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Abstract

The optical properties of a-Si:H multilayer stacks are determined by comparing the
measured reflectance and transmiltance spectra with a computer simulation using
simple dielectric function models. The samples were produced in the research center
Juelich (Germany), where also the reflectance spectra were obtained in the spectral
region between 4,000 cm™'< wavenumber < 40,000 cm™'. The transmittance spectra in
the same spectral region for the same samples were done in the AAU spectroscopy
taboratory. The obtained properties of the a-Si:H muitilayer stacks, the layer thickness,
the dieleétric background and the band gap energy of the individual semiconductor

materials are in good agreement with the reference values.
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1. INTRODUCTION

The photovoltaic effect was discovered more than 100 years ago. Since the
demonstration of the orystalline Silicon (Si) p-n junction solar cell in 1934,
photovoltaics and microelectronics have been closely linked. As Si microelectronics
developed and expanded, there were similarly high hopes for terrestrial power
genaradon by solar cells. By 1956, solar cells for isivesirial apolications were
prociuced for diffarent purposes. (5]

The develociment of these phctovoltaic cells within these years increases its efficiency
B

~
1

labaratory demonstration. This improvements in output current, significant

i
i1

increases in oulput voltage and splitting of light among solar cells of different band
gaps that wasts less of the sun light input, are deeply connected with the density of
the minority carriers generated by the absorbed light. The three most important ways
for improving the minority-carrier generation are:

1) reducing the minority-cairier recombination rate.

2) trappiné light in active layers.

3) increasing the intensity of light with concentrating optics.

In single-crystal Si and GaAs laboratory cells, respectively, one ot both of the first two
improvements have led to 23% and 24% efficient devices and inclusion of the third
has given 26% and 28% efficient devices. Hydrogenated amorphous silicon (a-Si:H)
alioy materials have led to 14% laboratory cell efficiencies using multiple band gaps
an'd light trapping without light concentration. [3,14]

Another improvement of solar cells is fo collect longer wavelength photons by
%bsorption using stacked junctions of lowser-enargy gap semiconductors. The reason

for this is that the energy gap in a-Si of 1.7-1.8 &V is higher than that of crystalline




solar cell semiconductors. Since thin films are produced by techniques such as CVD,
MOCVD, molecular beam epitaxy, sputtering and ion plating which are already
established for a wide variety of producing techniques, combining all these
techniques together at low temperatures can establish a stack of layers for solar cell
use. And progresses of material selection and economic feasibility studies are
showing that an efficiency of 18% could be obtained with this sfructure by assuming a
fill factor of 70% and an open circuit voltage of V= 1.43V, obtained with different cell
structures.i8]  Thin films a-SiH p-i-n solar cells are also good candidates for very
cheap mass production of solar generators and therefore an interesting item for the
electrical energy contribution specially in rural areas of developing countries like
Ethiopia. For the future improvement of the conversion efficiency of a-Si:H p-i-n solar
cells the knowledge of the optical properties of the individua! layers of the layer stack
system is of great importance. The determination of the reflectance and transmittance
in the wavelength range 250< 3 < 2500nm (4000< wavenumber< 40,000cm™) for
layer systems which creates the p-i-n structure of the a-Si:H solar cell, provides
information of the ophical constanis of the different layers and their thickness.

A p-i-n structure a-Si:H thin film solar cell consists out of a glass substrate coated with
a transparent conducting oxide (TCO) for connecting the front contacts. On top of this
a p-doped a-Si:H layer followed by an intrinsic i-layer and n-doped layer is sputtered
on the substrate. An additional metal back contact provides the second connecting

contact of the solar cell.
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Figure 1. Schematic cross-section of a p-i-n a-Si:H solar cell,
The samples used in this thesis are transparent conducting oxide on a glass substrate
(TCO), transparent conducting oxide on a glass substrate with an additional p-doped
a-SiH layer (TCOP), transparent conducting oxide on a glass substrate with a»
additional p-doped a-Si:H and an l-layer a-SiiH of thickness 50nm (TCOPI1) and
transparent conducting oxide with p- and |- doped a-SiH layer of thickness 380nm
(TCOPIZ2). The samples are obtained from the Juelich research center (Germany).
The reflectance measurements were done in the Juelich research center by using a
Perkin Elmer Lambda 19 spectrometer and ihe transmittance measurement were
done in the AAU spectroscopy laboratory by using the same samples and a similar
apparatus. The optical properties of multilayer stacks obtained from transmittance
measurements and the determination of the dielectric functions of the individual layers
by using computer simulations were done for the first time in Addis Ababa University,
In the measurement of the transmittance spectra the Perkin Elmer Lambda 19
UV/VIS/NIR double beam spectrometer was used and the measurement was done at
room temperature and over the wavelength range Qf 250nm < A < 2500nm or over the

wavenumber range of 4000cm™ < wavenumber < 40,000cm™.




In chapter 2, important physical modeis to determine the dielectric function of a
substrate are discussed. In chapter 3, the complex refleciance and transimittance and
the oolical interaction at the interface between two lavers and multilayer stacks are
discussad. In chaoter 4, the experimental set up used in the investigation and the
procedura is explained. In chapter 5, the reflectance and ransmiittanca spectra of the
TCO, TCOR, TCOPI and TCORIZ samples ara oresented. In chapler G, the
SCOUTFIT computer simulation srogramme i3 suplained, the simulated specira are

3N

fitting carameters ar
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¢ tahuiated. In chapter 7, the resuits of the

-

prasenizd and the
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simuiation of the measured spectra and the diglectric Tunction models for the

individual layer stacks are discussed and finally | the reference materiai is listed .
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2. SIMULATION OF DIELECTRIC FUNCTIONS

2.1 Dielecfric function

The electric field of light which interacts with a material object is connected with the

.%
polarization of the material. The polarization Pis produced by the electric field that is

acting in a homogeneous material and is related by the electric susceptibility X

Mathematically this can be expressed as

—> —>

P =goy & (2.1)
—> —>

The dielectric displacement D and the electric field E is related by the dielectric

function =

—> —>

D =¢gpe B (2.2)

connecting € and ) as:

e=1+4+7y (2.3)

2.2 Constant suscaoptibility

Figure 2.1 shows the dielectric function for the infrared region (IR), visible region (VIS)
and ultraviolet spectral region (WV) for a group IV semicenductor, The very strong
structure in the ultraviolet region is due to electronic interband transitions. In the
infrared region, the dielectric function can only be noticed by a constant dielectric

background. Thus the optical properties in the infrared region can be described by a

constant and real dielectric function € .
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Figure 2.1 Dielectric function of a group IV semiconductor fike Silicon. The dotted
line represents the real part, the dashed line the imaginary part of the

dielectric function.

2.3 Harmanic oscillator

Microscopic vibrations which consider the movameant of nuglai of atems have their
resonance frequency mostly in the infrared region. The frequency depends on the
mass of the oscillating atomic nuclel and the strength of the bonding between them.
The susceptibility describing such microscopic vibrations can be expressed in the

form of
Qp

"~ . . e
X harmonic oscillator= —

2 A~ (2.4)
7=V = —ivil, |

where (2, is the oscillator strength,Q, the damping and Qg the resonance position.

Another example to use this simple oscillator model as a model to simulate the
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dielectric function of a material is the band-to-band transition near the energy band
gap of a semiconductor or an insulator. The corresponding resonant frequency
depends on the energy position (Eg) of the band gap, which separates the valence
from the conduction band [20]. For glass, the resonance frequency would be in the

ultraviolet spectral region [17].




