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ABSTRACT 


In this research, a thin film deposition system for the Cu(In,Ga)Se2 (CIGS) absorber layers of high 

efficiency solar cells was designed and constructed. The structure of the CIGS solar cells consists of five 

different layers of materials, (Ni)AIIZnO(AJ)/CdS/CIGSlMo/SLG, where the SLG is the soda-lime-glass 

substrate. The CIGS absorber layers of approximately 2 J.!m thick were co-evaporated from four elemental 

sources onto the Mo/SLG substrates with constant substrate temperature of about 500°C. The controllable 

of the two-stage growth process using in situ monitoring signals (substrate temperature, graphite heater 

temperature, heating output power and temperature of the CIGS surface) was employed for process 

control and end point detection (EPD). The temperature profiles of the sources for CIGS films deposition 

was started with the Cu-rich stage, where the atomic ratio of [Cu]/([In]+[ GaD was greater than I (y> I), 

then followed by the Cu-poor stage until y< 1 was reached, and the process was finished at y~O.9. In this 

setup, we use the change in the thermal behavior of the substrate due to the variations in emissivity of 

CIGS film during the transition of Cu-rich to Cu-poor in the second stage corresponding to the change of 

power fed into the substrate heater as the control signal. By observing the variation of control signals, the 

desired final composition of the film can be obtained. XRD and SEM results showed that these films were 

typically (I 12) oriented chalcopyrite with large columnar grains and rough surfaces with deep crevices. 
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'lJ'tl'tl"" 1 

I 
j 

I 
1 

I 

!91~ ~mY ,:W1Y1 I'lV!t1'U ~~D'J~~£j i~~1PlJl.'h~ ~ tYlJ '!J'~i 'Ufll'J U D ~ ~ l'~ ~~ ~ 1'U!!tY ~ttlm~ ~~ ~1'U1vHh 

m ~iJJ'U f11'JUD~~~ ~~ HU UtY ~ttl'U~ ~~ ~1'U1 vHhtl'U D'J1flfJf11'Jru~(~tlfl111yj 11'l1J~'Vl1~fl (photovoltaic 

.;j effect) t9lmlutY~tllY11'l6~~~~m~tlfl~fltlVWI1d~111yjll'llJ~'VllVfl (photovoltaic, PV) t9l~~utY~tllY1I'l61~ 
Q.I Q.I J 9 ~I ~ ... I ~ tI r Q , .& d Q~ ~d 
'JiJf11'J~\PJJ'U1"tJ'U t'UlJ 1954 [I] \9lJtlf11'JlJn\9l£j~'Jtltll'ltl~-W'U (p-njunction) iJ'UUJ'UN~m\9ltlJ9I~fltl'U 'Vl~ 
" . . 

i'j l\9ltl~lmlD 'J ~tY ~rl!'W tl '1 ~ttl'UH l1 ~ ~ fhtiJ\9l~ ~~ ~1'U 1 yj~l '1 l1'tliJ\9llJtVi tllJH~~tl1'U tlJf111'1 ~ tlm tlj'mn\9l. 
" " 

lmll'lf11'J tlh'hlJ'U~'U1'UTI 1973 t9l~~UtY~tllY1I'lV~~ 1~fiJfn1lJtY'U '1 ~ '1 'Uf11'J~\PJJ'U 1'1 l1'ttl'UHl1 ~~~~~~1'U'Vl\9l 
. " ... 9'" ... ')

H'Vl'Ut~tl t'liiJ'U~'U t~fl 

ttl'U~'Vl 'J 1iJ tl'U ~ 11\9l J~tllY1I'lVttl 'U Hl1 ri ~~ ~~ ~1'U~uiJ 1~11 '1 ~1~1 \9l tI 1li~1'U l1lJ\9l f11'J~\PJJ'U1:U\9l 

flJ1lJtY1m'J til 'Uf11'J '1 ~~~~~1'U ~lfl\9l J~ tl1Y1 I'lvl\9l t1tll ~ 1~ tlV1~ t~ l'U 'JD"tJtl ~f11'J N~1'l1 yjl'~l ~lm9l~ ~H tY ~ 
" 

tllY1 I'lV ~~ U iJ 1~11 ttl 'U f11'J~\PJJ'U 1flJ1lJ~'Ufl ~'Vll~~1'U ~ ~~ ~l'\.Hh 'J tl ~"tJtl ~D 'J ~t'Vl1'I '1 'U "tJtI.! ~t~tlJn'U m1lJ 

~tl~f11'J~~~~l'U"tJtl~D 'J~t'Vll'I~l~'l vYJ 1~fl~tytlJ~m'JflTI f11'J N~l'lt9l~~HtY ~tllY1l'lvtl'itlf11'Jri ~tltlfl ~~ttl'U~fl 
.~ 

_31 di '" Q _ I J' 0' Q 0' '" ?I ' 
tlJ ll1mtl l1 'U ~ "tJ tl ~ f11 'J~\PJJ'U 1t!'1'J £j ~ fl '\l 'Utl ~ lJ'J ~ t'Vlfl'e;J I'l tY1l1 m 'J lJ 'U tl fl ~ 1fl 'U t9l~ ~H tY ~ tll 'Vll'l tI tI~tlJ'U Hl1 ~ ~ 

I ,jJ , 

l'~ ~~ ~1 'U Vi tY~tll\9l 1li fi tl '1 l1'tn\9llJ~~£j~tl iY ~tn\9l ~tllJ 'J JlJl'1~ 1li~fll'JD ri tl tlWltYm{iJ tl'U 1\9ltltl fl191~Yi fitl '1 l1' 

tn\9lMl1J~t~tl'U m ~~fl '1 'U 'UtI.!~t~tlJtl'U f11'J oU\9l f11'J ll1'iJ fll'J i~~ ~~ ~1'U 1 vl~1~lm9l~ ~u tY ~tllY1I'lVtytlJmfl 

" 
fll'J ~\PJJ'U 1t91 ~~u tY ~ tllY1I'lV~ll1 f iJ fll 'J '1 ~~ 1'U iJ'U ~h1~flUiJ 1Pl~!!~TI 1973 ttl'U ~'UlJl (i ~U~~~~ 

flJ1lJfi11l1.w1'Vl1~~1'Ut'Vlfll'U h~U~~'Vll~1'li1fll'J 1 Dttl'U tlV1~mmt~Jfll'lllJ u~ f11'J i~~l'U ~~~V~UiJ11~1:1\9l 

riJ'U.wtltlmfl t9l~ ~H tY ~ tllY1l'lv~i~~ 1'U iJ'U ~J1 ~ fl riJ'U i my ttl 'Ut9l~ ~!!tY ~ tllY1I'lV~N~1'l ~lflN~m~ tlJcJ1~ 
I I I ~. 

fltl'U 1J~~'!J''U 'J~iJiJUN~t9l~~!!tY~tllY1I'lV (l1~tlVit~tlfltl'Ul'1J1D11 'J~iJiJ PV) Vi~fll'J~\9lIPl~tl'Ul'1J1Dflttl'U• 
tI d tI Q tI ~ tI d Q tiel QQ dQ.I

t9l~ i'lD'J ~ tfl'Vl'U t9l~ i'lU tY ~ tll'Vll'ltlHiJiJ~ ~lJiJ1 ~ 'VlD 'J ~\9l£j ~'U'U ~ 1fl9l~ fltl'Utl tYtI.! S! 1'U (amorphous silicon) tll'U 
I I I " 

t91~~!! tY ~ tllY1I'lvVi'J 1m tI flfl11U iJ iJ Vi N~1'l ~1fl N~ fl t~ tlJcJ1iifltl'U t t i'l~ 1 ~fiJ fll'J~\PJJ'U1(i~'I1'U fl1'J Niil'l '1 'U 'J ~~iJ 
" . ". 

e;Jl'ltY1l1m'JlJH~Jt'li'Ut~tlJtl'U U~D'J~iY'VlTIfl1~~lfl11Hi'l~tllqfll'J '1 ~~1'U n1:1'U fl11 tlj'tlfl\9l'JJlJtl'Utt~J 'J1mfl 

V~fl~ IJ: ~tl ~ tl V1 ~1 'J nl'lllJ (i~H~'\l~ ~tl~ ~~l"J'U IJ: ~ fl11D fl~ H~i 'U iJ1~.y{tl ~ ~ 'U ~"h~1fl ~ fll'J oU\9l111~ ~~ ~ 1'U ~lfl 
"1 jI Iii" I " 

t~tlt~ ii ~'liiJ \9l ~'U 111 tY~ \9l Jfl fll'J ~ \9l1Pl~ 'J ~ iJ iJ PV ~ ~ ttl 'U 'Vll ~ til tlflVi 1 ~fiJ fll'J ~ \9l1Pl~~'U l'1J 1 D ~~ U'U f11'J loUtI 

U~~~\PJJ'U1 l'l~tl\9l'\l'U (i~ fll'J ri ~ttY~lJ i l1'~fll'J '1 ~~~~ ~1'U ~lflH tY ~U\9l\9l ttl'U 1m ~fll'J ~~lrlruu~ ~~lttl'UtlV1~ 
u 



2 

" lh~l'Ylf1'1 'YltJV-:J'UWHlfl (j1,,! tl~mh-:JlJlfl 1'1-:JU~HU1,)tJ1'U'i~~\n1'tl-:JDiiiJ~fll'i 1D~-:J1'UYl'~'U11 'U 'i~~U1m-:J 

flWW1~tl-:J I'l ~tl~HJ'Uri -:J~m'li'lrimtJfll'i ~~l'll'U'i~~Utll'l{1'll'i mnJ 
~ . 


1'U ri1'U 'Utl-:J fl1'i Yl'~'U II 'Ylfl1 'U 1m'V;11'U fl1'i ~~l'll9i~ ~ll{1' -:J tl1YlI'lV'lJlJ~~ ~lJU1-:J01ft-:J 1~~Ufl11lJ{1''W 

1~ ~lfl~11 ~fl1'Uu~ ~iJ'Ulcttl-:J~1f)iJU'U11u'Ul1~~l~'U'Yl1-:JlTItlfl~~1'Ufll'i~~~ 1~~~l'll9i~~U {1' -:JtllYlI'lVD'i~• 
iY'Yl1l mym 

~ 
-:J 1~tJ1 ~~'U'Yl'W fll'i ~~I'l~lU~~{1'llJl'itll'ltlU{1''W tl-:J~tlm1lJ~tl-:Jfll'i'Utl-:Jl'lm~ 1;1. 

U~~iJ'WiJl9i~ ~u {1' -:JtllYlI'lVUUU~~lJlJl-:J 2 uuu~iJfll'i1,)mw~Yl'~'U11'U'i~~m1'll-:JDiiiJ~fll'i ~1lJ 
, " 

OUfll'iYl'~'U11'W'i~~Ufll'i ~~l'll~wnru'lJV ~tl 19i~~U{1' -:Jtll'~I'lVUUUYiiJufl~liJtJlJl'Y1~~ 1~~ (CdTe) l~'Wi''U 
~ 

.c:!:t dd ... 1 tI t:::::l. do d lIJ QQlfJ rI
~~fl~'WU{1'-:J u~::::UUU'YllJfltlDllJm tl'Ul~tJlJ-Uf)~l~t1lJ !~91~ !'U~ (copper indium-gallium diselenide, 

Cu(In,Ga)Se2, CIGS) l~'Wi'U~~fl~'Ull{1' -:J lrltl'i1lJOU {1'1'i~-:J1'111h~~fltl'U tl~ill~1'Ull~1 19i~ ~U{1' -:Jtl1YlI'lV 

" " 
UuuYl~lJU1-:J11-:J {1'llJUUU l~'Ufl11lJ l'i l-:J'Utl -:J tl'U 1fll'l Yi ~~1 ~l9i~ ~U{1' -:J tl1Yll'lVYi {1'11J1'i () ~~l'll~'UllN'W'U'U1~ 

, " 
1mUU~~'i1m()fl [2] ~1l'ii'ul9i~~lm-:JtllYlI'lVuuuYl~lJlJl-:JYiiJ CdTe l~'Ui''U~~fl~'UU{1'-:J 1;1i'Ufl1'iYl'~'U1

u ~ ~ 

..::9~ Q~Q Qo''j) I ." 

