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Abstract

@\Z[)XYqV\XaVl f\_\Vba fb_Te VX__f aXXW T gXkgheXW Yebag fheYTVX gb eXWhVX eXrXVgTaVX TaW gb \`cebiX

_\Z[g geTcc\aZ* KXkghe\aZ bY `babVelfgT__\aX f\_\Vba \f hfhT__l WbaX \a T_^T_\aX fb_hg\baf* K[XfX

fb_hg\baf TeX V[XTcXe( Uhg TeX cb__hgTagf bY f\_\Vba gXV[ab_bZ\Xf* Aa g[\f cTcXe( jX \aiXfg\ZTgX Ta

T_gXeaTg\iX fb_hg\ba VbagT\a\aZ gXgeT`Xg[l_ T``ba\h` [lWebk\WX %%;@/&0FG@( KE9@ &* K[\f

fghWl f[bjf g[X \arhXaVX bY W\YYXeXag cTeT`XgXef %VbaVXageTg\ba( TZ\gTg\ba( WheTg\ba TaW

gX`cXeTgheX&( gb bUgT\a ha\Ybe` TaW eX_\TU_X cleT`\WT_ gXkghe\mTg\ba ba W\YYXeXag f\_\Vba fheYTVXf

%Tf Vhg( XgV[XW TaW cb_\f[XW&* LaWXe bcg\`\mXW VbaW\g\baf( KE9@)gXkgheXW fheYTVX _XW gb Ta TiXeTZX

jX\Z[gXW eXrXVgTaVX bY -/"( j\g[bhg Tal Tag\eXrXVg\ba VbTg\aZ \aWXcXaWXag bY g[X \a\g\T_ f\_\Vba

fheYTVX* La_\^X cbgTff\h` [lWebk\WX %CG@& gXkghe\aZ fb_hg\ba( V[TeTVgXe\mTg\ba bY f\_\Vba bk\WX

_TlXe VbagT`\aTg\ba TYgXe KE9@ gXkghe\aZ cebVXff eXiXT_XW ab cb__hg\ba( TaW cTff\iTg\ba \f _Xff

TYYXVgXW Ul KE9@ g[Ta Ul CG@ gXkghe\mTg\ba*

r .,,2 =_fXi\Xe :*M* 9__ e\Z[gf eXfXeiXW*

Keywords: Jb_Te VX__f7 KXkghe\aZ7 D\Z[g geTcc\aZ7 IXrXVgTaVX7 KE9@

1. Introduction

N\g[ g[X checbfX gb \aVeXTfX g[X _\Z[g Vb__XVg\ba TaW g[X XYqV\XaVl bY f\_\Vba fb_Te VX__f(

g[X eXrXVg\ba bY g[X Yebag fheYTVX aXXWf gb UX `\a\`\mXW* K[\f \`cebiX`Xag \f VheeXag_l

TV[\XiXW Ul T gXkgheXW fheYTVX VbiXeXW Ul Ta Tag\eXrXVg\ba VbTg\aZ* K[\f fheYTVX cTggXea
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VTa UX eXT_\mXW Ul W\YYXeXag gXV[a\dhXf6 c_Tf`T XgV[\aZ( `XV[Ta\VT_ XaZeTi\aZ( TaW

V[X`\VT_ XgV[\aZ* K[X _Tfg baX \f TVghT__l T ZbbW Vb`ceb`\fX UXgjXXa Vbfg TaW XYqV\XaVl*

H[bgbib_gT\V cebWhVg\ba j\WX_l hfXf cbgTff\h` [lWebk\WX %CG@& be fbW\h` [lWebk\WX

%FTG@& Tf TdhXbhf gXkghe\aZ fb_hg\baf* K[XfX T_^T_\aX fb_hg\baf XgV[ g[X f\_\Vba

Ta\fbgebc\VT__l TaW Ybe` f`T__ cleT`\Wf ba g[X f\_\Vba fheYTVX* @XaVX( _\Z[g Vb__XVg\ba \f

\aVeXTfXW Ul `h_g\c_X eXrXVg\baf*

CG@ TaW FTG@ XgV[\aZ fb_hg\baf TeX Vbfg TaW g\`X XYqV\Xag Uhg ceXfXag fb`X

WeTjUTV^f6 g[X cbgTff\h` TaW fbW\h` VbagT`\aTg\baf TeX WXge\`XagT_ Ybe `\VebX_XVgeba\V

WXi\VXf( TaW TeX fhccbfXW gb [TiX g[X fT`X XYYXVg ba fb_Te VX__ WXi\VXf* 9 ceb`\f\aZ

