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Abstract 

The optical properties of a-Si:H multilayer stacks are determined by comparing the 

measured reflectance and transmittance 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·1< wavenumber < 40,000 cm·1
• The transmittance spectra in 

the same spectral region for the same samples were done in the AAU spectroscopy 

laboratory. The obtained properties of the a-Si:H multilayer stacks, the layer thickness, 

the dielectric 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 

Tho photovoltaic effect was discovered more than 100 years ago. Since the 

deroollslration of the crystalline Silicon (Si) p-n junction solar cell in 1954, 

photovoltaics and microelectronics hav.; been closely linked. As Si microelectronics 

developed and expanded, there were similarly high hopes for terrestrial power 

gen'?raiion by solar cells. By 1956, solar cells for krrestrial applications were 

produced for different purposes. [5J 

The development of these p:,dovoltaic cells within these years increases its efficiency 

i;. :':,0 l"bomtolY doamonstralion. This improvements in output current, significant 

increases in output voltage and splitting of light among solar cells of different band 

gaps that waste 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-carrier recombination rate. 

2) trapping light in active layers. 

3) increasing the intensity of light with concentrating optics. 

In single-crystal Si and GaAs laboratory cells, respectively, one or both of the first t"vo 

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) 

alloy materials have led to 14% laboratory cell efficiencies using multiple band gaps 

and light trapping without light concentration. [3,14] 

Another improvement of solar cells is to collect longer wavelength photons by 

absorption Llsing stacked junctions of lower-energy gap semiconductors. The reason 

for this is that the energy gap in a-Si of 1 .7-1 .8 eV 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 structure by assuming a 

fill factor of 70% and an open circllit voltage of Vo,= 1 .43V, obtained with different cell 

structures.[6] Thin films a-Si:H 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 individual layers of the layer stac:{ 

system is of great importance. The determination of the renectance and transmittance 

in the wavelength range 250< " < 2500nm (4000< waven~lmber< 40,000cm-1) for 

layer systems which creates the p-i-n structure of the a-Si:H solar cell, provides 

information of the optical constants 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:I-1 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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Met..'li back contact 

intrinsic a-Si(H) 

FrCf:IJl cor:tact (tf<l.mp:::rtr~ conductor) 

Glass substrate 

ifiifflni 
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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-Si:H layer (TCOP), transparent conducting oxide on a glass substrate with a:' 

additional p-doped a-Si:H and an I-layer a-Si:H of thickness 50nm (TCOPI1) and 

transparent conducting oxide 'vith p- and 1- doped a-Si:H layer of thickness 380nm 

(TCOPI2). 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 the 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 

UVIViSINiR double beam spectrometer was used and the measurement was done at 

room temperature and over the wavelength range of 250nm < f. < 2500nm or over the 

wavenumber range of 4000cm-1 < wavenumber < 40,OOOcm-1
. 
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In chapter 2, important physical models to determine the dielectric function of a 

substr3t.2 are discussed. In chapter 3, the complex reflectance and transmittance and 

the optical interaction at the interfacc~ between two layers and multilayer stacks are 

discussed. In chapter 4, the experimental set up used in tile investigation and the 

procedur'3 is explained. In cllapter 5, the reflectance and transmittance spectra of the 

TCO, TCOP, TCOPI1 and TCOPI2 san',ples :}r," pr,;s()ntAd. In chapt,"r 6, the 

SCOUTFIT computc;r simubtion prog,ammG ie; expl8ined, the simulated spectra are 

pn~sented and the, fitting Farameters are tabulated. In chapter 7, the results of the 

sirnulalion of the measured spectra and the' dielectric function models for the 

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

2.1 Dielectric function 

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

o 
polarization of the material. The polarization P is 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 

o 0 
P =SoXE (2.1) 

o 0 
The dielectric displacement D and the electric field E is related by the dielectric 

function s 

o 0 
D = sos E 

connecting E and X as: 

E=l+X 

2.2 Constant susceptibility 

(2.2) 

(2.3) 

Figure 2.1 shows the dielectric function for the infrared region OR), visible region (VIS) 

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 coo. 
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Figure 2.1 Dielectric function of a group IV semiconductor like Silicon. The dotted 

line represents the real part, the dashed line the imaginary part of th.;) 

dielectric function. 

2.3 Harmonic oscillator 

Microscopic vibrations which consider the movement of nllGI~i of atoms hal{," th~ir 

resonance frequency mostly in the infrared region. The frequency depends on the 

mass of the oscillating atomic nuclei and the strength of the bonding between them. 