() -:J'U'U fll'i ~~I'l m I 'lJ -:J~ 1 ill 'lJtJlW 1 ~-:JU~~:::: V-:JiJllUll11lfltl1tlUtlltlfll 'i 1~ -:J 1'W Yi~tl'U .,j'1-:J ~'U e)'UI~'U ~~ ~U 
u • 

lcttl-:J ~ 1m{1'~ tJ'i m~ 'Utl-:J 'i tl tJ~ tl;11'W l'i ~-:J (back contact) 'U tl-:Jl9i~ ~ ~1l'i i'Ul9i~ ~U{1' -:J tllYlI'lVUU uYl ~lJlJl-:J~iJ 
" 

Cu(In,Ga)Se2 l~'Ui''W~~flTI'UU {1'-:J ~lfl-:J1'U1')tJ1'W':i::::~ul1'tl-:J'Yl~~tl-:J 19i~~ll{1' -:JtllYlI'lV Cu(In,Ga)Se
2 

l~'W 
I I iI 'jI 

19i~ ~YiiJ~fltlm~ {1' -:J Yi{1'~1'U ~ 1'U1'Ul9l~~U{1' -:J tllYlI'lVU U uYl ~lJU1-:J11-:J l'i lJ ~ 11-:J 1 'W U~ 'U tl-:JD'i ~ iY'Yl1lfllYI 1'U 
~ . 

.J '" 0 .::'1 _ 1 1 "1 "1 0' ci
mm-:J1'l1'Wl Cu(In,Ga)Se2 llJ'U{1'1'ilJnfltlU'lJ1'fl fl!~ !':i'Yl (chalcopyrite compound) 'YlmlJl':i() 

Di'U~1'lftl-:Jl1-:JU()U~~-:J-:J1'Ul~i-:Ju~ 1.04 eV (CulnSe2) ~'W~-:J 1.68 eV (CuGaSe2) ~-:JiJ~fltJfll~~-:J1'Wfl1'i 
Yl'~ 'Ullil'Ul9i~~U{1' -:J tllYlI'lV'lJlJ ~Yl~lJlJl-:J~iJD 'i:::: iY'Yl1l fll~ {1' -:J i~lJlflfll1 20% [3] 1'U-:J 1'U1,)t1':i ::::~Ul1'U-:J 

Dii'!!~fll':i ~-:Jl~'W 'i::::~U~lYitiU i;1OUl9i~~U {1' -:J tllYlI'lV~ 1J ':i 
~ 

~ ~£Ji~ 1fl~~m~tJ1~~fltl'U l ct tl-:J~lfl1i1'U {1'1'i~-:J 

I'11'W l~iJ1m -:J{1'~1-:J U()U~ ~-:J-:J1'Ul~ 'Ulluum -:J iJ'U'U 1~'lfU-:Jl1-:JU()U~ ~-:J-:J 1'U ~ {1'tl~fl ~tl-:J OUmDfll'li'lJ'Utl-:J 

'Utl-:JU {1'-:JU~~ 1~'tntlul'ilJ~ 'I'11111'{1'llJl'i()'W 1 i DD':i~~£Jilil'Ul9i~~U{1' -:JtllYlI'lV'lJlJ~Yl"lJ~U1-:JlJlfl i;11~tJ111 

~ ... I.:!:t .& 0 'j) d & QJ dd 'j) GJ .diIV 0

~'UllJ ~tl-:J m 'i m 1'l1'U1 ~1ml'i1'J'W m 'i D':i ~ fltlUfl-:J1'l1'U 1 Cu(In,Ga)Se2 U~:::: {1'1 ':iD 'i ~fltlU'YllfltJ1'U tl-:Jfl'U ~-:J 

"1 "'" 9 ~, 9 '" .::'1 0' "" 0' ~ 0'
!~ ':iUfl11lJ{1''W !~llJ 'U tltl1-:J lJlfl ! 'U fll':i~~'U lllJ'U 19i~ ~U {1' -:J tll'Yll'l tfUU UY'/~lJlJl-:J 



1 

. . 

I 3 

, . 

1'W 'Vl1\l1Pl'j\ltlWU1lJ m1lJ1'Vl1\l~1'W1'lf1fll'j~1~Vl.utNtliJ1:'I'1'j ~\l~';l'l.j l'lft1~tf fi~ fl~tJl'tJ~{~'Wl~VlJ
" ",

i~cU~i'W~ (copper indium diselenide, CuInSe2., CIS) IlCl~ VClCl~V'IJ~\l1:'l'1'jtJ'j~fWiJiHiijllfrm~tJlJl~'W 

~hWol1:'l'lJ fifl Cu(In,Ga)Se2 nlJ~\l1:'l'1'j~\l~ltJ1'lft1~~'W1'Wfl~lJl~tJltl'W 1'li'W flfltJltJfl{~'Wb~tJlJi~~ClivM 
(copper indium disulfide, CuInS 2) V\ltJQ1'W'j~~iJ'wtJvlJlmVitJiJtliJ1:'I'1'j~\l~ltJ1'lft1~~'W 

I ~ ~ I I 

iJ\)~iJ'Wb~'WVi'Vl'j1iJtl'W'h~'WYJ~lJiJ1\l Cu(In,Ga)Se2 1~'W'~'WViijm1lJ1;hr1t1JVi,!1Pl1'W 1m \l1:'l'11\lI9fCl~ 
" 

111:'l' \l mYilPlv'lft1~il 1~viY~~h'W 'lJtJ\l~l'Wl'W tJ~lPltJlJ [Cu]l([In]+[ Ga]) llCl~ [Ga]/([In]+[GaD i1iJ'VliJ1'VllJlfl 

~ tJtJ 'j ~iY'Vl1ifll'W'lJtJ\lI9fCl ~ fitJ iY~ ril'W tJ~1Pl ~lJ [Ga]/([In]+[ GaD \)~ n 111 'W ~A1fll1lJfl~1\llltliJ'W ~\l\l1'W IlCl~ 

iY~ ril'W tJ~1Pl tJlJ [Cu]/([In]+[ GaD \)~n111'W ~fll1lJ1:'I'lJ\P ill'IJ tJ\lYJ ~lJ~mlJ1~ 1:'I'lJ tliJ fll 'jtJ 'j ~~ll ffl9fCl ~1I1:'1' \l 
"1 " I 

mYiIPl V ~\l '!!'W fll'j flliJ fllJ 1 l1'i ~YJ~lJViij~\lrltJ'j ~fl tJiJ 1Pl1lJI'i'tJ\lfll'j ~\l '!! iJ 1~'W.u'WlPltJ'WVii1m1lJ rl1r1ru 1'W\l1'W 

" 
• 

, 

u 

1~tJil~\l i~~\P)J'W 1fl'j~iJl'W fll'j llPl~ VlJYJ~lJ Cu(In,Ga)Se2 'hlJtliJfll'j 1~iYt1Jt1J1ru ru nC\1\)~\l l~tJ1:'I'1lJl'jtl 

miJfllJm1lJ11'W l11Cl~tJ\lrltJ'j~fltJiJ'IJ~\lVl~lJ i~ ll~ltJ11tJtJ'j~~ll ~1~'WI9fCl~1l1:'l'\ltJ1YiIPlV~tJ1tJ. .. 
~\lJ'W1m\lfll'j1~Vtf~\l'!!iJl~'W1tJfllbY~~\)~1:'I'1lJl'j tl~\P)J'W 1fll1lJ1IlCl~I'Vlfl1 'W hV~'WbtJ\lfllV1 'W 

" 
" tJ'j~1 'Vlrr1~ tJ iJJI'i'tJ\lclftJ 'il1fl~ l\ltJ 'j ~l'Vlrr~\lI'li'W tJlPl L'1'111 fl'j 'j lJfl1'j Yl~lPlfllVI 'W tJ'j ~1'Vlrrril'W1 'l1 ui 11~1 ltJfll1:'l'~ 

• u 

," ." 
li1~\l\)lfl1m\lfll'j1~tJi1tlfltJtJfllliJiJ1l1'1~'W lm\lfll'j~tJli1tJ\l 3 1l'J1:'I' ~\l'!!'WllPltltJ'j~1:'I'\lrl11~fl'IJ~\llm\l" . 

, " 
fll'j~tJli1tJ\l11\l 3 1l'J1:'I' 'il~tJ'j~fWiJ~ltJ 

1. ~\P)J'W 11'Vlflt11'1 fll 'j 11'1 ~tJiJVl ~lJiJ1\l Cu(In ,Ga)Se ~ 1:'I'11J1'jtlmiJ ~lJfl'j ~iJl'W fll'j 1~1I CI~ftfl1l11:'1'lJiJ~2 

'IJ~\lVl~lJ~llPl~tJlJ 

2. tJ'j ~~ll ffl9fCl ~1l1:'l' \lmYiIPl Vll iJiJl9fCl ~1~Vl'IJ'W 1~ 0.5 1Pl1'j 1\l19f'W ~ llJlPl 'j ll1'i1tJ'j ~iY'Vl1ifll'W~ \l1~v 
I I"" • 

mftvYJ ~lJiJ1\l CIGS ViIIPl~ VlJ 1~'il1m'Vlflt1flVi~\P)J'W 1~'W 1l~1~\P)J'W 1~ m~'WI9fCl~I~Vl'IJ'W 1~1IPlfl ';h 

10 1Pl1'j1WU'W~llJlPl'j 

, 
1'lf'W 


Notebook 1~'WI'i''W 

" ~\l '!!'W llPlQtJ 'j~ 1:'1' \lrl'IJ ~\l1m \lfll'j 1~tJ1'Wbl'J 1:'1'11 'j fl 'il ~ I~'W fll 'j~\P)J'W 11 'Vlflt1flfll'j If) ti'tJiJVl ~lJiJ1\l 


Cu(In,Ga)Se2 ~1:'I'1lJ1'j tlflliJfJlJfl'j~iJl'W fll 'j i ~ 1~tJ~\lI.w'W 1~ fll'j flliJ~ lJfl 'j ~iJ 1'W fll 'j lfl~fliJ~ ~lJ~mftV 


1:'I'lJiJ~'VlNVl iYmY'IJ ~\lYJ~lJiJ1\l Cu(In,Ga)Se2 ~\l~'W ~QtliJ iY~ril'W 'IJ tJ\lli 119J ~\lrltJ'j ~ fltJiJ~lIlPlfl~ l\ltl'W 1'li'W 


m1lJ1:'I'1lJl'jtl 1 'W fll'j IlNi'\l iYfl 11lJ1tJ'W 'lJtJ\l~~lJ m1lJl~ tJiJ'lJfl\l~hVl~lJ I~'W 1'i''W 1~VIPl'n\)1~ iYt1Jt1J1ru~\l 
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I
I • 