2.4 Drude susceptibility for free carriers

In highly doped semiconductors charge catrriers are set free by donors or acceptors by
a stmall amount of exciting energy in the infrared spectral energy region, Thus this
charge carriers (electrons or holes) can be accelerated by an applied electric field.

The susceptibility of these free charge carriers is given in the Drude model {1} by

Qp
o A~ 2.6
Kow™ 32050, 9
whera Q; is the plasma frequency given by the expression
ne< . -
Qi= ~ 2.7

P Sl

and n is the volume density of the charge carriers, e and m are the charge and the

effective mass of the charge carriers respectively. The dielectric function for highly

p-doped silicon can be calculated as [1]

€ =8« + Y prude 29
2
€ = o e ek (2.9)
CYLQ, |

with £,= 11.7cm™ ; Q.= 1800cm™ ; Q.= 500cm™
Figure 2.2 displays the dielectric function of a highly p-doped silicon crystal in the

infrared spectral region [1]. For wavenumbers below 2000cm™ the Drude model

contributes to an abrupt change for the real and imaginary part of the dielectric
function. Above 2000cm™ the constant dieleciric background s., defines the dielectric

function of the material in the infrared spectral region. Therefore it is possible to
determine the dielectric function of highly p-doped silicon in the infrared spectral

region to good estimation by using a constant suscepiibility and the Drude model.
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Figure 2.2, Dielectric function of a highly P-doped Silicon in the infrared spectral

region.
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3. SIMULATION OF MULTILAYER STACKS

The measured reflectance and transmittance spectra for the investigated multilayer
stacks have to be analyzed to get the optical parameters of the individual layers.
Therefore the complex layer stack system has to be separated into a more easily
describeable system out of one interface only. The way it is done by the SCOUTFIT
computer programme, which was used to analyze the data, is described in the
following. [1]

The complex amplitude of the reflection and transmission coefficient can be
determined by using a product of malrices. The mairix element describes the
transformation of two plane waves travelling in opposite directions within the films. In

different substrates of film arrangements it is possible to determine the reflection
coefficient R = r#™ and the transmission coefficient 7 = ££7.
for a light wave, which is travelling in homogeneous media, the electric field for a

plane wave by Maxwell's equation can be written as

> — -
E=Loyexp(i(K o 7 — o)) 3.1)

where E; is the amplitude, K is the wavevector, t is the displacement and o is the

angular frequency of the wave.

For non-magnetic media this can take anether form under the following approach
— > > 2

3
C = 2 Lol = Zg(
Ke K = o Cﬂa(c\)) Cgs(oa) (3.2)
where (( is the speed of light in free space and £(®) is the dielectric function. In a
more empirical form the above formula can be expressed as

- = ,
Ko K=()"8(0) = kae(®) 3.3)

-

Where o is the wavelength of light in vacuum and &, = ;o Is the wavevector in

vacuum. Substituting equation {3.3) of the wavevector part in equation (3.1) one

obtains that
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- —> —>_
E =Epexp(i(Ke ¥ —wf))

—> - >
=FEoexp(i(Je(@)Ko o ¥ — o))
Introducing in the above equation the complex index of refraction
n+ik = Je(®) 3.4)
gives the following equation

—>
E Eo exp(z((n + m)Ko ® ¥ — cot))
_>

= Eo eXp z(nKo 6 7 — cot)exp(—-d{o r) (3.5)

Equation (3.5) is a plane wave which is decaying exponentially with an intensity

constant of absorption K = 2Kk(j = 4KV,

Consider the wave which acts at thé interface between two layers:

Figure 3.1 Wave at the interface between two layers

For the waves at the boundaries the treatment is done by Fresnel equations (figure
3.1). The light rays which are incident on the surface of the two media are partly
reflected and partly transmitted and this can be evaluated by using the boundary
conditions for electrit;: and-\fnagnetic fields. p,, is the amplitude of the reflection
coefficient and 1, fs the ampfitude of the transmission coefficient, both depend on the

index of refraction of the different layers. Consider that the wavevector for the medium

a' has a real index of refraction n,, from our previous equation (3.2)

Z_8 =
K= Co 8(0) ) for the x-component of the wavevector it can be written in the form
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Ky = —C@gnasin o,

where Je(®) = Nasina

And the z-component of the wavevector is the same as:

- _QJ 22y — O
K:=o e(w)—nzsm o = CON (3.7)

where [V is the complex index of refraction and ¢ is the angle of incidence

N » 2
N = ,/a(co) ~n2sin“o
Aiso, the complex index of refraction V = N + ik, with its real part N(w) and its

imaginary part K(w), cannot exist separately. To determine the two parts of N , two

different methods are used:

a} The first method is to carry out reflection and transmission measurements for all
frequencies for normally incident light.

b) The second method is to measure either reflection or transmission at al
frequencies, from zero to infinity and then calculating the phase of the

complex-amplitude coefficient and applying it to the Kramers-Kronig transformation,

which considers the internal relation between N and «.[11]

Consider the S-polarization of light which is caused by the transverse electric field
wave, in which the electric field is parallel to the surface of the stacks, and the
P-polarization in which the transverse magnetic field wave is parallel to the surface of
the stacks. Using the generalised index of refraction, so that the amplitude of
transmission and reflection coefficients become to p,, and 7,, then the S and

P-polarization can be written in the form:
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S-polarization: p Na"ﬁb Ta _ 2;\vfa (3.8)
aD==—=- —Ta
1Va+N b N, a +Nb

—ﬁa/8a+Nb/8b Na/Sa'hﬁb/Sb

At the interface of the layers inside a stack there is multiple reflection.

P-polarization:p ]h\J{a/ga—be/ab FCCZb 2Naleq

Figure 3.2 Multiple reflection inside a layer stack system.

In the above figure 3.2 for multiplereflection inside a layer stack system, the amplitude

of reflection and transmission of a layer are found by using the geometric series of the

~,

partial wave contribution which is expressed in the form:

In medium 'a’ pa;é + Ta,b(bpb,c(b'cb,a + Ta,bq)Pb,c(bf’b,a(bpb,cd):b,a ...
In medium ¢’ Ta,b(b’fb,c + Ta,b¢Pb,c¢P5,a¢Tb,q + ...

The muitiplied reflected contributions contain powers of the underlined terms and this

underlined terms are used as a denominator by combining it with the geometric
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series, and since the transmission and reflection are sum up to unity then the

denominator will be

1 - pb,c¢pb,a¢

Neglecting third order terms from medium 'a' and second order terms from medium

'c¢',[1] the amplitude of the reflection coefficient is

T T
Fap = Pap T ifbibéfb,:g (39)
and the amplitude of the transmission coefficient is
Z(ab — Ta,bqnb,c
> l-pb,cd)pb,ad)
The above expression (3.9) and ‘t3'.10) can be obtained by using the product of

3 (3.10)

matrices [7].

The complex multilayer stacks can be reduced by repeating the above method with

the last layer as shown in the figure below.