The susceptibility describing such microscopic vibrations can be expressed in the 

form of 

(2.4) 

where Op is the oscillator strength,O, the damping and OTo 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 

liitraviolet spectral region [17]. 
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2.4 Drude susceptibility for free carriers 

In highly doped semiconductors charge carriers are set free by donors or acceptors by 

a small 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 

0 2 
P 

XOrud'= \:,2+ivO, 
whem O? is. the plasma frequency given by the expression 

) ne~ 

Op~= " m 
'-'0 

(2.6) 

(2.7) 

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] 

o 
0-p 

with I,co= 11.7cnr' ; 0,= 1800cm" ; 0,= 500cm" , 

(2.8) 

(2.9) 

Figure 2.2 displays the dielectric function of a highly p-doped silicon crystal in the 

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

contributes to an abrupt change for the real and imaginary part of the dielectric 

function. Above 2000cm" the constant dielectric backgrollnd 8", 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 susceptibility and the Drude model. 
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Figure 2.2. Dielectric funciion 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 coefticient can be 

determined by using a product of matrices. The matrix eiement 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 "" 1'1'* and the transmission coefficient T = U*. 

For a light wave, which is travelling in homogeneous media, the electric field for a 

plane wave by Maxv'Iell's equation can be written as 

~ -~ .~ ~ 
E = Eo exp(i(K $ r - (ot)) (3.1) 

where Eo is the amplitude, K is the wavevector, r is the displacement and w is the 

angular frequency of the wave. 

For non-magnetic media this can take another form under the following approach 

~ ~ -+ -+ 0 

K e K = ..g:.. e ~ s(CO) = w:s(CO) (3.2) 
Co Co Co 

where Co is the speed of light in free space and S( (0) is the dielectric function. In a 

more empirical form the above formula can be expressed as 

~ ~ 

K" K = (~:)2S((O) = k~s((o) (3.3) 

Where ;\0 is the wavelength of light in vaCllum and ICo = i: 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 =Eoexp(i(Ke r -cot)) 
-) -)~ 

= Eoexp(i(Js(co)Ko • r -cot)) 
Introducing in the above equation the complex index of refraction 

n+iK= Js(co) (3.4) 

gives the following equation 

~-) -)~ 

E = Eo exp(i«n + iK)Ko. r - cot)) 
-) -) ~ -)~ 

= Eo exp i(nKo G r - cot)exp( -uo. r) (3.5) 

Equation (3.5) is a plane wave Which is decaying exponentially with an intensity . . . 
constant of absorption K . 2Kko = 41tKV. 
Consider the wave which acts -anh~·iriterface between two layers: 

incident 
wave 

I 

transmitted 
wave 

reflected 
wave 

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 incigent on the surface of the two media are partly 

reflected and partly transmitted and this can be evaluated by using the boundary 
. , 

conditions for electric and magnetic fields. P •. b is the amplitude of the reflection 

coefficient and ' •. b is the amplitude of the transm;;sion 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) 

~ -)-

K = ;0 J s( CO ) for the x-component of the waveve.ctor it can be written in the form 
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where J8((!») = naSlna 

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

(3.7) 

where N is the complex index of refraction and a is the angle of incidence 

N = JE(W) - n;sin2
a, 

Also, the complex index of refraction N = N + iK, with its real part N(cl) !nd its 

imaginary part K(co), 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 all 

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 Nand 1<.[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 Pa.b and 'a.b. then the Sand 

P-polarization can be written in the form: 



S-polarization: P N a-N b 
ab ~ ~ 

Na+Nb 

P-polarization: P 
ab 

~ ~. 

Nalt,a-Nb/t,b 
~ ~ 

N alt, a+N bit, b 

13 

~ 

2Na 

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

Figure 3.2 Multiple reflection inside a layer stack system. 

(3.8) 

In the above figure 3.2 for multiple:r.eflection 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 I"'ledium 'a' pa,b + "Ca,b¢Pb,c¢"Cb,a + "Ca,b<PPb,c¢Pb,a¢Pb,c<P"Cb,a + .... 
In medium 'c' "Ca,b¢'tb,c + 'ta,b<PPb,c¢Pb,a¢'tb,c + ... 
The multiplied 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<PPb,a<P 

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

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

+ 't a,b~P b,c~'t b,a 

r a,b = P a,b I-p b,c~P b,a~ 
and the amplitude of the transmission coefficient is 

'ta,b~'tb,c ; . 
ta b ' 

, I-Pb,c~Pb,a~ 

(3.9) 

(3.10) 

The above expression (3.9) al'l'tf '(3.10) can be obtained by using the product of 

matrices [7]. 

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

the last layer as shown in the figure below. 

: ~ . . , 
: : 'tx,y <I> Py,z 'ty,x 

rx,y'= I\,y + I - Py,z <I> P y,x <I> 

Figure 3.3 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 
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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 solved 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 reflection 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 transmitted waves are squared to give the 

(3.11) 

(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 UVNlS/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: 

liitraviolet (UV) region from 185nm upto 320nm, Visible region from 320nm upto 

860nm and near infrared (NIR) region from 860nm uplo 3200nm. 

In the ultraviolet spectral region two monochromators in series in littrow configuration 

are used and the optical filters are programmed to change automatically when the 

monochromator 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 spectral 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 photomultiplier 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 instrument background correction. The background correction is 

calculated by using the formula 

BC=Is 

Ir 
where Is is intensity of sample beam 

Iris 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 result of 

T Fr 
= Be 

where Fr 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 UVNlS/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-1 < wavenumber < 40,OOOcm-1 (250nm < A, < 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-Iayer: 15nm 

TCOP a-Si:H 

glass + TCO + p-and I-layer: 50nm 

TCOPI1 I-layer a-Si:H 

glass + TCO + p- and I-layer I-layer: 380nm 

TCOPI2 a-Si:H 

TABLE 5.1 Samples used in the experiments. 

