definition,

CCITLs are lossless, and possess conjugatecharacteristic impedances of wave
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propagating in opposite directions.CCITLs can be practically implemented using
finite lossless periodicallyloaded transmission lines operated in pass bands. However,
CCITLs cannot be used to model lossy multi-section transmission lines.Thus, one
needs to resort to more general model for these cases.Anequivalent model based on
the bi-characteristic impedance transmission line (BCITL) was employed to model
planarmultilayer structures effectively for both lossless and lossycases[17,18].In
general, BCITLs are lossy, and possess different characteristicimpedances Z3, Z*o, of
wave propagating in opposite directions. Note thatBCITLs can be practically
implemented using finite lossy periodicallyloaded transmission lines, and a graphical
tool, known as a generalizedT-chart, has been recently developed for solving
problems associatedwith BCITLs. It should be pointed out that CCITLs are a
specialcase of BCITLs when associated losses of BCITLs disappear and thepass band

operation is assumed.

2.4. Applications of multilayer structures

The first applications of multilayer structures were demonstrated more than 50 years
ago for such uses as optical interference filters and reflection coatings. During the
1970s, "macro” multilayer films became essential to the semiconductor industry for
making everything from computer chips to hard disk drives. In the late 1970s, Barbee
pioneered significant advances in the fabrication technology of multilayers for a wide
variety of applications in the x-ray, soft (lower energy) x-ray, and extreme ultraviolet
regions of the electromagnetic spectrum[20]. For example, high-reflectivity multilayer
mirrors have made possible a new class of telescopes for solar physics and
astronomical research. Multilayer optics also have found applications in electron
microprobes, scanning electron microscopes, x-ray lasers (especially in laser-fusion

diagnostic systems), and particle beam lines in accelerators.

Multilayers were used as ultra-compact, high-energy storage, and extremely cost-
effective capacitors made up of alternating metal and dielectric layers. Power

electronic "snubber” capacitors, normally made of ceramic or polymer dielectrics, and
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similar in size to a C battery, are usually connected to much smaller solid-state
switching devices. These capacitors typically store 0.1 to 0.2 joules per cubic
centimeter capacitor volume and are widely considered the limiting factor in many
applications. In contrast, multilayer capacitors would store 10 joules per cubic

centimeter while costing perhaps one-twentieth that of ceramic ones.

New application for multilayer structures emerges in the field of thermo-electricity.
Current applications of thermoelectric devices include temperature-sensing
thermocouples, electric power generators for spacecraft, and portable food and
beverage coolers. The development of multilayers has attracted interest that
multilayer thermo-electric materials may be the key to taking these devices into the

commercial mainstream.
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Chapter Three

Transmission and reflection in multilayer structureswith

conducting interfaces

3.1 Basic relations

Before discussing multilayer structure, some basic relations should be introduced.

Maxwell's equations for a plane wave can be written in the following form [1]

Exﬁ=%ﬁ, (3.1)
C )

k-E =0, (3.3)

kK-H=0 (3.4)

Employing Eq. (3.1) to find (k x E) - (k x E) , the following relation can be obtained

5121 =2 HONZ | 2 (3.5)
R°1E = (£2)" 1)

In a similar manner , Eq. (3.2) gives
1212 EWNZ | 2 (3.6)
RIJA = (52) |E)”

Dividing Eq. (3.5) by Eq. (3.6) gives
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S [T - 3.7)
B = Bl = oA

where 7 is the intrinsic impedance of the medium which defined as 7 =

==
I
T

3.2 Reflection and transmission of a polarized electromagnetic wave at a

conducting interface

In this section, the reflection and transmission coefficients at a conducting interface
between two media, when illuminated by a polarized TM orTE wave, are studied by
direct solution of Maxwell’s equations.lt is shown that the reflection and transmission
behave in a similar manner as when the interface is non-conducting, e.g.
obeyFrensel’s expression of reflection and transmission coefficient, while having

differentexpressions for the corresponding coefficients.

3.2.1 Reflection and transmission of plane TM polarized light at a conducting

interface

The arrangement of two adjacent dielectric semi-infinite slabs is illustrated in Fig.3.1.
Here, the y axis is normal andoutwards, and the z = 0 or x-y plane represents

theinterface between medium 1 (z<0) and medium 2 (z>0).

Consider P-polarized wave is incident from media 1 to the interface with an angle of

incidence 6;, the incident electric field ﬁ(x, z) can be expressed as

E,(x,z) = Eqeilki 7-ot] (3.8)
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For TM mode,the electric field has two components (x and z), and at t=0, Eq. (3.8)

becomes
E,(x,z) = E,;{cos §; £ — sin Hiﬁ}e“’[k—l'?]
But
k, -7 = ky{xsin®; + z cos 6;},
where

2 . .
k, = /,L—" =wave number in medium 1.
1

So Eq. (3.9) becomes [5]

E,(x,z) = E,;{cos ;% — sin gizﬂ}e—ikl(xsin 6i+zcos ;)

The magnitude of the incident electric field is given by

|E(X, Z)l = Eoy;.
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Figure 3.1.Configuration of reflected and refracted waves at an interface for TM

mode.

Equation (3.1) can be expanded as

2y o2,
ky 0 k,|=—"—{H.%+H,9+H,z},
E, 0 E,|I ¢
~ Hw ~
(szx - ksz)y = (T) Hyy .

Using Eq. (3.7) the incident magnetic field can be written as

— _|E]

H =—"7,
' n
ﬁl’(x, Z) — % e—ikl(x sin §;+z cos 91-)5; _
1

The reflected electric field in medium 1 is given by
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(3.15)
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E (x,2) = Eppo~leri-ot] (3.18)

At t=0, Eq. (3.18) can be written as

E,(x,2) = E,{cos 8, % + sin 6, 2}ei[kr7], (3.19)
But
k, -7 = ky{x sin 6, — zcos 6,}. (3.20)

So that Eq. (3.19) becomes

E,(x,2) = E,{cos 6,% — sin 6, 2}e k1 (xsin6r—zcos6r) (3.21)

The magnitude of reflected electric field will be

|E(x, Z)| =E,,. (3.22)

The reflected magnetic field E) can be written as

—_|&], (3.23)
H, = 7 =9,
1
ﬁr)(x, Z) = %e—ikl(x sin 6;—z cos 91-)5;. (324)
1
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In a similar manner, the transmitted electric field can be written

E,(x,z) = E,{cos 0,% — sin 0,5}etkz(xsinO+zcosb;)

The magnitude of transmitted electric field will be

|Ee(x, 2)| = Eoe

Using Eq. (3.7)yields

- _|E
H, =—9
Com
E(x, z) = %e—ikz(x sin B¢—z cos Qt)y
2

(3.25)

(3.26)

(3.27)

(3.28)

Applying the continuity of the tangential components of electric field at z = 0, gives

that [21]

(Fl)_E_Z))Xﬁu:O,
(B, +E —E) X B}ly=0 =0

(Eoie‘ikl(x sinfi+0) (cos 6,8 — sin Hié)) X Z

+ (Eore‘”‘l(x sin0r+0)(¢os 0,8 + sin Hrfz)) X 2

- (Eote‘“‘z(x sin0:+0) (cos 9,% — sin 9t§1)) XZ=0,

and making use of
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n, sin@; = n, sin6,, (3.33)
the following relations can be obtained
(—E,; cos 8; — E,, cos 0;)e~1xsinbi — _p ' cos @ e k2xsinb, (3.34)
Equation (3.34) can be simplified as
(Eyi + Eop) cos 8; = E, cos 8, = EIl (x,0). (3.35)
The current density of a conducting medium is given byOhm's law[2]
J=0lE+¥xB]= of, (3.36)
where ], o.E |, B, and f are current density, conductivity, electric field, velocity of
charges, magnetic field, and the force per unit charge, respectively.