Figure 3.2 Method to reduce a finite layer stack system into a smaller stack.
A stack is a pile of plane-parallel layers between two halfspaces, that is the top and

bottom halfspaces. Consider a light wave incident from the top halfspace onto the first




15
layer at an angle. A real index of refraction is to be assumed for the top halfspace and
for all the individual layers. The reflection and transmission take place according to
Fresnel's equations. The above problem is soived by summing up all the partial waves
to the total transmitted and reflected radiation. In figure 3.2, it is possible to observe
multiple reflections, and the transmission and refiection coefficients for the
combination of layers inside the figure is given by equation (3.9) and (3.10). Based on
the above condition, starting at the back side of the layer stack, the last layer and the
bottom halfspace are combined to a new 'quasi-halfspace of figure 3.3, which is
combined with the next layer until the layer stack system is completed. Finally, the
amplitudes of the reflected and fransmitted waves are squared to give the

corresponding intensities in the form of the equation:

2

Tx, ylzd’q'ﬁ’yf 212‘%: f{|2
1“Ipy, led)qlpyf XI2

(3.11)

R=|rsy|" = |ps, o) +]

|T:<Y|2‘1’4|":yff<lz

1‘1% ZIE‘i’quy.xlz

T=|t, |° = (3.12)
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4. MEASURING TRANSMITTANCE AND REFLECTANCE

4.1 Double beam spectrometer

The reflectance and transmittance measurements were done with the Perkin Elmer
Lambda 19 UVAVIS/NIR double beam spectrometer. it measures the ratio of the
intensities of the sample beam to that of the intensity of the reference beam. The
spectral ranges are:

uitraviolet (V) region from 185nm upto 320nm, Visible region from 320nm upto
860nm and near infrarad (NIR) region from 860nm upto 3200nm.

in the ultraviolet spectral region two monochromators in series in litirow configuration
are used and the optical filters are programmed to change automatically when the
monoachromafor is slewing. For the near infrared spectral region two monochromators
with gratings and programmed optical filters are present and they are changing
automatically when the monochromator is slewing. The holographic gratings for the
ultraviolet and visible region is 1440lines/mm and for the near infrared is 360lines/mm
and the beam separation in the sample compartment is 100mm.

The light source for the ultraviolet spactral region is a deuterium lamp, for the visible

and near infrared region a tungesten-halogen lamp and there is an automatic source

change when the monochromator is slewing.
The photodetectors used in the ultraviolet and visible ranges are a photomuitiplier and
a lead sulphide (PbS) detector for the near infrared range and the detectors are

changed automatically when the monochromator is slewing.
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The important parts of the LAMBDA 19 spectrometer system are:
1. main compartment of the spectrometer
2. two transmittance sample holders

3. personal computer with plotter

4.2 Measuring transmittance

To measure the near normal incidence transmittance the LAMBDA 19 spectrometer

normal compartment is used by the following procedures:

a. The spectrometer is switched on for 20 minutes until the lamp reaches thermal
equilibrium.

b. Putting the sample holder in its exact position of the sample beam.

c. Doing the instrurment background correction. The background correction is

calculated by using the formula

BC =%
F
where [ ¢ is intensity of sample beam

[, is intensity of the reference beam

d. Installing the sample on the transmittance holder and measuring the value, then the

value of the transmittance is the resulf of
T'=3%
BC
where F', is the value measured by the apparatus. [8,9,10]
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5. TRANSMITTANCE AND REFLECTANCE SPECTRA OF a-Si:H
MULTILAYER STACKS

The measurements of the transmittance and reflectance spectra for the same samples
were done in two laboratories, The transmittance measurements in the AAU laboratory
by using a Perkin Elmer LAMBDA 19 UV/VIS/NIR spectrometer and the reflectance
measurements in Juelich research center (Germany) by using the same apparatus
and the same samples. The measurements in both laboratories were done in the
wavenumber range of 4000cm™ < wavenumber < 40,000cm™ (250nm < 2 < 2500nm).

The samples used during the experiments are tabulated below.

Sample Name Sample layers Thickness [18]
glass + TCO (Transparent glass: 1mm
TCO Conducting Oxide) TCO: 70nm
glass + TCO + p-doped p-layer: 15nm
TCOP a-SiH
glass + TCO + p-and I-layer: S0nm
TCOPI I-layer a-Si:H
glass + TCO + p- and I-layer I-layer: 380nm
TCOPI2 a-SiH

TABLE 5.1 Samples used in the experiments,

The glass/TCO sample is made out of a glass substrate and a coated transparent
conducting oxide (TCO) layer. The TCOP sample is made out of glass and a
transparent conducting oxide layer coated with a p-doped a-SitH layer, The TCOP!

sample is made out of glass and a transparent conducting oxide layer, coated with a
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P-doped a-Si:H layer and coated with an additional intrinsic (I)-layer out of a-Si:H. In
this experiment two different thicknesses of the |-layer were used. The first one is the
TCOPI1 sample and the thickness of the l-layer is 50nm the second one is the

TCOPI2 sample and the thickness of the I-layer is 380nm.




20

6.1 TCO sample
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Figure 6.1 Transmittance spectrum of the TCO sample (consisting of a glass
substrate and a coated transparent conducting layer). Indicated are the

(IR} infrared, (VIS) visible and (UV) ultraviolet part of the spectrum.
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Figure 5.2 Reflectance spectrum of the TCO sample.
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In figure 5.1 the transmittance spectrum of the TCO sample is displayed. In the
infrared region for the wavenumbers between 4107.5cm' and 7814.9cm’ the
transmittance of the TCO sample increases from 0.478 to 0.825. In figure 5.2 the
reflectance spectrum of the TCO sample is displayed. The reflectance in this spectral
region drops from 0.153 to 0.058. In the infrared spectral region and at the beginning
of the visible speciral region for the wavenumbers between 7814.9cm™ to 16841.8cm'
the transmittance decreases from 0.825 fo 0.8 (figure 5.1) and the reflectance in this
spectral region increases from 0.056 to 0.18 (figure 5.2). At the high energy end of the
visible spectral region and in the uitraviolet spectral region for the wavenumbers
16841.8cm™ unte 27480.6cm! the transmittance increases from 0.8 to 0.86 (figure
5.1) and the reflectance in this spectral region decreases from 0.18 to 0.063 (figure
5.2). In the ultraviolet spectral region for the wavenumbers 27480.6cm™ up to
34089.6cm™ the transmittance decreases from 0.86 to 0.008 (figure 5.1) and in this
spectral region the reflectance increases from 0.083 to 0.103 (figure 5.2). Below
34089.5cm ™ the transmittance and the reflectance become a constant value of 0.049

until the wavenumbers reaches 40 000cm ™.
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Figure 5.3 Absorption spectrum of the TCO sample calculated from the
corresponding transmittance (figure 3.1) and reflectance spectrum

{figurs 5.2).

The reflectance, the transmittance and the absorption are add up to 1. Thersfore in
this layer systein there is an absorption band throughout the whole spectrum from
4,000cm™ upte 40,000cm™ {figure 5.3). However, the absorption is dominant in the

ultraviolet spectral region above the wavenumber of 32,800cm".
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5.2 TCOP sample
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Figure 8.4 Transmittance spectrum of the TCOP sample {consisting of a glass
substrate and a coated transparent conducting oxide lavor with an

additional p-doped a-51:H laysr;.
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Figure 5.5 Reflectance spectrum of the TCOP sample.
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In figure 5.4 the transmittance spectrum of the TCOP sample is displayed. In the
infrared region for the wavenumbers between 4268.7cm’ to 7331.3cm!' the
transmittance of the TCOP sample increases from 0 .478 to 0.825 and for the same
spectral region the reflectance decreases from 0.153 to 0.056 (figure 5.5). In the
infrared soectral region and visible spectral region for the wavenumbers between
7331 34em™ to 14104.5cm the transmittance decreases from 0.825 to 0.805 (figure
2.4) and foi the same speciial region the reflectance increases from 0.056 to 0.184
(figure 5.9). In the visible spaciral region of the spectrum in the wavenumbers region
petween 14104.5cm™ to 26100cm! the transmiitance of the TCOP sample increases
fromm 0.805 to 0.813 (figure 5.4) and for the same spectral region the reflectance
decreases froim 0.184 to 0.086 {figure 5.5).