The glasslTCO 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-Si:H layer. The TCOPI 

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 I-layer were used. The first one is the 

TCOPI1 sample and the thickness of the I-layer is 50nm the second one is the 

TCOPI2 sample and the thickness of the I-layer is 380nm. 
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6.1 TCO sample 
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Figure 5.1 Transmittance spectrum of the TeO 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 6.2 Reflectance spectrum ofthe TeO sample. 
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In figure 5.1 the transmittance spectrum of the TeO sample is displayed. In the 

infrared region for the wavenumbers between 4107.5cm·' and 7814.9cm·' the 

transmittance of the TeO sample increases from 0.478 to 0.825. In figure 5.2 the 

reflectance spectrum of the TeO sample is displayed. The reflectance in this spectral 

region drops from 0.153 to 0.056. In the infrared spectral region and at the beginning 

of the visible spectral region for the wavenumbers betvveen 7814.9cm·' to 16841.8cm·' 

the transmittance decreases from 0.825 to 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 ultraviolet spectral region for the wavenumbers 

16841.8cm·' upto 27480.6cm,l 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,l up to 

34089.6cm,l the transmittance decreases from 0.86 to 0.008 (figure 15.1) and in this 

spectral region the reflectance increases from 0.063 to 0.103 (figure 5.2). Below 

34089.5cm,l the transmittance and the reflectance become a constant value of 0.049 

until the wavenumbers reaches 40,OOOcm·'. 
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Figure 5.3 Absorption spectrum of the TeO sample calculated from the 

corresponding transmittance (figure 5.1) and reflectance spectrum 

(figure 5.2). 

The reflectance, the transmittance and the absorption are add up to 1. Therefore in 

this layer system there is an absorption band throughout the whole spectrum from 

4,OOOcnY' upto 40,OOOcnY' (figure 5.3). However, tho abl;orption is dominant in tho 

ultraviolet spectral region above the wavenumber of 32,800cm- ' . 
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5.2 TCOP sample 
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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 reop sample is displayed. In the 

infrared region for the wavenumbers between 4268.7cm" to 733·1.3cm·' the 

transmittance of the TeOp 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 s))edral region and visible spectral region for the wavenumbers between 

7331.34cnr' to 141 04.5cm·' the transmittance decreases from 0.825 to 0.805 (figure 

5.4) and for the same spectral region the reflectance increases from 0.056 to 0.184 

(figure 5.5). In the visible sp.?ctral region of the spectrum in the wavenumbers region 

between 14·104.5cm" to 201 OOcm" the transmittance of the TeOp sample increases 

f,wn 0.805 to 0.8'13 (figure 5.4) and for the same spectral region the reflectance 

decreases from 0.184 to 0.036 (fig lire 5.5). 

In the ultraviolet spectral region for wavenumbers from 20,100 cm" to 26997cm,1 the 

transmittance decreases from 0.813 to 0.37 (figure 5.4) and for the same spectral 

region the reflectance increases from 0.086 to 0.184 (figure 5.5). 

In the Llltraviolet spectral region for the wavenumbers range between 26997cm,1 to 

33605.9cm" the transmittance decreases from 0.321 to 0.019 and for the same 

spectral region the reflectance decreases from 0.184 to 0.049. For the wavenumbers 

region between 33605.SGnY' to 40,OOOcm" thl'! transmittance and reflectance will be 

0.019 and 0.049 r(~specti\fe!y. 
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Figure 5.6 Absorption spectrum of the TCOP sample calcLllated from the 

corresponding transmittance (figl;r" 5.4) and reflectance spectrum (figure 

5.5). 

As the reflectance, the transmittance and tile absorption for the same sample sum up 

to 1, in comparison to the absorption spectrum of the TCO sample (figure 5.3), tho 

absorption band obser./ed in the TCOP sample (figure 5.6) is spectrally broader and 

reaches far more in the visible spectrum. Up to 20,OOOcm-1 the addition of the p-Iayer 

hence increases the absorption of the whole layer stack system into the visible regioil. 