Since no charge motion v =0, so

(3.37)

~
Il
Q
il

The surface current density for a conducting layer of an effective thickness is much

smaller than the wavelength of light can be written as [5, 7, 21, and 22]

Jo(x) = oEl (x,z=0), (3.38)
E” (x, 0) = Fl) X ﬁlz = E_Z) X ﬁlz, (3'39)

where
E! (x,0)] = (|Ei| + |E]) cos 6; = |Ey| cos 6. (3.40)

The magnetic field H at (z=0) can also be written as

(ﬁ1 - ﬁz) X Tl = ]_;(x), (3.41)
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—

ﬁl == ﬁl + HT’
172 = ﬁt’
(ﬁi +H, - ﬁt) X 2 =J.(x,z=0).

Equation (3.44) may be written as

Substituting (3.17), (3.24), and (3.28) into (3.45) gives

&e_ikl(x sin 6;+z cos 6;) &e—ikl(x sin 6,—z cos 6;.)
M M
— &e—ikz(xsin 9t+ZCOS 9t) — ]
s
M2

which may be reduced to give

1 1
(Epi — Eor) - = (— + o cos 9t> E,:
1

yp)

The Fresnel's reflection and transmission coefficients are given by [4]

E,: 21, * cos b;

t = — =
™™ E

oi Mz2'c€0sB+1n;-cosB;(1+mn, 0-cosb; - cosb)

_Eor My c0s0; —1ny cos §;(1 +n,0 cos 0,)
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Eo n, cos 8; + 1 cos 6;(1 + n,o cos 6;)

(3.42)
(3.43)
(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)



3.2.2 Reflection and transmission of plane TE polarized light at a conducting

interface

The case of TE polarized light is similar to that of TM with the electric field has only
one component (y-direction) and the magnetic field has two components in the x and

Z directions.

The incident field in medium 1 can be expressed as

E,(x,2) = Eyeilti-otl, (3.51)
with
E -7, = ky{xsin6; + z cos 6;}. (3.52)

So that Eq. (3.51) reads

E(x’ z) = Eoie—ikl[xsin 0;+zcos 61-]5;. (3.53)

Moreover, the magnitude of the incident electric field is given by

|E(x, z)| =E,. (3.54)

As mentioned above the magnetic field intensity has two components one at the x

direction, and the other at the z direction, and at assuming that t=0
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— E,; . . 3.55
H/(x,z) = U_m (— cos B;% + sin 6;2)e " k1(xsinOi+zcosy) (3.55)
1

with a magnitude

|E.(x, 2)| (3.56)
mo

E,; . )
|ﬁl’(x’ Z)| — ﬂe—Lkl(xsmBﬁzcos 6) —
1

Figure 3.2.Configuration of reflected and refracted waves at an interface between

two mediafor the TEmode.

For the reflected field (z<0) in medium 1, one can write

E,(x,2) = Egpeilkrm-ot], (3.57)
with
k, -7 = k,{xsin8, — zcos6,}. (3.58)
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At t=0, Eq. (3.57) becomes

Er(x, Z) = Eore_ikl(xsmer—zcos 91‘)5} .

The magnitude of the reflected electric field is given by

|E;(x’ Z)| = Eor.

The reflected magnetic field intensity can be written as

— E ) )
H.(x,z) = % (cos 0,% + sin 0,2)e~ka(xsinfi—zcos o)

1

His related to Eq(x,z) by [22]

_|E@2)| _Ey

H(x, .
[ e, 2] M M

(3.59)

(3.60)

(3.61)

(3.62)

For the transmitted electric and magnetic fields in medium 2, the following relations

are applicable

E’(x, 7) = E—Ot’e—i[kt-ﬁ’—wt],
k17 = k,{xsin0; + z cos t},
Et’(x, Z) — Eote—ikz(xsin6t+zc056t)5;’

|E(x, Z) | = Eote_ikl(x sin 6¢+z cos Bt)'
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ﬁt)(x; Z) = @ (— cos 8;X + sin th'\)e_ikz(x sin 6;+z cos Ht)’ (367)
N2
|Ee(x, 2)| (3.68)

|E>(x, Z)| = &e—ikz(x sinf¢+zcosf;) — .
2 2

Making use of Egs. (3.48), the Fresnel reflection and transmission coefficient for TE-
polarization can be written as [5, 7, 21, and 22]

21, cos 8; (3.69)
trg = n,0 ’
12 cos 8; + 1y cos b, (1 +77/cos Ht)
N2 €os 6; — 1y cos b, (1 + 772U/COS Ht) 70
Trg =

13 cos 6; +ny cos 6, (1 + 7720/cos Ht)

3.3 Simulation of multilayer structures
3.3.1 Simulation of Bragg reflector with three layers

To demonstrate the reflectance from Bragg reflector in the presence of conducting
interfaces, three layer Bragg reflector is assumed. The layer of high refractive index is
assumed to be titanium oxide (TiO,) and the one with low refractive index is taken to
be magnesium fluoride (MgF,) on a substrate of glass- silicon dioxide- (SiO,)[23-25].
The optical parameters of these layers were taken from the handbook of optical
constants of solids [23-25].

Figure 3.3 shows the proposed structure with A represents TiO, with high refractive

index (ny) and B represents MgF; layers with low index of refraction (n.).
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Figure 3.3Schematic diagram of three-layer Brag reflector.

To calculate the reflectance of the proposed structure, the transfer matrix,comprising

the interface [r;]and layer [B;] matrices, is used [1]

M = [B]1[n][B21[r:]1[Bs][r5], (3.71)

where[;]is the layer matrix of the ™layer, and [r;]is the interface matrix between the
(i-1)™ and i"layer.

The layer matrix of the i™layer can be defined as [1,26-28]

- 9] 72

where

2T

Bi = (7> n;(d;) cos 6;, (3.73)
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and d; is the thickness of the i™layer, n;is the refractive index of the i layer,;is the
incidence angle at the i" layer.

Moreover, the interface matrix is given by [1, 27, and 28]

1 1 Tii+1 (374)
[l = t (r-- 1 )
iLit+1 Li+1

wherer; ;44 and t;;,, are Fresnel's reflection and transmission coefficients between

layer i and layer i+1 respectively.
The reflection from the proposed structure can be calculated from transfer matrix

element as [1]

M, 4 (3.75)

3.3.1.1 Results of simulation of three-layer Bragg reflector

As mentioned before, a three-layer Bragg reflector is assumed where TiO, and MgF;
are taken to be the high and low refractive index materials. MATLAB program was
usedto multiplythe interface and layer matrices and to find the elements of the transfer
matrix.