in the uliraviolet spectral region for wavenumbers from 20,100 cr! to 26897cm ™ the
transmittance decreases from 0.813 to 0.37 (figure 5.4) and for the same spectral
region the reflectance increases from 0.085 to 0.184 (figure 5.5).

in the ultraviotet spectral region for the wavenumbers range between 26897cm™ to
33605.9cm! the fransmittance decreases from 0.321 to 0.019 and for the same
spectral region the reflectance decreases from 0.184 {0 §.048. For the wavenumbers
region between 33805.Sciv! to 40,000cim” the fransmittance and reflectance will be

G.018 and 0.045 resneaiively
U and uo-n fespecrively,




25

1.0
./‘- T
./'
0.8 i
L K
!
c 06+ B
2 !
5
o L
5
71 4 e
g 0.4 \ -
0.2 + !
s
\‘\‘.___h_“‘"_"‘_z
4.0
' 1 . L L i . | s
1] 16460 20000 L] 40600

Wavenumber {onrl)

Figure 8.5 Abscrplion speciruim of the TCOP sample calculated from the

corrgsponding transmittance (figure 5.4) and reflectance spectrum (figure

A3 the reflactance, the transmittance and the absorption for the same sample sum up
to 1, in comparison to the absorption spectrum of the TCO sample (figure 5.3), the
absorption band observed in the TCOP sample {figure 5.8) is spectrally hroader and
reaches far more in the visible spectrum. Up to 20,000cm™ the addition of the p-layer
hence increases the absorption of the whole fayer stack system into the visible region.
The other difference between the TCO and TCOP sampies is observed In the
reflactance spactra. The peak value of the reflectance i the ultraviolet spectral region
for the TCO sample is smaller (0.103) than that of the peak value of the reflectance of
the TCOP sample (G.184). Also the raflectance spectrum of the TCOP sample shows

a proncunced double maxima structure which exists due 1o internal multiple reflection

it the 13nm thick p-layer.
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5.3 TCOPIH1 samnple
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Figure 5.7 Transmittanca specuum of the TCOP!1 sample (consisting of a glass
siuibstrate, a coated TCO layer, an additional coated p-doped a-Si:H and

an additional IHayer).
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Figure 5.8 Reflectance spectrum of the TCOPI sample.




27

In figure 5.7 the transmittance spectra of the TCOPI1 sample is displayed. In the
infrared spectral region for wavenumbers from 4107.5cm™' to 8620.9cm’' the
transmittance decreases from 0.556 to 0.355 and for the same spectral region the
reflectance of the sample increases from 0.243 to 0.58 (figure 5.8). In the infrared and
visible spectral regions for the wavenumber range from 8298.5cm™ to 17808 9cm ' the
transmittance increases from 0.355 to 0.567 (figure 5.7) and for the same spectral
region the reflectance of the layer stack decreases from 0.59 to 0.041 (figure 5.8). In
the visible and ultraviolet speciral region in the wavenumber range from 17909.9 ecm™
to 23611.9 cm! the transmiftance decreases from 0567 to 0.03 (figure 5.7) and for
the same spectral region the reflectance of the layer stack increases from 0.041 to
0.26% {figure 5.8).

In the ultraviolet spectral region for the wavenumbers from 23611.9 cm™ to 40,000
cm! the transmittance is zero (figure 5.7). In the ultraviolet spectral region for the
wavenumbers from 23611.9 cm™ to 31188.1 cm’ the reflectance decreases from
0.285 to 0.053 and for the same figure in the ultraviolet region for the wavenumbers
from 31188.1cm™ to 40,000 cm™ the value of the reflectance is a constant value of

0.053 (figure 5.8).
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Figure 5.9 Absorption spectrum of the TCOPH sample calculated from the
corresponding transmittance (figure 5.7) and reflectance spectra

{figure 5.8).

Since the reflectance, transmittance and absorption are add up to 1, throughout the
whole spectrum there is an absorption band in the layer stack system which reaches
far into the visible spectral region up to 15000cm™ (figure 5.9). In comparison to the
TCOP sample the TCOPI1 sample has an additional intrinsic a-Si:H layer introduced
to the layer stack system. Due to the absorption of this layer in the ultraviolet spectral
range the transmiltance is negligible and the reflectance is very small. As the l-layer is
introduced, the transmittance of the layers can be neglected in the ultraviolet region
and aiso the reflectance of the layer system is very small in this region where the
absorption band dominates. The other difference between the reflectance of the TCOP
and TCOPI1 sample is that the maximum peak value for the reflectance spectrum of

the TCOP layer is less than that of the TCOPI1 layer.
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5.4 TCOPI2 sample
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Figure 5.10 Transmittance spectrum of the TCOPIZ sample (consisting of a glass
substrate, a coated transparent conducting oxide layer and an additional

coated p doped a-Si:H layer and an additional i-layer ).
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Figure 5.11 Reflectance spectrum of the TCOPI2 sample
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In figure 5.10 the transmittance spectrum of the TCOPI2 sample is displayed. In the
infrared spectral region for the wavenumber region from 4107 5cm™ upto 4429.9cm™
the transmittance of the TCOPI2 sample increases from 0.467 to 0.61 and the
reflectance decreases from 0.176 to 0.12 (figure 5.11). In the infrared spectrai region
for the wavenumber region from 4429.9cm™ to 8041.8cm™' the transmittance of the
TCOPI2 sample decreases from 0.612 to 0.265 (figure 5.10) and the reflectance
increases from 0.12 to 0.646 (figure 5.11). In the infrared spectral region for the
wavenumber region from 6041.8cm™ to 7653.7cm! the transmittance of the TCOPI2
layer increases from 0.265 to 0.802 (figure 5.10) and the reflectance decreases from
0.646 to 0.075 (figure 5.11). in the infrared spectral region for the wavenumber region
from 7653.7cm™ to 9265.7cm the transmittunce of the TCOPI2 layer decreases from
0.802 to 0.343 ffigure 0.10) and the reflectance increases from 0.075 to 0.58 (figure
5.11). In the infrared spectral region for the wavenumber region from 9265.7cm™ to
10877.6cm’! the transmittance of the TCOPI2 sample increases from 0.343 to 0.78
(figure 5.10) and the reflectance of the sample decreases from 0.58 to 0.109. At the
high energy end of the infrared region in the wavenumber region from 10877 6em'*
upto 12489.6¢cm™ the transmittance decreases from 0.78 to 0.44 (figure 5.10) and the
reflectance increases from 0.109 to 0.478 (figure 5.10). In the visible region for
wavenumbers from 12489.6em?! upto 13671.9cm™ the transmittance increases from
0.44 to 0.69 (figure 5.10) and the reflectance decreases from 0.478 to 0.131 (figure
5.11).