T_gXeaTg\iX fb_hg\ba \f gXgeT`Xg[l_ T``ba\h` [lWebk\WX %%;@/&0FG@( KE9@ & Q-R* K[\f

fb_hg\ba \f j\WX_l hfXW \a `\VebX_XVgeba\V TaW E=EJ( UXVThfX \g Vb`U\aXf [\Z[ XgV[\aZ

eTgX TaW T ZbbW Ta\fbgebc\V XgV[\aZ j\g[ T Yh__ Vb`cTg\U\_\gl j\g[ `\VebX_XVgeba\V

gXV[ab_bZ\Xf* EbeXbiXe( g[\f fb_hg\ba \f V_XTa ebb` Vb`cTg\U_X( abagbk\V TaW XTfl gb

[TaW_X Q.(/R* KE9@ fb_hg\ba T_fb Xk[\U\gf XkVX__Xag fX_XVg\i\gl gbjTeWf f\_\Vba bk\WX TaW

f\_\Vba a\ge\WX `Tf^f Q0(1R*

ETal fghW\Xf jXeX eXcbegXW TUbhg KE9@ XgV[\aZ gb bUgT\a f`bbg[ fheYTVX Ybe E=EJ

Q1R( Uhg ba_l YXj eXfh_gf jXeX eXcbegXW ba g[X gXkghe\mTg\ba bY f\_\Vba fheYTVX gb \`cebiX

_\Z[g geTcc\aZ \a fb_Te VX__f* Obh Q-R jTf g[X qefg gb Tcc_l KE9@ fb_hg\ba Ybe eTaWb`

cleT`\WT_ f\_\Vba gXkghe\aZ* K[X\e fghWl jTf VbaWhVgXW Ybe [\Z[ VbaVXageTg\baf bY KE9@

%1n.1"& TaW V[TeTVgXe\mXW hf\aZ abe`T_ \aV\WXag eXrXVg\i\gl* AXaV\aX__T Q2R eXcbegXW

Tabg[Xe eXV\cX Ybe eTaWb` cleT`\WT_ gXkghe\aZ hf\aZ T 1" KE9@ fb_hg\ba j\g[bhg

fheYTVgTag* N\g[ g[X\e `Xg[bW( g[X gXkghe\mTg\ba XYqV\XaVl WXcXaWf ba g[X VbaVXageTg\ba bY

W\ffb_iXW f\_\Vba \a g[X fb_hg\ba( TaW ha\Ybe` gXkgheX jTf ba_l bUgT\aXW j[Xa g[X \a\g\T_

XgV[\aZ fb_hg\ba VbagT\aXW W\ffb_iXW f\_\Vba* Aa beWXe gb `\a\`\mX g[X dhTag\gl bY KE9@

hfXW TaW gb f\`c_\Yl g[X KE9@ gXkghe\aZ `Xg[bW( g[\f fghWl ceXfXagf Ta T_gXeaTg\iX

`Xg[bW gb VeXTgX ha\Ybe` TaW eXcebWhV\U_X cleT`\WT_ gXkgheX ba f\_\Vba jTYXe j\g[ [X_c bY

fheYTVgTag \fbcebcl_ T_Vb[b_ %AH9& TaW TZ\gTg\ba* Aa c[bgbib_gT\V _TUbeTgbe\Xf TaW qe`f(

gXkghe\mTg\ba VTa UX eXT_\mXW ba W\YYXeXag \a\g\T_ fheYTVXf6 cb_\f[XW %[\Z[)dhT_\gl >PnJ\

jTYXef Ybe _TUbeTgbel VX__f be Xc\gTk\T_ _TlXe&( XgV[XW %abg cb_\f[XW& be Tf)Vhg %TYgXe \aZbg

fTj\aZ&* K[XeXYbeX( KE9@ gXkghe\aZ `Xg[bW f[bh_W jbe^ Ybe T__ g[XfX \a\g\T_ fheYTVXf* Kb

bcg\`\mX bhe fb_hg\ba( g[X gXkghe\aZ cebVXff jTf T_fb VbaWhVgXW Tg W\YYXeXag gX`cXeTgheXf(

fb_hg\ba Vb`cbf\g\ba TaW gXkghe\aZ g\`Xf*

9f g[X cb__hg\ba bY g[X cTff\iTg\ba _TlXe jTf Ta \`cbegTag cb\ag Ybe g[X hfX bY KE9@(

jX Vb`cTeXW g[X \arhXaVX bY CG@ TaW KE9@ gXkghe\aZ fb_hg\baf ba g[X `\abe\gl

VTee\Xepf _\YXg\`X bY gXkgheXW jTYXe TaW ba f\_\Vba bk\WX VbagT`\aTg\baf* >\aT__l( eXrXVgTaVX

`XTfheX`Xagf jXeX cXeYbe`XW hf\aZ f\_\Vba jTYXe gXkgheXW Ul g[X bcg\`\mXW KE9@

fb_hg\ba TaW VbiXeXW Ul [lWebZXaTgXW f\_\Vba a\ge\WX J\Fx6@ Tag\eXrXVg\ba VbTg\aZ %9I;&*