The reflection coefficient for p- and s- polarizations are calculated using Eq. (3.50),

and Eq. (3.70) respectively. The reflectivity for both polarizations is calculated as [24]

2
R R, + R _ |rp| + |re]? (3.76)
2 2

Moreover we calculate the ellipsometric parameters y and A, where y measures the
amplitude ratio between p- and s- reflection coefficient, and A measures the phase

difference between p- and s- polarization. y and A are given by [24]:
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- e
|75

aarg (2) (3.78)

N

A dielectric mirror (Bragg reflector) usually consists of identical alternating layers of
high and low refractive indices, as shown in Fig. 3.3. The optical thicknesses are

typically chosen to be quarter-wavelength long at some center wavelength A,, that

isngydy =n,d;, = ’1"/4, where ny and n. are the indices of refraction of the high-

and low-index layers, respectively, dy and d,_ are the thicknesses of the high- and low-
index layers, respectively. Incident angle was taken to be 18°.

The behavior of the reflectivity from three-layer Brag reflector is studiedusing the
transfer matrix method (TMM) approach.

Figure 3.4 shows the reflectivity for three different values of a. As can be seen from
the figure, increasing the value of agleads to a slight shift of the reflectivity profile
towards higher values of A.

To study the ellipsometric parameters y and A for the three-layer Bragg reflector, we
consider 0g = 18°. The importance of y and A comes from the fact that once they are
determined during a measurement at a given wavelength one can invert Fresnel
equations to extract the optical parameters of a bulk sample. For a multilayer structure
one must perform a spectroscopic ellipsometric scan over a certain spectrum to
determine the thickness, the refractive index, and the extinction factor for each layer.
Figures 3.5 and 3.6 show respectively v and A for the three-layer Bragg reflector in
the spectral range 350-850 nm. As the figures reveal, y ranges between 35 — 44°
whereas A ranges between -5 — 5°. Both of them changes slightly with increasing the
conductivity of the interface between layers constituting Bragg reflector. As can be
seen from Fig. 3.5, the behavior of y with the wavelength for the 3 layer Bragg
reflector is oppositeof that of the reflectivity. As the conductivity of layers increase y
decreases and becomes less flatter within some bandwidth. Also it has sharper edges
and tends to 43° which means the complex Fresnel reflection coefficients for p- and s-
polarized lights have equal magnitudes. In the spectral region A<400nm , the

ellipsometricparameter v oscillates between 39° and 43°.
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Figure 3.6 shows that the phase difference A between p- ans s- polarized lights is

enhanced with increasing of ¢. This enhancement is barely detected for ¢ = 0.1 and it

is relatively observable for ¢ = 0.3.

o
(o))
1

o
w
1

Reflectivity

0.0+

300 400 500 600 700 800 900
Wavelength (nm)

Figure 3.4. Calculated reflectivity of three-layer-quarter-wavelength Bragg reflector,
at 8, = 18°in the spectral range of 350-850 nm for different values of o.
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Figure 3.5. The ellipsometric parameter y of three-layer-quarter-wavelength Bragg

reflector, at 8, = 18° in the spectral range of 350-850 nm for differ rent values of o.
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Figure 3.6. The ellipsometric parameter A of three-layer-quarter-wavelength Bragg

reflector, at 8, = 18° in the spectral range of 350-850 nm for different values of .

3.3.2 Simulation of a Bragg reflector with five layers

It is considered that we have five-layers Bragg reflector. The first, the third, and the
fifth layers are made of TiO,which have high refractive index compared with the
second and fourth layers which are made of MgF,which have low refractive index.
The substrate is made of SiO,.

X
90 : 8?“
0,=0
A TiO2
0'2
B MgFz
a
A Tioz |3
g
B MgFz | %
—1 %
A TiOz2
— %
Si02
Substrate
a.,=0

Figure 3.7. Structure of brag reflector of five layers
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As same as three-layers Bragg reflector , to calculate the reflectance for this structure,

the transfer matrix for the structure is given by [1]

M = [B][r][B1[r:1[B31[r3][Bal[ra][Bs](rs] (3.79)

3.3.2.1 Result of simulation of Bragg reflector with five layers

The behavior of the reflectivity from Brag reflector for the case of 5Slayer Bragg
reflectoris investigated using the TMM approach as shown in Fig. 3.8. The reflectivity
rises and becomes flatter as the conductivity between the layers increases within the
bandwidth AA. Figures 3.9 and 3.10 show respectively y and A for the 5-layer Bragg
reflector in the spectral range 350-850 nm. As the figures reveal, y ranges between
31.5° — 48.7° whereas A ranges between -15° —25°.

The effect of increasing oon y is not significant except in the IR region for 1> 840
nm. However considerable effect of increasing gon Acan be seen from Fig. 3.10 for

A> 700 nm.

1.0 -

0.8

0.6 +

0.4

Reflectivity

0.2

0.0

300 400 500 600 700 800 900
Wavelength (nm)

Figure 3.8. Calculated reflectivity of five-layer-quarter-wavelength Bragg reflector, at

6, = 18° in the spectral range of 350-850 nm for different values of .
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Figure 3.9. The ellipsometric parameter y of five-layer-quarter-wavelength Bragg

reflector, at 8, = 18° in the spectral range of 350-850 nm for different values of o.
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Figure 3.10. The ellipsometric parameter A of five-layer-quarter-wavelength Bragg

reflector, at 8, = 18° in the spectral range of 350-850 nm for different values of o.
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Chapter Four

Manipulation of the conducting interfaces in multilayer

structures

In this chapter, Bragg reflector is considered with  conducting
interfaces.SinaKhorasani a Persian professor discussed in many research papers the
behavior of light with conducting interfaces. He explains the accumulation of surface
charges which comes either from misbalance between Fermi levels of the adjacent
dielectrics or from trapped electrons or holes in the quantum wells across the valence
and conducting bands, or from trapping of charge due to lattice
imperfections[5,7,8].Many Bragg reflector configurations are assumed. For each
configuration the transfer matrix is derived to find the reflectivity and phase angle.
These parameters are studied in details with the wavelengths of the incident light,

angle of incidence and the applied voltage.

4.1 Three-layer Bragg reflector with conducting interfaces and transverse

voltage

A dc voltage is considered to be applied to a three-layer Bragg reflector with a
conducting interface between the last high index layer and the substrate. The

interface conductivity can be calculated according to the following expression[5,24]

-elqs| (4.1)

wherea, e, |q;|,m* and w are interface conductivity ,electron charge,charge density,

effective mass of electron, and angular frequency of light respectively.

72



This conducting interface is generated due to interface charge of two dielectrics, and
is generally composed of the depletion layer, whichresults from the initial misbalance
between the Fermi levelsof the adjacent dielectrics.The depletion layer charge is
formed by the ionized impurities and thus it is not mobile. Therefore, its contribution
to the interface conductivityshould be described by apositive sign, resulting in a net

increment in local permittivity[5, 7, and 8].

<=0

Substrate

Figure 4.1. Three-layer Bragg reflector with an applied voltage V.

The charge density in the i layer can be calculated using the following expression][5,
7, 8, and 25]

€i+1Pi+1 — EiPi v 4.2)
dsps +dip; + diy1pisal

|Qi,i+1| =

wheree;, p;, and d;represent permittivity, resistivity, andthickness of thei™ layer

respectively. V is the transverse voltage that is applied to the multi-layer structure.