The other difference bet",ee .. the TCO and TCOP sample:, is observed in the 

reflectance sp<}ctr3 ilil': peal< vallw of the refl,"ctailG<~ In th,? ultraviolet spectral region 

for the TCO sample is c,;",,:ler (0.103) than that of the peak value of the reflectance of 

tho TCOP s2mpi8 (0.184). Also the reflectance spectrum of the TCOP sample shows 

a pronounced double maxima structure which exists due to internal multiple reflection 

in the 15nm thick p-Iayer. 
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Figure 5.8 Reflectance spectrum of the TCOPI1 sample. 
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In figure 5.7 the transmittance spectra of the TCOPI1 sample is displayed. In the 

infrared spectral region for wavenumbers from 4107.5cm·' to 8620.9cml 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 0.59 (figure 5.8). In the infrared and 

visible spectral regions for the wavenumber range from 8298.5cm·1 to 17808.9cm'l 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 spectral region in the wavenumber range from 17909.9 cm,l 

to 23611.9 crn" the transmittance decreases from 0.567 to 0.03 (figure 5.7) and for 

the same spectral region the reflectance of the layer slack increases from 0.041 to 

0.265 (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,l to 3'1188.1 cm,l the reflectance decreases from 

0.265 to 0.053 and for the same figure in the ultraviolet region for the wavenumbers 

from 31188.1 cm,l to 40,000 cm,l the vaille of the reflectance is a constant value of 

0.053 (figure 5.8). 
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Figure 5.9 Absorption spectrum of the TCOPI1 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-1 (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 transmittance is negligible and the reflectance is very small. As the I-layer is 

introduced, the transmittance of the layers can be neglected in the ultraviolet region 

and also 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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6.4 TCOPI2 sample 
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Figure 5.10 Transmittance spectrLlm of the TCOPI2 sample (consisting of a glass 

substrate, a coated transparent condLlcting 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·1 upto 4429.9cm·1 

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 spectral region 

for the wavenumber region from 4429.9cm- 1 to 6041.8cm-1 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-1 to 7653.7cm- 1 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 spectr"ll region fOI the wavenumber region 

from 7653.7 cm-I to 9265.7 cm-I the transmittance of the TCOPI2 layer decreases from 

0.802 to 0.343 (figure ;:).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-1 to 

10877.6cm-1 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 10877.6cm-1 

upto 12489.6cm-1 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 12489.6cm-1 upto 13671.9cm-1 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 spectral region in the wavenumber region from 13671.9cm-1 up to 

14907.5cm-1 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 14907.5cm-' 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-1 

upto 20065.67cm·1 the transmittance decreases from 0.321 to 0 (figure 5.10) and in 

the visible spectral region for wavenumber from 15874.6cm·1 upto 17002.9cm·1 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·1 upto 17970.2cm·1 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·1 upto 24740.3cm·1 the reflectance increases from 0.131 to 0.254. In the 

ultraviolet region for wavenumber from 24740.3cm·' to 3·1026.9cm·1 the reflectance 

decreases from 0.254 to 0.041 (figLlre 5.11). The spectral maxima positions of the 

transmittance spectrum are always complementary with the spectral minima positions 

of the corresponding reflectance spectrum. As the wavenumber increases above 

20065.7cm·1 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 (figl.lre 5.12). For the 

TCOPI2 sample the absorption dominates in the ultraviolet spectral region and makes 

the transmittance and reflectance in this spectral region to be very small. As the 

intrinsic layer thickness increases up to 380nm, in comparison to the TCOPI1 sample 

where the intrinsic 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 Utilities and is a Windows application 

for CAOS. CAOS 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 multilayer 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 result. 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 

SCOUT FIT 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. 

c) 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. 



35 

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 half space 

vacuum the fixed dielectric function value of 8=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 &=1 
simple layer Glass Harmonic oscillator + dielectric background 

simple layer TCO Drude model + dielectric background 

Half space Vacuum &=1 

Table 6.1 The layer stack of the TCO sample and the SCOUTFIT dielectric function 
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Figure 6.1 The reflectance (dark line) and the SCOUT FIT simulated spectra (dotted 

line) of the GlassfTCO sample. 

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 reflectance spectra. The least square value of the difference 

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

tabulated below in table 6.2. 
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Dielectric function model parameters Values Dimension 

Glass: dielectric background: Real part 2.13 

Glass: band gap: distribution width 50.06 cm· 1 

Glass: band Gap: damping 2770.9983 cm-1 

Glass: band gap: oscillator strength 1095.5513 cm-1 

Glass: band Gap: resonance frequency 39675.3 cm-1 

Glass: layer thickness 956.4194 j.1m 

TCO: free carriers: damping 456.5405 cm· 1 

TCO: free carriers: plasma frequency 8920.502 cm-1 

TCO: dielectric background: real part 3.6786 

TCO: layer thickness 0.0619 ~un 

Table 6.2 SCOUT FIT optical parameters for the TCO sample simulated with a 

reflectance spectrum. 
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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 Layer Model dielectric function 

Halfspace Vacuum 6=1 
Simple layer Glass Harmonic oscillator + dielectric background 

Simple layer TCO Drude model + dielectric background 

Half space Vacuum 6=1 

Table 6.3 The layer stack of the TCO sample and the SCOUTFIT dielectric function 
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Figure 6.2 The transmittance (dark line) and the SCOUTFIT simulated spectra 

(dotted line) of the TCO sample. 