2. Experimental

=kcXe\`Xagf jXeX VTee\XW bhg \a T VTccXW iXffX_ \a beWXe gb _\`\g XiTcbeTg\ba bY g[X

fb_hg\ba* K[X iXffX_ jTf \afXegXW \a T [XTgXe gb Vbageb_ g[X gX`cXeTgheX* KXkghe\aZ

fb_hg\baf jXeX ceXcTeXW hf\aZ T .1" Vb``XeV\T_ KE9@ fb_hg\ba( WX\ba\mXW jTgXe TaW

fgTaWTeW AH9* 9__ XgV[\aZ XkcXe\`Xagf jXeX VTee\XW bhg hf\aZ Q- , ,R)be\XagXW( p)WbcXW

%-n-, O V`& f\_\Vba jTYXef* :XYbeX Tal XgV[\aZ cebVXff( fT`c_Xf jXeX W\ccXW \a T 1" @>

fb_hg\ba Ybe -, f \a beWXe gb eX`biX g[X aTg\iX bk\WX( TaW fhUfXdhXag_l e\afXW \a WX\ba\mXW
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jTgXe* K[X jX\Z[gXW eXrXVgTaVX %NI& jTf VT_Vh_TgXW abe`T_\m\aZ g[X [X`\fc[Xe\VT_

eXrXVgTaVX fcXVgeh` %/1,n--,, a`& Ul g[X 9E-*1< fcXVgeh` Q3R*

>be f\_\Vba bk\WX V[TeZX WXaf\gl `XTfheX`Xagf( 2, a` Wel bk\WXf jXeX Zebja %., `\a Tg

-,1, 1; \a G. Tg`bfc[XeX& ba J\ jTYXef* Gk\W\mXW jTYXef jXeX XgV[XW Ul @> ba baX f\WX(

V_XTiXW TaW XTV[ cTeg haWXejXag X\g[Xe KE9@ gXkghe\mTg\ba %." KE9@( 4" AH9( 4, 1;(

/, `\a&( be CG@ gXkghe\mTg\ba %-" CG@( 4" AH9( 4, 1;( /, `\a& Q4R( be abg[\aZ* FXkg(

- m` g[\V^ T_h`\ah` VbagTVgf jXeX XiTcbeTgXW ba g[X XgV[XW f\WX* Ga g[X bk\W\mXW f\WX(

-*3 ! -,"0 +V`. T_h`\ah` fdhTeX cTggXeaf jXeX WXcbf\gXW gb VeXTgX EGJ fgehVgheX* 9__

fT`c_Xf jXeX TaaXT_XW Ybe -, `\a \a Ybe`\aZ ZTf %@.+F.& T`U\TaVX Tg 1,, 1; gb T__bj

V[TeZX W\YYhf\ba \a bk\WX TaW gb \`cebiX 9_ VbagTVgf* ;TcTV\gTaVXnib_gTZX `XTfheX`Xagf

jXeX cXeYbe`XW ba T _TeZX YeXdhXaVl eTaZX %-^@mn- E@m hf\aZ T @H0.409& gb WXgXe`\aX

bk\WX g[\V^aXff TaW V[TeZX WXaf\gl \a f\_\Vba bk\WX _TlXef*

HTff\iTg\ba Vb`cTe\fba UXgjXXa CG@) TaW KE9@)gXkgheXW fheYTVX jTf TV[\XiXW Ul

`\abe\gl VTee\Xe _\YXg\`X `XTfheX`Xagf* >eb` g[X fT`X cb_\f[XW jTYXe( g[eXX cTegf

haWXejXag gXkghe\mTg\ba j\g[ X\g[Xe CG@ gXkghe\aZ fb_hg\ba %-" CG@( 4" AH9( 4, 1;(

/, `\a&( be KE9@ gXkghe\aZ fb_hg\ba %." KE9@( 4" AH9( 4, 1;( /, `\a&( be abg[\aZ*

=TV[ cTeg jTf g[Xa V_XTaXW Ybe -, `\a \a T `\kgheX bY @.G.6@.JG0 Yb__bjXW Ul -, f \a

1"@>* K[X J\Fx6@ cTff\iTg\ba _TlXe jTf WXcbf\gXW ba XTV[ fheYTVX TaW `\abe\gl VTee\Xe

_\YXg\`X `XTfheX`Xagf jXeX cXeYbe`XW*

K[X J\Fx6@ q_` jTf WXcbf\gXW ba f\_\Vba fhUfgeTgXf Ul _bj)YeXdhXaVl %00, ^@m& c_Tf`T)

Xa[TaVXW V[X`\VT_ iTcbe WXcbf\g\ba %D>)H=;M<&* K[X eXTVgbe hfXW jTf WXiX_bcXW Ul

J=E;G)=aZ\aXXe\aZ* K[X aXTe)fgb\V[\b`Xge\V J\Fx6@ q_`f jXeX ceXcTeXW hf\aZ T``ba\T