'" ~ '''';:':I''' 	 "" 9 9~ &
':i~~UfI11lJ'H)'W'Ufl'1Uv.l'W':ifl'1':iHV'lmJlJl'1 Cu(In,Ga)Se2 'Uru~lfl"flU 1'W':i~UUfl1t11\9\"ltyty1f11fl' CJf'1f111lJ 

l~fllJ1t1'1'Ufl '1-aUJUJ1ru ~'1 tlri 11iJfI11lJ~1r1UJt'1 ~ 
u 	 u 

flf11':i tJ ~Ul~lJ~~fl11lJ"'1lJ1':i f:) 1 tJri':i~ UU'U'W 1~1'\10]
uu 	 <u 

.. 
v 0 Q QV

1.4 'UUYH)lAfll)VIln·fW~lU1il[J 

" " 	 " 
f11':i ~ 11iJ1.J '11'Wi~tI'Ufl '11m '1f11':i ij"'llJ1 ':i f:) "'~ tJl~'W,j''W \9\ fl'W Vfltl'1~~'1~ fl 1 tJ ij 

1. 	 -W1'JJ'W1':i~UUlfl~flUYl"lJlJl'1 Cu(In,Ga)Se2 U,,~i~f11':ilfl~flUYJ"lJlJl'1 Cu(In,Ga)Se2 1~tli~fm 

':i ~ l'I1 tI~1lJ tJ':i ~ tlflU f11':i 1'If! VlfliJflf11 ':i \9\ ':i l'i),!~ -atyty1ru ru 11" 1'il ~ '1 

2. 	 l'lf!VlfliJfI~-WI'JJ'W1~'W 1\9\~tllJYJ"lJlJl'1 Cu(In,Ga)Se2 U'Wl!~'W':ifl'1~um~'iltllCJff111mr~lfl~flU~1t1 
Yl"lJ h'\1~ llJ~u~h:rlJ 

Q.< d 	 d cI Clo' QJ I ct'n..1 'j.J QJ 

':i'1"'mtlCJf (X -Ray Diffraction: XRD) f11':i\9\':i1'il1~"'~"'1'W 'Ufl'11i1l'Jfl'1f1lJ':i~tlflU~1t1tl1':i1~ 

QJ QJ,o:::iO ct' 	 'j.J ~ 
mtJtl\9\':ilJ lvl \9\ fl'W ':i '1 ",m tlCJf (Energy Dispersive X-Ray Spectrometer: EDS) yj':ifllJVl'1\9\':i1'il"'flU 

a 	 'jJ QJ ~ d' 'j.J V rJ'~ d 
Ml1YJ W.l'\1'W 1!W~fl1f1\9\~'U11'1'Ufl'1'V'l "lJ~1t1fl "fl'1~" Vl ':i ':i fl''W fll" tl\9\ ':i fl'W!! UU"'!! fl'W (Scanning 

Electron Microscope: SEM) 

" 	 " 'il1fl~flfjru~f11':i~1IiJ1.J'11'W1m '1 f11':i i~tI~'1tlril1~l'1I'i''W ':i1t1'11'Wf11':i i~tI\~1Juij 'il~tJ':i~tlflU~1miifl 

'111 6 UVl~1tlfl'W 1~m~lJl'i''W'il1fl UWW1 U':i':itlltl0'1f111lJ~1r1UJ ~lJ1U,,~1\9\f:)tJ':i~1.'Y'1rl'Ufl'11m'1f11':i\9\"fl~'il'W
u • 

" I 	 • I 

ltJ!!UU'Ufl'1fllH~h!"''Wfl'Ufl'1':iltl'11'Wll1JUi1 UVlYi 2 'il~tlri110'1Vlllfj~Yi!fitl1~fl'1nU"'1':itJ':i~flfl1J 
" 

Cu(In,Ga)Se2 r1'1 i 'W ~1'W 'U fl '11 m '1 "'~1'1 v.I~ tl lvl '"1~ fl~ U m lJ !!"~fl11lJU tlYJ ~ fl '1 'U fl '1 v.I~tl!!UU ~ 1'1''1 i 1.JUVl 

~ 3 U':i':itlltl!~tl1nU':i~UU!\9\~tllJ~"lJlJl'1 Cu(In,Ga)Se2 !l"~lV1f1iJflf11':i1'l':i1'ill~-atytylru ru n"l'il~'1~'1~ 
" 	 , " " 

~Uf11':i-WI'JJ'W l~'Wl.wfl l'lfi 'W 1m '1 f11':ii~tli1 ':i1lJr1'1 'il~ 1~fltilJlt1o'1~tlfjru~m YJl~'Ufl'1 ':i~UU !l,,~i~f11':itJ ~U 

". 
!lUU Bi-layer process '\1~fl two-stage process 1~tI'il~I~lJ'il1fl,j''Wl'lfl'Wtll':ill'l~tllJ!l~'W':ifl'1~U '11lfj~fll':i 

rll'W 1ru 1tJ ':i '1 vl"~ru '\1 fJlJ (temperature profiles) 'U fl '1!l '\1 ri '1 ':i ~ l'I1 tl1i llOJ ~ l~tI"J~fl '1 !l"~!Vl fliJflfll':i I'l ':i 1'il "'fJ U 

~tlfjru~mYll~'Uel'lYJ"lJ~!I'l~tllJ'1~ UVl~ 5 'il~':iltl'11'Wv.I"fll':il\9\~tllJYl"lJU1'1 Cu(In,Ga)Se2 ~1t1i~fll':i 

':i~!'}W~llJ!lUU Bi-layer process l'l"fl~'il'Wv.I"fll':iI'l':il'il"'flU"'lJ1J~'Ufl~YJ"lJ ~l'\1~UUVl~ 6 ~~t~'WUVl"l~ 

.y{ltl 'il~t~'W f11':i 1.'Y~tJv.I" f11 ':ii ~tI !l"~ fll':i t"''W flU 'W~!l 'W lV1l'1 ~ 'il~-WI'JJ'W 1'11'W i~tI~fl '1 tJ 



, 
~ 

Uri rI 2 


~n.nJ~6ije>~~1'Jlh~fH)U1'WfI~~ Co-In-Se 

'l 

v v 

i '-JD'Ylij 11::: f1 ci11i1 'HYlJ11~Yi'-J] 1'-J 'U e) 'HYl'ltJ 'l::: fHJD i '-J f1 ~lJfHltJnJ e) { B'-J L~VlJ 1 ~C]f~ 1'-J~ (copper 
v 

indium diselenide: CuInSe2) ;1~1'-J1'i'1'-J'Ue),m~{1'I~e):::umlJ (phase diagram) 1m~{1'11~~TIf1 1m~{1'11~ 

u ~D~ t'1~~1'-J m1lJD f1~ ~ e)~'Yl1~ ~TIf1~~ L~ '-J {1'lJ11~~ "hfl'UJe)'U 11:::1-1 11tJri{1'lJ11~~ulil f1~ l~i~L9f~1,~Yhuel:::
U 'II 

" {1'lJ11~L9f~u{1' ~'Ue)~{1'1'l tJ'l::: f1e)DrHltJ LtJe) { BW~VlJ -Uf1 elL ~VlJ 1 ~C]f~1'U ~ Cu(In,Ga)Se ijz 

(ternary 

" compounds) 1~VtJf1~U~1m'ltJ'l:::f1e)D19f~{1'llJijm111Wf1 11'i'1~'-J 2 f1~lJ~tl 

2, U f1~lJ l-III-VI2 i~lJ1111f1f11'l1-11m'ltJ'l:::f1tlD~~1'11tJ1f1~lJ II-VI lJ1'UV1V!~'-J 2 1'1'11 Uel:::U'Yl'-J~'li11'J 
" 

f1cilJ II ;1~{1'e)~e):::liltllJI'i'1V'li11ilf1cilJ I I tl:::liltllJ Uel:::'li11ilf1cilJ III ~f1 I tl:::liltllJ vhhrll'i'm'l 
q q q q q 

" 
structure) iJ1m~{1'11~U~D~~~~1'-JUDDm~ (direct band gap) 1'11mh~'Utl~{1'1'ltJ'l:::f1tlDf1~lJij~tl 

?I 'j)

AgInSz' CuInTe2 Uel::: CuInSez 1lJ'-JIil'-J 

, II] 'j) 0 _ I <k '" 0 , ?I' '" 
2.1.2 f1~lJ Il-IV-V2 b~lJ1111f1f11'l'-J1{1'1'llJ'l:::f1tlDf1~m'-J1f1~lJ III-V lJ1'UV1V!lJ'-J 2 L'Yl1 LLel:::U'Yl'-J'Yl'li1~ 

" 
f1cilJ III ;1~{1'tl~tl:::liltllJI'i'1V'li11ilf1cilJ II I e):::liltllJ Uel:::'li11ilf1cilJ IV ~f1 I tl:::liltllJ 111il1'II'i'{1'1'l

q q q q q 

JI 

structure) iJ 1fl H {1'11~ U~D~~~~ l'-JUDDIil 'l ~ (direct band gap) 1'11mh~ 'U tl~ {1'1'l tJ 'l::: f1tlDf1~lJij~e) 
?I 'j)

ZnGeAsz, CdSnAs 1lJ'-JIil'-J2 

1m ~{1'~1~ rt~f1'Ue)~{1'l'ltJ'l :::f1tlDfltltJLtJe){B'-JL~VlJ 1~C]f~ lm)1~'UuDD'lf1el1 fl 1~1 'lll Uel:::iJ1m ~ 

1 " .Q' , ~ 0 ~ Y.:9·
8f/'i-JIT'iNUUUCZf-JflmtJUVI (zinc blende structure) Lf1~111f1f11'l'-J1 tm~{1''ll~rtelf1VtlV (sublattice) 

..J ~ tI dd. I d1'jI & 

UDDmf1m~rt1'l1'-J1~f11J1ftf1 (face-centered cubic lattice) 'YllJmfl~'Yl flH~elf1 a = b = c, a. = ~ = y = 90 
0 

"i 'j) 'j) i'j) .,j "'?I 'j) <k & "'''''1 'j){1'tl ~ t m ~ {1''l1~ lJ111~9ftl '-J 'l1!'l1 el tllJ f1 W lJ '-J 'l::: v::: 'Y11 ~ 114 \il1lJ U'-J 11{1''-J 'Yl 1W~lJ lJ 9f~ rtel f1 'YllJ m ~ {1''l1 ~ UDD. 
d'1II IJ} I & 0 i IV ~ i & rI,. Q rI rI(V I I 'jI.:9

'-J b~Uf1 {1'1'lmm'-J1 '-Jf1ellJ II-VI Uel::: III-V ~~'-J'-J '-J'l1'-J~'l1'-J1m9felel'Ue)~ tflH{1''ll~rtelf1UDD9f~flLDel'-J~. 
JI 

~ I Q I Q.c::I .:9 Y I <) 'J} .c::I .... 1 " I Q 

l1:::lJ tl::: Iil tllJ tl~{1'tl ~ 'If'-J ~ Ulil el::: 'If'-J ~ lJ 4 tl::: Iil tllJ ~ ~1 1lJ11 t m ~ {1''l1 ~ U DD '-J 11::: lJ 'l::: f1 tlD~1V tl::: Iil tllJlil1~ 'If'-J ~ 

n'-J {1'e)~'lfU~ U~tl:::1il tllJ~ tJ mvu'U '-J 'U tl~~'-J 'Ii :::~'l1lr1'U tl~ tl:::1il e)lJU~el:::1'11iJ~fl.:!L ~'-J e):::liltllJ'lfiJ~1~V1n'-J 1'1~ 
)I .... " JI 

11'-J m1lJV11~'-J 'Ii:::'U tl~U~ el::: tl:::lile)lJ ~~1'Yhn'-J 1m ~ ~TIf1!1DDij l1:::iJ~ 1'1 ~ L~'-J ~ tJ ~f11J1ftn 
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" 
1'11tJV1':H'lf'U ZnS (clf-:Jr1i~ 'l~~) lj~lUt.!-:J'lJtJ-:JtJ~\P1tJlJ~-:Jij 

