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

OPTICAL AND ELECTRICAL PROPERTIES 

OF 

A-Si:H MULTILAYER SOLAR CELLS 

A T hesis Submitted to the 

Sch ool of Graduate Studies of 

Addis Ababa University 

In Partial Ful film ent of the Requi remen ts 

for the Degree of Master of Science 

in Physics 

BY 

BELA YNl: B Ml:S FL'I 

JUNE 1998 

ADDIS ABABA 

.. 



Addis Ababa Ulliversity 

School 0/ Gradllate Stlldies 

OPTICAL AND ELECTRI CAL PROPERTIES 

OF 

A-Si:H M ULTILAY ER SOLAR CELLS 

By 

BELA YNEH MESFIN 

Department 0/ Physics 

Faculty 0/ Science 

AI'I'IWVED BY ?HE IX AMINA7ION COMMI77E1, : 

Dr. Ulrich Stutenbaeumer 

(University advisor) 

Dr. Bant lkassegn Worka lemahu 

(Examiner) 

Dr. Ara va Asfaw 

(Examiner) 

./ 
A-~{~ 

eL;;;z _ r= -= 



To 

W /0 Alganesh Agegnehu 

and 

Ata Nigatu Agegnehu 



Acknowledgements 

I would like to express my bean felt gratirud e to my adviso r Dr. Ulrich Stutenbaeumer for his 

consistent assistance, inva lu ab le guidance and friendly encou ragement without any reseTVation 

tltroughout my research work. 

I am very grateful to tbe staff members of the Physics Depallment of the Addis Ababa 

University who in one way or anoth er supponed in fa cilitating Illy work. In particular, I would 

like to express my appreciat ion to Ale Amcnsisa Abd.i who provide me with reading materials. 

I am very grateful to my friends Alerona Jaleta and Solomon Bencberu for their consistent 

encoura gement througbout Illy study program. 

Last but not least, I would like to thank my sister Seblewollgel Mesfin for making life easy 

during my study. 

I < 



" . 
" I 

I 

Contents 

List of tables JI1 

List of figures 
IV 

Abstract VI 

I. INTRO DUCTION 

2. OPTICAL AND ELECTRJCAL PROPERTIES OF A-Si:H SOLAR 

CELLS 
4 

2. 1 Amorphous silicon 
4 

2.2 Preparation and growt.h of a·Si: H based alloys 6 

2.3 p-n and p-i-o type solar ce lls 
7 

2.4 Mobilities and energy band gaps 
9 

II 
2.5 Absorption 

2.6 Transmittance 
12 

2.7 Current-Voltage ( I- V) characteri st ics orsolar cell s 14 

2.8 Power losses in so lar cells 17 

2.9 Effects of irradiance and temperature 011 th e I-V characteristics of solar cells 20 

3. COMPUTER SIMULATION OF THE TRANSMlTT Al'JCE SPECTRA OF 

MULTlLA YER STACKS 
21 

3. 1 Forouhi and Bloomer dielectric function model 
21 

3.2 SCOUTFlT computer simulation program 
22 



". 

4. TRANSMITTANCE SPECTRA Or A-Si:fI ~:OLhR CELLS 26 

4.1 Measuring the transmitt ance spectra . 26 

4.2. 1 Measuring apparatus 26 

4.2.2 Measuring procedures 28 

4.2 Measured and simulated transmittance spectra (results and discussion) ]0 

4.2.1 Measured and simulated transmittallce spectra of the TCOPIN I sample 30 

4.2. 2 Measured and simulated transmittance spectra of the TCOPIN2 sample 34 

4.3 Comparison of results 38 

4.4 Dielectric function of the n-layer 42 

5. I-V CHARACTERJSTICS OF A-Si :H SOLAR CELLS 44 

;, 1 Measuring the I-V characterist ics curves -l-' 

5.1. 1 Measuring apparatus 44 

5. 1.2 Measuring procedures 44 

5.2 J-V characteristics of a-Si: H solar cell s (results and di scllssion) 46 

5.3 Comparison ofreswts 
50 

6. CONCLUSION 52 

7. REFERENCES 



i.ij 

Lis t of tables 

4. 1 TIle fitted optical parameters of the TCOPINI sallllJlc' 33 

4.2 "nle fitted optical parameters of the TCOPIN2 sample 36 

4.3 TIle fitted average values of the optical pa rameters oftbe TCOPINI sample 38 

4.4 The fitted ave rage values of the optical pa rameters of the TCOPIN2 sample 40 

5. 1 TIle J.." V 0<' '1 and FF of the samples 46 

5.2 TIle values of the J.., ,Vo>/)' '1 and FF of the TCOPIN I sample 48 

5.3 TIle values of the electrical parameters of til e TCOPIN2 sample 49 

5.4 l11e calculated efficiencies and fill factors of the TCOPIN I and TCOPIN2 samples SO 

., 



" ' .. 
""1, I 

'I, 

" , 

IV 

List of fi gu res 

2. I TIle manner in which th e basic tetrahedral unit can lead to a crystal or to an amorp hous, 

random network material 4 

2.2 Schematic diagram of the Slm cture of amorphous silicon, showing how dangling bonds 

arise and bow these may be passivated by hydrogen 5 

2.3 Capacitive ly coupled glow di scha rge rea ction system 6 

2.4 A p-n jWlction solar cell structure 7 

2.5 A p-i-n junction solar cell stru cture 8 

2.6 Absorption coefficient of a-Si:H derived from optical absorption and 

photoconductivity 
11 

2.7 An incoming wave whose elect ric field is (a) nonnal to the plane ofincidcnce an d 

(b) pa rallel to the plane ofincidcncc 12 

2.8 Current in a P-Iljunctioo und er illumimtion 

2.9 TIle equivalent circuit (a) and the \- V characteristics of a solar cell (b) 16 

2. 10 An equivalent circuit of a solar cell 19 

2. 11 Effects of R, and R.b 011 tbe 1-V characteristics of solar cells 19 

3. t TIle fitting process ill the SCOUTFIT computer progra m 24 

4. 1 Optics of Perkins Elmer Lambda 19 spect rometer 27 

4 'J The measured and tbe simulated transmittance spectra of the (a) TCOPIN la, 

(b) TCOPIN Ib and (e) TCOPIN Ie 3 1 

4.3 The measured and tb e simulated transmittance spectra oftbe (a) TCOPlN2a, 

(b) TCOPIN2b and (e) TCOPIN2e 35 

4.4 TIle simulated dielectric function of the n- Iayer of the TCOPINI sample 42 

5. 1 Experimental set-up fo r the I-V characterist ics measurement of the solar cell samples 45 

5.2 TIle J- V characteristics of til e TCOP[N I and TCOPlN2 solar cell samples 46 



v 

5.3 TIle J- V characteristics of the TCOPIN I sample 47 

5.4 l lle J- V characteristics of the TCOPIN2 sample 49 



VI 

Abstract 

llie transmittance spectra of a·Si :l-i pin sola r cell samples having different i-layer thickness 

we re measured with a Perkins Elmer Lambda 19 spectrometer. The spectra were simulated 

with the SCOUTFIT computer progra m by ma kin g use of th e Forouh i and Bloomer dielectric 

fu nction model to dctennine the values of the optica l parameters (energy gap, refractive in dex 

and laye r thickn ess) of the different layer systems (glass, TeO, po, i- and n-layers) of the 

a- Si:H so lar cell samples. l1le fi tt ed values of the opt ica l parameters arc found to be ill good 

agreement with published values. 

l 1JC I-V characteristics curves of a-S i: H solar cells were measured. 11le pa ra meters J",> V 0< ' 11 

and FF for the different samples, when the samp les were illuminated \' .... I[h lighi of diffe rent 

in tensities are determined and compared wi lh published result s. The paper presents the 

experimental result s obta ined from the tra nsmittance spectra and the 1- V characteristics 

measurement s of the sola r cell samples. 



1. Introduction 

Photovolta ic energy conversion refers to the direct conversion of the energy in light into usable 

elecllical energy. Every fifteen minutes, the SWl delivers enough radiant energy to the earth to 

meet mankind's power needs for a full year. l11c ma in goal of photovoltaics for large scale 

terrestria l app lications is to hamess this energy cflicient ly in a clean, convenient way at an 

affo rdabl e market cost. [1 , 17] 

Solar ce lls rep resent the fi.mdamciltal power COllversion lUlit of a phOlovo ltaic systenl. 'nI CY arc 

made from semiconducto rs and have much in common with other solid-state electronic 

devices, such as diodes, transistors and integrat ed circuit s. Crystal1ine silicon cells hold the 

largest part of the market. l81 

To reduce the cost and make them competitive with other sources of energy, solar cells arc 

assembled from materials of cheap cost such as amorphous silicon based alloys. I.mp ressive 

progress in the research and lI SC of amorphous silicon based alloys have been made sin ce the 

results of the university of DWldee groups who demonstrated a low defect , device qua lity 

a- Si:1-I could be produced lIsin g radi o frequency glow discharge in SiH4 gas and that the 

material thus produced could bc doped n- and p-type. 11le first single junction a-Si:H p-i-n 

solar cell, reported by Carlson and Wronski in 1976, had a conversion efficiency of 2.4 %. 

La rge strides have been made in improving th e COli version efficiency and at present the highest 

reported efficiency of such cells is 12,7 % [22}. TIli s enOffilOUS improvement in tbe conversion 

efficiency is a result of a combinat ion o r a number of device and non-device related 

developments. The major device re lated developments include the use of a-SiC: H p-Iayer, 

sup erlattice doped layers, microcrysta lline p-Iayers and microcrystalline n-Iayers. nle 

non-device developments arc related to optical enhancement reatures which in clude 

improvements in textured condu ctive transparent oxides such as indium-tin oxide ( ITO) and tin 

oxide (SII 0
2
) and improvement s in rea r contacts with the use of titanium-silver alloys and 
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ITO-silver contact s. With recent report s of methods to improve open-circuit voltage olle may 

expect ao upper limit of 14 % 00 th e cOllversion eO'icicncy of single junction a- Si:H solar ceUs. 