In the visible speciral region in the wavenumber region from 13671.9cm™ up to
14807 5o the transmittance decreases from 0.69 to 0.36 and in figure 5.8 for the
same region the reflectance increases from 0.131 to 0.38, In figure 5.10 in the visible

spectral region for wavenumber from 14907 .5¢cm™ upto 15874.6cm™ the transmittance
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decreases from 0.355 to 0.321 (figure 5.10) and the reflectance decreases from 0.38
to 0.053 (figure 5.11). In the visible spectral region for wavenumber from 15874.6cm™
upto 20065.67cm! the transmittance decreases from 0.321 to O (figure 5.10) and in
the visible spectral region for wavenumber from 15874.6cm™ upto 17002.9cm™ the
reflectance increases from 0.053 to 0.198 (figure 5.11). For the same figure in the
visible spectrum region for wavenumber from 17002.9cm™ upte 17970.2cm™ the
reflectance decreases from 0.198 to 0.131 (figure 5.11). At the high energy end of the
visible and the beginning of the ultraviolet region in the wavenumber region from
17970.2cm™ upto 24740.3cm™ the reflectance increases from 0.131 to 0.254 . In the
ultraviclet region for wavenumber from 24740.3cm’! to 31026.9cm’! the reflectance
decreases from 0.254 to 0.041 (figure 5.11). The spectral maxima positions of the
transmittance spectrum are always complementary with the spectrai minima positions
of the corresponding reflectance spectrum. As the wavenumber increases above
20065.7cm™ the transmittance will be zero and the reflectance decreases and

approaches to 0.041.
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Figure 5.12 Absorption spectrum of TCOPI2 sample calculated from the
corresponding transmittance (figure 5.10) and reflectance spectra

(figure 5.11).

Since the transmittance, the reflectance and the absorption for the same sample add
up to 1, there is an absorption band in the layer stack system (figure 5.12). For the
TCOPI2 sample the absorption dominates in the ultraviolet spectral region and makes
the transmiitance and reflectance in this spectral region to be very smail. As the
intrinsic layer thickness increases up to 380nm, in comparison to the TCOPI1 sample
where tne inttinsic layer is 50nm thick, internal multiple interferences inside the
intrinsic a-Si:H layer takes place and a larger number of interference fringes are
observed in the reflectance and transmittance spectra in comparison to the TCOPI1
sample. Also as the intrinsic layer thickness increases the absorption in the ultraviolet

and visible spectral region increases.
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6. COMPUTER SIMULATION OF TRANSMITTANCE AND
REFLECTANCE SPECTRA OF a-Si:H MULTILAYER

STACKS

6.1 SCOUTFIT computer programme

SCOUT stands for Spectroscopic Objects and Ultilities and is a Windows application
for CAOS. CAQOS is an abbreviation for Computers Assisted Optical Spectroscopy,
which is an approach to the interpretation of optical spectra by computer simulation. A
direct simulation of optical spectra has to be based on the macroscopic response of
matter to electric fields which is given by the dielectric function of the material. Hence,
SCOUT provides a wide and growing variety of possibilities to define dielectric
functions:

- Definition of dielectric functions on the basis of simple models : constant
susceptibility, Drude model for free carriers, harmonic oscillator model for interband
transitions (band gap) (see chapter 2, pp 5).

The SCOUTFIT computer programme is used to determine the layer thickness and
the dielectric function of a single layer as well as muitilayer stacks with an input of
measured transmittance and reflectance spectra at normal incidence or at different
angles. The step by step introduction of the parameters to the SCOUTFIT programme
to compare measured reflectance or transmittance spectra to the simulated ones will
give the exact resuit. The simulation is done with a small variation of the parameters
corresponding to the given transmittance and reflectance spectra until there is an
agreement between the measured spectra and the simulated curves. In applying the

SCOUTFIT programme the following procedures are required:
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a) Define the layer stack.

b) Define the dielectric function models of all materials inside the layers or layer
stacks.

¢) Define the experimental set up of the spectrum which is imported into the
programme.

In doing so a continuous interaction of the parameters will be done by rough

estimation of the parameters until the automatic fit becomes successful. The fitting

process is done both by hand and automatically. [1]

By using the SCOUTFIT programme based on the above rules the parameters of the

dielectric functions applied to the spectra (discussed in chapter 5) are determined.
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6.2 Computer simulation of the reflectance spectrum of the TCO sample

The TCO sample consists of a glass substrate coated with a transparent conducting
Oxide (TCO) layer. Therefore the layer structure used by the computer simulation
inside the SCOUTFIT programme is among a half space of Vacuum, a simple layer of
glass, followed by a simple layer of TCO which again is enclosed by a half space of
vacuum. The reflectance spectrum imported into the programme is displayed in figure
5.2. The dielectric function used to simulate the individual layers is for the haif space
vacuum the fixed dielectric function value of s=1, for the glass layer the harmonic
oscillator model to simulate the band gap of glass, consists of the resonance
frequency, the oscillator strength, the distribution width, the damping constant and the
dielectric background value and finally the glass layer thickness (see chapter 2, pp 5).
For the TCO layer the Drude model is introduced to the computer simulation to
simulate the influence of the free carriers of this layer, The fitting parameters include
the plasma frequency, the dielectric background of this material and the TCO layer
thickness. The layer stack structure and the list of dielectric function used are shown

in table 6.1,
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Layer structure [Layer |Modell dielectric function

Half space Vacuum |g=1

simple layer Glass [Harmonic oscillator + dielectric background
simple layer TCO Drude model + dielectric background

Half space Vacuum je=1

Table 6.1 The layer stack of the TCO sample and the SCOUTFIT dielectric function

models.
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Figure 6.1 The reflectance (dark line) and the SCOUTFIT simulated spectra (dotted

line) of the Glass/TCO sampile.

Figure 6.1 displays the result of the SCOUTFIT programme for the reflectance of the
TCO sample. The dotted line shows the computer simulated spectra and the dark line
shows the measured reflactance spectra. The least square value of the difference

between the two spectra is 0.0004846. The simulated optical parameters are

tabulated below in table £.2.
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Dielectric function model parameters Values |Dimension
Elass: dielectric background: Real part 213

Eass: band gap: distribution width 50.06 cm
Glass: band Gap: damping 2770.9983 cm’?
Glass: band gap : oscillator strength 1095.5513 cm’?
Glass: band Gap: resonance frequency 39675.3 cm™
Glass: layer thickness 9356.4194 pm
TCO: free carriers: damping 456.5405 cm!
TCO: free carriers: plasma frequency 8920.502 cm’™
TCO: dielectric background: real part 3.6786

TCO: layer thickness 0.0619 pm |

Table 6.2 SCOUTFIT optical parameters for the TCO sample simulated with a

reflectance spectrum.




38

6.2 Computer simulation for the transmittance of The TCO sample

The dielectric functions used are the same as for the TCO sample in the simulation of

the reflectance spectrum. The transmittance spectrum imported into the programme is

displayed in figure 5.1. The list of dielectric function and the layer stack are tabulated

in table 6.3.

Layer structure iLayer |Model dielectric function

Halfspace Vacuum [g=1

Simple layer Glass |Harmonic oscillator + dielectric background
Simple layer TCO Drude model + dielectric background

Half space Vacuum |s=1

Table 6.3 The layer stack of the TCO sample and the SCOUTFIT dielectric function

models,
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Figure 8.2 The transmittance (dark line) and the SCOUTFIT simutated spectra

(dotted line) of the TCO sample.
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Figure 6.2 displays the result of the SCOUTFIT programrﬂé fbr the transmittance of

the TCO sample. The dotted line shows the computer simulated spectrum and the




dark line shows the measured transmittance spectrum. The least square value for the

difference between the two spectra is 0.0008019 and the simulated optical parameters

are tabulated in table 6.4.