'''' 0 

, 
tJ~\P1tJlJ Zn tJrJ'\'l\P11lt'l1'U-:J 

'" 
0 0 0, 0 1/2 1/2, 1/2 0 1/2, 1/2 1/2 0 

tJ~\P1tJlJ S tJVYi~lU11t.!-:J 
'" 

1/4 1/4 1/4, 1/4 3/4 3/4, 3/4 1/4 3/4, 3/4 3/4 1/4 

4 tJ~\P1tJlJ 

Trl''i,nrfNU'U'U'lfnlTfl1'tV1'Jri (chalcopyrite structure) lil~ 'j) 1fl fll':i11111t.! 1 mC)f~ ~~lj1 m -:J tY~l-:J 
'1 " ~ tI tI I tI 'jJ Q.I ~ 0 'jJ<d. 0 Q.I 

U1J1JC)f-:JfH1J~'U~ 2 11'UlmC)f~~lJll1-:JC)ftJ'Ufl'U\P11lJU'U1Ufl'UrJ~fl c (c-axis) 'j)~'\'ll 11lJ'j)l'Ul'UtJ~\P1tJlJ'\'l-:J11lJ~ 

I .::9 I tI ~ <d Q.I ~I <d tI 1
16 tJ~\P1 tJlJ\P1 tJ11'U -:J11 'U lmC)f~~ 11 ':i tJlJ ~ flEl ru~llJ'U 1JtJ~ lC)f'Ul\P1 tJ'j l '\'l'\'l ':i ~ fl'U tJ ~ (body-centered tetragonal) 

" ~-:JUtY~-:J '1 'U':iD 2.1 ~lU11t.! -:JtJ~\P1tJlJ~W'l 'lJtJ-:J 1m -:JtY~l-:J rJ~ fl'IJtJ-:JfltJDtDtJ{aW~tJlJ 'l~95~ 'l'U~ lj~-:Jij
'" , 

tJ~\P1tJlJ Cu lj 4 tJ~\P1tJlJtJVYi~llt'l1t.!-:J o 0 0, o 1/2 1/4, 1/2 1/2 1/2, 0 1/2 3/4
'" 

1/2 1/2 0, o 1/2 1/4, o 0 1/2, 1/2 0 3/4 

3/4 x 1/8, 1/4 y 1/8, y 1/4 3/8, x 3/4 3/8 

3/4 y 5/8, 1/4 x 5/8, x 1/4 7/8, y 3/4 7/8 

1~tJ~ x = 1/4 + u, y = 3/4 + u; u t~'U~lfll':il~tJ'U'lJtJ-:JUtJ'U'ltJtJtJ'U (anion displacement) 111tJ~lfl1':i 

t~tJ'UmJ1Jt'\'lm~ 1fl'UtJ~ (tetragonal distortion) ~-:Jtn~'j)lflfll':i>D1Jtl'U'lJtJ-:JtJ~\P1tJlJ Se n1JtJ~\P1tJlJ CU U~~ In 

" " U~l 'l~mllJtJldr~'U 1i~ (bond length) r1-:JtYtJ-:J~'ll.Jt'\/hn'U ~-:Jri -:JrJ~ '1 11UH~-:J~~ ':i~1111-:JtJ~\P1tJlJ '1 Wlfl'UI'1-:J'Q lfl 

U~~Ufl'U'IJ'U1'U n1JUfl'U95lj'IJ'U1~ 'll.Jtyhn'U ~-:Jr11 '1 11tl\P1':ilril'U'lJtJ-:JmllJtJldUfl'U rJ~fl95~mtfl'U rJ~flm (c/a) lj 

~l'll.JtYhn1JtYtJ-:J 

(a) 

(b) 

c 

.eu 

(c)o In 

• Se 

a 

'ltJ~ 2.1 1m -:JtY~l-:JrJ~ ml1J1J'lfl~1fl'lr~ hr1'IJtJ-:JtYl':iD ':i~fltJ1JfltJDtDtJ{a'Ul~ tJlJ 'l~95~ 'l'U~ (a) 11~-:J11t.!ltJ 
'U 

0' II) do'll) d 0' 1 ?I"'
tC)f~~ (b) Ufl'\'l !tJtJtJWC)fW\P1tJ'j U~~ (c) UtJ'U !tJtJtJ'UtC)fW\P1tJ'j ~tJ dell. U~~ d tlJ'UmllJtJllr~'U1i~ se ln.Se 

':i~1111-:J Cu-Se U~~ In-Se \P11lJ~1~1J [4] 
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~t'VimJ (pseudo-binary phase diagram) ~~'l"dl~ CUzSe tliJ InZSeJ 'illfl~tl'il~tlh.r:h ~fJru'l1iJiJ~lflll 986°C 

1~ tltl ~ ~lJlru ~n~ tl ~ ~ fltJiJ CuInSe2 'il ~ttl~ til.,! 'ill fl'ffmYl 'UtJ~m l:11t~t.J 'U tJ ~ u ~~~iJ1m~ 'fffl~UiJiJ~~~tiJ 

l:1t.J~ (8-phase) 'l1~tJ~t~tlflll lm~'fffl~UiJiJ~h1JfH'VimJ (pseudocubic phase) UC1~~fJru'l1iJiJ~~flll 810°C 

1 ~tltl ~~lJlru 'ffl~ tl ~ ~ fltJiJ CuInSe2 'il~ttl~ tlt.J 'illfl'ffmYl'UtJ~u~~~iJ 1 fI H 'fffl~ HiJiJ'lfll:1 1 fll Yl hr1" (a.

11).1 ~I ~ .ddl 31 """" 31." , 	 31phase) lutUt.J'UtJ~U'U~'VllJ m~'ff~l~lliJiJ'l!'~fltiJC1t.J~ (8-phase) Ul:1~m'l11fl'ff~'fflt.JtJ~~tJlJ [Cu]/[In] t.JtJtI 

flll stoichiometric lJlfl"l 'il~tl~lfl~t~'ff'UtJ~ ~-phase ~~ t~t.J 1 m ~'fffl~'lfl~ 1fll Yll ~r1"iJflYl-itJ~ (defect 

.1 .d1l)31.?1 ~ .?13I
chalcopyrite structure) 'ffl~u~~fltJiJ'Vll~tJ1'il'il~tut.J Cu In4Se 'l1~tJ CuInSSeg tut.J~t.J2 7 

1100 

1000 

_ 
U 
o 

E-o 800 

700 

600 

Liquid 

900 ~---"-------{ 

~------~~ 

CuzSe + CulnSc2 

500~~--~--~~--~--~~--~--~~ 

o 	 10 20 30 40 50 60 70 80 90 100 
X [mol. %J 

.1 ~ \OJ 31' 	 , .d .1 dl 31 d ~ ~I 1 \OJ II) " 
'illfl~u 2.2 'il~mt.J !~ll'lfl~'Vl'ffl~u~~fltJiJ CuInSe lJ m~'ff~l~UiJiJl~tllf1mut.J'lfll:1 fI !YlI~'Vlz 

~ .t" ~ 	 & I ~ ~ 
'l1~tJ a.-phase t.Jt.J'il~tJ~1t.J'lfl~'UtJ~ InZSeJ 50 mol% tl~ InzSeJ tl~~lJlru 55 mol% [5] 'l!'~1t.J'lfl~mnrut.J'il~ 

~ Q.I I 	 ~ Q.I .t .d a' ~"~li1 ~a. a'Q.I

'fftJ~fll:1tJ~fliJ'ff~'fflt.JtJ~~tJlJ [Cu] /[In] ratio tl~~lJlru 1.0 tl~ 0.82 ~~t.Jt.Jfl1~t~~tllJ~C1lJlYltJ!'l1 !~yjl:1lJiJ1~ 
, 	 ~ 

CuInSez 'ViiJl m ~'ff~1~UiJiJ'lfll:11f11Yll ~r1"tJt.J ~ll~t.J 'il~vi'tJ~tJ1r1t1fl1~ flliJ fJmY~rilt.Jtl~lJlru 1ill'Jmh~ul1t.J 
o ~ G] ~Q.I J' 99J Q.I ~ 	 .c:SQ.I 

til 'l!'~ !t.J~lt.Jl'iltlt.J'il~ l'lffl1~ml'ill~'fft1Jt1Jlru ru nm'ilH (in situ monitoring technique) 'UtJ~fl1~lmtllJ 

Ylc1lJ<Jilt11t.Jfl1~fll'l1t.J~HY~rilt.J [Cu] /[In] 1 l1'trlt.J ltl~llJvi'tJ~fl1~ lvi'l~tI'il~ l~tJ1iiJltl~ lVl:1~mV~~tJ l'iJ 
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evaporation, 

sputtering, flash-evaporation , spray pyrolysis, molecular beam epitaxy, electrodeposition 1~'WIPi''W :W~lJiJ1~ 
I dd. 	dQ.l I 1 lr) d 'J,I c:: QJ QJ 

I'll m'WIlJtJm,w,,"J'WtJ~\Pl tllJII\PlfWm tiJ'il1fl stoichiometric (Cu:In:Se= 1: 1:2) lr1fl'W tJtJfl'il~tJ~fl~'jfl'hlllm ~ 
'jJ '1 lI] lI] " 'lI] 'jJ , _ I ' .J 'I dI '1 '" , d lI] 'jJ

{1''j1~'lf1r1 ~fl ~~ ~'jl'ltJQ ~fl 11\Pl'il~lJ'j1flUfl11lJlJfl~'jtJ~~'W 'Wrlr1fl ~fltJr1fl'I:Jru~~tJ~fl11lJlJfl~'jtJ~lJ tfl4 I1lJlJ 

l. 	 ~'WI\Pl tJ{{1'Vh~tJr1 (interstitial) I~'Wfl11lJlJfl~ ~ tJ~~lflfl 'ill fl tJ~ \Pl tJlJ'I1~ tJ ! tJtJtJ'W 'lfijfl'l1~~1 iJiJ 'j 1 

flt) 'I 'W ~1 11 '11 U~~~iJfl~1lJ I~mh1'l1u ~~ tJ~ tJ~ \Pl tJlJ 1 'W 1 m ~ rl~fl'lfij fl if '11 ~ tJ ~ 111'I1U~l1tJQ 
'j ~'I111~~ 111'11 U~~ tJ~ tJ~\PltJlJiJ fl~l 'W 1m ~ rl~ fl 

2. 	 11I1fl'W9i (vacancy) 1~'Wfll'jlflfl~11~1'W~11I'11U~ lm~rl~fl~~iJfl~iJtJ~\PltJlJtJv ~~iJ1~ 3 I1lJlJ 
" , " 

fltJ Vcu ' Vln , VSc 'I1lJ1tJii~fll'jlflfll111~~'W1'W~11I'11U~~tJ~ Cu, In, Se \Pl1lJ~1~lJ 

3. 	 m1lJ1lJl~'W'j~liJtJlJ1'Wl1fll'l1tJtJtJ'WctllJl1r1l'l'~1'lf (antisite disorder in cation sublattice) 'I1lJ1tJ 

fl11lJl1 'I 'W {1'1'j iJ'j~ fltJlJ~iJ 1fl H{1'~Nl1lJlJ'lf1 (11fl1 ~1 n1iJ1i 1 \Pl ~I~'WIIfll'l! tJtJtJ'W tJV 2 'lfijfl tJV. 	 "" 
, 	 " , 

'YictllJllr1l'lVl'lf A 11(1~ B ~fl'I:Jru~~tJ~m1lJlJfl~~tJ~iiiJ1~ 2 tiJUlJlJfltJ Culn , Incu 'I1lJ1tJii~ fll'jl1 