Electric resistivity quantifies how strongly a given material opposes the flow of
electric current. A low resistivity indicates a material that readily allows the
movement of electric charge.

73



Substituting from Eq. (4.2) into Eq. (4.1), gives

o= —i L 4 Ei+1Pi+1 — EiPi (4.3)
l m*w ldsps + dip; + di41Pi+1

In a similar manner to the mathematical treatment developed in chapter three, the
transfer matrix of the three-layer structure shown in Fig. 4.1 is given in termsof the

layer and interface matrices as

M = [B,][r][B][r2][Bs]rs], (4.4)

where
oo 4.5
Ba=2" %) (45)
Bi = (27n> n;(d;) cos 0;, (4.6)

and
1 1 Tii+1 4.7)
Il = <ti,i+1> (Ti,i+1 1 >

1;:+11S @ Fresnel's reflection coefficient, and t;;.,is theFresnel's transmission
coefficient.Thus the reflectance, v, and A can be calculated from transfer matrix as the

following

2
M§,1 M3, |Tp| + |rg]? (4.8)
=77 =775 > R=——F—,
Ml,l M1,1 2
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(P2 ]
IR
Y =tant — | (4.9)
M3, .
\ Ml,l
My (4.10)
2,1 .
( fut,
tmg | g,
\ M,
A=tan™! )

4.2 Five-layer Bragg reflector with conducting interfaces and transverse voltage

The argument mentioned above is now extended to five-layer Bragg reflector.

Figure 4.2 shows the five-layer structure with the applied transverse voltage.

AN/

Substrate

Figure 4.2. Five-layer Bragg reflector with an applied voltage V.
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The transfer matrix of the five-layer Bragg reflector can be written in terms of the

layer matrix [B], and interface matrix [r] as

(4.11)

M = ﬁ[ﬁi][ri];

where n is the number of Bragg reflector layers.

After performing the product of matrices given by Eq.(4.11) and obtaining the four-
elements of the transfer matrix, the reflectivity, v, and A can be obtained using Eqs
(4.8), (4.9), and (4.10) respectively. And any number of layers can be treated in the

Same manner.

4.3 Simulation results for Bragg reflector

The simulated results of a Bragg reflector with different configurations were
performed using MATLAB program, and are discussed in this section. The silicon
(Si) is taken as a high refractive index layer, and cupper (Cu) is taken as a low
refractive index layer. The optical parameters of these layers were taken from the
handbook of optical constants of solids [29-31].

The electric resistivity of silicon and cupper are taken to be 0.0100 ohm-cm , and
0.00000170 ohm-cm respectively [32-37].

The spectral range is taken to be 400 nm — 850 nm, with a step of 1 nm so the

program takes the previous spectral range with 450 points.

Indexing in MATLAB starts with 1, so wavelength of 400 nm is taken as wavelength

of index 1, and wavelength of 850 nm is taken as wavelength of index 450.
Thus the center wavelength is with index of 450/, + 1, which equals 226.

The wavelength corresponding to the index 226 is 4, = 625nm.
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The thicknesses of Si, and SiO, are taken depending on the condition of Bragg

reflector nydy = /10/4, while the thickness of Cu is taken to be 5 nm. The thickness

of Cu layer is considered to be very small in order to forma thin conducting layer and

at the same time to be penetrable such light can reach the other layers.

Transvers voltages of 0, 1000, and 5000 volt will be applied to the structure. Three-
layer, five-layer, nine layer, and fifteen layer structures will be discussed.

4.3.1 Investigation of the effect of wavelength and voltage

4.3.1.1 Results of a three-layer structure

Three-layer Bragg reflector is assumed in which Si is used as the low index layer, and
Cu is used as the high index layer. Transverse voltages of 0V and 1000 V are applied
across the three-layer Bragg reflector. Silicon dioxide (SiO) is taken as a substrate

layer.

The reflectivity, y, andAare studied as a function of wavelength in the spectral range

from 400nm to 850 nm for an angle of incidence of 20°.

The following figures show the result obtained for the reflectivity, y, and A using Eqgs.
(4.8),(4.9),and (4.10).

Figure 4.3.shows the reflectivity from three layer Bragg reflector as a function of the
wavelength of the incident light for a transverse voltages of zero, and 1000 volt, and
an incidence angle of 20° in the spectral range of 400 nm to 850 nm.

As can be seen from the Fig 4.3, the reflectivity decreases as the wavelength increases
of the incident light with a small dip is observed at about 600nm. When a potential
difference of 1000 V is applied to the three-layer structure, the shape of curve remains

unchanged with a small enhancement in the reflectivity. Moreover there is a small
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shift in the dip position towards shorter wavelength with increasing the applied

voltage.

0.0483 . : . : . : . . ,

\ —— 0 volt
0.0476 - - - -1000 volt

0.0469

0.0462 +

Reflectivity

0.0455 +

0.0448 ——— T
400 500 600 700 800 900

Wavelength (nm)
Figure 4.3. Reflectivity from three-layer Bragg reflector for Si-Cu structure for

different values of voltage and for 6,=20°.

The difference between the reflectivity values at 1000 V, and 0 V for three-layer

Bragg reflector is shown in Fig.4.4. It is clear that it is approximate a linear line with

positive slope.

0.0006

0.0004 +

5 (Reflectivity)

0.0002

4000 5000 6000 7000 8000 9000
Wavelength (nm)

Figure 4.4. Reflectivity difference from three-layer Bragg reflector for Si-Cu
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structure for different values of voltage and for 8,=20°.

The ellipsometric parameter yof the three-layer Bragg reflector is shown as y-axis
with the wavelength of the incident light as x-axis for two different transverse
voltages; 0 and 1000 V in Fig. 4.5. Increasing of the transverse voltage enhances the
y value in the spectral range 400 nm to 850 nm. A small dip appears around 600 nm,
and it is noticed that there is a slight shift in the dip position towards shorter

wavelengths when applying transverse voltage.

40.35 7 . ; . : . : . :
. —— 0 volt
v - - - 1000 volt |

40.32 A i
S 40.30- §
=/
=

40.27 - -

40.25

400 500 600 700 800 900
Wavelength (nm)
Figure 4.5. yof three-layer Bragg reflector for Si-Cu structure for different values of

voltage and for 6;=20°.

It is clear that the curve in Fig.4.6. is approximate a linear line with positive slope.
The line represent the difference of values of y between 1000 V, and 0 V values of y

for three-layer Bragg reflector.
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Wavelength (nm)
Figure 4.6. ydifference of three-layer Bragg reflector for Si-Cu structure for different

values of voltage and for 6;=20°.

The Phase difference "A" between the two components of light equals zero when
applying no transverse voltage, and it changes gradually from -0.1 degree to -0.7
degree when applying a transverse voltage of 1000 volt. This is shown in Fig. 4.7. in

the spectral range of 400nm to 850 nm.