%F@/& TaW f\_TaX %J\@0& Tf eXTVgTag ZTf fbheVXf* K[X gX`cXeTgheX jTf qkXW Tg 0,, 1;(

ceXffheX Tg -1,, `Kbee TaW g[X ZTf rbj eTg\b F@/+J\@0 Tg 3*3* JcXVgebfVbc\V X__\cfb`Xgel

`XTfheX`Xagf T__bjXW gb WXgXe`\aTgX g[X g[\V^aXff e % 31 a` TaW eXYeTVg\iX \aWXk

n%2,1 a`& % .*

3. Results and discussion

3.1. Uniformity and reliability

K[X qefg ge\T_f jXeX WbaX hf\aZ ba_l W\_hgXW KE9@ Tg W\YYXeXag gX`cXeTgheXf TaW

XgV[\aZ g\`Xf* IXfh_gf \aW\VTgXW g[Tg Whe\aZ gXkghe\aZ( _TeZX [lWebZXa UhUU_Xf %/ `` f\mX&

fghV^ gb g[X f\_\Vba fheYTVX( TaW VeXTgXW aX\g[Xe ha\Ybe` gXkgheXf %UXVThfX bY W\YYXeXag f\mXf

bY cleT`\Wf& abe eXcebWhV\U_X eXfh_gf* <he\aZ XgV[\aZ( Ybe TdhXbhf V[X`\VT_ gXkghe\aZ j\g[

UTf\V fb_hg\ba %X*Z*6 CG@( FTG@( KE9@&( g[X cbch_Tg\ba TaW f\mX W\fge\Uhg\baf bY

cleT`\Wf TeX ZbiXeaXW Ul [lWebZXa UhUU_Xf Q5n--R* K[XfX UhUU_Xf TeX ZXaXeTgXW Whe\aZ

XgV[\aZ TaW XTf\_l fghV^ gb g[X XgV[XW fheYTVX( TaW VThfX g[X oocfXhWb)`Tf^pp c[Xab`Xaba*

JghV^ UhUU_Xf fhcceXff g[X V[X`\VT_ eXTVg\ba UXgjXXa g[X XgV[\aZ fb_hg\ba TaW g[X f\_\Vba

Tgb`f gb VeXTgX cleT`\Wf* Aa g[\f VTfX( g[X Vbageb_ bY g[X W\fge\Uhg\ba TaW g[X f\mX bY

[lWebZXa UhUU_Xf j\__ UX g[X ^Xl cb\ag gb bUgT\a ha\Ybe` TaW _bj)eXrXVg\aZ fheYTVXf*

Kb Tib\W g[X Ybe`Tg\ba bY g[XfX _TeZX UhUU_Xf( jX cebcbfXW TaW gXfgXW gjb fb_hg\baf6

%\& Tcc_l T YbeVXW VbaiXVg\ba Ul XkgXeaT_ TZ\gTg\ba( be %\\& hfX T fheYTVgTag gb \aVeXTfX g[X

[lWebc[\_\V aTgheX bY f\_\Vba fheYTVX gbjTeW [lWebZXa UhUU_Xf* ;bafXdhXag_l( UhUU_Xf TeX

_Xff TU_X gb TW[XeX gb g[X XgV[XW fheYTVX Q-.R* >\efg( jX gXfgXW TW`\kgheX bY fheYTVgTag7 jX

V[bfX AH9 UXVThfX \g \f bYgXa hfXW \a \aWhfgel j\g[ CG@ TaW FTG@* NX bUgT\aXW
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XaVbheTZ\aZ eXfh_gf hf\aZ -," bY AH9( _TeZX UhUU_Xf `biXW TjTl Yeb` g[X f\_\Vba fheYTVX(

[bjXiXe( ba_l Tf)Vhg \a\g\T_ fheYTVXf jXeX ha\Ybe`_l gXkgheXW %KTU_X -&*

>be XgV[XW TaW cb_\f[XW fheYTVXf( jX T_fb WXV\WXW gb gXfg gjb glcXf bY XkgXeaT_

TZ\gTg\baf6 We\iXa fg\ee\aZ UTe TaW h_geTfba\V %LJ& TZ\gTg\ba* N\g[ g[X qefg baX( jX

bUgT\aXW T UXggXe eXrXVgTaVX %-4"& g[Ta j\g[bhg TZ\gTg\ba* FXiXeg[X_Xff( TYgXe XgV[\aZ( g[X

ha\Ybe`\gl jTf abg eXTV[XW( UXVThfX g[X gXkgheXW f\WX ceXfXagXW W\YYXeXag WTe^ fc_Tf[Xf

%KTU_X -&* K[X hfX bY LJ _XW gb T eXcebWhV\U_X TaW ha\Ybe` gXkgheX ba g[X j[b_X jTYXe

fheYTVX* @bjXiXe( jX `XTfheXW T jX\Z[gXW eXrXVgTaVX bY .4"* fVTaa\aZ X_XVgeba

`\VebfVbcl %J=E& \`TZX f[bjXW g[Tg g[X fheYTVX jTf iXel ebhZ[* Aa fb YTe( g[X fheYTVX
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KTU_X -