Cu 1iJtJV~~11I'11U~ctllJl1r1l'lVl'lf~tJ~ In Ur1~ In 1iJtJV~~11I'11U~ctllJllr1l'lVl'lf~tJ~ Cu \Pl1lJ~1~lJ 
" 	 " 

4. 	 m1lJ 1lJI~'W 'j ~I iJ tJlJ~ tJ~Ufll'l1 tJtJ tJ'W O'lJ II tJ'W ! tJtJtJ'W (cation-anion disorder) '11lJ1 tJii~ 1'W 

(''hi I'llU~Ur1l'lVl'lf~tJ~lIfll'l! tJtJ tJ'WiJtJ~ \Pl tJ ~ ~ tJ~ 1i 11'J~1~'W II tJ'W! tJ tJ tJ'W 1 iJiJ'j 1flU tJQ ru ~l1I'11U ~ 
JI" I I 

,r'W 'I1~tJ'l'Wl'l1~fl~lJO''W iJ1~l-1~'I1lJfl 4 'lfijfl fltJ Seln , Secu' In ' CU 'I1lJ1tJii~fll'j'Yi Se 1iJtJQ'Yis e sc 

~lII'11U~Ur1l'lVl'lf~tJ~ In, Cu lIr1~fll'j~ In, Cu 1iJtJV~~lU'l1U~1Ir1l'lVl'lf~tJ~ Se \Pl1lJ~1~lJ 
" 

" m1lJlJ fl~~ tJ~~tJ ~ rl~fl~~ flri 11ii 'il~ ci ~ rlr1 ~ tJ'lfijflllr1~ {1'm~ fll 'j tJ 11yJVj 1~ tJ ~ {1'1'j iJ'j ~ fltJlJ 
I 	 I I " 

CuInSe2 llr1~ Cu(In,Ga)Se2 lfltJ'il1m1'W l,)tJ~tJ~fl ~lJl,)tJ~'W [6] 'Yi~fl'hll'j ~~lJ~~~~l'Wl1lflfl~'W1'W'lftJ~11~ 
" llfllJ~~~~1'Wl-1~'j~~lJ~~~~1'W~1,r (donor energy levels) 1lr1~'j~~m~~~~l'W~rlJ (acceptor energy levels) 

I I )I 	 tI 

l1iJfl11lJlfltJ1.utJ~ nlJfl11lJlJfl~~ tJ~ 'Yilflfl ~'WItJ~ \Pl1lJ 1i 'j 'j lJ'lf1~fl1tJ 'I 'W rl~fl (intrinsic defects) ,r'W {1'1lJ1'j tI 

flri111fltJ{1''jiJ!~fltJ. 
~ ~ .Q fI l.t!t ..:k 

IlJtJ~'il1'jru1~1'jllJl\PltJ'j 2 m fltJ molecularity deviation: ~m 1lr1~ stoichiometry deviation: ~s "b'~ 

ijtJ1lJ1~mlJ{1'lJfll'j [7,8] 

~m = 	[Cu] -I ; molecularity deviation (2.1) 
[In] 

~s = 2 [Se] _ I ; stoichiometry deviation (2.2) 
[Cu] + 3[In] 
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I 

, v 

l~HJi1 [Cu], [In], [Se] 1~'Uhl.J':n.JtJ~\PltJln1,:jl1lJ\Pl'IJtJ,:j Cu, In, Se i'U~ljtlj~f1tJ1J CulnSe2 u,,~ 
v 

[Cu]+[In]+[Se] = 1.0 1l1f1~lJf11j (2.1) ll"~ (2.2) mlJ1jfl'W1l1jrulmuhl1,:j"l'fl,:jij 

'l d .d "". I'" '" I/] • 1 d d y '" d '" I/] • 1 <I Y I/] Y
!'Umru CulnSe 'YIlJ1JjlJ1ru Cu 1J1f1lf1'U !1JI'Wrm"f1'UtJl'J l1jtJlJ Cu2Se 1J1f1lf1'U !1JI"f1'UtJl'J 1l~ !(Pl2 

~l L'lm > 0 

9 d .d d. I'" '" 1/].1 "" d Y '" "" '" 1/].1 d Y I/] Y ,
!'U mru CulnSe2 'YIlJ1JjlJ1ru In 1J1f1lf1'U !1J1'W 1'J,:j1"f1'U{)1'J 11 jtJlJ In2SeJ 1J1f1lf1'U !1J1"f1'U tJl'J 1l~ !(Plfll 

L'lm < 0 

i'Umru CulnSe2 ~iJtl~lJ1ru Se .utJl'J!n'Ultlll~l~~l L'ls < 0 

i'Umru CulnSe2 ~iJtl~lJ1ru Se lJ1f1ln'Ultll~f1.utJl'J 1l~1~~1 L'ls > 0 

~lf1f11j'W~ljru lmru~l,:j"l.Q ~~Yh i l1''YIjl1J~,:j'liij(Pl'IJtJ,:jflJllJ1Jf1'W~tJ,:j'IJtJ,:j ~~f1~I~'U1tll~rf,:jl1lJ(Pl i'U~lj 
tlj~f1tJ1J CulnSe2 1l~I~tJ,:j1l1f1 i 'U,:jl'U 1:ijI'J.QYJ~lJlJl,:j Cu(In,Ga)Se2 ~iJ~lJ'!J'~ll1lJ1~~lJ i~I~'Ui'U~(Plf1~'U 

v v 

ll~ ,:j'IJ{),:jI9fmlllb'f,:jtJ1Vl\PlVtJ'U ~~iJtl~lJ1ru 1iWJf1~lJ III lJ1f1ln'U 1 tll~f1.utJl'J (Cu-poor film) ~,:jtJ'U i 'U f11j 
"" , • jI

11~(Pl,:jmllJ1Jf1'W~tJ,:ji1I~'U 1 tll~tJ'U ll~f1rilJ~,:jm'Wl~mrui1 L'lm < 0 l(Pll'Jj~'fl1J'W",:j,:jl'Ui1ln(Pl~'Ufl1l'J i'U'li{),:j 

11,:jllfl1J'W",:j,:jl'U1l~1~'U'liij(Pl i(Pl~'Ufl1J'liij(Pl'IJtJ,:j.utJ1Jf1'W~tJ,:j'IJtJ,:j~~f1 'fl,:jII~(Pl,:ji'U\Plljl,:j~ 2.1 ll"~\Plljl,:j 2.2 

, 
! • Majority defect pair Stoichiometry deviation 

(Lis)Acceptor Donor 

VCu InCu <0 

VCu VSe <0 

VCu Inj >0 

Sej InSe >0 

Sej Inj >0 
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m'aN~ 2.2 'U'W 1~'Utl,rVH1-:j':11'Wf)l~ Otll9l1 (fonnation energy) ~tih 1l1'!fl~fll1lJ1JfI~'itl-:j95iJ~~1-:j'l 

1'W 'ffn -U~ :::fltl1J CuInSe2 [7] 

Type of defects F ormation energy (eV) 

Vacancies 

VSe 

VCu 

Vln 

2.4 

2,6 

2.8 

Interstitials 

CUj 

Inj 

Sej 

4.4 

9.1 

22.4 

Antisites 

Incu 

CUln 

Inse 

Seln 

Secu 

CUse 

1.4 

1.5 

5.0 

5.5 

7.5 

7.5 

lJ 1f1'fflJ'\J~'Utl-:j 'ff1~ -u ~::: fltl1JfI tl-U!-Utl{~'W!~ tJlJ 1~9f~1 'W ~~ fI~lllJ1;)1-:j1Pi''W 'ff1lJ 1~ tll115~ ~tl tJ 

(alloy) 'U tl-:j ti Wl fI~lJ III 1~ tJf)l ~'lll!tl1ti 11PJ h.Jf)~lJ!~tJltl'W 'fftl-:j ti11PJ!!'Yl'W ~ tl'W!~ 'WClmJru:::'U tl-:j hl1::: r-mlJ~n 
. v 

r:1~ cil'W tl::: \91 tllJ'U tl-:jf)lm'Yl'W ~~1-:j'l tl'W 1'W -:j 1'W1~vii 1 ~tih5~~tltJ1l1'tl1J ti 1lPJfI~lJ III fitl ~'W!~VlJ (In) tl1J 

!!fI~!~ tJlJ (Ga) till 1l1'1 ~!~'W 'ffn-u ~::: fltl1J fI tl-U!-U tl {~'W!~ tJlJ-!!fI m~VlJ 1 ~ 9f~1 'W ~ !~tJ'W r:1qj~mJru'Yl1-:j!fln 

dd ~ Q,I ~ Q,I d.:::9 9J
'Utl-:jm~-u~:::fltl1J'W!1J'W CuIn Ga Se l1~tl Cu(In,Ga)Se ~fI'l:Jru::: lf1H'ff~l-:jN~fltJ-:jfl-:j!'J'W lm-:j'ff~l-:j!!1J1Jh x 2 2 

951~ lf11~lnl~nfi1f1-:j~Ni1f1 a !!~:::fi1 e/a ~'Wtl1J-U~lJ1ruti1\91!!fI"!~VlJ~-:j!!'ff~-:jl'W~-u~ 2.3 'WtlfllJ1f1d'ff1~. ~ 

oI::S I I I QI .d d. I tl'V I jJ,l Q.t 

-U ~::: fltl1J CuInl-xGa Se lJ:::lJfIl95tl-:j 11-:j!!tl1J~~-:j-:j 1'W!!1J 1J\91 H'Yl mlJ1~ tl!!-U ~! -U M'WfIl ~ It.J951-:j fIl1-:j'U'W fl1J 
x 2 

r:1~cil'Wtl:::\91tllJ'Utl-:j!!flm~tJlJ~tl~'W!~VlJ (x = [Ga] ) l~tJ mru~ x = 0 lJ:::!~'W'ff1~-U~:::fltl1J CuInSe2 
([Ga] + [In]) 

nfil'lftlrJ1-:j!!tl1J~~-:j-:j1'W 1.04 eV !!~:::!rltlfi1 x !~lJ~'W l1~tl-U~lJ1tu!!fI~!~tJlJ!~lJ~'W '\J'U1~olftl-:jl1-:j!!mJ 
QI ~J ~&I ~d ~II I dQI

~~-:j-:j1'WlJ:::!~lJ'U'U lJ'Um:::'Yl-:jtl-:jfll x = 1 '\1~tl!1J'Wm~-u~:::fltl1J CuGaSe2 lJ:::lJfIl95tl-:jl1-:j!!tl1J~~-:j-:j1'W!1J'W 

1.7 eV l~v~fhr:1lJ-u~:::iY'Yltflw~~flii'W!!'ff-:jv-:jmtl~l'W~:::~1J 10'5 em' 
l 

[9, 10, 11] 

fIl1lJ r:1lJYl'U 'Ii'~::: 1111-:j r:1~ cil'W tl:::l91tllJ!!fI~!~ tJlJ~ tl~'W!~ tJlJ (x) tl1Jfi1olftl-:j 11-:j!!tl1J~~-:j -:j1'W (Eg) 
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Eg,Cu(In,Ga)Se2 ex) =(1- x)Eg,CulnSe2 + xEg,CuGaSe2 - bx(1- x) (2.1) 

Eg,Cu(ln,Ga)Se2 ~ 1.01(1- x) + 1.65x - 0.15x(1- x) (2.2) 

d '1 'do Ibowing parameter 'l1'l~~lJme:l~ 'W'lIl'l 0.15 - 0.24 eV [12] 