Figure 6.2 displays the result of the SCOUTFIT programme for the transmittance of 

the TCO sample. The dotted line shows the computer simulated spectrum and the 
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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-1 

Glass: band gap: damping 654.4803 cm-1 

Glass: band gap: oscillator strength 429.3679 cm-1 

Glass: band gap: resonance frequency 37268.3945 cm-1 

Glass: layer thickness 1022.956 ).lIl1 

TeO: free carriers: plasma frequency 13000 cm-1 

TeO: dielectric background: real part 3.6749 

TeO: free carriers: damping 985.1888 cm-1 

TeO: layer thickness 0.0688 pm 

Table 6.4 SeOUTFIT optical parameters of the TeO 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 6=1 

Simple layer Glass Harmonic oscillator + dielectric background 

Simple layer TCO Drude model + dielectric background 

Simple layer P-Iayer Drude model + dielectric background 

Half space Vacuum 6=1 

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

models. 
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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 dotted 

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 

simulated optical parameters are tabulated in table 6.6. 
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Dielectric function model parameters Values Dimension 

Glass: band gap: distribution width 1604.3713 cm,l 

Glass: band gap: damping 2012.0564 cm,l 

Glass: band gap: oscillator strength 815.9837 cm" 

Glass: band gap: resonance frequency 39907.328 cm,l 

Glass: layer thickness 1017 .619" ~lm 

Glass: dielectric background: real part 2.3328 

TCO : free carriers: damping 488.9775 cm,1 

TCO : free carriers: plasma frequency 12807.739 cm,i 

TCO : dielectric background: real part 3.7848 

TCO : layer thickness 0.0695 j.lm 

P-Iayer: free carriers: damping 15030.1'" cm'l 

P-Iayer: free carriers: plasma frequency 10042.433=t 

fP~layer. ~tr;;b~ckground. re~-I p-a-'rt------_-_ -_ -_ --:I~~~0'=·.'0·-'61· -55-+~-=~=-__l11 
P-Iayer: layer thickness _ ~lm , 

Table 6.6 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 TeOp 

sample in the simulation of the reflectance spectrum 6.3. The transmittance 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 6=1 
Simple layer Glass Harmonic oscillator + dielectric background 

Simple layer TeO Drude model + dielectric background 

Simple layer P-Iayer Drude model + dielectric background 

Half space Vacuum s=1 

Table 6.7 The layer stack of the TeOp sample and the SeOUTFIT dielectric function 
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Figure 6.4 The transmittance (dark line) and the SeOUTFIT simulated spectra 

(dotted line) of the TeOp sample. 

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

the Teop sample. The dolled 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· j 

Glass: band gap: damping 1851.9138 cm· j 

Glass: band gap: oscillator strength 581.5004 cm· j 

Glass: band gap: resonance frequency 38293.875 cm· j 

Glass: layer thickness 1092.2369 wn 
TeO: free carriers: damping 472.9692 

TeO: free carriers: plasma frequency 14000 cm,1 

TeO: dielectric background: real part 3.9178 

TeO: layer thickness 0.0703 ~lm 

P-Layer: dielectric background: real part 11.7353 

P-Iayer: free carriers: damping 635.5182 cm,1 

P-Iayer: free carriers: plasma frequency 18000 cm'! 

P-Iayer: layer thickness 0.0141 ~!m 

Table 6.8 SeOUTFIT optical parameters of the TeOp sample simulated with a 

transmittance spectrum. 
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The TCOPI1 sample consists of a glass substrate, coated with a TCO layer and is 

additional coated with p doped a-Si:H layer and an additional i-layer. The dielectric 

function models Llsed 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 

models and the layer stack are shown in table 6.9. 

Layer structure Layer Model dielectric function 

Half space Vacuum 6=1 

Simple layer Glass Harmonic oscillator + dielectric background 

Simple layer TCO Drude model + dielectric background 

Simple layer P-Iayer Drude model + dielectric background 

Simple layer I-layer Harmonic oscillator + dielectric background 

Half space Vacuum 6=1 

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

function models. 

" ! 0.8 

" ~ 
0.4 _.-....... 

,. 
0.0 -L.----.------,.-~::_,.----.-~~===:;::===l 

5000 10000 15000 20000 25000 30000 35000 40000 
Wavenumber [em -1] 

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

line) for the TCOPI1 sample. 
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Figure 6.5 displays the result of the SCOUTFIT programme fit for the reflectance of 

the TCOPI1 sample, where the dotted line shows the computer simulated spectrum 

and the dark line shows the measured reflectance spectrum. The least square value of 

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

parameters are tabulated in table 6.10. 

Dielectric function model parameters Values Dimension 

Glass: dielectric background: real part 2.1106 

Glass: band gap: distribution width 1289.8541 cm·1 

Glass: band gap: damping 865.499 cm-1 

Glass: band gap: oscillator strength 452.6223 cm-1 

Glass: band gap: resonance frequency 41149 cm-1 

Glass: Layer thickness 1073.7852 ~LI11 

TCO: free carriers: damping 504.1816 cm-1 

TCO: free carriers: plasma frequency 4357.8354 cm-1 

TCO: dielectric background: real part 4.4749 

TCO: layer thickness 0.0629 pm 

P-Iayer: dielectric background: real part 13.0777 

P-Iayer: free carriers: damping 402.1344 cm-1 

P-Iayer: free carriers: plasma frequency 915.8302 cm-1 

P-Iayer: layer thickness 0.0167 ~ 

I-layer: dielectric background: real part 5.46 cm-1 

I-layer: layer thickness 0.0405 ~ 

I-layer: band gap: resonance frequency 15812.3076 

I-layer: band gap: oscillator strength 439.7651 cm-1 

I-layer: band gap: damping 46.4987 cm-1 

Table 6.10 SCOUT FIT 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. 