Dielectric function model Values Dimension
Glass: dielectric background: real part 2.21

Glass: band gap: distribution width 1731.6219 cm™
Glass: band gap: damping 654.4803 cm!
Glass: band gap: oscillator strength 429.3679 cm
Glass: band gap: resonance frequency 37268.3945 cm
Glass: layer thickness 1022.956 pm
TCO: free carriers: plasima frequency 13000 cm?
TCQ: dislectric background: real part 3.6749

TCQ: free carriers: damping 985.1888 cm™?
TCO: layer thickness 0.0638 jim

Table 6.4 SCOUTFIT optical parameters of the TCO sample simulated with the

transmittance spectrum.
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6.4 Computer simulation for the reflectance of the TCOP sample

The TCOP sample consists of a glass substrate coated with a TCO layer and an

additional coated p doped a-Si:H layer. The dielectric function used are the same as

that of the TCO sample with an additional Drude model and dielectric background for

the p layer. The reflectance spectrum imported into the programme is displayed in

figure 5.5. The layer stack and the list of dielectric function models are tabulated in

table 6.5.

Layer structure Layer Model dielectric function

Half space Vacuum  |g=1

Simple layer Glass Harmonic oscillator + dielectric background
Simple layer TCO Drude model + dielectric background
Simple layer P-layer Drude model + dielectric background

Half space Vacuum  je=1

Table 6.6 The layer stack of the TCOP sample and the SCOUTFIT dielectric function

models.




41

Reflectance
= o
o W
]

©
J—
1

0 ¥ T T T LI} Ll T
5000 10000 15000 20000 25000 30000 35000 40000
Wavenumber [cm 1]

Figure 6.3 The reflectance (dark line) and the SCOUTFIT simulated spectra (dotted

line) for the TCOP sample.

Figure 6.3 displays the result of the SCOUTFIT programme fit for the reflectance of
the TCOP sample. Where the dark line shows the reflectance spectrum and the dotied
line shows the computer simulated spectrum due to the tabulated parameters. The
least square value for the difference between the two spectra is 0.0007848. The

simutated optical parameters are tabulated in table 6.6.
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Dielectric function model parameters Values Dimension
Glass: band gap: distribution wiclth 1604.3713 cm?
Glass: band gap: damping 2012.0564 cm?
(Tiass : band gap: oscillator strength 815.9837 cm!
Glass : band gap : resonance frequency 39907.328 cm™
Glass : layer thickness 1017.6191 pum
Glass: dielectric background: real part 2.3328

TCO : free carriers : damping 488.9775 e’
TCO : free carriers : plasma frequency 12807.739 e’
TCO : dielectric background: real part 3.7848

TCO : layer thickness 0.0685 um
P-layer: free carriers; damping 15030.111 cm’
P-layer: free carriers; plasma frequency 10042.433 cm’™
P-layer: dielectric background: reél_pan 11.65

P—lai{er: layer thickness 0.015 wm

Table .6 SCOUTFIT optical parameters of the TCOP sample simulated with a

reflectance spectrum.
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6.6 Computer Simulation of the transmittance of the TCOP sample

The sample and the dielectric function models used are the same as for the TCOP

sample in the simulation of the reflectance spectrum 6.3. The fransmittance spectrum

imported into the programme is displayed in figure 5.4. The layer stack and the list of

dielectric function are shown in table 6.7.

Layer structure |Layer |Model dielectric function

Half space Vacuum [s=1

Simple layer Glass |Harmonic oscillator + dielectric background
Simple layer TCO Drude model + dielectric background
Simple layer P-layer |Drude model + dielectric background

Half space Vacuum |s=1

Table 8.7 The layer stack of the TCOP sample and the SCOUTFIT dielectric function

models.
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Figure 6.4 The transmittance (dark line) and the SCOUTFIT simulated spectra

{dotted line) of the TCOP sample.

Figure 6.4 displays the result of the SCOUTFIT programme for the transmittance of

the TCOP sample. The dotted line shows the computer simulated spectra and the
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dark line shows the measured transmittance spectra. The least square value of the
difference between the two spectra is 0.0006256. The simulated optical parameters

are tabulated in table 6.8.

Dielectric function model parameters Values Dimension
Glass: dielectric background: real part 2.3112

Glass: band gap: distribution width 2000.91 cm!
Glass: band gap: damping 1851.9138 cm!
Glass: band gap: oscillator strength 581.5004 cmt
Glass: band gap: resonance frequency 38293.875 cm?
Glass: layer thickness 1092.2369 Hm
TCO: free carriers; damping 4729692

TCO: free cartiers: plasma frequency 14000 cm’
TCO: dielectric background: real part 3.9178

TCQO: layer thickness 0.0703 pm
P-Layer: dielectric background: real part 11.7353

P-layer: free carriers: damping 635.5182 cm!
P-layer: free carriers: plasma frequency 18000 et
P-layer: layer thickness 0.0141 pm

Table 6.8 SCOUTFIT optical parameters of the TCOP sample simulated with a

transmittance spectrum.




The TCOPI1 sample consists of a glass substrate, coated with a TCO layer and is
additional coated with p doped a-5i:H layer and an additional i-layer. The dielectric
function models used are the same as for TCOP sample with an additional harmonic
oscillator model and dielectric background for the i-layer. The reflectance spectrum

imported into the programme is displayed in figure 5.8. The list of dielectric function
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models and the layer stack are shown in table 6.9.

Layer sfructure Layer Model dielectric function

Half space Vacuum  [g=1

Simple layer Glass Harmonic oscillator + dielectric background
Simple layer TCO Drude model + dielectric background
Simple layer P-layer Drude model + dielectric background
Simple tayer I-layer Harmonic oscillator + dielectric background
Half space Vacuum  |s=1

Table 6.9 The layer stack of the TCOPI1 sample and the SCOUTFIT dielectric

function models.

0.8

Reflectance

0 T
5000

Figure 6.5 The reflectance (dark line) and the SCOUTFIT simulated spectra (dotted

10000 15000 20000 25000 30000 35000 40000

Wavenumber [em 1]

line) for the TCOPH sample,
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Figure 8.5 displays the result of the SCOUTFIT programme fit for the reflectance of
the TCOPI1 sample, where the dotled line shows the computer simulated spectrum
and the dark line shows the measured reflectance spectrum. The least square value of

the difference between the fwo spectra is 0.0012459. The simulated optical

parameters are tabulated in table 6.10,

Dielectric function model parameters Values Diimension
Glass: dielectric background: real part 2.1106

Glass: band gap: distribution width 1289.8541 cm
Glass: band gap: damping 865.499 cm’
Glass: band gap: oscillator strength 452.6223 cnr?
Glass: band gap: resonance frequency 41149 cm
Glass: Layer thickness 1073.7852 Hm
TCO: free carriers: damping 504.1816 cm’!
TCO: free carriers: plasma frequency 4357.8354 cm?
TCQ: dielectric background: real part 4.4749

TCOQ: layer thickness 0.0629 pm
Elayer: dielectric background: real part 13.0777

P-layer: free carriers; damping 402.1344 cm
P-layer: free carriers: plasma frequency 915.8302 cm’
P-layer: layer thickness 0.0167 um
I-layer: dielectric background: real part 5.46 cm!
I-layer: layer thickness 0.0405 pm
[-layer; band gap: resonance frequency 15812.3076

[layer: band gap: oscillator strength 439.7651 cmy?
i-layer: band gap: damping 46.4987 cm

Table 6.10 SCOUTFIT optical parameters of the TCOPI1 sample simulated with a

reflectance spectrum.
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6.7 Computer simulation of the transmittance of the TCOPI1 sample
The dielectric function models used are the same as that of the TCOPI1 sample. The
transmittance spectrum imported into the programme is displayed in figure 5.7. The

layer stack and the list of dielectric function are shown in table 6.11.