La\Ybe`\gl V[TeTVgXe\mTg\ba Ul g[eXX W\YYXeXag cb\ag `XTfheX`Xagf bY jX\Z[gXW eXrXVgTaVX TYgXe gXkghe\mTg\ba bY

XTV[ \a\g\T_ f\_\Vba fheYTVXf

KlcX bY TZ\gTg\ba 9f)Vhg jTYXe =gV[XW jTYXe Hb_\f[XW jTYXe

Fb TZ\gTg\ba -/*4 .5 /2*5

-/*2 ..*5 /,

-0 .5 /2*4

Jg\ee\aZ UTe -.*0 .,*2 -3*2

-.*1 -3*/ -.*0

-.*- ./*0 -4

L_geTfba\V jTiXf -.*0 -.*0 -.*3

-.*/ -.*1 -.*2

-.*. -.*0 -.*0

KE9@ gXkghe\aZ cebVXff6 ." KE9@( 4" AH9( 4, 1;( /, `\a*

>\Z* -* J=E \`TZX bY T KE9@)gXkgheXW jTYXe TYgXe bcg\`\mXW XgV[\aZ6 ., `\a LJ'-, `\a j\g[bhg TZ\gTg\ba(

." KE9@( -," AH9( 4, 1;*
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jTf ebhZ[ Uhg abg cleT`\WT_)gXkgheXW( jX _Xg g[X fT`c_X \a g[X fb_hg\ba j\g[bhg TZ\gTg\ba*

9YgXe -, `\a( jX bUgT\aXW ha\Ybe`)gXkgheXW fheYTVX VbiXeXW Ul 1 m` [\Z[ cleT`\Wf

%>\Z* -&*

KT^\aZ \agb Vbaf\WXeTg\ba g[XfX eXfh_gf( g[X LJ hfX T__bjXW Ybe`Tg\ba bY ha\Ybe`_l

ebhZ[ f\_\Vba fheYTVX* K[hf( j\g[bhg TZ\gTg\ba( g[\f ebhZ[ fheYTVX UXVb`Xf T cXeYXVg TeXT gb

bUgT\a ha\Ybe` cleT`\WT_)gXkgheXW fheYTVX* K[\f Tffh`cg\ba \f Vbaqe`XW %KTU_X .& Ybe Tf)

Vhg fheYTVXf( j[\V[ TeX iXel ebhZ[7 ha\Ybe`\gl \f bUgT\aXW j[TgXiXe g[X glcX bY TZ\gTg\ba*

Aa g[\f cTeg( jX WXqaXW g[X KE9@ XgV[\aZ cebVXff Ybe Tf)Vhg( XgV[XW TaW cb_\f[XW

f\_\Vba fheYTVXf* Aa g[X Yb__bj\aZ cTeg( g[X TW`\kgheX VbagT\a\aZ g[X KE9@ XgV[\aZ

fb_hg\ba jTf bcg\`\mXW gb \aVeXTfX _\Z[g geTcc\aZ* MTe\bhf cTeT`XgXef jXeX fghW\XW6

KE9@ VbaVXageTg\ba( AH9 VbaVXageTg\ba( XgV[\aZ g\`X TaW gX`cXeTgheX*
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KTU_X .

J\_\Vba bk\WX g[\V^aXff TaW cbf\g\iX V[TeZX WXaf\gl \a bk\WX TYgXe W\YYXeXag gXkghe\aZ `Xg[bWf XkgeTVgXW Yeb` ;M

`XTfheX`Xagf

Aa\g\T_ 9YgXe KE9@ gXkghe\aZ 9YgXe CG@ gXkghe\aZ

>_TgUTaW ib_gTZX %M& "-*1 "-*1. "0*/

Gk\WX VTcTV\gTaVX Tg V Z % "-, M %>& -*- ! -,-- -*/ ! -,-- .*. ! -,--

Gk\WX g[\V^aXff %a`& 2, 1, /,

Hbf\g\iX V[TeZXf \a bk\WX %+V`/& 3 ! -,-2 5 ! -,-2 - ! -,-4

KE9@ gXkghe\aZ cebVXff6 ." KE9@( 4" AH9( 4, 1;( /, `\a* CG@ gXkghe\aZ cebVXff6 -" CG@( 4" AH9(

4, 1;( /, `\a %VZ6 ZTgX ib_gTZX&*

>\Z* .* AarhXaVX bY KE9@ VbaVXageTg\ba \a g[X gXkghe\aZ fb_hg\ba* KXkghe\aZ VbaW\g\baf6 ., `\a LJ'-, `\a

j\g[bhg TZ\gTg\ba( -," AH9( 4, 1;*
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3.2. Parameter optimization