S.B5 

- SlIO 
<- 5.75C 
nf 

~ 5.70 

j 

8 5.85 

.~ 5.60 

5.55 

5.50 

_8
-{)- cf2 

0.0 0:1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1.0 
CuGaS8

41 

Ga content, x 

. " . 
~m'IJe:l'lfl1~,HiJltJ~V'W~1'lie:l'l11'llltliJ~ cr'l'll'W "l~ii ':111r1'(;l1lJ1~ m~e:lfl~l x Yit'l1lJ1~'(;llJtliJfl1~ 1~ 

'(;ll~tJ~~fle:liJ Cu(In,Ga)Se2 1'1J'Wi'W~~fl~'WII'(;l'l (absorber layer) ''W~'ltJ~~~h:lil'l1''~II'(;l'lmYi\p1lj!~ IW~ 
~1fl fl ~ wIll '(;l~ 'l tJ ~ ~ iY'Vl fim~~ 'l ,,!~'lJe:lWlm~1I '(;l 'lmYiIPl VlliJiJ~e:l vlPie:ll~ tn~"l~~lflfl nih'W lrul~ 'l'Vl q'fl~ 

Q,I I' I Q,I Q;' 0.:k 
(theoretical maximum efficiency of single junction solar cells) fliJm'lle:lnl'llltlm~"'l'll'W'lJe:l'l'(;ll~fl'llPll'W1 

• JI I I 

'lIiJ~IPiN'1 Vi1i'llI'Wi'W 1Pl~ fl~'W II '(;l 'l1l'l1l '(;l~ 'l1'W ~ tJYi 2.4 ~ ~ 111'W 11tJ~111ru 'IJ e:l 'lllflm~ (JlJVit'l1lJ1~'(;llJrlll1 f iJ 
" " 

fl1~1~'(;ll~tJ~~fle:liJ Cu(In,Ga)Se2 11I'W i'W ~~fl~'WII'(;l 'l1'WI'l1"~IIb1' 'lmYilPlvti'W ~~e:l~~~l~~ril'W x tJ~~111ru 
30% ~'l~~':h1r1"l~'(;l1~tJ~~fle:liJ Cu(In,Ga)Se2 ~ii~1'lie:l'l11'llltliJ~cr'l'l1'WtJ~~111ru 1.2 eV 1l'lti'W1'W'l1'W 

)I ,,.. .d do 

l:ijVii~~:JJ1Jl'l Cu(In,Ga)Se2 ViIIPl~ V:JJ~'W ~~iitJ~lJ1rullflm~VlJtJ~~lJ1ru 30% 'l1'l~lV"~WV~'lJe:l'lm~iJl'W 

fl1~ IIPl~ V:JJ ~~"l~flrin1'W iJ'VllPi e:l"l tJ 
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40 

-----'-AM 1 05, C = 1000 

30 

10 

OL..L-.--'------'-------l-------'------' 
000 100 200 300 400 

Band gap energy, Ea, eV 

o c:. do,.. I' I QJ ~ Q.I 0 .Q f 

'illf1f11'.ifll'U1U!1'1l" -:J'Vlqfl~f11Jfll'll"Cl-:J 1 l-:JUtl1J'Y'I"-:J-:J l'U'UCl-:JiYl'.i f1WlJ'U 1'll"'U ~~ l-:J"l [4] 



• • 

I . 

! 

I . 
~ 

I i 
I 1~v,t'/ltJYhllJlJl.:Jm)1.Jb1.J~{~w~VlJl1mH~ (JlJ 1~9f~1\.J~ (Cu(In,Ga)Se2, CIGS) ~~~.:Jf)1·H\911 VlJ 
i ". " .

~wYJ~ 'I ~b~ \.Ji'\.J~~f)~\.Jm,..:J 'lw"lf(l"m1'.:Jm.y;~6iJf)1l~~Q'lWyJ~H)(lYJ1 (phase a) ~llJVitJ'llf){J i wyJ~l~ 

~~bbmlJ'IJ~.:J~l'ltJ'l~f)~1JI9i.:J~IViVlJ (pseudobinary phase diagram) 'IJ~.:J Cu2Se-In2Se3 11(l~mv'I\.JYMlJ1J1.:J 

Cu(In,Ga)Se2 ~tJ~f) l~iJf) ll~ijiY~cil\.J 'lJeJ.:J1i119J [Cu]/([In]+[ GaD < I ~QI~fl'lreJV bvt~l1~fll~V.:J~l'ltJ'l~f)eJlJ 
o &d:V Q.lo Qlo9:iJ.c:::::t. Q.I 'l~ ... 1 Qt/
HWlf1 Cu-Se ''If.:JlJ~m'Wflmvm'W1 (semi-metallic) 11(l~lJf1'Vl1 Ll1lf1~f)1'l(l~l.:Jll'l \.J'IJ'W~eJ'Wf)1'lU'l~~lI)l 

. . ., 
~eJ1tJl~'WI"lf(l "u~.:Jm.y;~ 6 ii.:JulY';hiY~ cil\.J 'lJeJ.:J1i1~ [Cu]/([In]+[Ga]) 1~ Vl~ ~vi'W~~'W .y{lVljj~iY\.J~~ 

m~lJl\.J f)1'ltJ~f1YMlJlJl.:J Cu(In,Ga)Se
2 

ll~ij~lt!eJVf111fhiY~cil'W ~llJtJ~lJ1W ~1'l iYlJYl''W,] (nearly
., 

stoichiometric) ~f1llW~1m .:J~~l.:JHTIf1'IJeJ.:J ~1'l'l 'W~'l~f1(l-wiJ.:J ~llJ1'ltlfl.:JmJi'W all'Vl'Vl'l~ 1f1'W ~(l
~ ~ ~ 

lsJ ~.s '" .::'1 ~ '" 'I 1 lsJ lsJ ",1 .9,(tetragonal) l~ ll.:J\.JlJlu\.J'IJ~~'lJeJ.:J~l'l \.J~'l~Q[l'll'l(l f1l'W l'l'Vl\.J eJ'W.:Jf\1 deviation of molecularity (Om) 

ij lJ'11J1'Yl11 ~f1 'I \.J f)1'l fi111\.J~ ~lJ'lJ~'Vll..:J 1m.:J ~~1.:J HTI flll(l~ fIJ1lJ lJf1'W ~ eJ..:J 'Vl1..:JlflijlllY111l~ mJiwyJ ~B(lYJ1
" 

1J1f1f111iii f11'l1~~VlJYJ "lJlJ 1..:J Cu(In,Ga)Se2 ~111 i'lJ1i 1~9f~1-W VlJ~iJf1 ~~ \lf1ll eJ'Wl <if1~'l ~lJlJl~~ VlJYJ "lJlJ1.:J 

Cu(In,Ga)Se2 ~eJ\.J <if1.:JlJ1fllC~..:J~1f19f~I-WtJlJl~'W 1i119J~ ~llJ1'ltlf1mVl~\.J 'leJ l~~lv 'I11'flJ1lJ~\.J leJ'l.:Ju(l~~l 

~~..:J 'I ~'I \.JtJ~lJ1W~1J1f1f111~liY~cil'W mlJtJ~lJ1W ~1'l iYlJYl''W,] (over-stoichiometric) mil.:J 1'l fi~llJ~Wl1 fllJ. ~ 

'lJeJ.:Jw·l\.J 'l~..:Ji'lJVi~ ..:Jf111 400°C ~~r1111t!1~lleJ.:Jtl'Wf11'lij1i1~9f~I-WVlJcil'Wlfi\.J ln1'lf1eJvi\.J 1m ..:JH~f1 
~ ~. 

~ d 'l:V ~ d ~I tI dI

Cu(In,Ga)Se [14, 15, 16] ~lf1'IJeJ1qJ(l'VlII~~.:JlJ1 'W'lJ1..:J~\.J~~'WlJl1'l~lJlJlmVlJYi(llJlJl.:J Cu(In,Ga)Se 'Vl2 2 

'WeJ ~Wlf\.J'l~lJlJl~~ VlJYJ"lJlJl.:J Cu(In,Ga)Se2 ~lviiif11'l 'l~lmJhlJ~llJlllJlJ bi-layer ~..:JI~lJ~\.J 11 1f1 f)1'l 
, "" " I

tJ(lf1YJ"lJlJ1..:JViijiY~cil'W 'lJeJ..:J1i1~ [Cu]/([In]+[ Ga]» I 111~ViI~ Vf111 Cu-rich l1..:J-WIYJeJ i11'1~1m .:JH~f1 
~ . 

(grain)'IJ\.Jl~ 'I mYll(l~ijfll1lJ~lJ\J'lru'l..:J l1~l~eJV"ltJi'lJMiY~ cil\.J 'lJeJ.:J 1i 119J [Cu]/([In]+[ GaD 'l11'ij~lt!~V 

f111 I 111eJ~I~Vf111 Cu-poor Ivtf.ll~'Wf11'lfi1~~1.J~lJ1W'lJeJ..:J~1'ltJ'l~f1~1J~~Qiwl~~~~~..:J (binary phase) 

o '1 ~ lsJ ,J '" " .9 lsJ ~'" ,,~, " d~l'Wlf1 Cu-Se !1111lJ~ ltJ~lfll'WeJYJ(llJlJl.:J CIGS ''If..:J l~'W'l~\.J1I(l111~11J1'ltltJ'Jf)YJ[llJlJ1.:J Cu(In,Ga)Se2 'Vl 

eJV1..:J 1'ln~lm~lJlJl~~VlJYJ"lJlJl..:J Cu(In,Ga)Se2 ~ij ~m'ltl\.J ~~.:Jf1rilJ<if1..:JiJ..:JI~'W'l~lJlJ~ij'llf11 
"" , . , 

1l'W..:J11 (l~ V.:J 'IJl~<ifeJ1qJmJ\.JoW'W)ll\.J Vi In Vl <ifeJ..:J f)1'lltJ~ V'WlltJ (l..:J iY~ cil\.J'lJeJ..:J 1i 119J [Cu]/([In]+[ Ga]) 'I \.J 'lfl.:J'Yl 'l1\.J 

iYi'\.J (transition) ~1f1 Cu-rich ltJ~ Cu-poor 

http:grain)'IJ\.Jl
http:Ji'\.J~~f)~\.Jm
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Graphite heater Recorder 

Temperature of graphite (Tot,) 

Heating output power (OP) 

Temperature of substrate (T.ub) 

Temperature of CIGS film (Tpyro) 

Cu(ln,Ga)Sez film 

Sh.tt,,~ 

C'~S' 
Ga In 


Evaporation sources 


Temp controllers & power supplies 
Higb vacuum pump 

Cu In Ga Se Gh 
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Q,I ~ oQ Q,I d& III 'jJ 'jJ <d rI 'jJ Q<d I

~-:J'\.J'U i'U -:Jl'U 1~tI'U ~-:J !~eJeJfHliJiJU"~bY~ N~~iJiH(PI~ tllJYJmJ1J1-:J Cu(In,Ga)Se2 ~1t111if)1~ ~~t'\1 tI~llJ 
" . . 

tl'U ~l fHt'\1ci-:J~ ~ t'\1 tlllll9l 'I-1-:JiYLI11 ci-:J bh11 f iJ m ~iJ1'UUiJ iJ two-stage ~-:J IIbY~ -:J 1 'U ~tJVi 3.1 ll"~ lr1'~\PlJ'U1 

l'VlflUflfl1~m1,\)"1~atyqJ1ru ru nm ~~-:J (in situ monitoring) lr1'wl eJru11iJihHl-:Jll~'U~eJ-:JfiJ eJru11iJiJ'lJeJ-:J 

lim 1yj~~(PIl(PIeJ{ nl~-:J1yjl~h~~~iJiJfl1iJfJlJeJru 11 iJiJ ~ltl1rrtliJllm 1 yj~~(PIl(PI e:l{ U"~eJru11 iJiJ~~111t!1'IJeJ-:J 
. " " 