0.0 -
—— 0 volt ]
- - - 1000 volt
-0.2 1 -
(*) N
(O] ~ .
-9/ 04 \\‘\
< T i
-0.61 R 1

400 500 600 700 800 900
Wavelength (nm)

Figure 4.7. Aof three-layer Bragg reflector for Si-Cu structure for different values of

voltage and for 8,=20°.
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The A difference of values between 1000 V, and 0 V values of A for three-layer
Bragg reflector is shown in Fig.4.8. It is clear that it is approximate a linear line with

negative slope.

_0.3_ T T T T T T T T T T ]
0.4 -
(o)
()
T 5] ]
<
%o}
0.61 ]
07

4000 5000 6000 7000 8000 9000
Wavelength (nm)
Figure 4.8. Adifference of three-layer Bragg reflector for Si-Cu structure for different

values of voltage and for 6;=20°.

4.3.1.2 Results of a five-layer structure

In a similar manner, five-layer Bragg reflector is discussed in this subsection. The

following figures show the results obtained for the reflectivity, y, and A.

Figure 4.9.shows the reflectivity of five layer Bragg reflector versus the wavelength
of the incident light for two different transverse voltages; 0 VV and 1000 V. The
reflectivity increases very fast from 400 nm to about 650 nm, then it becomes stable
from 650 nm to 850 nm. The reflectivity value in the stable region is near one. It is
clear that increasing of the transverse voltage will dampen the reflectivity in the

spectral range 400 nm to 850 nm.
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Figure 4.9. Reflectivity of five-layer Bragg reflector for Si-Cu structure for different

values of the voltage and 6;=20°.

Figure 4.10. illustratesthe ellipsometric parameter y of the five layer Bragg reflector
as a function of wavelength for two different transverse voltages; 0 VV and 1000 V. It
is clear that there is no change of y value when applying 1000 volt across the Bragg

reflector in the spectral range 400 nm to 850 nm.

—— 0 volt
44944 -~ 1000 volt i

44.71 -

v (deg)

44.48 -

400 500 600 700 800 900
Wavelength (nm)

Figure 4.10. v of five-layer Bragg reflector for Si-Cu structure for different values of

voltage and 6;=20°.
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On the other hand the Phase difference "A" dependence on the wavelengthis shown in
Fig. 4.11. andis slightly enhanced when applying a transverse voltage of 1000 volt

across the five layer Bragg reflector.

3.2 . : . : . ; . . ,

—— 0 volt
- - - 1000 volt

2.8+

2.4

A (deg)

2.0

1.6 -

1.2

400 500 600 700 800 900
Wavelength (nm)
Figure 4.11. Aof five-layer Bragg reflector for Si-Cu structure for different values of

voltage and 6,=20°.

4.3.1.3 Results of a nine-layer structure

Reflectivity, y, and Aof nine-layer Bragg reflector will be discussed in this
subsection. The following figures show the result obtained for the reflectivity , v, and
A.Figure 4.12. illustrates the reflectivity of nine layer Bragg reflector versus the
wavelength of the incident light for two different transverse voltages; 0 V and 1000
V. the variation of the reflectivity with the wavelength of the incident light for nine-
layer Bragg reflector is similar to that of five-layer Bragg reflector. The reflectivity
increases very fast from 400 nm to about 650 nm, then it becomes more stable from
650 nm to 850 nm as it approaches unity. It is clear that increasing of the transverse
voltage will reduce veryslightly the reflectivity in the spectral range under study.
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Figure 4.12. Reflectivity of nine-layer Bragg reflector for Si-Cu structure for different

values of voltage and for 6;=20°.

Figure 4.13. illustrates y of the nine-layer Bragg reflector as a function of wavelength
for two different transverse voltages; 0 V and 1000 Vobviously. There is no
considerable change of y value when applying 1000 volt across the Bragg reflector in

the spectral range under consideration.

45.06 T T T T T i T ' '
—— 0 volt

44 .89 - - - -1000 volt |
(s)
Q 44.714 i
S
>

44 .54 - ’

44.37

400 500 600 700 800 900
Wavelength (nm)

Figure 4.13. v of nine-layer Bragg reflector for Si-Cu structure for different values of

voltage and for 6,=20°.
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AlternativelyThe Phase difference "A" is slightly enhanced when applying a
transverse voltage of 1000 volt to a nine layer Bragg reflector which is shown in
Fig.4.14.

3.0

- —— 0 volt ]

- - -1000 volt| T

2.7 - -

. 2.4 - -
(@)
(O]

T 2.1 -
<

1.8 -

1.54 -

400 500 600 700 800 900
Wavelength (nm)
Figure 4.14. Aof nine-layer Bragg reflector for Si-Cu structure for different values of

voltage and for 6,=20°.

4.3.1.4 Results for a fifteen-layer structure

The reflectivity versus the wavelength for fifteen-layer Bragg reflector is shown in
Fig.4.15. for two values of V. The reflectivity curve for V=0 is similar to that of nine-
and five- layer Bragg reflectors. When applying a voltage of 1000 V to the fifteen-
layer Bragg reflector, a change in the reflectivity is observed. The reflectivity
decreases when applying the voltage. This decrease in the reflectivity is dependent on

the wavelengths.

The decrease in reflectivity is enhanced as the wavelength increases. The behavior of

v with the wavelength and V is similar to that of the reflectivity as can be seen from
Fig.4.16.
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Figure 4.15. Reflectivity of fifteen-layer Bragg reflector for Si-Cu structure for
0,=20°, and with 0, and 1000 volt.
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Figure 4.16. yof fifteen-layer Bragg reflector for Si-Cu structure for different values

of voltage and for 6;,=20°.
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The phase difference A versus the wavelength for a fifteen-layer Bragg reflector is
shown in Fig.4.17. for two values of V. the dependence on V is very small and it can

be seen for A> 650 nm.

3.01 —— 0 volt i

- - -1000 volt ]

2.7+

2.4+

2.1+

A (deg)

1.8 -

1.5 1

400 500 600 700 800 900
Wavelength (nm)
Figure 4.17. Aof fifteen-layer Bragg reflector for Si-Cu structure for different values

of voltage and for 6;,=20°.

4.3.2 Investigation of Bragg reflector with the incident angle, and wavelength.

In this subsection, the effect of varying the applied potential, the angle of incidence,
and the wavelength of light on R, vy, and A of three Bragg structures will be studied.
Three applied potentials will be used. The angle of incidence will be varied from 0° to

80° and four wavelengths of light will be considered.

4.3.2.1 Results of a three-layer Bragg structure

Figures 4.18.and Fig.4.19. showthe reflectivity and y as a function of the angle of
incidence for different wavelength for a three layer Bragg reflector. The considered

wavelengths are550 nm, 600 nm, 633 nm, and 700 nm.
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The light is incidence with different angles, with no transverse voltage. The
reflectivity is taken as y-axis , while incidence angle is taken as x-axis in Fig.4.18,
while vy is taken as y-axis in Fig.4.19.

It can be noticed that the reflectivity increases from 0.045 to 0.394 as the incident
angle is changed from 0° to 80°. Moreover, Fig. 4.18.shows no detectable change in
the reflectivity with the change in wavelength.

The reflectivity increases remarkably with the angle of incidence. Changing the
wavelength of the incident light does not affect the reflectivity profile. y decreases
with the angle of incidence and reaches a minimum value at an angle of 57°. In a
similar manner to the reflectivity profile, there is no effect of the wavelength of

incident light on the y curve.