-111C upper Limit on the conversion eOiciency of a-Si:H single jWlction ceUs is govemed by the 

optical band gap of a-Si:H~ whjch is 1.7 eV, and is not optimum for single junction terrest rial 

solar ce lls. The need to better utilise the solar spectrum, particularly in tbe long wavelength 

region has lead to great interest in developing a-5 i based alloys \vith narrower band gaps than 

that of a-S i:H and to employ tbese materials in a stacked jWlctioll configuration. Moreover, 

bener perfonnance is expected from stacked jWlctioli cells with alloys of both wider (e.g., 

a- SiC;I-I) and narrower (e.g. , a-SiGe:l-I) band gaps than that ofa-Si:H. [3 , 16] 

In thi s work, an attempt has been made 10 characterise the optical and elect rical propert ies of 

a-Si: H solar cells. By simulating the measured transmittance spectra of a-Si: l-I pin solar ce ll 

samples Quantities like tbe energy band gap , the laye r thickness and the refract ive indices of the 

diffe rent layer systems are deteml;lIed . From the I· V cha racteristics measurement of a-Si:I-i 

solar cell samples the short circuit current , the open circuit voltage and the efficiency of the 

samples are detennined. 

, , In Section 2, basic physical concepts rela ted to solar cell s are discussed. The structure of 

'" 
111 )Ji.1 

'I " 
amOIl>hous silicoD, preparation and growth of a-Si : H solar cells, the p-o and the p-i-n solar cell 

stnJctures, the mobility and the energy band gap. the absorptio n and the transmittance are 

discussed. In addition, tbe I- V characteristics of a-Si :H solar cells, the factors that resuJt to 

power losses and the effect of irradiance on tbe I· V characteristics of solar cells are 

considered. 

1lle Forouhi and Bloomer dielectric fWl ction model and the SCOUTFIT computer program 

th at are used to simulate the measured tra nsmittance spectra of the so lar cell samples are 

di scllssed in Section 3. 
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Section 4 is devoted to the discussion of tbe simulation of the transmittance spectra. TIle 

apparatus and the procedures used to measure the transmittance spectra arc presented. "Ille 

measured and the simuJatcd transmittance spectra and the fitted values of the different optical 

parameters obtained from the simulation are displayed and compared with published values. 

1.11 Section 5, the apparatus and the experimental procedures related to tbe I· V characteristics 

measurements of the a.Si:l-1 pin solar cell samp les arc presented. TIle result s arc tabula ted, 

disclissed and compared with publ ished values. 

Finally, in Section 6 concluding remarks are given and in Section 7 the reference material s are 

liSted. 
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2. Optical and Electrica l P roperti es of A-Si:H Solar Cells 

Solar cells operate by convening sunlight into electricity using tli e elect ronic propert ies of a 

class of material kno\\;n as semiconducto rs. In order to improve existing configurations, to 

choose materials and to understand the origins of the technical and economic problems of solar 

cells, Olle must have the knowledge of how th ese devices work. Wilh these objectives in mind , 

a discussion aftbe optical and electrical properties of so lar cens is presented in this section. 

2. l Amo rphous silico n 

Amorp bous semiconductors arc disordered materials wh.ich contain large numbers of bonding 

and structural defects. TIley possess no long-range structural configuration which means there 

is no unit ceU and no lattice. Rather, t.he semiconductor is composed everywbere of a random 

arrange ment of ion cores wbk b displays only short· range o rder, However, amorphous 

semiconductors, sucb as Si and Ge, can exttibit a high lh.:gree of sbon·range order. The 

nearest.neighbor separation in amorpbous silicon (a·Si) is unchanged from tbe crystalline 

silicon (c· Si) to witbin 1 or 2 % [1]. 

"," I ,," 
----d' 

Figur e 2. 1 The manner in which the basic tetrahedral wlit can lead to II crysta l or to all 

amorp hous, random network material . [1] 
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Figure 2. 1 shows how tetrahedral co-ordination leads to the face-centered-cubic unit cell of 

crystalline silicon and how tetrahedral structure can be preserved in me network model of 

amorphous silicon. Bonding defects as weU as voids can be seen in this net work model of 

amorphous silicon. 

Elemental amorpbous silicon does not appear to possess any photovoltaic properties in itself. 

With out the constraints of pc nodi city, it is difficult for each silicon atom to be linked lip vtith 

foW' others. This gives rise to microvoids within the structure of the material with ull sin isficd 

(dangling) bonds. Combined with tbe llonperiodic arrangement of the atoms, this creates large 

densities of allowed states right across the nomlally forbidden band gap. lllese make it 

impossib le to effectively "dope" the semiconductor or obtain reasonable carrier life times. 

However, it was reported in 1975 that amorphous silicon films produced by the glow discharge 

decomposition of silane (SiH" ) could be doped to fornl p·1I jtUlctions. These films cont ained 

hydrogen, created when the SiH" decomposes, as a reasonable proportion of the total atoms 

within the material (5 to 10 %). The role of hydrogen is to saturate the dangling bonds 0 11 the 

luternai microvoids of the film and at other defects in the structure as shown in Figure 2.2. 

These wouJd reduce the densiry of states within the forbidden gap and allow the material to be 

doped. [2] 

HVdfQ9lf1 flom 

Sihcon 110m 

Oan9hng 

"""" 

Figure 2. 2 Schematic diagram of the structure of amorphous silicon, showing how dangling 

bonds arise and how these may be passivated by hydrogen. [2] 
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2.2 Preparation and growth of a-Si:ll based alloys 

Va lious techniques of depositing amorphous silicon based aUoys ha ve been attempted such as 

radio frequency (r.C) glow di scharge in S iH~ gas, r.f gJow discharge in SiF" and l-4 gas 

mixtures, reactive sputtering of Si in H environment and chemical vapour deposition of SiH" 

gas. TIle major effolt has concentrated on the first method , i.c., f.f. glow discharge in SiH.1gas. 

plasma I SiH4+ PH, I I Si1-l 41 
J shu~ ~ 

[
r-----..... ........ . . . ' .~ r .... .. ' i r . : r -L 
. Jl~9! l~bg c::::Jl~9 : l ~L..J 

t" / vacuum/ t / 
, .. I .. .. 

/ 
i-chamber p-chamber n-chamber 

Fig ure 2. 3 Capacitiveiy coupled glow discharge reaction system. [3] 

substrate 

J RF.J 

A-Si films are genera lly prepared in a capacitively coupled system, as 5110\\111 ill Fig. 2.3. The 

gas is allowed to pass at a controlled rate between two plates and the plasma is generated 

between the plates using d.c., audio or r.r frequencies. A variety of new species are produced, 

such as atoms, free radica ls, stab le and unstable ion s. TIle energy of the electrons is on th e 

order ofa few elect ron volts (eV) and the electron temperature reached can be up to 100 limes 

higher tban that of th e gas and hence tbe electron possesses enough energy 10 break dO\"rn the 

mo lecular bonds. TIle electronic properties of tbe resultant a-Si based film depend 0 11 many 

deposition parameters such as temperature , gas flow rate. pressure, dilution , anode-cathode 

distance, power, etc. [3] 
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TIle present methods fo r improving a-Si :H appear to have three f.1cto rs in COUlmon: (i) a 

redu ction afLhe concentration of impurities such as 0 , C, and N, (ji) the avoidance of physical 

vapour deposition in favour of a surface deposition reaction by providing the proper 

siliconhydride radica ls, and (iii) an increase of the deposition ra te without sacrificing quality 

[ 4} . 

2. 3 p-n and p-i-n ty pe solar cells 

Va rious types of junct ion structures are developed for producing solar cells. TIle most 

common device structures are the P-II and the p- i-n. In crystalline semiconductors, such as 

c-S i, p-n jUll ct ions can be fonned easily because of the high quality of the materials. A P-Il 

jWlction crystalline silicon solar celJ consists of a phosphorous doped n-Iayer deposited Oil a 

boron doped p-Iayer. To extract we phologencratcd carners (elect roilS and holes) to 3.11 

ex"temalload, a front and a back metal contacts are deposit ed on the layers. Figmc 2.4 shows 3 

typ ical P- II jWlcl ion solar cell 

Cont.1CI bar+grid 

p-Iayer 

Back metal contact 

Figure 2. 4 A p-n jlUlction so lar cell stmchlre. 

111e relatively poor transport properties in amorphous semiconductors, e.g. a-Si, necessities an 

addit ional intrinsic layer (i-layer) between the 11- and p-Iaycrs. Therc are localised gap statcs. 

those arising out of unsat isficd chemical bonds and tJiose arising out of structural defects and 
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impurities, which results to poor electrical properties in amorphous semiconductors. Dangling 

bonds inherent in semiconductors arise out of unsatisfied chemical bonds. Usually, hydrogen is 

added in a. Si to passivate the dan gling bonds. The resulting semiconductor is referred to as 

hydrogenated amorphous silicon (3-5i:H). Hydrogen not only plays an important role ill 

S.:1 tisfying the dangling bonds but also modifies the whole structure of the semiconductor. It has 

been fOWld thal voids, usually present in COli vent iona I a-Si, lend to be ab sellt in a-Sa-I.. [11- TIle 

solar cells used in this work afC made [rom a-SU-I. 