Ilayer 
--, 

[§yer structure I Model dielectric function 

jHalfspace IVacuum 1,=1 , , 
Simple layer IGlass Harmonic oscillator + dielectric background 

Simple layer TCO Drude model + dielectric background 

[SimPle layer P-Iayer Drude model + Dielectric background 

iSimple layer I-layer Harmonic oscillator + dielectric background 

Half space Vacuum 8=1 

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

function models. 

" g 0.9 
fl 0.8 
'8 0.7 
~ 0.6 
~ 0.5 
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5000 10000 15000 20000 25000 30000 35000 40000 
Wavenumber [em .1] 

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

(dotted line) for the TCOPI1 sample. 

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

lhe TCOPI1 sample. Where 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 0.0006605 and the values of the optical parameters are tabulated 

in table 6.12. 

Dielectric function model 

,Glass: dielectric background: real part 

iGlass: band gap: distribution width 

IGlass: band gap: damping 

GI b d '11 t t th ~ ass: an gap: OSCI a or s reng 

Glass: band gap: resonance frequency 

Glass: layer thickness 
, 
tTCO: free carriers: damping 

TCO: free carriers: plasma frequency 

ITCO: dielectric background: real part 

TCO: layer thickness 

P-Iayer: dielectric background: real pali 

P·layer: froo carriers: domping 

IP-Iayer: free carriers: plasma frequency 
........... -.-_._-- --•.. -.--~------ ~--.- - -----,.-.---------

IP-Iayer: layer thickness 
I 

" 

- , I layer. dlelectnc background. real part 

I-layer: layer thickness 

11-laYcr: band gap: roso~;nce frequency' 

!I-layer: band gap: damping 
1.-__ . __ _ 

I ValuesjDimension 

2.25 I 
----;-------1 

1517.69 I cm'! 

1529.1465 I cm'! 

9551'111 I I cm' i , 

34889.0605 I cm'! , 
'1045.0'153 ~lm 1 
583.6895 cm'! 

, 
4512.6982 cm,j 

3.64 

0.069 ~lm 

I 11.6355 

548.3973 cm,l 

I 1285.1846 cm'! 
.---------- -, .... - - --- -- .-<-." _._---- -

0.Q113 ~lm ! 
c 5.39 J 

, 0.0479 
---j-1'3999.3496 j 

I . 

.ltm I 

! 46.54'18 I 
Table 6,12 SCOUTFIT optical parameters of the TCOPI1 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 substrate coated with a TCO layer and is 

adcliti<)t1al coaled 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 TCOPI1 sample. The reflectance spectrum imported into the programme is 

dh~)hyed 'n figure 5.11. The iist of dielectdc function are shown in table 6.13. 

----------.---. --"-- ._-.--------1"-- _.- C--:~-

'La'/er structure :laver !(\jlodel dielectric function , 
• ' ______ . _________ , __ ' _____ . - , __________ .c ___________________ ----------j 

'Half snacs :.Vacuum i:;=-I I 
: . ..---- - - - --- --i------···--··-------- ------- ---------,------------------! 
:Simpl0laYBr !Glass iHarmonic oscillator + dielectric backgrollnd: 
f -. -- -- --- -- --.. ---~.~ --.-----.---. -')--------- ..... ---------------------

:Si~:p:e layer . TCO : Drude mode! + dielectric backgrollnd ! 
t---- -- -- ----- -----------;.-.... -----------+--------... ---------------~, 
'''';'.,~!,", '_."y 'p -k"I"'r '[)rlld- mod<-I .>. di"I·~ctrl·~ hack'g"OLlnd ' ,,-,.,·.t_,~ IGJ_.d _ ,.-:)..y-~ , ~ t;; It -." .v,:;:; v).,) I 
i----'---------------- ------. ----------------.-------.---
is;~pir? l::i;!:::f "!mlayr:r I Harmonic oscillator + dielectric background 

- .. ---~.~--:---.. - .-----.;----~---~--------- --~ 

T abl.e <>,13 The laY<lr stack of the TCOPI2 sampk· and the SCOUTFIT diel<lctric 

function models . 