042— T T T T T T T T T =
—— ;=550 nm .
0.354 |- - -Ap=600 nm .
----- A3=633 NnM
> 0.28 3 .
= -~ %4=700 nm .
B 021 .
2 ]
[y
0141 .
0.07 - ]
000
0 20 40 60 80

0 (deg)
Figure 4.18. Reflectivity of three-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 0 volt.
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Figure 4.19. y of three-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0 volt.
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Figure 4.20. Aof three-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0 volt for different values of A.

Phase difference angle versus the angle of incidence is illustrated in Fig. 4.20.
Different wavelengths of incident lights were examined when the transverse voltage

equals zero. Figure 4.20.shows a notch behavior around 6; = 57° which is the same
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angle for the lowest value of y appears in Fig.4.19. A very slight change of order 10
of A with the wavelength of incident light. All other scanned incidence angles do not

show a similar behavior.

The reflectivity and y versus the incidence angle for a transverse voltage of 1000 volt,
of three layer Bragg reflector do not change with the wavelength except small
deviation and curvature of y at the bottom near 8; = 57°. This appears in Fig.4.21.,
and Fig.4.22.

The huge effect of transverse voltage of 1000 volt appears on the phase difference
angle in Fig.4.23. A very rapid decreasing of the Phase difference beforef; = 57°,
then also a very rapid increasing after the same angle. The vertical line of 8; = 579, is
as an asymptoting line. Phase difference angles of different wavelengths act in the

same manner with very slight difference in values.

Where the applied voltage is zero to the three-layer Bragg reflector,A is
approximately zero for all incidence angles as can be seen in Fig.4.20. where a
transverse voltage of 1000 volt is applied to the structure, a significant change in A
curve is observed in the region between 6; = 50° — 70°, especially at ; = 57°
where A ranges between 50° and 80°. Moreover there is a slight effect of 1 on A

curves in the incidence angle range 50°-70°.

90



042 -1 T T T T T T T T T —
—— 2,=5500 A’ ]
0.359 L - - 2.=6000 A" 1
----- 1.=6330 A° |
>, 0281 ; -
= - =+ ,=7000 A°
= 4
S 0211 §
Q ]
G
0141 .
0.07 A i
0.00 . : . : . . . . :
0 20 40 60 80

0 (deg)
Figure 4.21. Reflectivity of three-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 1000 volt
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Figure 4.22. vy of three-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 1000 volt
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Figure 4.23. Aof three-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 1000 volt.

The same notation and discussion can be said for a three layer Bragg reflector with
5000 volt transverse voltage except more curvature at the bottom of y near 6; = 57°,
and less inclining negative slope of Phase difference angle about the assymptoting
line 8; = 57°. Applying a transverse voltage of 5000 V slightly enhances the effect of
different wavelengths. All these can be seen in Fig.4.24., Fig.4.25., Fig.4.26.
Applying different values of transverse voltage does not change the critical value of

9; = 57°.
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Figure 4.24. Reflectivity of three-layer Bragg reflector for Si-Cu structure versus

the incident angle with transverse voltage of 5000 volt
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Figure 4.25. v of three-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 5000 volt

93



90+ — 21,=5500 A’ ]
60 - - - A,=6000 A" 4

----- L=6330 A°
30- : .

- - =+ A,=7000 A’
g o -

S
< -30+ .
-60 - 4
-90 - 4
O 20 40 60 80
0 (deg)

Figure 4.26. A of three-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 5000 volt

4.3.2.2 Results of a five-layer structure

Figure 4.27, and Fig 4.28.shows the reflectivity and y respectively as a function of
incidence angle. Both reflectivity and y havedifferent values when incident a light
with different wavelengths, and applying no transverse voltage across five layer

Bragg reflector.

The behavior of reflectivity versus the incidence angle with no transverse voltage, 100
V, and 5000 V is shown in Fig.4.27, 4.30, 4.32. respectively. Reflectivity curves —
with different wavelengths- show a stable and nearly constant value when it is studied
as a function of incidence angles in the range 6; = 0° — 60°, then suddenly increase

in the incidence angles range 60° — 80°.

The greater is the wavelength, the smaller is the difference between values of

reflectivity and also between the s.
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The behavior of y as a function of incidence angle in five-layer Bragg reflector differ
of that of three-layer in smoothness and a dipangle 6; . In five-layer Bragg reflector
the curve of y decreases smoothly with increasing in ; until reaches the lowest value
of 6; = 77°.Note that the dip angle 6; = 77° shifts to the right — increases- with
increases of wavelength. This discussion of v is true for a transverse voltage of 0V,
1000 V, and 5000 V, which are shown in Fig.4.28, 4.31, 4.34.

Different-wavelength curves of "A" as a function of 6; is plotted in Fig.4.29.The
curve of A increases gradually with increasing of 6; until reaches critical value
6; = 77°. The critical value 6; is shifted with the increasing of wavelength i.e. the

same behavior of that of y.

Fig.4.33, 4.35 show the similar behavior of A with respect of 6; with different

wavelength in the presence of transverse voltage of 1000 V, and 5000 V respectively.
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Figure 4.27. Reflectivity of five-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 0 volt
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Figure 4.28. y of five-layer Bragg reflector for Si-Cu structure versus the incident
angle with transverse voltage of 0 volt
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Figure 4.29. A of five-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0 volt
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Figure 4.30. Reflectivity of five-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 1000 volt
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Figure 4.31. y of five-layer Bragg reflector for Si-Cu structure

angle with transverse voltage of 1000 volt
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Figure 4.32. A of five-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 1000 volt
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Figure 4.33. Reflectivity of five-layer Bragg reflector for Si-Cu structure versus the
incident angle with transverse voltage of 5000 volt
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Figure 4.34. y of five-layer Bragg reflector for Si-Cu structure versus the incident
angle with transverse voltage of 5000 volt
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Figure 4.35. A of five-layer Bragg reflector for Si-Cu structure versus the incident
angle with transverse voltage of 5000 volt
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4.3.2.3 Results for a nine-layer structure.

The reflectivity and wareplottedversus incidence angle in Fig.4.36, and Fig
4.37.respectively. Both reflectivity and y havevarying values when a light is incident
with different wavelengths, and applying no transverse voltage across nine-layer
Bragg reflector. The greater is the wavelength, the smaller is the difference between

values of reflectivity -with different wavelengths- and also between the s.

Phase difference angles for different wavelengths of incident light with different

angles are shown in Fig.4.38.