111e a- Si:I-' p-i-n solar cell consist s of a glass substrate coated with TCO (t ransparent 

conducting oxide). A thin boron doped 1'-13yer is deposited Oil the TeO which is followed by 

the i-layer and then a thin phosphorous doped I)-layer. Finally, a back metal contact usua lly 

made of aluminium or silver is deposited on the n-Iayer. Figu re 2.5 shows such a pin a-SU-j 

solar cell structure. 

Glass 

TeO (SnQF) 

D-l aver(a-Si:H) 

i-layer(a-S i :1-1) 

n-laver(a-Si:H) 
Melal (silver 

f ig ure 2. 5 A p-i-n junction solar cell st ru cture. 

d-O.07~m 

d-O.O l~m 

d-(OA-O. 8) ~ 

d-0.D25~ 
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2. 4 Mobili ties and energy ba nd gaps 

Carriers transport in semiconductors is mainly by drift Of diffUsion, depending on whether the 

semiconductor is amorphous or crystalline. Consider a randomly moving electron in a crystal 

under th e influence of an applied electric field, i;. The electron co llides with a ian ice atom or all 

impurity or a defect in the crystal structure. -nlC velocity that the electron ga ins from the 

applied field tends to decrease due to the collision process. Fo r electrons in tbe conduction 

band, the average velocity increase betweell collisions caused by tbe fie ld is given by 

(2 . I) 

where v d is the drift velocity of tbe electron, 't is the relaxation time which is the average time 

between collisions, e is the elementary cbarge and m. is the effective mass of the electron. Lf 't 

is averaged over all electron velocities, then Eqn. (2.1) becomes 

-nlC el l!ClrOn mobility ().1.) is defIned by 

Vd e, 
~l - --­e - C, - m e 

and the current density (1.) due to electrons in the conduction band is 

J,: env,: efl,n~ 

where n is the electron concentration. 

Similarly, for holes in the valence band, the mobility (~4.) is given by 

/ 
/~ 

and the current density (Jh ) is 

where IllII is the bole effective mass and p is the hole concentration. 

The conductivity (0) of the semiconductor is defined by 

(2 .2) 

(2.3) 

(2.4) 

(2 .5) 

(2 .6) 



, 

~ , 

~l ,\ 

a 
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(2.7) 

TIle carrier mobility is affected by doping concentration and temperatu re. Doping a 

se miconductor heavily and increasing the temperature of the semiconductor results \0 a 

decrease of the canier mobilities. 

An electron in a cryStal is fO lUld in a specified energy band. The cll crgies of the valence 

electrons which fo rm bonds between atoUls represent the valence band. TIle next band .. vith 

higher energy th an the valence band is the condu ction hand. TIle fo rbidden energy gap that 

separates the valence band from the conduct ion band denotes th e energy band gap (EM)' Energy 

band gaps are tb e characteristic of semiconductors and insuJators. SemiconductOrs have energy 

gaps between 0.6 eV and 2.S eV, whereas in sulators have energy gaps which arc greater than 

2.5 eV. Being a semiconductor, the energy gap of c-Si is about 1. 12 eV aJld that of a-Si is 

abo ut 1.75 eV. 

TIle major difference between c-Si and a-Si for sola r ce ll application is in the energy band 

stru cture. Crystalline silicon possesses an indirect band gap structure whereas amo rphous 

sil icon possesses an almost direct band gap stru cture. 1lle indirect band gap, in c-Si, necessities 

relatively thick devices (- 100 ~Lm). 1lle mobilities of the holes and the elect rons ( ~L,,-5 00 

cm"/s. V and ).1.- 1500 cro2/s. V [3]) in c-Si are large enough, so th at ligh t generated carriers arc 

ab le to diffuse a p-n junction where they arc transported to the cont acts and hence generate a 

photocurrent. Hence, the main transport mechanism in crystalline silicon is diffusion. l1l c 

direct band gap strucrure of a-Si allows to use relat ively thin layers (- I ~lm) . 1lle mobilities in 

a-Si are low ()lc- IO.L cro"/s. V and ~~ _ 101 cm1/s. V [3 n and as a result the transport of 

photogenerated carriers is mainly through drift . 

1lle optimum thickness of the different layer systcms in solar cclls depcnd not only on the 

mobility but also on the absorption coefficient. The next section is a di scussion on the 

absorpt ion. 
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2. 5 Absorption 

Light incident on a semiconducto r is attenuated as it passes through the semiconductor. TIle 

rate of absorption of light is proportional to the flu-x of photons for a given wavelength. The 

intensity of monochromatic light as it passes through the semiconductor is described 

mathematically as [2} 

I(x) = I(xo)e--«(x-xo) 
(2 .8) 

where a is the absorption coefficient. The absorption coefficient is impol1ant in sola r cell 

design because it determines how far below the surfa ce of the cell light of a given wavelength 

is absorbed and is used. Optical abso rption is also used fo r characterising hydrogena ted 

amorp bous silicon (a-Si:H), Absorption coefficient fo r photon energies ncar the band gap arc 

usu aUy obtained from transmission ~d reflection measw emcnt s. [51 

-
E 
-" 
0 

10' 

10\ 

10' 

10' 

10' 

10 

a-Si : H .... .. 

• 
B 
B 
B 
B 

I 
.' . ' 

.......... ........... 

c 'Si 

'ei 
l . . . . 

1.0 1.5 2.0 2.5 l.O J.) '0 

~w (eV) 

Figure 2. 6 Absorption coefficient of a-Si:H derived from optica l absorption (6.) and 

photoconductivity (0) [6]. 

Figure 2.6 shows the absorption edge obta ined 011 a film of a-Si:H deposited at 240
u

C using 

optical absorption and photoconductivity. TIle Figure shows that a-Si:H is highly absorbing for 

pooton energies greater than about 1.7 eV whcn compared with that of crystalline silicon. 
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2. 6 Transmittance 

Supp ose tbat a plane monochromatic wave having the fa ml 

..... ----+ . 4 -) 
E, = E. exp[l(k , . r - rot)1 

(2. 10) 

IS incident on an interface separating two isotropic media . 11len, the reflected and the 

transmitted waves can be written as 

(2. 11 ) 

(2 . 12) 

~ ~ ~ 
where E is the electric field, k is tbe wave vector. r is the position vector, U} is the 

frequency and t is the time. 

" , E ,I' ,E, k , 
~ 

E B' " 
B 

, k i B , 
~ e B , t<;UJ.c!: 

n, 

un 
n t 

• 

~ , iI. i r B; 
efE, 

"" k , 

(a) 
(b) 

Figure 2. 7 An incoming wave whose electric field is (a) oormai lo tbe plane o f incidclice aDd 

(b) parallel to the plane of incidence. 

An expression fo r the transmittance can be obta ined by considering tW O cases: (i) when the 

electric field is perpendicular to the plane ofin cidcnce (s_polari sation) and (ii) \ .. lhclllhe electric 

field is paraUe\ to the plane of incidcLlce (pppolarisation). 



• 

• 13 

s-QQiari sation 
~ ~ 

For s-polarisation it is assumed that E is perpendicular to th e plane of incidence and B (the 

magnetic field) is paralJel to it. Making use of the bOwlda ry conditions at the in terfa ce , i.e., 

-> 
fro m the continuity oftbe tangential components of tile E- and B- fields. it is obtained that [71 

(2 . 13) 

Where II is the refractive index and ~l is tbe pcnneabilit y. 

With dielectrics, for which ~ i ::: Ill:::: 1-1 0 equation (2. 13) reduces to 

(2 . 14) 

where t ~ denotes the amplitude transmission cocfficielH for s-polariscd light. 

p-po\arisation 
~ ~ 

In tllis case, it is assumed that E is parallel to the plane of incidence whereas B LS 
~ ~ 

perpendicular to it. From the continuity of the tangent ial components of the fields (E and B ), 

it can be derived tbat [7] 

(~:) /I ", e " e "'i cos t+M cos i 

When both media forming the interface are dielectrics, equation (2.15) becomes 

where til is the amplitude transmission coefficient in tbe case of p.po larisat ion. 

(2 . 16) 

The transmittance (T) is defined as the ratio of the intensity of the transmitted lighl to the 

intensity oftbe incident light. ThaI is [7] , 
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(2 .17) 

where t is the amplitude transmission coefficiellt. 

l1H1S, for s-polarised lignt 

T = (n.COS8.) 12 
1. n jCOS e, .1 

(2. 18) 

and for p·polarised light, 

(2. 19) 

For nonnal incidence, i.e., for e, = O. t.he Iransmiu:l.ll ce will be given by 

(2 .20) 

2.7 Current-Voltage (I-V) characteristics or sola r cells 

One of the methods used to characterise the pe rfonmUlce of solar cell s is to study the electrical 

pro perties of lhe solar cells. This is done by investigating the 1- V characteristics curves of the 

solar cells. Figure 2.8 shows the band diagram of a p-n junction solar cell under illumination. 

Electron-hole pairs are generated on both sides of the jWlctioll . The p-n jun ction separates tbe 

minority carriers, electrons from tbe p-rype base and boles from tbe n-type emitter. and 

transfonns the light generated current between the bands into an electric current across the p-n 

JUJl ct ion. 
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Figure 2. 8 Current in a p·n jWlctioll under illumination. [81 

llle I· V cha racteristics of a solar cell can easily be understood by drawing an eq uivalent circuit 

of the device as sho",n ill Figure 2.93. TIle light generated current is represented by a current 

generator in parallel with a diode which represent s the P-II jtulction [8]. llle difference between 

tbe diode current (lJ and the light geuera ted current (I]) is the output current ( I) which is given 

by [7J 

(2 .21 ) 

where V is the voltage, k is the Boltzmann constant, e is the magnitude of the cbarge of an 

electron, T is the absolute temperatu re, 10 is the diode saturation current and III is the diode 

idea ljty factor whose value is usually close to unity. 