Layer structure layer Model dielectric function

Half space Vacuum |g=1

g{mple layer Glass Harmonic oscillator + dielectric background
_Simp!e layer TCO Drude mode! + dielectric background
Simple layer P-layer |Drude modet + Dielectric background
Fsiimple layer l-layer  |Harmonic oscillator + dielectric background
Half space Vacuum [s=1

Table 6.11 The layer stack of the TCOPI1 sample and the SCOUTFIT dielectric

function models.

Transmittance

COOoCDOCo0

T B had e O W 00 G
!

5000 10000 15000 20000 25000 30000 35000 40000
Wavenumber {cm "}

Figure 6.6 The transmittance (dark [ine) and the SCOUTFIT simulated spectra

(dofted line) for the TCOPIT samples.

Figure 6.6 displays the result of the SCOUTFIT programme for the transmittance of

the TCOPI1 sampie. VWhere the dotted line shows the simulated spectrum and the
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dark line shows the transmittance spectrum. The least square value for the difference

of the two spectra is 8.0006605 and the values of the optical parameters are tabulated

in table 6,12,

Dielectric function model | Values [Dimension
Glass: dielectric background: real part 2.25

Glass: band gap: distribution width 1517.69 em!
Glass: band gap: damping 1529.1465 cm
Glass: band gap: oscillator strength 855.1711 cm’?
Glass: band gap: resonance frequency 34889.0605 em!
Glass: layer thickness 1045.0153 um
TCO: free carriers: damping 583.6895 cm!
TCO: free carriers: plasma frequency 4512.6982 cm!
TCO: dielectric background: real part 3.64

TCO: layer thickness 0.069 pm
P-layer: dielectric background: real part 11.6355

P-layer: free carriers: damping 548.3973 cm’!
P-layer: free carriers: plasma frequency 1285.1846 cra!
P-layer: layer thickness 00113 | um
l-layer: dielectric background: real part 3.39

l-laye( . layer thickness - N 0.0479 Lam j
iIala',(er: band gap: resonance freguency 13999.3496 cm’
I-layer: band gap: damping o _ | 465418 e’

Table 6.12 SCOUTFIT oplical parameters of the TCOPH] sample simulated with a

transmittance spectrum.
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6.8 Computer simulation of the reflectance spectra of the TCOPI2 sample.

The TCOPI2 sample consists of a glass subsirate coated with a TCO layer and is
additional coated with a p and i doped a-Si:H layer and the thickness of the i layer in
this case is approximately 380nm. The dielectric functions used are the same as that
of the TCOF sample. The reflectance spectrum impoited into the programme is

disniayad in figure 5.11. The iist of dielectric funcition are shiown in table 6.13.

mv#? étruf‘:m,e Layer i.MOf’eI dieiectric function i
Haltspacs  acwm =l |

3' i*f“ 1f‘i"*‘:' - fiﬂss E_Q;zrmongg_;;‘;i_iif‘,té’f_‘"_d;el‘f_cfﬂ‘? background'
! R |
Stpls leyer fTCG ‘Drude mode! + dielectric background f

I
Drt de medzl + digiectric background !
‘Har momc osciilator + dielectric background

Vacuum g=

anie 8.13 The layer stack of the TCOPRI2 saimple and the SCOUTFIT dielectric

funclion models.

| ‘
2000 in}'C'{) 13000 20000 230600 30000 33000 40000
Wavenumber fom ]

Figure 6.7 The reflactance (dariiine) and the SCOUTFIT simulated soectra (dotted
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Figure 6.7 displays the result of the SCOUTFIT programime fit for the reflectance of

the TCOPI2 sample. The dotted line shows the computer simulated spectra and the
dark line shows the measured reflectance spectra. The least square value of the
difference bebveen the two spectra is 0.0042673. The simulated optical parameters of

the TOOPIZ layer are tabulated in table .14,

p—————— —_— —

Dieleciric funciion modal parameters Values |Dimension
C"l_a:;igfihf-ze;*;:_oa;kgmund raal part 2.2038

Glass: band gap: distribution, width 1211.,4092 cm”
i—é—!gss: rand gap: damping 2069.4312 | om!
'Efééass: band gap: osciilator strength L 831 3893 | cm!
é’as: band gap: resepance frequency 38988.6752 3 cm! i
Ei”:‘: faver thickness . 10984385 ' pm !
TCO: free carriers: damoing 4208048 ¢ emt
TCO: free carriers: plasma frequency 10005652 +  cm’!
TCO: dielecitric background; real part 42836

TCO tayer thickness 0.062 | um
1«-:& yer: dielectric background: real part | 10.7988

|p ‘Ign-yé'r free carriers: damping | 491 6903 cm!

:p layer: free carriers! phsrﬁg.{r_e_qziency N 1208.9017 cm’!
F:‘Tc;mr iq\,er thickness ) 0.016 wm

,I layer: d dielectric background: real part o 5.43

!—!jlayer: layer thickness 0.3942 um
{I-!ayer: band gap: resonance frequency 13723.3984 cm’
!_I_-!_a_ycr‘ band gap: oscillator strength 1050.6021 cm’
ll-tayer: band gap: damping 40.0807 cm’’

Table 6.14 SCOUTFIT optical parameters of the TCOPI2 sample simulated with the

reflectance spectrum.
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6.9 Computer simulation of the transmittance of the TCOPI2 sample

The dielectric function models used are the same as for the TCOPI2 sample used in

the reflectance simulation in section 6.7. The transmittance spectrum imported into the

programme is displayed in figure 5.10. The list of dielectric function modlels and the

layer stack are tabulated in table 6.15.

iLayer structure |Layer Model dielectric function

Half space Vacuum |s=1

Simple layer Glass Harmonic oscillator + dielectric background
Simple layer TCO Drude modsl + dielectric background
Sirple layer P-layer |Drude model + dielectric background
Simple layer I-layer Harmonic oscillator + dielectric background
Half space Vacuum |[s=1

Table 6.15 The layer stack of the TCOPI2 sample and the SCOUTFIT dielectric

function models.

Transmittance

0 —=
5000

10000

15000 20000 25000 30000 35000 40000

Wavenumber fem 1}

Figure 6.8 The transmittance (dark line) and the SCOUTFIT simulated spectra

(dotted line) of the TCOPI2 sample.
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Figure 6.8 displays the result of the SCOUTFIT programme fit for the transmittance of
the TCOPI2 sample, where the dotted line shows the computer simulated spectrum
and the dark line shows the measured transmittance spectrum. The least square value
of the difference of the two spectra is 0.0058662 and the optical parameters obtained

from the simulation are tabulated in table 6.16.

Dielectric function model parameters Values Dimension
Glass: dielectric background: real part 2125

Glass: band gap: distribution width 1509.4189 em?
Glass: band gap: damping 3265.3584 cm?
Glass: band gap: oscillator strength 1124.4586 cm™
Glass: band gap: resonance frequency 35687.93 cm™
Glass: layer thickness 987.54 pm
TCO: free carriers: damping 1641,2438

TCO: free carriers: plasma frequency 12907.4561 em
TCO: dielectric background: real part 3.8869

TCO: layer thickness 0.0795 pm
P-layer: dielectric background: real pant 11.6252

P-layer: free carriers: damping 692,4374 em™
P-layer: free carriers; plasma frequency 79951724 cm™
P-layer: layer thickness 0.015 pm
I-layer: dielectric background: real part 5.64

I-layer: layer thickness 0.393 £m
{-layer: band gap: resonance frequency 16944,5932 cmt
I-layer: band gap: oscillator strength 2500.01 cm!
I-fayer: band gap: damping 106.9138 cm!