Regarding the critical valley angle 6; = 77°, and the transverse voltage of 0 V, 1000
V, and 5000 V, the similar talk as which was said previously in five-layer structure

can be said here.
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Figure 4.36. Reflectivity of nine-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 0 volt
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Figure 4.37. y of nine-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0 volt
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Figure 4.38. A of nine-layer Bragg reflector for Si-Cu structure versus the incident
angle with transverse voltage of 0 volt
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Reflectivity

Figure 4.39. Reflectivity of nine-layer Bragg reflector for Si-Cu structure versus the
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Figure 4.40. v of nine-layer Bragg reflector for Si-Cu

angle with transverse voltage of 1000 volt
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Figure 4.41. A of nine-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 1000 volt
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Figure 4.42. Reflectivityof nine-layer Bragg reflector for Si-Cu structure versus the
incident angle with transverse voltage of 5000 volt
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Figure 4.43. y of nine-layer Bragg reflector for Si-Cu structure versus the incident
angle with transverse voltage of 5000 volt
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Figure 4.44. A of nine-layer Bragg reflector for Si-Cu structure versus the incident
angle with transverse voltage of 5000 volt
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4.3.2.4 Results of a fifteen-layer structure

Numerical talk is left until reach this subsection to clarify the similarity among five-,
nine-, and fifteen-layer structure.The reflectivity for 0 V transverse voltage for
fifteen-layer Bragg reflector is shown in Fig.4.45. The reflectivity curves for different
wavelengths are stable and constant in the range between 6; = 0° — 60°and have the
following values; R = 0.63533 for wavelength of 550 nm, R = 0.86034 for wavelength
of 600 nm, R = 0.92992 for wavelength of 633 nm, and R = 0.95488 for wavelength
of 700 nm. The previous values are true for nine-layer, and five-layer Bragg reflector.

While the values of y for 0 V, for wavelengths of 550 nm, 600 nm, 633 nm, and 700
nm are all start from 45.02° and decreasing gradually with different slope for each
wavelength as shown in Fig.4.46. The y curve of wavelength 500 nm has the lowest
value- valley angle- of 37°when the incidence angle has the value of 76.80°. Again the
values of y for nine-, and five-layer are identical of those of fifteen-layer Bragg
Reflector. The applying of a transverse voltage of 0 V across fifteen-layer Bragg
reflector gives the following values of A for the wavelength of 550 nm; see
Fig.4.46.Maximum Ais 86.35° at 8; = 76°, and minimum A is -86.7° at 8; = 77°, which

are the same values for nine-layer, and five-layer Bragg reflector.

0.98 T . T y T " T " T
I |
2 o084 T 1
.; —— A,=550 nm
3 - - - =600 Nm
D 771 o 1
th) ----- %,=633 nm
== A =700 Nm
0.70- 1 __’///// |
063' T T T T T T T T T =
0 20 40 60 80

0 (deg)
Figure 4.45. Reflectivity of fifteen-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 0 volt
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Figure 4.46. y of fifteen-layer Bragg reflector for Si-Cu structure versus the incident
angle with transverse voltage of 0 volt
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Figure 4.47. A of fifteen-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0 volt

The reflectivity values when applying a transverse voltage of 1000 V is shown in
Fig.4.48. The different wavelength curves show a stable and constant behavior in the
range between 6; = 0° — 50°and have the following values; R = 0.618042 for
wavelength of 550 nm, R = 0.847573 for wavelength of 600 nm, R = 0.921143 for
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wavelength of 633 nm, and R = 0.946679 for wavelength of 700 nm. The previous
values are identical in case of nine-layer, and five-layer Bragg reflector.

The applying of a transverse voltage of 1000 V across fifteen-layer Bragg reflector
gives the following values of yfor the wavelength of 550 nm, 600 nm, 633 nm, and
700 nm are all start from 45.02° and decreasing gradually with different slope for each
wavelength as shown in Fig.4.49. The y curve of wavelength 500 nm has the lowest
value- valley angle- of 37° when the incidence angle has the value of 76.01°. Again
the values of y for nine-, and five-layer are identical of those of fifteen-layer Bragg
Reflector.

The values of A for the wavelength of 550 nmis shown in Fig.4.50. when applying a
transverse voltage of 0 V across fifteen-layer Bragg reflector gives the following;
maximum Ais 86.92° at 8; = 76°, and minimum A is -85.69° at 8; = 77.15°, which are

the same values for nine-layer, and five-layer Bragg reflector.
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Figure 4.48. Reflectivity of fifteen-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 1000 volt
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Figure 4.49. y of fifteen-layer Bragg reflector for Si-Cu structure versus the incident
angle with transverse voltage of 1000 volt
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Figure 4.50. A of fifteen-layer Bragg reflector for Si-Cu structure versus the incident
angle with transverse voltage of 1000 volt
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Figure 4.51. Reflectivity of fifteen-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 5000 volt
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Figure 4.52. y of fifteen-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 5000 volt

109




90' 1 T
60 it
'
]
—~ 1!
8 o TR
© !|!
S 30 —4=5500A :: ]
- - - 1,=6000 A’ X
-60 - . e
----- 2.=6330 A ]
4
-90+ -- 2,=7000 A’ : :
0 20 40 60 80

0 (deg)

Figure 4.53. A of fifteen-layer Bragg reflector for Si-Cu structure versus the incident
angle with transverse voltage of 5000 volt

4.3.3 Investigation of Bragg reflector performance with the incident angle and
transverse voltage.

4.3.3.1 Results of a three-layer structure

Figure 4.54 shows the reflectivity for three layer Bragg reflector versus the incident

angle, when applying a transverse voltage of 0 volt or 1000 volt the values are nearly

identical, while applying 5000 volt will cause a slight enhancement of reflectivity.
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Figure 4.54. Reflectivity of three-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 0, 1000, and 5000 volt

Figure 4.55.showsy of three layer Bragg reflector as a function of incident angle. The
figures shows a sharp cliff around 6; = 58° with a no transverse voltage, the

sharpness decreases when applying 1000 volt , and it becomes round carve when

applying 5000 volt.
' ' ' —_Ovolt
45.86 - - - -1000 volt ]|
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O 22.934 )
°
>
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0.00 1 )
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Figure 4.55. y of three-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0, 1000, and 5000 volt
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It is seen in Fig. 4.56. that with zero transverse voltage the Phase difference angle is
zero degree, and with 1000, and 5000 volt there is an asymptoting around 6; = 58°.
The changing of Phase difference with 5000 volt becomes fast comparing with 1000

volt.

— O volt .
- - - 1000 volt - ]
601 | 5000 volt o ]
301 5o -
> el ]
P 0- — S |
=2 IEEDE 1
< -30- r g
601 Ry ]
i '
-90- : J
0 20 40 60 80

6 (deg)
Figure 4.56. A of three-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0, 1000, and 5000 volt

4.3.3.2 Results of a five-layer structure

Figure 4.57. shows the reflectivity as a function of angle of incidence for five layer
Bragg reflector, while Fig.4.58. illustrates the w versus incident angle. More
transverse voltage will cause a more dampen of reflectivity. Regarding the v when
applying 1000 volt transverse voltage the y dampen while when applying 5000 volt v
is enhanced.

Figure 4.59. presentsPhase difference versus incidence angle for five layer Bragg
reflector, more transverse voltage will cause a slight increase in Phase difference

angle.
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Figure 4.57. Reflectivity of five-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 0, 1000, and 5000 volt
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Figure 4.58. vy of five-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0, 1000, and 5000 volt
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Figure 4.59. A of five-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0, 1000, and 5000 volt

4.3.3.3 Results of a nine-layer structure

Figure 4.60.shows the nine layer Bragg reflector's reflectivity as a function of incident
angle while Fig.4.61. illustrates the y versus incidence angle. More transverse voltage
will cause a more dampen of reflectivity. Regarding the y when applying 1000 volt

transverse voltage the ¥ dampens while when applying 5000 volt y increases.