(a) 
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Figure 2. 9 The equivalent circuit (a) and th e (·V characteristics ofa solar ce ll (b). [2,81 

'ne current obtained when V = 0 is tbe short· circuit current (I .. ) an d the voltage obt:tined 

when I = 0 is the open*circuit voltage (V.J An expression for V .. can be obtained fro m 

Equation (2.2 1). by setting I = a, as 

v = mkT ln ( .!l.+ 1) 
DC e I" 

(2.22) 

TIle open-circuit voltage is determined by the propcnies of the semiconductor because of its 

dependence 0 0 1
0

, The power output fo r an y operating point in the founh quadrant is equal to 

the area of tbe rectangle indicated in Figure 2.9b. nle power output is maximum at the 

maximum power point (V... • 1m), where VIII and I", are the voltage and the current 

corresponding to the maximum power point respectively. 

TIle energy conversion efficiency (11) oftbe solar cell is given by 

(2.23) 

where Pin is the total power of the light incidcul 0 11 the cell and FF is the fill f.1ctor, which is 

defined by the relation 
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(224) 

11le fill factor is a measure of how "square" the output characteristics are. For cells of 

reasonable efficiency, it has a value in the range 0.70 to 0.85. [2J 

11le conversion efficiency of a practica l solar cell is limited by intrinsic and extrinsic losses. 111c 

ext rin sic losses include those due to reflection, series resist ance, incomplete extraction of 

phologenerated camers and recombination of carriers. 11le intrinsic loss includes the inabi lity 

of a cell with a specific energy gap (Ea) to properly Illatcb the broad solar spectrum. 11lcsc 

losses are discussed in the next section in I.llore detail. 

2. 8 I>ower losses in solar cells 

Light incident on a so lar ceU creates electron-hole pairs. At the junction , the electrons and 

bo les are made to separate by the intrinsic electric field and create a current flow in a load 

connected between the cell teneinals. 11le main parameters that affect the energy-coil version 

effic iency of the cell are listed below together with th e means to reduce the power losses. 

• The light generated earners have energy in excess of the band gap. lmmediat ely after 

their formation, the electrons and boles decay to states ncar tbe edges oftbeir respect ive 

bands. The excess energy is lost as beat. Moreover, tbe inability of semiconductors to 

absorb the below-band gap light causes a considerable part of the solar spectrum to be 

lost. These cases represent the fundamental loss mechanisms in solar cells. 

To reduce these losses, a tandem cell whicb represcnts a stack of several cells can be 

used. The top cell must be made of a wide-band gap semiconductor and it convert s the 

more ene rgetic (short wavelength) radiation . 11le transmitted light is then converted by 

the bottom cell which is made of a narrow-band gap semiconductor. 111is arrangement 

increases the efficiency, significantly. 
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• The maximum voltage that can be ext racted from a solar cell is given by [8] 

Eg 
y=­e 

(2 .25) 

where E" is the energy gap and e is the charge of an electron. Generally, a widc·balld 

gap semiconductor produce higher voltage than a Ilarrow·band gap semiconductor. 

However, the voltage obtained in practical devices is significantly less than to that 

expressed by Equation (2.25). TIle fWldamclltal process that detemlincs V ~ is 

recombination, which is the annihilation of electron-bole pairs, in the semiconductor. 

Recombination is most common at impurities and defects of the crystal or at the surf.1ce 

of tbe semiconductor. Recomb ination also takes place at the ohmic contacts wilh the 

semiconductor. 

A la yer of passivating oxide may be used to reduce surface recombination. The contacts 

can be surrounded by heavily-doped regions acting as "minority mirro rs" which impede 

the minority carriers from reaching the con tacts and recombining [8]. 

• Light reflection from the top surface, shading of tbe ce ll by the top contacts and 

incomplete absorption of light by semiconductors are also the other facto rs that result 10 

power loss in solar cells. 

Surface texturing and the application of twO or lUore ant ireOectioll coating reduces the 

top surface reflection. Moving the top contacts to tbe back of the cell preven ts the 

shading of the cell by the top contact s. By making tbe back metal contact optically 

reflecting. the absorption of light in so lar cells can be improved. 

• There are series and shunt resistances in solar cells that result to power losses. The scries 

resistance (~) is due to the bulk resistance of the semiconductor making up the cell. the 

bulk resistance of the meta llic contacts and in terconnections and the contact resistance 

between the metallic contacts and tbe semiconductor. 
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Figure 2.10 An equivalent circuit ofa solar cell [2]. 

The shunt resistance (~) is caused by leakage across the P-Il junction around the cell 

and in nonperipberal regions in the presence of crystal defects and precipitates of 

impurities in the junction region [2]. Both It. and R.t. reduce the fill facto r which in tum 

affects the output power. The effects of these resistances on the V ... ' the ' .. and the FF 

are shown in Figure 2. 11. 

, 
i , 
6 

<l.V· lA, 

OUlputwol~ 
'. '-

Figure 2. 11 Effects ofR, and ~ on the I-V characteristics of solar cells. (2) 

• The other fac tor that affects the power output of a-Si:H solar cells is the 

Staebler-Wronski effect. It is caused by lhe action of light absorption ill the i-la ye r 

hi h deli ' 1 d 'eets (pholodegradation) by increasing the density of trapp ings w c create a uooa ell 
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and scattering states, thereby reducin g the efficiency of the solar cells. The 

Staebler-Wronski effect depends on tbe intensity oflighl to which the cell is exposed, t.he 

duration of the exposure and the thickness of the i-layer [8) . 

By using mUltiple-junction structure, in which the absorption of light is split between a 

number of re latively thin i-layers, the Staebler-Wronski effect can be redu ced 

significantly. Increasing the amount of hydrogen also reduce the densit'y of the dangling 

bonds which results to an increase in tbe efficiency of solar cel.ls. 

2. 9 Effects of irradiance and temperature on the I-V characteristics of 

solar cells 

The total power from a radiant source faHing on a wlit area is known 35 irradiance [8) , When 

the irradiance is increased, the photon fl ux fa lling on the samples also increases resulting to a 

generation of a large current. The short· circujt current and the irradiance are related in such II 

way that the I .. is directly propo rt ional to tbe irradiance. -nl C voltage dependence on tbe 

irradiance is not significant. It is Sh OW'1l iu Eqn. (2 .22) that open·circuit vo ltage depends 

logarithmically on the irradiance. 

Temperature affects the power output of a solar cell. Most significantly, the open-circuit 

voltage depends on the temperature. Voltage decreases with in creasing temperature. -nle 

voltage decrease ofa silicon cell is about 2.3 mvrc [2]. The short- circuit current of solar cells 

is not strongly dependent on temperature. It tends to increase slightly with in creasing 

temperature. This is due to the fact that semiconductor band gaps generally decrease with 

temperature [2]. A decrease in band gap implies an increase of light absorption by lhe 

serruconductor. 



• 
2 1 

3. Computer Simulation of the Transmittance Spectra of 

M ultilayer Stacks 

TIle simulation of the transmittance spectra of a.Si:H pin solar cell samples is performed usi ng 

the SCOUTFIT computer program TIle Forouhi and Bloomer (F&B) dieleclTic fU ll ction 

model is also utilised in the simu1ation. A brief discussion all the F&B die lectric fun clion model 

and the SCOUTFIT computer program is presented below. 

3. 1 Forouhi and Bloomer dielectric functi oll model 

Optical properties of a medium can be described by the complex index of refraction, N :: n.iK 

where n is the refractive index and K is the extinction coefficient ; or by the complex dielectric 

parameters n and K are referred to as optical constants of the medium. The optic:!i COlI st:I.Il !S 

depend on the photon energy, E = t oo, and exhibit structure in the interband region where 

bOWld-electron transitions are dominant. (9, I 0] 

The extinction coefficient K is directly related to the absorption coefficient a by 

a C 
K=-20) 

(l . l) 

where c is the speed of light an d 0> is the frequency. A general expression for the extinction 

coefficient, K, is obtained using the quantum·mecbawcal theory of absorp tion [9J . TIl is 

expression is given by 

(3 .2) 

where, 
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A = const. 23' e'~'I< " ' Ixl,, >I ' y, 

8 = 2(E. , - E. ), 

1;',' C= (Eo' - Eo)' + -
4 ' 
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lcr) and Icr ") are molecular states corresponding to energies E and E . h' 
fJ C· , X IS I c positIOn 

vecto r, e is the charge of an el t t · PI ' ec ron IS anck s constan t and y is the recIprocal of the II fe 

time of the exc ited state. 

The optical constants nand K are related by the Kra mcrs-Kronig relat ion. Thus. an expreSSIon 

fo r n as a function of the energy (E) is given by 191 

where, 

neE) = n(co) + BoE + Co 
E2 - BE + C 

Bo= ~[_~2 + Eg B - E~ + CJ, 

Co = ~[(E~+C)~-2EgC]. 

1 ' Q = '2(4 C - 8 2)2 and n(C() is the refracti ve index at infinity. 

(J 3) 

It is shown that the five parameters, i.e. , A, B, C, E. and n(oo) describe the dependence or n 

and K on the photon energy, E. 

3, 2 SCO UT FIT computer simulation progra m 

SCOUT is an abbreviation fo r SpectrosCopic Objects and UTilities and is a Wmdows 

applicat ion for Computer Assisted Optical Spectroscopy (CAOS). CADS is an approach to 

the interpretation of optical spectra by computer simulatIon. [III 

A direct si mulation of optical spec tra has to be based on the macroscopic response of mailer 

to electric fields which is given by the di elect ric func tion of a material. Hence, the SCOUT 

provides a wide variety of possibilities to define dielectric functions, such as 
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• definition of dielectric function on the basis of models like tbe F&n model for in terband 

transitions and the Drude model fo r free carriers. 