>\efg( jX iTe\XW g[X KE9@ VbaVXageTg\ba Yeb` ," gb 1"* 9f VTa UX fXXa \a >\Z* .( g[X

eXrXVgTaVX jTf YbhaW gb WXVeXTfX j\g[ \aVeXTf\aZ KE9@ VbaVXageTg\ba hc gb ."* K[\f

eXfh_g \f Xkc_T\aXW Ul ha\Ybe`\gl \`cebiX`Xag* >be T 1" VbaVXageTg\ba( g[X eXrXVg\i\gl

jTf [\Z[Xe UXVThfX cleT`\Wf jXeX f`T__Xe( Uhg g[X ha\Ybe`\gl jTf fg\__ ZbbW* =iXa \Y

KE9@ fb_hg\ba \f dh\gX XkcXaf\iX( g[X ba_l ." VbaVXageTg\ba aXXWXW gb gXkgheX fheYTVX

`T^Xf g[\f `Xg[bW iXel Vb`cXg\g\iX_l ce\VXW*

9f jX fT\W ceXi\bhf_l( AH9 \f T j\WX_l hfXW fheYTVgTag gb W\`\a\f[ g[X TW[XeXaVX bY

[lWebZXa UhUU_Xf gb g[X XgV[XW fheYTVX* K[X WXcXaWXaVX UXgjXXa AH9 VbaVXageTg\ba TaW

eXrXVg\i\gl \f f[bja \a >\Z* /* IXrXVgTaVX WXVeXTfXf j\g[ AH9 VbaVXageTg\ba hc gb 5" WhX

gb ha\Ybe`\gl \`cebiX`Xag* :XlbaW g[\f VbaVXageTg\ba( ZbbW ha\Ybe`\gl jTf T_jTlf

bUgT\aXW( Uhg g[X fheYTVX eXrXVgTaVX \aVeXTfXW* HleT`\Wf jXeX f`T__Xe TaW g[XeXYbeX( jX

VTa `T^X g[X Tffh`cg\ba g[Tg g[X jXggTU\_\gl jTf fb \`cbegTag g[Tg UhUU_Xf fghV^ ba

f\_\Vba fheYTVX jXeX gbb f`T__ gb bUgT\a [\Z[ cleT`\Wf*

NX [TW T_fb bcg\`\mXW g[X WheTg\ba bY gXkghe\aZ ba cb_\f[XW TaW XgV[XW fT`c_Xf* >be

g[X qefg fgXc j\g[ LJ jTiXf( jX bUgT\aXW ha\Ybe` TaW eX_\TU_X ebhZ[aXff Ybe T__ g[X jTYXef

TYgXe ., `\a* K[X fXVbaW fgXc j\g[bhg TZ\gTg\ba T__bjXW g[X Ybe`Tg\ba bY cleT`\Wf j\g[

iXel ZbbW eXrXVgTaVX TYgXe -, `\a* :XlbaW g[\f g\`X( jTYXe g[\V^aXff WXVeXTfXW j\g[ Ta

XgV[ eTgX bY Tccebk\`TgX_l -, m`+[ j\g[bhg cleT`\W f\mX `bW\qVTg\ba*

Kb WXgXe`\aX g[X gX`cXeTgheX \arhXaVX( XkcXe\`Xagf jXeX VTee\XW bhg Yeb` 2, gb 5, 1;*

>\Z* 0 f[bjf g[Tg g[X fheYTVX eXrXVgTaVX WXVeXTfXW j\g[ \aVeXTf\aZ gX`cXeTgheX* JhaWTeT`

eXcbegXW Q-.R g[Tg( j\g[ g[X \aVeXTfX bY gX`cXeTgheX( g[X XgV[ eTgX bY g[X %- , ,& TaW %- - ,&

VelfgT__bZeTc[\V c_TaXf \aVeXTfXW YTfgXe g[Ta g[X XgV[ eTgX bY g[X %- - -& VelfgT__bZeTc[\V

ARTICLE IN PRESS

>\Z* /* NX\Z[gXW eXrXVgTaVX bY gXkgheXW jTYXef iXefhf \fbcebcTab_ VbaVXageTg\ba* KXkghe\aZ VbaW\g\baf6 ., `\a

LJ'-, `\a j\g[bhg TZ\gTg\ba( ." KE9@( 4, 1;*
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c_TaX* N[Xa gX`cXeTgheX \aVeXTfXW( g[\f W\YYXeXaVX bY XgV[ eTgX _XW gb g[X Ybe`Tg\ba bY

[\Z[Xe cleT`\Wf TaW gb T WXVeXTfX bY g[X eXrXVgTaVX*

JcTeUXe Q4R eXcbegXW T jX\Z[gXW eXrXVgTaVX bY -.*1" bUgT\aXW ba f\_\Vba fheYTVX gXkgheXW

Ul Ta bcg\`\mXW fb_hg\ba bY -" CG@ TaW 3" AH9 Tg 4, 1;* >be bhe KE9@ gXkghe\aZ

`Xg[bW( eXfh_gf TeX f\`\_Te( Uhg \a g[X Yb__bj\aZ cTeg( jX ceXfXag gjb `T]be TWiTagTZXf bY