Table 6.16 SCOUTFIT optical parameters of the TCOPI2 sample simulated with the

transmittance spectrum.
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7. DISCUSSION OF THE OPTICAL PROPERTIES OF a-Si:H

MULTILAYER  STACKS

7.1 Discussion of the layer thickness

In this section the optical properties of the observed a-SitH multilayer stacks obtained

from the SCOUTFIT programime in section & will be discussed. Table 7.1 shows thee

layer thickness of the TCO, TCOP, TCOPI1 and TCOPI2 samples for the

transmittance and the reflectance spectrum. Also the average values of the layer

thickness of the samples and the reference value obtained from the references are

tabulated.
Layer Samples
TCO TCOP TCOPH TCOPI2
Refl. | Tran. | Refl. | Tran. |Refl Tran. [Refl. |Tran. |Avera |Reference
(pm)} (um) | (uom) | (pm) | (um) | (um) | (um) | (um) [ge(um | (um)
)
Glass | 95842 | 1,022.96 [1,017.62]1,092.24|1,073.52| 1,046.02 | 1,008.44 | 987.54| 1,036.7 [1000  [18)
TCO | 00618 | 0.0888 | 0.0695 | 0.0703 | 0.0629 | 0.069 0.068 |0.0795 ] 0.0687 | 0.07 [i8]
P - - 0.015 | 0.0441 | 0.0167 | 0.0113 { 0016 | 0.015 | 0.0147 [ 0.015 [i8]
L _ _ - - 0045 | 00479 - _ | 00465 | 0.050 (18]
1, - - - _ (L - _ 0.394 | 0.393 | 0.3935 | 038 (18]

Table 7.1 The thickness of each layer. (where Refl. stands for reflectancs and

Tran. stands for transmittance).
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The average value of the fayer thickness of glass obtained from the transmittance and
reflectance spectra fitted by the SCOUTFIT programme is 1036.72 pm whereas the
reference value obtained from [18] is 1000 pum, thus the deviation is 3.672 %. The
average value of the layer thickness of the TCO layer obtained from the transmittance
and the reflectance spectra fitted by the SCOUTFIT programme is 0.0687um and the
value from the reference [18], is 0.07um, thus the deviation is 1.857 %.
The average value of the thickness of the p- doped a-SiH layer obtained from the
reflectance and the transmittance spectra of the SCOUTFIT programme fit is
0.0147um and the value obtained in the reference {18] is 0.015um. Thus the deviation
is 2 %. The average vaiue of the thickness of the I, doped a-Si:H layer obtained from
the reflectance and the transmittance spectra fitted by the SCOUTFIT programme is
0.0465um where as the value obtained from reference [18] is 0.05um. Thus the
deviation of the layer thickness between the two values is 7 %.
The average value of the thickness of [, - doped a-Si:H layer obtained from the
reflectance and transmittance spectra fitted by the SCOUTFIT programme is 0.3935
um where as the value obtained in the reference [18] has a layer thickness value of
0.380um. Thus the deviation of the layer thickness is 3.553 %.
For the layer thickness the deviation between the fitted value and the reference vaiues
is not more than 7 %. This is a quite good correlation and proves that the fitting of
optical transmittance and reflectance spectra with the SCOUTFIT programme gives a

reliable source to determine the layer thickness of the thin film layer components.
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7.2 Discussion of the optical parameters

The other propetties that will be discussed is the dielectric background which is
denoted by € coand is mathematically expressed by the equation (3.4). In table 7.2 the
average value and the reference value of the obtained dielectric background constants
and the band gap resonance frequency parameters for TCO, TCOP, TCOPI1 and

TCOPI2 are tabulated.
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Dielectric function—modei parameters |Average value |Reference Deviation

G!ass:_c_i.ie!ectric background: real part 2.21 225 {17} 1.78%

Glass: band gap: distribution wicth 1364.42 cm™

Glass: band gap. damping 1877.36 cm™’

]Glass: band gap: oscillator strength 760.76 cm'!

Glass: band gap: resonance frequency 38232.45¢m™ 137908em'[17] . 0.88“;;:
| i

TCO: free carriers: damping | £94.2 cm’’ :

ETCO: free carriers: plasma frequency ; 893837 em! i - .

ETCC’): dieiectric:tz;;!«:ground: real part :' 3.62 I 3.8 {2;}“5"“3.158*}:’;

Pulyer: diclectic backgroured: tsal pae. | 4175 117 D8]] 0.427%

Flayer: frae carders: Jamping ; 71221 ey’ §

Player frae carriers: plasma fraquency * 8574 5% g i

EI,-%aye-r: dielectiic background: real pait r 5.43 i 517 [15}]] 5.02%

-layer: band gap: resonance frequency |14905.83 cm! I1363’)?:3cm"[34] | 7.445%

%I,-Iayer: band gap: oscillator strength 559.28 em™ I

!Il-layer: band gap: damping 46.52 e’ i

iiz-[ayer: dielectric background: real part 5,56 {; 517 (18] | 7.544%

ghrisyer: band gap: resonance frequency 15334 cm’’ 13873cm? 10.53%

%iz—tayer: band gap: oscillator strength | 1775.31 ey

éi?—layer: band gap: dampir;_m 73.49 cm™

Table 7.2 The average value of the dielectric function model parameters obtained
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For the glass layer a simple oscillator model was used to simulate the optical band gap
of the material. The obtained fitted band gap resonance frequency can be compaied
with the reference value. The differénce is only 0.66 %, so that the band gap energy of
glass is successfully obtained. The overall dielectric background used has a deviation
of 1.78 % from the reference value.

In the simulation process the simple harmonic oscillator modei together with the
dielectric background model is used for glass and can successfully describe the
measured reflectance and transmittance spectra.

In the simulation of the TCO layer the Drude model and the dielectric background
model are used to determine the dielectric background and the free catriers damping
and plasma frequency. The obtained value of the dielectric background as compared
to the referred value has a deviation of 3.158 %. Thus, the simple models used in this
simulation gives a good result.

For the P- doped a-Si:H layer the simulation is done by using the Drude model with the
free carriers damping and plasma frequency as parameters and the dielectric
background model is used to determine the dislectric background. The obtained value
of the dielectric background compared to the reference value has a deviation of 0.427
%. Thus, using the Drude model and the dielectric background model for simulation of
the optical properties of the TCO layer gives a very good resuit.

The next layer which is simulated is the l-layer with a layer thickness of 50 nm and
380 nm by using the oscillator model and the dielectric background model to
determine the dielectric background and the band gap resonance frequency. The
obtained dielectric background for the [- layer of thickness 50nm has a deviation of -

5.02 % and for the [-layer of thickness 380nm has a deviation of 7.544 %, also the
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obtained band gap energy for the 50nm layer thickness has a deviation of 7.445 %
and for the l-layer of thickness 380nm the deviation of the band gap energy as
compared to the referred value has a deviation of 10.531 %.

The cause for the deviation of the obtained vailues by the SCOUTFIT simulation
programme with the reference values is that really simple models were used in this
determination which of course can only approximately simulate the complex layer stack
system.

Additional reasons for the obtained deviations between fitted and reference values are
the experimental errors and the inhomogeneous of the sample thickness which could
be up to 3 %. However the -executed computer simulation of the measured
transmittance and reflectance spectra of a-SiiH layer stacks can provide valuable
information of the layer thickness and optical parameters which are in the same
accuracy region obtained with other simulation methods like the Hishikawa's relation

method and the Tauc's plot methed. [2, 3]
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