• importing of dielectric function as a set of complex numbers, etc. 

Transmittance and reflectance spectra can be analysed in SCOUTFIT program that comes willi 

the SCOUT. SCOUTFlT is a computer program to fit model calculations of optical spectra 

automatically to experimental data. This is done by a variation of the un known parameters :lnd 

a comparison of the calculated to the measured spectra. Lfthe parameter variation result s ill a.1I 

improvement, the old parameters are replaced by the new ones. TIl e para meler variation is 

continued until it is stopped by the user. 

The SCOUTFITs structure contains tbe main window which is a list of the fi t I)aramcters. 'nlc 

main window owns and controls the stack, the dielectric function Bud the spcctrl windows. 

TIle stack window defines the layer stack whose optical properties are to be filled. TIle 

dielectric function window contains a list of the dielectric functions used by the SCOUTFIT. 

The spectra window is a list of the spectra used fo r the fit. The SCOUTFIT deals with one 

layer stack, but it can be made to 6t simultaneously nIany spectra at a time. TIlC parameters 

that can be fitted by the SCOUTFIT are layer thickness and dielectric fWlctioll s. 

In the SCOUTFIT program to prepare a parameter fit, it is Ilecessary to define the dielectri c 

functions of all materials to be used, the layer stack and tbe set up of the spectra that are to be 

compared to e>..'perimental data. After preparing the parameter list , tbe automat ic fit is startcd. 

The performance of the fit requires a further refinement of the models wa il a complete 

. fi will b essful The fining process in the SCOUTFIT computer program is automatiC t e succ . 

shown in Fig. 3. 1. 
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Figure 3, 1 The fitting process in the SCOUTFIT computer program. 
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TIle SCOUTFIT program uses dielectric fun ction models, like the Forouhi and Bloomer 

model. For a fit of parameters to experiments, using the SCOUTFIT program, the original 

expressions for A, B and C that are fOWld in Eqns. (3 .2) and {3.3} are replaced by the 

parameters A, position and delta. The parameter A is the same as that fO UJld in Eqn. (32). It 

somewhat describes an overall strength of the susceptibility. The pa rameter position is equal to 

BI2 and it is the wavenumber position where the imagina ry pall of the dielect ric fUliction is 

maximum. The parameter delta contro ls tbe strength and at the $.1JJlC time a c t S as a da mping 
, 

parameter. Delta is defined as delta = [ C - ( , ) 2y . A positive choice of delt a is lIot enough. 

since tbe imaginary part of the dielectric function can be negative if delta is too small [I II. It is 

known that the imaginary part of the dielectric function is always positive. So, it is IlCCess.1ry to 

check the dielectric functioo whenever the F&B model is used. 

TIle F&B model in SCOUTFIT asks for the fundamental gap energy in w3venumbers. 111is 

wavenumber corresponds to the position where the imagina ry pan of tbe dielectric fum;tiull i:-. 

zero. TIle resuJt of the fit , using the F&B model, below this wavenumber is not reliable. 

TIle F&B model in SCOUTFIT uses its owo extrapolation for high frequencies. Therefore, it is 

not advisable to use the F&B model beside any other susceptibility in the interband frequency 

regIOn. 

In this work the SCOUTFIT program is used to simulate the transmittance spectra of a-Si: H 

pin solar cell samples by making use of the F&B dielectric fimction model. 11le dielectric 

function parameters defined are A, position, delta , fund amental gap energy, refractive index al 

infinity and the layer thickness for tbe p~ , i- and n-Iayers; layer thickness and dielectric 

backgroWld (real part) for glass and TeO (Transparent Conducting Oxide) layers. 
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4. T ransmittance Spectra of A·Si:H Solar Cells 

The transmittance measurement of solar cell samples IS important for the optical 

characterisation of the samples S ct ' 4 ' d . ' . . e Ion IS evoted to tbe presentation and discussion of the 

transmittance spectra of a-Si:H so lar cell samples. 

4. 1 Measuring the transmittance spectra 

-'. 1. 1 Measuring apparatus 

The samples used in the transmittance measurements are two a-Si:H pin solar cells which dilJer 

in the i-layer thickness. The first one is denoted by TCOPIN I and tbe second one by TCOPIN2 

where TeO stands for transparent conductius oxide, P, I and N st31ld fo r boron dop ed a-Si : H 

p-Iayer, undoped a-Si:H intrinsic i-layer and phosphorous doped a-Si:1-I n-l::tyer. respectively. 

The substrate is glass and the structure of the solar celJs is of the type Glass/T e O/PI lAg 

where the back contact (i.e. , silver) is absent on the SllOIS where the transmitta nce is measured. 

The samples were produced by the glow. discharge meth od al the Juclich Research Ccnter 

(Germany). The transmittance is measured on different spots of each samples. To differentiate 

the ilifferent spots on the samples the letters a, band c are added in the samples notations. 

TIlUS, there are 6 spectra (3 for each sample) and are denoted by TCOPlNla, TCOPlN lb, 

TCOPIN Ie, TCOPIN2a, TCOPIN2b and TCOPIN2e. 

The transmittance measurement of the samples were perfomled on a Perkin Elmers Lambda 19 

UVNISINIR double beam spectrometer. It measures the ratio of the intensity of the sample 

beam to the intensity of the reference beam The Lambda 19, that is used for the transmittance 

measurement of the samples, consists of the main co mp artment of the spectrometer and the 

transmittance sample bolder. It is used together with a personal computer. llle op tics of the 

Lambda 19 is shown in Figure 4. 1. 
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Figure 4. 1 Optics o[Perkins Elmer Lambda 19 spectromeler. [14J 
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HL is the balogen lamp that produces VISlNlR light, DL is the deuterium lamp that 

produces IN light, M I stands for mirror I SA stands fo r slit aperture FW stands for , , 

filter wheel that filters light from the source, MOllochr. is an abb reviation for 

monochromator, C is a chopper that divides a single beam into two and BM stands fo r 

beam mask. There arc two detectors ill the detector compartmcm room. Photomultiplier 

tube (PMT) that detects UVN IS light and Icad suJpbjde semiconductor ( PbS) detecto r 

that detects NlR light. In the sample room there are two part s where R (reference tU i lT or 

ho lder) and S (sample bolder) can be in stalled. 

-'. 1. 2 Measuring procedures 

When taking the transmittance measurement or the samples, the foUowing steps were taken: 

The spectrometer was switched on and waited for 20 minutes wltil the lamps reach 

thermal equilibrium. 

TIle transmittance sample holder was Illowned and an instrumcnt background correctioll 

(Be) was done. The spectrometer aut omatically records Be, which is the ratio of the 

intensity of the sample beam (1. ) to the intensity of the refcren ce beam (I, ). 111at is [1 2], 

Be =!! 
I, 

(4 . t ) 

The sample was mounted 0 11 the transmittance bolder and tbe measurement was 

performed. The result displayed on the personal computer is [1 2J 

(4 .2) 

h T · th I [the transmittance obtained when the sample is put on the sample w ere m lS e vaueo 

holder so that background correction is not taken into account. 

The measured transmittance spectra were converted to a l l xy-fonnat , where the 

. d ill nanometers (11m) is converted to waveuumbers in 
wavelength which was measure 
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units of em"I, using the Origin 4.0 computer progra llL The measured spectra in wlit s of 

em'l were simulated using the SCOUTFIT computer program to obtain lhe fitted CUNes 

fo r each spectra. 

• The fitted values of the dielectric background (real pan) and the layer lhickuess fo r glass 

and TeO layers; refractive index at infinity, layer thickness, energy gap and the 

parameters A, position and delta of the p. , i- and n-Iayers were obtained from the 

SCOUTFIT computer fitting process. The fitted values lhal arc tabula ted in sections 

4.2. 1 and 4.2.2 were taken when the Xl deviat ion (see below) was as small as I)ossible. 

Chi sq uared (x') 

The results of any repeated measurement can be grouped in bins (a number of interva ls), 

k= 1. ... ,n. Let Ot denote tbe number of results observed in bin k. Simila rly, El den Ole the 

number expected in bin k, based on some assumed distribulion. Chi sq uared is defined as 

and the reduced chi squared as 

_ X2 

X=-
d 

(0.3) 

(44) 

where d is the number of degrees of freedom. lf X» I, tbe agreement bcrnreen Ok and El is bad 

. 'b ' . . t d If x- '" 1 the agreement is satisfactory, and the and the assumed distn litton 15 reJec e . ~. 

observed and expected distributions are compatible. [1 3J 
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4. 2 i\'leasured and simuJated transmittance spectra (resuJts and discussion) 

TIle simulation of the transmittance spettra is done by using the SCOUTFIT computer 

program, in the wavenumbers interval between 12000 cm,l and 20000 em"l (i.e., ill the energy 

range between 1.49 eV and 2.48 eV). The dielectric fun ction model used in tbe sinmlll lion is 

the Forouhi and Bloomer model. TIle experimenta l and th e simulated spectra are present ed 3Jld 

discussed below. 

4.2. 1 Measured and simulated transmitt:lnce spectra of the TCO N NI s:uuplc 
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Figure 4. 2 The measured (solid) and the simulated (dotted) transmittance speclra curves of 

the (a) TCOPIN la, (b) TCOPINlb and (e) TCOPlNl e. 
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,1le solid curves of Figs. 4.2 (a) - (c) show the measured transmitt ance spectra of the 

TCOPIN I sample when the sample is illuminated at different SPOts and the dOlled curves are 

the simulated ones. The simulated curves of the Te OPIJ I a the TeOP!" I b and the , 

TCOPIN I c are in a very good agreement to th eir respective measured spectra with a deviation 

0[0. 0000782,0.0002610 and 0.0001 927, respectively. 