. " r-~'---
o J 

~ OC 1 (\ r 
()
"i

f 
\ i\AA ." I i \ \ 

-f If . Ii \ I I. .-.,,......-----.. r V ' . \f'~ ".-.~.- .. -.-~'~ 
0.0, • , , , , , 

5000 10000 15000 20000 25000 30000 35000 40000 
\lh1venumber f em ']1 

p',-,,," ~ '7 T'_ -- ... t-' 0"" -- -, (..1"1'" 'I'n ') c.od '1.0 "''''''OUT<::'T S'I'llll~tecl SOlo "I'~ ('dottec' l·l":;Jlril~ 0,1 ':f';:) Ib t~ ... \n.<:H~'_J(. Un 1'\ I t: .... 11 .. v....... I I If C:I I \,,;.l <;"{ ~.., t 
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Figure 6.7 displays the result of the SCOUTFIT programme 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 be~Neen the two spectra is 0.0042678. The simulated optical parameters of 

the TCOP12 layer are labulated in table 0.14. 

-c---:- --~-~----~----

lDie'i?(;~i,:flil,ct~<)~.I.!'()d_Blpa(am~~~r~_~_____ iVai lies I Dimension 

;GIc15S: dic;lectric background: r~al part 2.2036 I 
~------ ----.---------~------- ----------~----, 

~C;lass: b~~d gap: C:istrjbtitio~ Wjdth ________ -j11~1211.4092 1 __ cm-' , I 
:Gloss: b:mel gap: damoina 2069.4312 
I--- ..... _ I-.-L 

iGiass: baw: gap: osciilator strength i 63'1.3893 I 
L_~_ . - '-----;;;:,-1 
~G!ass: bane gop: resonance frequency I 38988.6752 , 

;(::!'"'I<':"-:;:,' ! ..... '/~r th ·Ir.kr."'~~ J--, .. ~ ... ' '-',' .... ,~; 'i_J ,,,,,oJ..;,) 

:TCO: iree carriers: damping 

TCO: ir'?e carriers: plasma irequency 

TCO: dielectric backgrotlnd: real part 

,TCO: layer thickness 
, 
,P-iayEl': dielectric background: real part 
f ~ .. ~- - ... ---------

!p-Iayer: free carriers: damping 

!p-Iayer: free carri6ls: plasma -f~~qL;ency 
rP~y~r~ i~y~rthi~kne;;--
. _ .. ----- ----- --.- ---- ---, 
il-laYElr: dielectric backgroLmd: real part 

!I-Iayer: lay<)r thickness , --

il-byer: band gap: resonance frequency 

!!-Iayer: band gap: oscillator strength 

II-layer: band gap: damping 
,-. ---------------~---.-

I 
, 
I 

1098.4385 

420.80<\6 

1000.5662 

4.2636 

0.066 

10.7963 
-

491.6903 
--,---

~_+~298.90! 7 
0.016 L-___ 

[ 5.48 

I 0.3942 

13723.3984 

1050.6021 

40.0607 

, 
I 
I 
! 

~lm 

CITY 1 

cnY' 

~lm 

~lm 

cm- I 

cm- I 

cm-1 

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

reflectance spectrum. 

, 



51 

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 models and the 

layer stack are tabulated in table 6.15. 

ILayer structure Layer Model dielectric function 

IHaif space yacuum 6=1 

IGlass . Harmonic oscillator + dielectric background ISlmple layer , 

ISimple layer TCO Drude model + dielectric background , 
ISimple layer IP-Iayer Drude model + dielectric background , 
ISimple layer II-layer Harmonic oscillator + dielectric background 

IHaif space IVacuum 6=1 
L 

Table 6.15 The layer stack of the TCOPI2 sample and the SCOUT FIT dielectric 

1) 
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.8 0.8 
.<;:: 
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~ 0.4 

function models. 
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Figure 6.8 The transmittance (dark line) and the SCOUT FIT 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 2.125 

Glass: band gap: distribution width 1509.4189 cm-1 

Glass: band gap: damping I 3265.3584 cm-1 

Glass: band gap: oscillator strength 1124.4586 cm-1 

Glass: band gap: resonance frequency 35687.93 cm-1 

Glass: layer thickness 987.54 ~lm 

TCO: free carriers: damping 1641.2438 

TCO: free carriers: plasma frequency 12907.4561 cm-1 

TCO: dielectric background: real part 3.8869 

TCO: layer thickness 0.0795 ~lm 

P-Iayer: dielectric background: real part 11.6252 

P-Iayer: free carriers: damping 692.4374 cm-1 

P-Iayer: free carriers: plasma frequency 7995.1724 cm-1 

P-Iayer: layer thickness 0.015 ~lm 

I-layer: dielectric background: real part 5.64 

I-layer: layer thickness 0.393 ~ 

I-layer: band gap: resonance frequency 16944.5932 cm-1 

I-layer: band gap: oscillator strength 2500.01 cm,1 

I-layer: 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 propeliies of the observed a-Si:H multilayer stacks obtained 

from the SCOUT FIT programme in section 6 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 I 
TCO TCOP TCOPI1 TCOPI2 

Ren. Tran. Ren. Tran. Ren. Tran. Refl. Tran. Avera Reference 

(~Lm) (~Lm) (~Lm) Ulm) ().1m) ().1m) (~lm) ().1m) ge(~lm (~Lm) 

) I 

Glass 956.42 1.022.96 1.017.62 1.092.24 1.073.52 1,045.02 1,098.44 987.54 1,036.7 1000 [181 

TeO 0.0619 0.0688 0.0695 0.0703 0.0629 0.069 0.068 0.0795 0.0687 0.07 (18) I 

P - - 0.015 0.0141 0.0167 0.0113 0.016 0.015 0.0147 0.015 (18) 

I[ - - - - 0.045 0.0479 - - 0.0465 0.050 (18) 

. 