Figure 4.62.showsPhase difference versus incidence angle for five layer Bragg
reflector, more transverse voltage will cause a slight increase in Phase difference

angle.
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Figure 4.60. Reflectivity of nine-layer Bragg reflector for Si-Cu structure versus the

incident angle with transverse voltage of 0, 1000, and 5000 volt
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Figure 4.61. y of nine-layer Bragg reflector for Si-Cu structure

angle with transverse

voltage of 0, 1000, and 5000 volt
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Figure 4.62. A of nine-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0, 1000, and 5000 volt

4.3.3.4 Results of a fifteen-layer structure

Figure 4.63.shows the fifteen layer Bragg reflector's reflectivity as a function of
incident angle while Fig.4.64. illustrates the y versus incidence angle. More
transverse voltage will cause a more dampen of reflectivity and more increment of
when applying 5000 volt transverse voltage but more dampen when applying 5000

volt.

Figure 4.65.presentsPhase difference versus incidence angle for fifteen layer Bragg
reflector, more transverse voltage will cause a slight increase in Phase difference

angle.
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Figure 4.63. Reflectivity of fifteen-layer Bragg reflector for Si-Cu structure versus the
incident angle with transverse voltage of 0, 1000, and 5000 volt
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Figure 4.64. y of fifteen-layer Bragg reflector for Si-Cu structure versus the incident

angle with transverse voltage of 0, 1000, and 5000 volt
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Figure 4.65. A of fifteen-layer Bragg reflector for Si-Cu structure versus the incidence

angle with transverse voltage of 0, 1000, and 5000 volt
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Chapter five

General conclusion

In this thesis a reflection and transmission from a multilayer structure with interface

free charge layer are studied are studied in detail.

A famous semiconductor material, the Silicon (Si), is taken to be a high refractive
index layer. While Cupper (Cu) is taken to be a layer of law refractive index. The

substrate is taken to be glass , Silicon dioxide (SiO5).

This Thesis studies three-layer, five-layer, nine-layer, and fifteen-layer structures. The
study investigates the effect of wavelength and transverse voltage on a reflectivity

(R), ellipsometric parameters y, and A.

The study clarifies the effect of incident angle and wavelength on the same

parameters R, y, and A.

The thesis also studies the performance of reflectivity, v, and A with the incident

angle and transverse voltage.

The simulation revealed that the reflectivity decreases as the wavelength increases of
the incident light, when a potential difference of 1000 V is applied to the three-layer
structure, the shape of curve remains unchanged with a small enhancement in the

reflectivity.

Which means that the reflectivity difference for three-layer Bragg reflector is

approximate a linear line with positive slope.

Increasing of the transverse voltage will enhance the y value in the spectral range 400

nm to 850 nm for a three-layer Bragg reflector.

The Phase difference "A" between the two components of light equals zero when
applying no transverse voltage, and it changes gradually from -0.1 degree to -0.7
degree when applying a transverse voltage of 1000 volt across a three-layer Bragg

reflector
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While for five-, and nine-layer Bragg reflector the reflectivity increases very fast from
400 nm to about 650 nm, then it becomes stable from 650 nm to 850 nm. The
reflectivity value in the stable region is near one. It is clear that there is no change of
v value when applying 1000 volt across the Bragg reflector in the spectral range 400

nm to 850 nm.

The Phase difference "A" dependence on the wavelength is slightly enhanced when

applying a transverse voltage of 1000 volt across the five layer Bragg reflector.

When applying a voltage of 1000 V to the fifteen-layer Bragg reflector, a significant
change in the reflectivity is observed. The reflectivity decreases when applying the
voltage. This decrease in the reflectivity is critically dependent on the wavelengths.
The behavior of y with the wavelength and V is similar to that of the reflectivity. The
phase difference A versus the wavelength for a fifteen-layer Bragg reflector is affected

slightly by the voltage, and it can be seen for 2> 650 nm.

The reflectivity for three layer Bragg reflector versus the incidence angle, when
applying a transverse voltage of 0 volt or 1000 volt the values come nearly identical,
while applying 5000 volt will cause a slight enhancement of reflectivity. The y of
three layer Bragg reflector as a function of incident angle shows a sharp cliff
aroundd; = 58°with a no transverse voltage, the sharpness decreases when applying
1000 volt , and it becomes round carve when applying 5000 volt. It is depicted. that
with zero volt transverse voltage the Phase difference angle is zero degree, and with
1000, and 5000 volt there is an asymptoting around. The changing of Phase difference
with 5000 volt becomes fast comparing with 1000 volt.

Regarding five-, nine, and fifteen-layer Bragg reflector the reflectivity as a function of
incidence angle for five layer Bragg reflector is damped when applying a transverse
voltage. The y is damped when applying 1000 volt transverse voltage, while when
applying 5000 volt y is enhanced. Phase difference versus incidence angle for five

layer Bragg reflector is slightly increased when applying transverse voltage.

The whole results which are gained in chapter fourproposed anew photo-electric
device. A new device allow manipulating of reflectivity, y, and A as a function of

transverse voltage. The device in general has two behaviors. The first when the
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number of layers is three. The second behavior appears with large number of layers -

five-layer, nine-layer, and fifteen-layer Bragg reflector-.

Note that the effect of conductivity appears clearly in case of three-layer because the
varying conductivity is generated between the third layer — last layer of Bragg
reflector- and the substrate. And when applying a transverse voltage across a device
the reflectivity , and y will enhanced. The value of enhancement increases linearly
with the increasing of the wavelength of incidence light in the spectral range 400 nm-
850 nm.While "A" the phase difference between p- polarized component of light and
s- polarized component of light decreases linearly with increasing of wavelength in
the spectral range 400 nm- 850 nm.

The opposite behavior of large number Bragg reflector can be concluded for five-
layer, nine-layer, and fifteen-layer Bragg reflector. The effect of voltage appears
clearly with the increasing of number of layers, so it is useful to focus on fifteen-layer

Bragg reflector.

The reflectivity, y decrease when applying a transverse voltage across the fifteen-
layer Bragg reflector. Reflectivity, and y are affected strongly with a transverse
voltage when the wavelength increases, while the phase difference decreases slightly
when applying a transverse voltage, the effect of a voltage increases with the

increasing of wavelength.

The change of reflectivity with respect to voltage specially in high wavelength

spectral range 650-850 nm can be deal with as amplitude modulation.

Regarding the three-layer Bragg reflector, the applying of 1000 voltage will increase
the amplitude. The incidence light can be considered as base band light or carrier
light, the transverse voltage as modulating wave, and the reflected light can be

considered as modulated light.
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Figure 5.1 Amplitude modulation of a light depending on a transverse voltage pulse

train.

The change of y or A can be considered as a phase modulation even it is not the
traditional phase of the signal — light-, but the change of ellepsometric parameter v,

Aopens the door to a new type of modulation, lets name it ellipsometric modulation.

This type of modulation can be more secured and complex modulation, because

apparently the light — signal- is not changed but truly it is modulated.

The same thing can be said for fifteen-layer Bragg reflector with inverse behavior in
both amplitude and ellipsometric modulation. But A modulation is not suitable to be

used practically because of slight change with respect to a transverse voltage.
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