11le transmittance of the TCOPINI sample vanes between 0.73 and 0.28 in the energy region 

between 1.49 eV to 1.86 eV. But above tbe energy of abollt 1.86 eV, the tfa ll smill:Jll ce 

decreases with increasing photon energy. As it is observed from Figs. 4.2 (a) - (c), the 

transmittance of the samples above the energy of 2.22 eV is almost zero. 1n th is region either 

there is high reflection at the surface of the samp les or else there is high absorption in the 

laye rs. But, above about 600 nm (i.e., below 2.07 eV) a-SU'I no longer absorbs esscntially all 

the light [I 5]. It means in the energy regions below about 2.07 eV, one may observe reflection 

and (or) transmission but not absorption. But, it is expected in the energy regions above about 

2.07 eV tha t absorption is dominant. Moreover, the abso rption coefficient of a-Si:H is hig.h for 

energies above about 2 eV indicating high absorption ill tills region [Fig. 2.2}. 

The transmittance spectra oftbe TCOPINI sample were simulated to obtain th e values of the 

parameters A. position, delta, the refractive index at high frequency, the energy gap an d the 

thickness of the different layers. The fitted parameters of the TCOPIN I sample are displayed in 

Ta ble 4. 1. 
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L:lyer Fitted values 
systems Optical parameters 

TCOPIN I , TCOPINI b TCOPINl c (l illl . 

N-layer Forouhi & Bloomer ( 1986) : delta 1.429 1.297 1.245 cV 
" " : position 2.433 2.461 3.228 eV 
" " : A 1.568 1.568 1.566 · 
" Refractive index at infinity 3.385 340 1 3.43 1 · 
" Fundamental gap energy 1. 727 I. 724 1.723 eV 
" Layer thickness 0.025 0.022 0.026 ~Ull 

I- layer Forouhi & Bloomer (1986) : delta 1.209 1.398 1. 366 cV 

" " : position 2.505 2.386 2.059 eV 

" " : A 1.563 1.564 1.57 · 
" Refractive index at infinity 2.396 2.382 2.387 · 

" Fundamental gap energy 1.653 1.653 1.653 cV 

" Layer thickness 0.502 0.48 0.483 pili 

P-layer Forouhi & Bloomer (1986) : delta 1.4 16 1.5 16 1.41 4 eV 

" " : position 3. 131 3. 157 3.056 eV 

" " : A 1.56 1.57 1.56·1 · 

" Refractive index at infinity 3.43 3.415 336 · 

" Fundamental gap energy I. 926 1.925 1.925 cV 

" Layer thickness 0.009 0.01 0.009 pill 

TeO Dielectric background (real part) 3.831 3.727 3.829 · 

" Layer thickness 0.07 o.on 0.068 ~un 

Glass Dielectric background (real part) 2.269 2.272 2.264 · 

" Layer th.ickn ess 111 6 111 5 1101 pill 

Table 4.1 The fitted optical parameters of the TCOP[NI sample. (Dim. stands for dimension) 

Table 4. 1 shows that the deviation of the different optical parameters from each other of th e 

transmittance spectra oftbe TCOPrNl sample taken at different spots of the sample is small. 

indicating that the fitted optical parameters characterise the given sample effectively. III rel At ive 

tenns, the deviation from each other of the th.ickness of the sample at the different spots is 
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large. TIlls may be accounted for the inhomogeneity of the thickn ess of the layers during the 

preparation of the samples. 

4.2. 2 Measured and simulated transmittance spectra of the TCOPIN2 sample 
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Figure 4. 3 The measured (solid) and the simulated (doned) transmittance spectra curves of 

the (a) TCOPIN2a, (b) TCOPIN2b and (c) TCOPIN2c. 

TIle solid curves shown in Figs. 4.3 (a) - (c) are the transmittance spectra of tile TCQI)IN2 

sample measured at different spots of the sample and the dotted curves are obtained by 

simulating the measured spectra using the SCOUTFIT computer program. TIle simulated 

spectra of the TCOPIN2a, the TCOPIJ'f2b and the TCOPlN2c are in good agreement with 

their respective measured spectra with a deviation of 0.0003759, 0.000287 1 a.nd 0.0003081. 

respectively. 

10 the energy intetval between 1.49 eV and 1.84 eV, the transmittance of Lhe TCOPl:N2 

sample varies between 0.65 and 0.26. From Figs. 4.3 (a) - (c), the transmittance is found to 

decrease with increasing photoD energy above the energy of 1. 84 eV, until it is almost zero for 

energy greater than about 2.07 eV. The transmittance of the TCOPIN2 sample approaches 

zero faster than that of the TCOPINl. That is, for the TCOPIN2 sample the transmittBnce 

approaches zero for energy greater than 2.07 eV, whereas for the TCOPIN I it approaches 
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zero for the energy greater than 2.22 eV. This is to be expected smce the absorpllon or li ght In 

a material increases as the th ickness is increased. 

From the simulated transmittance spectra of the TCOPIN2 sample the dlfTcrent opllcal 

parameters were determined and the values are depicted in T:lblc 4 2 

Layer Fi tted va lues 
systems Optica l parameters TCOPIN2a TCOPIN2b TCO PI N2c Di m. 

N· layer Forouhi & Bloomer (1986) : delta 1.466 I 142 I 185 eV 

" " : position 3.054 2 485 2917 eV 

" :A 1.567 1.565 1568 -" 

" Refractive index at infinity 3.414 3.41 3403 -
" Fundamental gap energy 1.723 1723 1722 eV 

" Layer thickness 0.025 0 028 0025 ~tm 

l·layer Forouhi & Bloomer (1986) : delta I.I 83 I.I 93 1226 cV 

" " : position 2.607 2.277 2.455 eV 

" " :A 1.668 1.57 1569 -
2.44 24 17 2335 -

" Refractive index at infinity 

" Fundamental gap energy 1.65 1.653 1652 eV 

" Layer thickness 1.03 I 0.863 1054 ~m 

P-Iayer Forouhi & Bloomer (1986) : delta 1.509 1.459 1.342 eV 

3064 eV : position 2.72 2.634 
" " 

1.569 1.567 1 566 -
" " :A 

3.41 3.4 34 11 -
" Refractive index at infin ity 

1.926 1.927 1926 eV 
" fundamental gap energy 

0.01 0 009 00 1 ~,m 

" Layer thickness 
3.96 I 383 -

Dielectric back!;,tfound (real part) 3.811 
TeO 

0072 0077 pm 0.066 
" Layer thickness '1 ., .,., 

2 27 -2.247 __ J'} 

Dielectric· background (real part) Glass 
11 00 1093 ~m 11 06 

" Layer th ickness 

Table 4. 2 The fitted optical paramete 
am rs of 'he TCOPfN2 s P Ie 
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Similar to the TCOPINI sample, the deviation of the optical parameters of the TCOI)I 2 

sample from each other for the different sample SPOIS is smaU. This seems to indicate that tbe 

fined optical parameters successfully characterise the given sample. Here also, relatively big 

deviation is observed in the layer lh.ickness for the different SPOts, which indic:ucs the di nlculty 

encOlUltered in depositing the a-Si:H layers homogeneously on the subStrate. 

It is observed from the transmittance spectra of the reOPlNl and the TCOPIN2 samples that 

the separation between any two maxima or minima (i.e., the broadness of the interference 

fringes) is different for the samples. The cause for the difference in the broadness of tile fringes 

is tbe difference in the i-layer thickness of the samples. TIle interference mnges (the spectra) 

are observed due to the interaction of light \vith the different layers that make up the so lar 

cells. The broadness of the fringes is a function of the layer thickness. TIley are related in such 

a way that as the thickness of the layers is increased, the broadness of the in terference fringes 

decreased and vice versa. 

TIle difference in the simulated layer thickness of bodl the TCOPIN I and the TCOPIN2 

samples at different spots indicates that the different layers arc deposited all tile subst rat e 

- I I In fIet -It is mainly this inhomogeneity that result s to the different ill lornogeoeol1s y. , 

- fth mples when measured at different spots on the same samples. transmittance spectra 0 e sa 
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4. 3 Comparison of results 

The average values of the fitted optical parameters of the TCOPIN I and th e TCO PIN2 

samples are calculated and compared Wl'th re'e I ' 
I I rence va ues In order to determine lhe 

percentage deviation. Tables 4.3 and 4.4 show these comparisons. 

Layer Fitted average Rererence Devi:llion 
sys tems Optica l parameters valu es va lu es ('. ) I) i lli. 