KE9@ hfX*

3.3. Passivation and contamination

3.3.1. Oxide contamination

Aa bhe _TUbeTgbel( jX WXiX_bc fb_Te VX__f Ul g[X =DAK cebVXff Q-/R UTfXW ba _TlXe

geTafYXe6 Ta Xc\gTk\T_ _TlXe \f Zebja Ul iTcbe c[TfX Xc\gTkl ba cbebhf f\_\Vba %ceXi\bhf_l

eXT_\mXW ba ;mnJ\ jTYXe&* Gk\WTg\ba( W\YYhf\ba TaW WXcbf\g\ba bY \agXeW\Z\gXW UTV^ VbagTVgf

TeX eXT_\mXW ba g[X fheYTVX bY g[X Xc\gTk\T_ _TlXe* K[Xa g[X fb_Te VX__ \f WXgTV[XW i\T g[X

fTVe\qV\T_ cbebhf J\* Ga_l TYgXe WXgTV[`Xag( gXkghe\mTg\ba TaW 9I; TeX Tcc_\XW ba g[X

Yebag fheYTVX bY g[X VX__* Aa g[\f cebVXff( g[X f\_\Vba bk\WX _TlXe f\ghTgXW UXgjXXa g[X UTV^ n)

TaW p)glcX VbagTVgf cTff\iTgXf g[X UTV^ fheYTVX TaW g[X fheYTVX gXkghe\mTg\ba \f cXeYbe`XW

ba_l Tg g[X XaW bY g[X cebVXff* AY g[\f bk\WX ceXfXagf T _TeZX WXaf\gl bY cbf\g\iX V[TeZXf( Ta

\aiXef\ba _TlXe VTa UX VeXTgXW( j[\V[ f[hagf g[X n+p ]haVg\ba* K[\f c[Xab`Xaba eXWhVXf

g[X XYqV\XaVl bY \agXeW\Z\gXW UTV^ VbagTVg VX__f Q-0R* Aa beWXe gb Vb`cTeX CG@ TaW KE9@

fheYTVX VbagT`\aTg\baf( jX VT_Vh_TgXW g[X V[TeZX VbaVXageTg\ba \a f\_\Vba bk\WX TYgXe XTV[

gXkghe\aZ `Xg[bW Ul TaT_lm\aZ ;M `XTfheX`Xagf* 9YgXe /, `\a \a CG@ gXkghe\aZ fb_hg\ba

%-" CG@( 4" AH9( 4, 1;& Q4R( rTgUTaW ib_gTZX `biXW Yeb` "-*1 gb "0*/ M %KTU_X .&*

K[\f W\YYXeXaVX \f Xkc_T\aXW Ul Ta \aVeXTfX bY cbf\g\iX V[TeZX \a g[X bk\WX TYgXe CG@

gXkghe\aZ( cebUTU_l WhX gb C' \ba\V \`che\g\Xf* Ga g[X bg[Xe [TaW( /, `\a \a KE9@

ARTICLE IN PRESS

>\Z* 0* NX\Z[gXW eXrXVgTaVX bY gXkgheXW jTYXef iXefhf gX`cXeTgheX* KXkghe\aZ VbaW\g\baf6 ., `\a LJ'-, `\a

j\g[bhg TZ\gTg\ba( ." KE9@( -," AH9*
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gXkghe\aZ fb_hg\ba %." KE9@( 4" AH9( 4, 1;& `bW\qXW f_\Z[g_l g[X rTgUTaW ib_gTZX(

\aW\VTg\aZ g[Tg V[TeZX WXaf\gl `bW\qVTg\ba jTf T_`bfg aXZ_\Z\U_X*

>heg[Xe`beX( g[XfX `XTfheX`Xagf T__bjXW hf gb XiT_hTgX g[X W\YYXeXaVX \a XgV[ eTgX bY

g[X gjb fb_hg\baf* 9YgXe /, `\a \a CG@( g[X bk\WX VTcTV\gTaVX \aVeXTfXW Yeb` -*- ! -,-- gb

.*. ! -,-- > %KTU_X .&* K[\f VbeeXfcbaWf gb T WXVeXTfX bY g[X bk\WX g[\V^aXff Yeb` 2, gb

/, a`* N\g[ KE9@( g[X W\YYXeXaVX jTf ba_l -, a`*

K[XeXYbeX( jX VTa VbaV_hWX g[Tg /, `\a Tg 4, 1; \a Ta TW`\kgheX bY ."KE9@( 4"AH9

W\W abg VbagT`\aTgX f\_\Vba bk\WX( TaW ba_l -, a` jTf XgV[XW* @XaVX( KE9@ j\__ UX

ceXYXeeXW gb CG@ Ybe =DAK cebVXff*

3.3.2. Passivation quality

Aa c[bgbib_gT\V \aWhfge\Xf( J\Fx6@ 9I; \f bYgXa WXcbf\gXW TYgXe gXkghe\aZ \a beWXe gb