I - - - - - - 0.394 0.393 0.3935 0.38 (18) 
2 

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

Tran. stands for transmittance). 
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The average value of the layer thickness of glass obtained from the transmittance and 

reflectance spectra fitted by the SeOUTFIT programme is 1036.72 flm whereas the 

reference value obtained from ['18] is 1000 flm, thus the deviation is 3.672 %. The 

average value of the layer thickness of the TeO layer obtained from the transmittance 

and the reflectance spectra fitted by the SeOUTFIT programme is 0.0687)lm and the 

value from the reference [18] , is 0.07~un, thus the deviation is 1.857 %. 

The average value of the thickness of the p- doped a-Si:H layer obtained from the 

reflectance and the transmittance spectra of the SeOUTFIT programme fit is 

0.0147pm and the value obtained in the reference [18] is 0.015flm. Thus the deviation 

is 2 %. The average value of the thickness of the 11 doped a-Si:H layer obtained from 

the reflectance and the transmittance spectra filted by the SeOUTFIT programme is 

0.0465flm where as the valLIe obtained from reference [18] is 0.05flm. Thus the 

deviation of the layer thickness between the two values is 7 %. 

The average valLIe of the thickness of 12 - doped a-Si:H layer obtained from the 

reflectance and transmittance spectra fitted by the SeOUTFIT programme is 0.3935 

flm where as the valLIe obtained in the reference [18] has a layer thickness valLIe of 

0.380flm. Thus the deviation of the layer thickness is 3.553 %. 

For the layer thickness the deviation between the fitted value and the reference val LIes 

is not more than 7 %. This is a quite good correlation and proves that the fitting of 

optical transmittance and reflectance spectra with the seOUTFIT 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 properties that will be discussed is the dielectric background which is 

denoted by 0coand 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, TCOPI"l and 

TCOPI2 are tabLllated. 
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I 
~ 

iDielectric function model parameters , 
IGlass: ~-i~-Iectric background: real part 

!Glass: band gap: distribution width 

IGlass: band gap: damping 

IGlass. band gap. oscillator strength 

IGlass: band gap: resonance fre~Uency 
Lco f . d . II : ree carners: amplng 

I 

iTCO: free carriers: plasma fi0quency 
, 

~verage value 

I 2.21 
I 
I 

1364.42 cm-1 

1877.36 cm-1 

760.76 cm -1 

38232.45c!"n·1 

694.2 crn" 

8938.37 crr]" 

3.92 

Reference Deviation 

2.25 [17] 1.78% 

I 

I I 
! 37908cn,-'[17] ! 
! ' 

! I 

0.86% 

3.158% i 3.8 [29] ) 
i , 

;TCO: dielectric background: real pcllt 
:-----~---------- ---~---~--- --- --- - r------- -----.----------;------- ----------~-f-

~P-la'Jer: dieleciric b<1ckgro'.lnd: real ,o<1I~11.7511. 7 [?o1 I .. - - J I , 

o l'ly".. ... · ;".,.....-.. ,.."" .. r;"rs· p'~~ma f''''au~rl'''''1 av""F,7, d.F;qcm,-1 ,I - ~ , <;Ij, II <;:ly vc~. 1<:; • '~';.H I Ie ... l <;;I .... y ..." .... _ 

0.427% 

--~-------------~---

.11-laY8.: dielectric backg(olmd: real part: 5.43 i 5. '17 [15] I 5.02% 
I , 

;il-Iayer: band gap: resonance frequency 

~-Iayer: band gap: OSCill~to~treng~h 

~ayer: band gap: damplIlg 

il2layer: dielectric background: real p<1r\ 

I,-layer: bar.c gap: resonance frequency 

1-14905.83 cm-1 13873cm-1[34] i 7.445% 
! I 

I 
I 559.28 cm-1 

I ~-+------r---~--

46.52 cn,-' i I 
15.17 [18] 7.544% 5.56 , 

'15334 em·1 
: ·13873em·1 10.53% 

, 
L-____________ ~ ____ ~ ~ __ +_i _ 

I 

[34] I 
_,~ ____ i~ ____ _+-----

12-layer: band gap: oscillator strength 1775.31 cm-i 

12-layer: band gap: damping 73.49 cm-1 
~____ ~ _____________________ ~ __________ _L __________ ~ ____ ___ 

Table 7.2 The average vallIe 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 compared 

with the reference value. The difference is only 0.&0 %, 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 model 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 carriers 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 dielectric 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 result. 

The next layer which is simulated is the I-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 1- layer of thickness 50nm has a deviation of 

5.02 % and for the I-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 I-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 valLles 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-Si:H 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 method. [2, 3] 
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