N-layer Forouhi & Bloomer (1986): delta 1.324 1.41 1 .. 6.02 cV 

" 
., 

: position 2.707 2.767 .. 2.17 eV 

" " :A 1.567 1.569 ,. O. ll · 
" Refractive index at infinity 3.406 3.42 1111 0.41 · 

" Fundamental gap energy 1.725 1. 723 t .. 0.12 cV 

" Layer thickness 0.024 0.025 1"1 4 pili 

I- layer Forouhi & Bloomer (1986) : delta 1. 324 1.4 1 1'1 602 eV 

" " : position 2.3 17 2.767 ," 16 26 cV 

" " :A 1.567 1.569 '" 0. 13 · 

" Refractive index at infinity 2.388 2.43 ('f! 1.85 · 

" Fundamental gap energy 1.653 1.653 1J1 0 cV 

" Layer thickness 0.488 0.455 1''1 7 25 I1ITl 

P-Iayer Forouhi & Bloomer (1986) : delta 1.449 1.41 1'1 2.77 cV 

" " : position 3. 11 4 2.767 ,. 12.54 cV 

1.565 1.569 " 0.26 · 
" " : A 

3.402 3.42 (III 0.53 · 
" Refractive index: at infinity 

1.925 1.925 " 0 cV 
" Fundamental gap energy 

0.009 0.0 I 11'1 10 ~lIn 

" Layer thickness 
3.797 3.8 Il'I 0.08 · 

TCO Dielectric background (real part) 
0.072 0.0711'1 2.86 )lm 

" Layer thickness 
2.25 Il'I 0.8 · 

Dielectric background (real part) 
2.268 

Glass 
II II 1100 rill I ~11l 

" Layer thickness 
e TCOPG 1 sample 

Table 4. 3 r th tical parameters ofth 
The fitted average values 0 e op 
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From Table 4.3 it is observed that the deviaf f h 
Ions 0 t e parameters delta and position are 

relatively large for the different layer syst Th d .. 
ems. ese e¥l3tlOns may have resuJted because of 

the difference in the solar cells quality Th t " 9 
. a IS, Since I 86 when the pa rameters A, po ilion and 

delta were first determined for a-Si:H [9), significant improvemenls have been made in lhe 

design and fabrication of solar cells He th · . . 
. nee, e Improvement m the solar cells quahty may 

result to a change in the above mentioned parameters, which may in tum cont ribute to the 

observed deviations from the reference values. 

On the other band, the deviations in the energy gaps and the refractive indices fro m lhe 

reference values are small. These suggest that We dielectric function rnodel tbat is used fo r the 

simulation is effective in determining the given optical parameters. 

It is observed during the fitting process that, for the n-layer, by changing (i.e., dec reasing or 

increasing) the values of the parameter position and the layer thickness; the chi sq uared 

deviatlon could be kept constant. Similarly, for the i-layer keeping the deviation const llnt. lhe 

energy band gap (E8 ) could be adjusted by changing the parameter delta. Hence, knowiog lhe 

values of the parameters A, position and delta accurately lead to all accurate detenninntioll of 

the energy gaps (E
8

), the refractive indices at high frequency and the layer thickness of the 

different layers of a-Si:H p-i-n solar cell samples. 
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Layer 

sys te m s Optical parameters 
Fitted avera g. Refere n ce I)cvi:lli on 

va lu es va lues ('Yo) Di III . 

N-layer Forouhi & Bloomer (1986): delta 1.264 1.41 1'1 10.36 eV 
" " : position 2.8 19 2.767 1, ( I 88 ,v 
" " : A 1.567 1.569 1'[ 0. 13 · 
" Refractive index at infinity 3.409 3.42 lUI 0.32 · 
" Fundamental gap energy 1.723 I. 723 1'1 0 cV 

" Layer thickness 0. 026 0,025 11'1 4 ~Ull 

I- layer Forouhi & Bloomer (1986) : delta 1.201 1.41 1'1 14. 11 eV 

" " : position 2.446 2.767 [tJ I 1.6 eV 

" " : A 1.602 1.569 ," 2. 1 · 

" Refractive index at infinity 2.397 2.4311'[ 1.4 8 · 

" Fundamental gap energy 1.652 1.653 1'1 0.06 ' V 

" Layer thickness 0.983 0.875 1"1 14 .29 ~1I11 

P- Iayer Forouhi & Bloomer (1 986) : delta 1.437 \.4 I 1'1 I. 92 eV 

" " : position 2.806 2. 767 ('1 1.41 eV 

" " : A 1.567 1.569 1"1 0. 13 · 

" Refractive index at infinity 3.407 3.42 [ III 0.38 · 

" Fundamental gap energy 1.926 1. 925 1'1 0.05 eV 

" Layer thickness 0.0 1 0.0 1 11'1 0 p m 

TCO Dielectric background (real part) 3.867 3.8 (HI 1. 76 · 

" Layer thickness 0.072 0.07 (1'1 2.86 ~ml 

Glass Dielectric background (real part) 2.25 2.25 1HI 0 · 

" Layer thickness 
11 00 1100 (l ' l 0 ~lm 

Ta ble 4. 4 The fitted average values of the optical parameters of ule TCOPrNZ sample. 

Table 4.4 shows that the deviations oftbe parameters della and position, specially for n- and 

i-layers, are relatively large. These deviations from the reference values may be due to the 

difference in the quality of the a-Si:H layers. Similar to the TCOPIN I sample, the deviations of 

the energy gaps and the refractive indices of tbe TCOPfN2 sample from the reference values 
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are small. These may tell us about the effe . f " cttveness 0 the Forouhl and Bloomer dielectric 

function model in determining the given optical parameters. 

Knowing the energy gaps of the different layer systems is imponant in the design or solar cells. 

A·Si:H p-i-n solar cells must he designed in such a way that th I h "d e p- ayer as a WI e energy gap 

compared to that of the i- and n-Iayers, in order to reduce light absorption ill the front layer. 

The fitted average values of the energy gap of the p-, i- and n- Iayers are 1.925 eV, 1.653 eV 

and 1.725 eY for the TCOPlNI ; 1.926 eY, 1.652 eV and 1. 723 eV for the TCOPlN2, 

respectively. Most of the incident light flux having energy less than 1.925 eV will pass the 

p-layer without being absorbed. In a-Si:H solar cells, the active layer where electron-llOle pairs 

are desired to be created is the i-layer. Thus, the i-layer absorbs most of the flux of photons 

that escape the front layers. It is mainly the electron·hole pairs that are fonned in the i-layer 

wb.ich are responsible for the output current that is obtained from a·Si :H solar ce lls. 

Finally, it can he concluded that the Forouhi and Bloomer dielectric Miction model is effective 

in determining the energy gap, the refractive index at high frequency and the layer thickness of 

tll e different layer systems of a· Si:H p.i-n solar cell samples. 

The simuJation of the transmittance spectra is more successful fo r the TCOr fN I 5<11,nple tha n 

that for the TCOPIN2. It is known that the difference between the twO samples is ill their 

"" th F ubi d Bloomer dielectric function model is more effective 
\·Iayer thickness. It means, e oro an 

" "E din this argument one may conclude that the model is 
for thin layers than thick layers. xten g , 

, "divj'd II rather than a stack of layers. 
more effective to charactense m ua ayers 
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4. 4 Dielectric fUDction of tb I e 0- ayer 
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Figure 4. 4 The simulated dieleCtric function of the n-layer of the TeOP[N" 1 sample (The 

solid curve is the imaginary part and the dashed curve is the real pan). 

The dielectric function of the n-Iayer of the TCOPL'H sample is shown in Figure 4.4. It is seen 

from the graph that the real part of me dielectric function (£1) increases with increasing energy. 

The imaginary part of the dielettric function (Ez) decreases bet',veen the energy range of about 

1.49 eV and 1.73 eV. It becomes almost zero between about 1.69 eV and 1.78 eV and 

increases with increasing energy beyond the energy of about 1.73 eV. The refractive index (0) 

of the n-Iayer increases with increasing energy even when &2 is zero. From Eqn. (3 .1), it is 

shown that the absorption is directly proportional to the extinction coefficient (K). In the 

regions where the energy is between 1.69 eV and 1.78 eY. E.1 is almost zero which implies that 

K is also practically zero. This in tum implies that there is no absorption oflight in the n-layer 

in the given energy region. 
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The Forouhi and Bloomer dielectric function model in SCOUTFIT defines the energy gap in 

wavenumbers. This is the wavenumber position where the imaginary part of the dietectric 

function is smallest [11]. The energy gap of the o-layer of the TCOPINI sample is found to be 

L 73 e V (1390 1 cm-
L

) . As it can be seen from Fig. 4.4 the fined energy gap corresponds to the 

point where the imaginary part of the dielectric function is minimum (almost zero). This seems 

to confirm that the fitted optical parameters actually descnbe the measured transmittance 

spectra. 

I 
I 
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5. I -V Characteristics of A-Si:H Solar Cells 

The 1-V characteristics measure f I ment 0 so ar celis is imponant to characterise Lhe performance 

of the solar cells. From the 1-V ch " . . aractensucs curves tt 15 pOSSIble to determine quantities like 

the shon circuit current density (J ) th .. .. , e open mewt voltage (V .. ), the Fill factor (FF) and the 

efficiency (Tl) of different types of solar cells. In this section the apparatus and the method used 

to determine the I-V characteristics d th ,,~ curves an e u.u..s.erent solar cell parameters obtained 

from the 1-V curves are presented and discussed. 

5. 1 ~IeasuriDg the J·V characteristics curves 

5. 1. 1 :Measuring appar atus 

The devices used for the I-V characteristics measurement are a 250 W St.lbilised quanz 

rungSten halogen lamp, t'W"O digital mulrimeters (one fo r current measurement and the other for 

voltlge measurement), variable load (rheostat), a cahorated Lux meter which uses a silicon 

pbotodiode, !\Va lenses (with fl = +150 mm and t;== -100 rom), a-Si:H samples and a personal 

computer to analyse the measured data. 

5. 1. 2 l\'Ie!lSuriog Procedures 

The I-V characteristics measuremeOl was performed on two a-Si:H solar cell samples. The 

samples are the TCOPINI and the TCOPIN2 "lllch differ only in the i-layer thickness (the 

i-layer thickness of the TCOPfNl is about 488 n.m and that of the TCOPlN2 is about 983 nru). 

When talcino measurements of the J-V characteristics of the samples the following steps were 
o 

taken. 