Vl~lJ Cu(In,Ga)Se2 l.weJ1~miJfJlJm~iJ1'Uf11~lm~;~~iY'Ubl~ (End point detection, EPD) ~-:JllbY~-:Ji'U~tJ 

Yi 3.2 

r:o/ 

3.1 .fIl'ti'W~~tyqpfl1fm~~'J~uuifl.l~tytylfl1fl 

"'1"JJi "'''' d' "JJ .1~tJYi 3.3 llbY~-:Jfll'Wciltlfll'b''U~bltytylf11fl' (Facuum chamber) 'Vl 'b' 'U-:Jl'U1~tI'UbY~1-:J'IJ'U~1f1 

t'\1 ~f1f1"'1HbYulJ (stainless steel) ~iJ~f1f1ru~l~'U'VlHm ~iJeJf1tJmtl1A'-:J1l~11~ -:Jr1'1'U lvieJ1 ~fiJll1-:J~'U 
. " 3~lf1flltl'UeJf1 l11rJ-:J'illmn!-:Jfll'b''U~tl'U ~ ~11il-:JmllJ~'UiJ~ ~ tllf11fl' (Patmosphere~1xl 0+ mbar) ll"~mllJ 

" ~'Ubltytylf11fl'~~~iJ~-:J (Phigh vacuum~1x 10-5 mbar) fll'b''U~bltytylf11fl'ijiJ'IJ'U l~l~'U ~1'Ui!'U6f1m-:J 31 

lCJf'U~llJ(PI~ mllJ~-:J 65 lCJf'U~llJ(PI~ mllJ11'Ul 5 iJ"~llJ(PI~ ll,,~iJieJ-:Jm~'ilf1 (view port) ~111fiJ1~(PI~1'il 

l~tJ~lJ1ruf11~ ll~f-:JiYmllJfeJ'U~1f1~1'IJeJ-:JII~'U ~rJ-:JfiJVl~lJr1'1t1 1'W hiJl(PIeJ{ (pyrometer) ll"~ 1~tI-vt11tJ 

m~iJ1'Uf11~l(PI~tllJYJ~lJiJNflrJtJltJeJ{~'UI~tllJllf1"l~tllJl~~~lml 'il~i~nmtJ~~lJ1ru 1 i11m ~l11fiJ 

tJ"f1YJ~lJ i rriJmllJ11'U1tJ~~lJ1ru 2-3 IlJ1m llJ(PI~ ~-:J~~iJmllJfeJ'U 'illf1f11m~f-:JiYfl11lJfeJ'U 'lJrJ-:Jll11 ci-:J 
'U 

~ ~t'\1 till Wlll"~ 'lJeJ-:Jll11 ci-:J ~ ltlf-:J iYmllJfeJ'U i rrtliJ 1l~'U ~rJ-:J f iJlJ1bY~ bYlJ eJci~ ~n!-:J fll'b''U~ bYUJUJlf11fl'eJcil-:J~eJ 
Q ~ (II U U 

It! eJ-:J ~-:J~ll~'Ul'i'eJ-:Jl~lJ'IJ~'VieJJl11cie:ll~'U (cooling coil) 1~tJl4rJlJ~~tliJ~~1r1'1'U'U rJf1'IJrJ-:J ~t!-:Jfll'b''U~ 
" " 

tliJ ~~iJiJ-U 111ci e:ll~'UlliJ iJ11lJ'Ulltl'Ul ~'UI'11ff1f11eJru11 iliJ 'IJ eJ-:J tJ 1i rrmii 'U ~
bYUJUJl 
quu 

f11fl' 1~ 
q q <u <u 

~~1J 15 -20 eJ-:Jf1'1 


lCJfm~tlbY ~111 fiJ '1 'U ri1'U 'lJeJ-:J ~ ~iJiJDlJ bYUJUJl f11fl'~'l~bYfl-:J bY ill1~ bYUJUJlf11fl'~ ~~iJ bY -:J '1 rrllnfll'b''U ~ 

quu quu <u 

jJ JI " " 

bltytylf11fl'ijl~'U ~~iJiJiJlJ'b'U~ll'W~lm.Jll1'UlliJiJiJll~-:J~f1lm.J 111'U r1'1t11 'U 1mI~'U t'\1 "1 (diffusion pump 

with liquid nitrogen trap) hlJtliJDlJ'b'u~ h(PI1~ (rotary pump) 14eJlJ~eJ~1'U~~iJiJ11"111,,~iJlf1'ill~ 
" I I I 

mllJ~'U~~IPi'-:JrJciYi~lll11tl-:JY1N'l (PIllJ l~rJ~llmlJVillbY~-:J1'U ~tJVi 3.4 
'U 'U 
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1 Exhaust 
2 Oil mist filter 
3 Rotary pump 
4 Piumi gauge head 
5 Roughing valve 

ooling coil 

iew port 

Schematic pumping diagram 

6 Backing valve 
7 Penning gauge head 
8Chamber 
9 Diffusion pump 

10 High vacuum valve 

9 

.QJ:=---14 

15 

11 Needle valve 
12 Vacuum switch 
13 Solenoid valve 
14 Argon bleed nozzle 
15 Air bleed nozzle 
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'illtl~D~ 3.5 blm"1~v1~V1lV1tl{D~~tltl'IJ~':HJu~'Wum"1~v1 (Graphite block) ~'W1~D~~:lJltl! 7 x 7 

V11~1.;JlG]f'W~l:lJV1~ ml:lJ11'W1 14 iJ~~l:lJV1~ tlm'ill~111'l~'W~rl'111i''lJfmJ'l5~m~U'Vl'W'Vll~:lJU~~Yitlfl1tlV1GJ1!~(J
~ ~ . 

bl~'W blm"1~v1'il~11111t!1~1 'W m~~~l~'lJfl11:lJftl'W ~"1~'illtl~ 1~ bl 'Vl'W 'Vll~:lJ ll~~ ll~m ~ 'ill(Jfl11:lJftl'W I91tll11'lltl 
~ 

, " 
'lt~11.;Jbl~'W~tl.;Ji''IJ (Substrate holder) Vi~~v1.;J"111~u~'Wum "1~v1ll'IJ'IJ "1:Wr:Y:lJN~ (Non-contact) !~(Jl,*~ 

fl1'IJfl11:lJftl'W (Thennocouple, TC) l~'W111cil'W'Qtl!11JJiJ~tl.;Ju~'Wum"1~v1 (TCgh) ll~~bl~'W~tl.;Ji''IJ 
" " (TCsub) bl'IJ'lJr:Y:lJN~ (in-contact) l1.;JiJl 'W'lt~u11ri.;J ~1(Ji'.;J{Yfl11:lJftl'W'il~1,*m~bl'Vl'W'Vll~:lJ (Tantalum 

" wires) ~'W1~l-ff'W~lW:1·'W6tlm.;J 0.5 iJ~~l:lJV1~ 11.;J11:lJ~ 4 l-ff'W bll91~~l-ff'W(Jl1D~~:lJltl! 30 lG]f'W~l:lJV1~ ~'Wl~'W 
'j) ~ ~ Q.I ~ 'j) I 'j) T I d',J 0 9.J d d

~~blmV1~V1.;J1'Wbl 'W 1bltl'W ~'W1'W tl'W 'Vl.;J 4 l~'W !~ (JblV1 ~~~~ 'il~ tlm tl (Jtl (Jm (J1 'W 'Vl tlfl 1tlV1G]fG]f.;J'Vl l11'W1'Vllll'W 
~ ~ 

Q'W1'W "1~,~h~'W~~1111.;Jm~u'Vl'W'Vll~:lJtl'IJblm "1~v1lvitllltl.;Jtl'W m~~~1.;J'il~ ~.;Jbl~~.;J1'W~D~ 3.6 ~.;Jl1im~ 
" " 

~ 

l11'ml:lJftl'Wbl 'IJ'IJiJ iJ~tl~~tl m:lJl~tll11'fl11:lJ ftl'Wbltlbl~'W ~ tl.;Ji''lJViiJ~'W 1~ l11t1j"1~tl~l.;J mh~:lJtl 
" ,

'l5~11.;Jbl~'W ~tl.;Ji''lJiJ tltltltltlbl'IJ'IJ l11'i''IJ'w tl~tl'IJbl~'W ~ tl.;Ji''IJ'l5tJ ~m~ 'iltl!G]f~ 1"1 mJVilfl ~tl'IJ ~h11t!1. ~ 

~1(J !~11~ !:lJ~'IJ~t!:lJ (Molybdenum coated soda-lime glass, Mo/SLG) !~(JiJ~'W1~tl11.;J x (J11 

D~~:lJltl! 5 x 6 V11~1.;JlG]f'W~l:lJV1~ bl~~m~'iltliJfl11:lJ11'W1 2 iJ~~l:lJV1~ V1~tl~'il'W~~(J~111.;J~~1111.;Jbl~'W~tl.;J 

i''lJtl'IJbl~'Wblm "1~v1m:lJl~tlDi''IJ~'W~.;J !~(JiJ~~(J~1,*.;Jl'W tl~~ 2 iJ~~l:lJV1~ bl~~ft''W 6tlm.;Jbl~'W ~tl.;Ji''IJ'il~tl~
v ~ ~ 
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Mo/SLC---~
1 J tantalum wire 

(substrate) ( h e ale r ) 

i----"li~b--. 

side view 

insulator 

-l"--.. thermocouple(TC -2) 

graphite block 

lOp view 

thermocouple{ C-I) 

, 
3.3 U'Y'ill.:j1~!'Y'itl1il~ Cll, In,Ga Ull~ Se 

. ~ 

01 0'0'" 'j) 'j) 'l'j) C\ 'j) "" 1
tllJ mUHnf1ill'Utl~~ ~DD~~m £J'fi 1\9Wll£Jm1m tl'Wfl1£J ~\9l'ffillill1f11f1' 'VItl f1tltl fU! DDUfl~'ff~ 1~'U'W ~~wm'W1~ 

q u q quu <u 

tY1'\1~Dl~1'W~1'Wl<il£Jd!,;jm~!'YW'fi119J Cu, In, Ga !W~ Se ~~lJlm~'ff~l~fl1£Jl'W ~~U'ff~~l'W~D~ 3.8 

Ufl~!~tlf1l~1'ff~~!~'WtYl'WD~~f1tlDtY1f111!~1~'l \911lJqj'mqjfll'W\911~1~~ 3.1 ~~U'ff~~~~'\1fltllJmm'Utl~l'ff~ 
. ,~ 

tJum JJiiVi 'ff1~'l!'W 'l 'ff11J1~ tl f1mm~'W'tl!5Jtltl~fl1£J ll'i'1!11!11!l f11f1'~ ~~D~~ 1~m~ tlf1l~f1 ~cJ1!llfl'b'lJ ~ , 'W 1~, fl 

~f11D~tl'W''W'\91~1'l (PBN crucible) tY1'\1~D~~m£J'fi119J Cu, In Ufl~ Ga ~~!~'W'fi119J~l'i'tl~Yi1f11~~~m£J 
~ 

Ufl ~1~f1 ~cJ1!llfl'b'lJ ~m~!1Jtl~tl~ii'W1 (Alumina 

crucible) tY1'\1 ~D~~m £J'fi1\91 Se ~~!~'W'fi1\91~lJf111lJ~'W' tl'ff~~tlW '\1 flii~l ufl~l'i'tl~f1We)\91~lf11~~m£J~
q q <u q <u 

<J,I iI I I 

lJ1f1 [17] r1~i'j 'VIf1!!'\1ri ~~~!'\1 £J'fi 1\91 'll~ 1~'U~fl 1~!! 'VI'W 'VI11:llJ~'W ~ tlDf1~ cJ1!1J fl!vt tll~!~'W'U~fl l~Vilt1'f111lJ~tl'W 
q q '" 