\aVeXTfX _\Z[g Vb__XVg\ba TaW gb cTff\iTgX f\_\Vba fheYTVX* Aa >\Z* 1( jX VTa fXX g[Tg `\abe\gl

VTee\Xe _\YXg\`X bY T jTYXe gXkgheXW Ul KE9@ \f f_\Z[g_l \aYXe\be gb g[Tg bY T cb_\f[XW

fheYTVX* @bjXiXe( Ybe CG@( g[X W\YYXeXaVX \f `beX \`cbegTag* K[X KE9@)gXkgheXW

fheYTVX \f UXggXe cTff\iTgXW Ul J\Fx6@ g[Ta g[X CG@)gXkgheXW jTYXe* K[X W\YYXeXaVX \f

cebUTU_l WhX gb C' VbagT`\aTg\ba*

3.4. Front surface cell reflectance

Aa beWXe gb Xfg\`TgX g[X [X`\fc[Xe\VT_ eXrXVgTaVX bY T fb_Te VX__ VbiXeXW j\g[ Ta 9I;(

Ta bcg\`\mXW J\Fx6@ 9I; jTf WXcbf\gXW ba W\YYXeXag fheYTVXf %cb_\f[XW( cleT`\WT_)

gXkgheXW&* K[X eXrXVgTaVX ZeTc[f TeX f[bja \a >\Z* 2* K[X eXrXVgTaVX `\a\`h` Tg 2,, a`

\f WhX gb jX__)bcg\`\mXW 9I;* :XgjXXa g[X cb_\f[XW TaW g[X cleT`\WT_ gXkghe\aZ fheYTVXf(

>\Z* 2 f[bjf T _TeZX WXVeXTfX bY g[X eXrXVgTaVX biXe g[X Xag\eX fcXVgeh`* K[\f W\YYXeXaVX

ARTICLE IN PRESS

>\Z* 1* E\abe\gl VTee\Xe _\YXg\`X `XTfheX`Xagf bY f\_\Vba fT`c_Xf gXkgheXW Ul CG@ %-" CG@( 4" AH9( 4, 1;(

/, `\a& be KE9@ %." KE9@( 4" AH9( 4, 1;( /, `\a&( TaW VbiXeXW Ul T WbhU_X)f\WX J\Fx6@ VbTg\aZ*
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VTa ba_l UX Xkc_T\aXW Ul _\Z[g geTcc\aZ \`cebiX`Xag* 9 _bj jX\Z[gXW eXrXVgTaVX bY .*3"

jTf bUgT\aXW j\g[ T Vb`U\aTg\ba bY KE9@ cleT`\WT_ gXkgheX TaW J\Fx6@ 9I;*

4. Conclusion

Aa g[\f cTcXe( jX [TiX f[bja g[Tg KE9@ gXkghe\aZ fb_hg\ba VTa UX T iXel jbeg[j[\_X

`Xg[bW gb gXkgheX T__ glcXf bY f\_\Vba jTYXe fheYTVXf* K[\f gXkgheX jTf eXT_\mXW ba cb_\f[XW

TaW XgV[XW f\_\Vba fheYTVXf j\g[ XgV[\aZ `\kgheX bY KE9@ hf\aZ gjb fgXcf* K[X qefg baX

Vbaf\fgXW bY \aVeXTf\aZ g[X fheYTVX ebhZ[aXff Ul LJ jTiXf %., `\a&* K[\f fheYTVX

ceXcTeTg\ba XafheXW ha\Ybe`\gl* K[X fXVbaW fgXc j\g[bhg TZ\gTg\ba %-, `\a& XaZeTiXW

cleT`\WT_ gXkgheX* >be Tf)Vhg jTYXef( TZ\gTg\ba jTf hfX_Xff* Ghe bcg\`\mXW cebVXff _TfgXW

Ybe /, `\a Tg 4, 1; hf\aZ T fb_hg\ba VbagT\a\aZ ." KE9@ TaW 4" AH9* 9YgXe gXkghe\aZ(

Ybe T__ g[X \a\g\T_ fheYTVXf %Tf)Vhg( XgV[XW TaW cb_\f[XW&( jX bUgT\aXW eX_\TU_X TaW ha\Ybe`

cleT`\WT_ gXkghe\aZ fheYTVXf j\g[ Ta TiXeTZX jX\Z[gXW eXrXVgTaVX bY -/"* K[\f fghWl

f[bjXW g[Tg KE9@ gXkghe\aZ fb_hg\ba jTf abg cb__hgTag Ybe f\_\Vba bk\WX ha_\^X CG@(

TaW fheYTVX gXkgheXW Ul KE9@ jTf XTf\Xe gb cTff\iTgX g[Ta CG@* EbeXbiXe( KE9@ jTf

T _\gg_X gbk\V TaW V_XTa ebb` Vb`cTg\U_X*
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