• The apparatus was arranged as it is shown in Figure 5. 1. 

d th samples were illuminated with light of the required in tensity 
• The lamp was set on an e 

" ) Th . t ncitv was measured with the Lux meter at the point 
(10, 50 or 100 mWcm . e In e ~., 

where the samples are located. 
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5. 2 J-V cha racteristics of a . -S"H solar cells (results & discussion) 

The J-V characteristics of the TeO .' PINI and the TCOPIN2 I . samp es when they are illuminated 

with light of different intensities are shown below. The V .. > the 1 ... the 11 and the FF for the 

different intensities of 'oVMe light illumin . anon are determined and the values are given in the 

tables that accompany the respective curves. 

01l ____ t-________ ~I":te~"~'~~"~l00~m~w~'~~:' ____________ ~,. 

\ 
N 

E 
:i 
E 

~ 
~ ·8 

-Il 
~ 
~ 

'3 -1 2 
U ..................... 

, 
0.0 0.2 

. -' ..... . 
... ... ........... 

, 
0.4 

Voltage (V) 

,,' ,,' 

TCQPINl 

./ ""'" . TCQPIN2 

0.6 0.' 

Figure 5. 2 The J-V characteristics afthe TeOpml and the TCOPIN'2 solar ceU samples. 

Figure 5.2 shows the J-V characteristics afthe TCOPIN 1 and the TCOPIN2 when the samples 

are illuminated with light having an intensity of 100 mWcm". The values of the different 

electrical parameters for each samples are shown in Table 5. 1. 

Sa mple Intensity (mWcm·
1 

) 
J. (mAcm") V .(V) ~ ('!o) rr 

TCOPINI 100 12.11 0.78 5.95 0.65 

TCOPIN2 100 
14.35 0.76 6.91 0.64 

Table S. 1 The roo ' v $ ' ~ and FF of the samples. 
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It is observed that the values of the Voc for the a-Si :H samples are close to each other The V 

is a function of the energy band gap of the material under conside ra tion as It IS expressed by 

Eqn. (2.2 5). Thus what is observed in the experiment is in agreement with the fact expressed 

by Eqn. (2.25). The sl ight difference in the Voc between the sam ples is due to the dllTc TI;: I1Cc! ITl 

thei r i-laye r thickness (i.e., recombination of carriers is more pronounced 111 the thicker 

sample than in the thinner one). 

For the same intensity the sample with thIck i-layer has a relatively la rge J", than that wllh 

th in i-laver. Th iS is because that relati velv thick i-layer means high probabili ty for the: - . 
fonnar ion of more electron-hole pairs when the samples are II lummated wlln tne SJme 

mtensity. Hence, the relatively large value of the lSI: or tne TCO PI N2 sample can Ix: :Htnbulcd 

10 the thick I-layer thickness since all other parameters of the samples are prac ll cally the 

same. 

\ 
V(oc)"O 78 v 

0 

10 mWcm·2 

-, -~ 
E 
u -. .: 
E 

50mWcm·2 

.~ -s 
0 
c 
v 
" -. 
10 
v 
~ 
~ -10 " J(sc).'2.ll mAcm'z 
() 

-12 100 mWcm'z 

0.0 0.2 OA 06 08 

VOnago (V) 

f igure 5. 3 
The J-V characteristics of the TCOPIN I sample. 
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TIle J-V characteristics of the reOPIN ! sample, when it is illuminated w'i th light ha ving 

different intensities is shown in Fig. 5" Th 1 . .). e va ues of the different electrical pa rameters arc 

tabulated in Table 5.2. 

Sa mple Intensity (mWcm"l) J. (mAcm·' ) V.(V) ll (° 'c.) ff 

TCOPlN l 100 12.11 0.78 5.95 0.65 

50 H7 0.75 5.42 0.64 

IO 1. 06 0.68 4.82 0.67 

Ta ble S. 2 The values of the J", • V .. , 11 and FF of the TCOPIN I S<1mplc. 

It is found that the J", is strongly dependent on the intensity of the incident light. When the 

intensity of the incident light is increased, the light generated c urre lll increases 100. It is 

because that increasing the intensity of lhe incident light means increasing the photon flux 

which are capable of producing large number of electron-hole pairs (Section 2.8). In tum. lhe 

generated earners (the electrons and tbe ho les) are pushed by the built-ill elect rostatic field 10 

the contacts where they produce a large currellt. 

TIle decrease in the V as the intensity of the inciden t light is decreased is small compared to 
" 

the decrease in the J
so 

. It is because that, for a givell so lar cell S<1Ulple, the V"" is mainly 

dependent on the type oftbe absorber material (a-Si:H) rather than 0 11 the int ensity of the liglll 

incident on the sample. The variations in the 611 factor with increasing intensity are negligibly 

smaU. 
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Figure 5. 4 The J-V characteristics of the TCOPIN2 sample. 

FIgure 5.4 depicts the J-V characteristics of the TCOPIN2 sample when II 15 Illuminated wIth 

light of different intensities. The values of the J"" ' V Of< ' '1 and FF arc dIsplayed 10 Tablt.: 5 3 

Sa mple In tensity (mWcm·l ) .1. (mAcm·') V ~ (V) '1 (°0) FF 

TCOP1N2 100 14.35 0.76 6.91 064 

50 7.4 0.73 6 88 064 

10 1.6 0.67 679 063 

Table 5. 3 
The values of the electrical parameters of Ihe TCOPI N2 sample. 

Si milar to the TCOPfNl sample, the J~ strongly depends on the intenSI ty whIle the 

dependence of the V« on the intensity is small compared to that of the J... The variations 10 

the values of the fill factors are found to be: negligibly small 

The effic iency of the TCOP1N2 sample is found to b< greater than that of the TCOPIN I The 

cause for difference in efficiency is attributed to the differ<nce In the ,-layer th,cknoss of the 

two samples. Hence, this suggest that as the i-layer th ickness ,ncreases. the probab,ht) for the 
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generation of electron-hole pairs increases which results in an increase in the light generated 

current. It is mainly due to an increase aftbe J .. that the variation in the efficiency is observed. 

However, increasing the i-layer thickness has a disadvantage. It needs more material to have 

thicker layer, which increases the cost of manufacturing. The recombination rate will also 

increase there by reducing the output current and the open circuit voltage. The 
~ 

Staebler-Wronski effect will also be more pronounced when the i-layer thickness is increased. 

Hence, under a given condition there has to be an optimum thickness of the different layer 

systems that make up the solar cell 

5.3 Co mparison of results 

The efficiencies and the fill factors obtained by analysing the experimental data that l1Ie 

collected to determine the J-V characteristics curves of the so lar ceil samples, are presented 

and compared with reference values. The values tabulated below are for illl intensity of 100 

mWcm'! illumination of the samples, 

Calculated Calculated 

Samples efficiency (%) fill factor 

TCOPIN I 5.95 0. 65 

TCOPIN2 6.91 0.64 

and the TCOPIN2 
The calculated efficiencies and fill factors of the TCOPI1'f t 

Table 5. 4 

samples. 

and the TCOPIN2 samples are small compared with the 
The efficiencies of the TCOPINI 

. e This low efficiency values are 
published value of 12.7 % [22J. for a smgJe cell stroCM . . 

ep
ared to investigate some of the optical and e1ecmcal 

. th the samples are pr obtamed because at . f 
&'. that are used to improve the effiCiency a 

II Hence not all the lactOrS 
properties of solar ce s. • 

-

'j 
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solar cells are utilised in order to make optical investigation simple. To mention some afthe 

properties of the samples: (i) the TeO deposited on the substrate is flat instead of rou2h. 1£ the 

samples were assembled from rough TCO, the efficiencies would have been increased 

significantly, (ii) the surfaces of the samples are oat textured. Surface texturing may b3ve 

increased the efficiencies up to 2 % and (iii) antireflection coating is not present on the 

samples. If it were coated, the efficiencies would have been increased by up to :3 %. These and 

other factors may have resulted in the small va1ue of the efficiencies of the samples compared 

with the reference vahle. 

The deviation in the .fill factor compared with the reference value of 0.74 [22J may have 

resulted because of the difference in the series and shunt resistances associat ed ~th the 

samples. Generally, the fill factors afme TCOPINI fo r different intensiry oflighr illumina tion 

are slightly larger than that of the TCOPIN2. This may be due to the diffe rence in the j· Jayer 

thickness. As the layer thickness increases the fill factor decreases due to the decrease in the 

<iectric field in the depletion region [15]. 
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6. Conclusion 

From the simulation of the transmitt fib" anee spectra 0 e a~SI :H pm solar cells, the energy gaps, 

the refractive indices and the 13 !hi kn fib ' . yer c ess 0 e different layers of the a~Si:H solar cells are 

determined. The fined CUIVes and the comparison of the fined values with published results 

shows clearly that the Forouhi and Bloomer dielectric function model is effective in 

determining the above mentioned optical parameters. One of the advantages of using the 

Foroum and Bloomer model is that it is possible to determine the energy gap and me refractive 

index of solar cell samples using only five fining parameters for each layers. Besides, the 

Foroum and Bloomer dielectric function is found to be more effective for the sa mp le with thin 

i-layer than for that with thick i-layer. Hence, it is recommended to use lh.is model to the 

investigation of the optical properties of individual layers of solar cells rather than a Stack of 

layers. 

From the J-V characteris..ics curves of the a-Si:H pin solar ceU samples, it is found out that by 

increasing the i-layer thickness it is possible to increase the number of photogenerated dectron 

bole pairs which in rum results to an increase in the Jw ' In fact, there bas to be an optimum 

thickness as it is not possible to increase the th.ickness indefinitely to geuerate more current. 

illuminating the samples with light of different intensities also resulted to an increase in the 

photogenerated CWTent with an increase of the intensity of light. But, the increase in the V .. 

with intensity is found to be insignificant compared to that oftbe J",. 
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