!!il'fi119J 1~£JlJ~mDm1lJ~tl'W'b'lJ~ lf1~!lJfl-tl~!lJfl (Chromel-Alumel) '\1~tl 'b'lJ~!f1 (K-type) ~~tl~rlD 

'lllf1'U~m~U'VI'W 'VI1fllJ '\1 'ff~'VItl'W tl£Jfl1£J 'W!m fl~~~mm!fl 'b'U~'Wmfl f1f1m ~'ff'W lJ'\1lJ'b''W'W tlfU'WtllJtl~f1'W 

~ . 
m cJ1!llfl'\1~Dl~tlW '\1 fI ii'll tl~!m ri~ ~~m £J \91fl tl~ 'll'W 1~u~'W llJ~D~'l!lJ!~'Wu~'W rl'W ~~ iYm1lJ~tl'W Viu~tltlf1 

'" q '" 

"''l'j) 'j) ''1' 'l'j)' d 'j)1i]'j)",,'j)~ .do~ '" 
~ ~ ~ ~ ~ 

'" q 
~ , 

f11~ U~~~iYm1lJ~tl'W tltlf1 'll 1fU!'\1ri ~~~m £J'fi 119Jr1~iY':Jl t1'~ Df1d'W rl'W 1'W 'Uw~!\91~ £JlJfJ ~lJ1J1~ Cu(In,Ga)Se2 
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crucible 

furnace case ~--.lIO... 
insulator 

thermocouple 

(C) 
1O-~ Torr @ 10'1 Torr 

Alumina - 1550 
Pyrolytic Boron Nitride PBN 2300 - 1600 

Molybdenum Mo 2610 1592 2217 
Tantalum Ta 2996 1960 2590 
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~ ~ 

3.4 m·h,{iJVlfll,l f)l 'J'J~!'l1t1Ut1~U~l,I fll,l f)l 'JU~~-!l~fl1UJ .rt)l,I 

(Shutter) 
". 

Vili'IJ'W 1~h·ftll~eJ~1lJtllJU~'Wtl'Wfll'.i U~1-:1-fffl11lJ1tJ'l.J (Radiation shield)tll'VlHm~lJeJf1'IJ'W1~hyqj ~-:j 

u~~-:l1'W'.i1l~ 3.9 t~eJ 1t1~llJlH)~~VleJ'W1-:1-fffl11lJ1eJ'W !1flltJ1'W u~~~~1I~lJl\u1-:1-fffl11lJ1eJ'W~'il~U~1-:1 
'" 

f1-11-:1 111v-:I ri1'Wtlh 1~1J1-:1~eJfl11lJ1eJ'W t'lf'W tJl-:ltl'W 4'1'IJeJ-:I '.i~lJlJ~tyty1fllfl\911lJ ri1'Wt~mJ~eJ~ l-:1"l t~'W~'W 

\91~eJ~ 'il'Wt~eJ~~ fftyty1\u '.ilJf11'W1'W 'IJ\U~ \91 '.i1 'ill~fftyty1\u 1-:1 -fffl11lJ 1eJ'W ~UNeJeJf1 'il1f1f;hri'W1'IJ eJ-:l1Jrl'lJ1'W 

'IJ\U~1I~f11Jrl'lJlJl-:1 Cu(In,Ga)Se2 

shutter 

" " 
'.illfi. 3.9 fll'Wt1 1tJ'U eJ-:I tt~'WlI ~tl'W fll'.i'.i~m tJu~~!t~'WlI~tl'W fllm~1-:1 -fffl11lJ1eJ'W 
'lI 

" I • cI 

tt11~-:j'.i~mtl1i1\91'l'1-:1-fftm~-:I'il~tWf1lJ'.i'.i'il1i1\91 Cu, In, Ga Vilifl11lJlJ~~'Vl1i 99.9999% U~~1i1\91 Se 
II II II II q 

. " 
Vilifl11lJlJ~~'Vl1i 99.999% ~ -:j 1'Wfl '.i95t1J~U~~'Vl ~~eJ-:I '.i~m tJfl1lJ~tllJ f1l'.i1l1lJfl'WeJf1m-:l'IJ eJ-:lU11 ~-:I '.i~m tI 

Q cu qJ cu 

~~lt~lJeJ~-:llJ'WU~'W m~'ilf1f1~lJ1mu'IJ'W 1~tff'WN1'Wfl'WeJf1m-:l 21 tC))''W~tlJ\91'.i ~-:I 11-:1 eJ~~'.i ~~lJfl11lJ ~-:jt~tJ1
fJ cu cu cu 

" " . 
tl'W tl1JttN'W '.i eJ-:I ~lJ'U'W 1~ 5x6 \911'.i 1-:1 tC))''W ~ tlJ \91 '.i 'l'1-:1-W fl11lJ 11'W 1'UeJ-:l1J rl'lJlJl-:1Vitfl~eJ'lJ ~-:l1J'WUN'Wm ~ 'il f1 f1~lJ 

1mu 'il ~ tl f11~ fll '.i m ~ 'ill tlfl11lJ 11 'W 1~1 tll~ f1l'.i'~ -:I N1'W tt ~ -:I 'il1f1 ~1tt~ -:lt~tC))'eJ{~li 'U'W l~tff'W ~l'Wfl'WeJf1m-:l 
" '" '" 

" ~1m'VlfliJfl-W1111t1t'.i1mlJl'.itlll~lJ 


fl'WeJf1~ l-:1'UeJ-:lU~~~tt11 ~-:j '.i ~t11 tI'il'Wt~1rifl'W eJf1m-:jt~tJ1tl'W ~-:I~1mh-:j fll'.i m~ 'ill tlfl11lJ11'W 1'UeJ-:l1Jrl'lJlJ1-:j
'" '"'" 
Cu ~'.i~mtl~1tJeJ\u11fliJ 1030°C flltJ11~-:jfll'.ill~lJfl'WeJf1m-:j tt~~-:j1'W'.i1l~ 3.11 U~~~1tJfll'.im~'il1t1fl11lJ 

II cu cu cu 

2 
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" 

'Yl'U l'IJm~ ~lJ1J'UU~'U ')tl.:J f1J'IJ'U 1~ 5x6 m') 1Wlf'U ~ llJ\9l ') 11" iJm1lJ ~il1l~lJtl\9l1lJl'VlfliJfliJ ~tllJ'l'11 i -H'):;;1J1J 

l\9l~tJlJ~~lJ1J1.:J~~~1.:J~'U ~llJ1') tl')tl.:J f1Jm ')'l.J~ f)~ ~lJ1J 1.:J Cu(In,Ga)Se2 ~ iJm')f) '):;; 'i)ltJbY~ ri1'U 'lJtl.:J 1i119J 

;? 
~ 
III 

III 

(I) 

c: 
.:.: 
CJ 

J:-(I) 

>:;:; 
ra 
~ 

.90-100 


100 
 080-90 


90 
 . 70-80 

80 
 060-70 

70 
 . 50-60 

60 
 040-50 

50 
 030-40 

40 
 . 20-30 


521
30 

. 10-20 


20 

10 
 ~ 

~ 
.~ 

~~ 
~ 

1 

l'l.Hi 3.11 m')m:;;'i)ltJfl11lJ'Yl'U1'IJtl.:J~~lJ1J1.:J eu 1J'Um:;;'i)f)muJim1i 

fl1tJ'Yl~.:Jm')'l.Jf1Jfl''U6mn.:J
'" 
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y • 

1)~'Y11f11'j~~~~<J;!~ Quartz crystal monitor (QCM) !'jhYi~l!l 'ynJ~tT'W6mn~'lJt)~w..h"!'jt)~~'U~~l!ff~~'l-w 

'j'iJ~ 3.12 1~ (J'H~flfl1'j !rlt)t)~V1t)lJ'lJt)~ 'li1V1~ tl m~! 'H mf1~t)'W ~t)t)fl1)1fll!'H ri~ 'j~m m!~1!f1tlmH1~'U'W!I~'W 
'" q '" 

Vl~flmt)V1CJf1)~'Y11! -HlJ 1~'lJt)~1!~'W Vl~flf1 1t)V1CJfiJf1wvtlJ ~'W 1!~~'Y111 -Hf1 11lJ~! 'j 1 9f!l'W'W CJf'IJ t)~I!~'W Vl~flf1 
1t)V1CJf~\1m'H ~fl1'111¥>1';Wff'W1lJ 1-wVl1fl 'j~1!ffff~'UJ'W 1) ~iJf11~~ ~~ 1) 1flm1lJ~!~lJ ~~ 1) 1m'li'111)~'W~'Wl1'Wif 
1)~'Y111-Hff1lJl'j mi 1'W 1W'H1'iJ11J1W 'lJt)~'li1~~!f1tlt)'U'U'W!I~'W'jt)~i''U1'W'lh~nmm1~"11¥>1 V1~t)~1)'W ff1lJl'j tl 

• 31 'JJ I 

!~fI'Wmil 'W 'j'iJ fflJf11'j II 3.1 1¥>1 'Y1~ij 1)lfl'li't)lJ~5V1'j1f11'j !f1tlt)'U f1'U t)W 'H .fllJ'IJ t)~!1'Hri~ 'j~m fillY] ~~t)~ 1¥>11)~
~ ~ ~ q ~ 

ff11J1'jtlfl1'W1W'H1f1Wn'j1lJ!V1t){ a U~~ b 1'WfflJf11'j~ 3.1 1~(Jl~1~ Least square fit ~~f111lJbYm~'W1r 
y • 

'Y1~'HlJ~Uff~~!'W 'j'iJ1l 3.13 3.14 3.15 U~~ 3.16 ~1'Hi'1J!mri~'j~m (J'liWl Cu In Ga !I~~ Se V1llJ~l~'U 
'" q 

Quartz 
crystal 
monitor 
(QCM) 

1
In(r) = a· - + b (3.1 ) 

T 
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! • 

1 -~------------------------------------~i 
eu source 

,i 
o+-------~~----~------~------~------~ 

~O.O-
~ 
'-' -1 
'i:' 
'-' c 

-2 

-3 

0.0008 0.00082 0.0 084D74 

a=-28123, b=21.447 

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

Iff (IrK) 

1.5 -r---------------------------------------....., 
j 
1 
! • 

1 
In source 

~ 0.5 

~ 
'-' 0 -r-----~----~----~~----~------~--~ 
'i:' 

104 
--0.5 
C 0.0 092 0.00094 0.00096 0.00098 0.00102 0.0 

-1 a=-21569, b=21.178 
-J 

j -1.5 ---10...-______________________________________......1 

~ 

I Iff (IrK) 
I 
1 
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1 -~--------------------------------------~ 
Ga source 

o -~----~~~~~----~------~----~------4 
0.001 0.0011 0.00115 0.0012 

a=-18123, b=18.643 

0.0 1250.0 095 

-3 -

-4 ~--------------------------------------~ 
lrr (11K) 

3.5 -~--------------------------------------~ 


3 -

2.5 -.. 
~ 
~ 2 -
'-' -.. 
61.5 
c-

0.5 

Se source 

a=-13873, b=32.433 

o ~------~------~------~------~------~ 
0.0021 0.00215 0.0022 0.00225 0.0023 0.00235 

lrr (11K) 
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1~ blJ~l'leJ1 (pyrometer) ~tJ'W ~i.lmilll'l~11)'11'l~tu'l1 JJlJ!!'lJ'lJ 1lJ~lJ~'ff ~'rl~i.l~lJ1tu~.:jirmllJ 

~eJ'W~urle),e:ltl'illfrll'ltl~tJ'Wmrtl 1'W.:j 1'Wi1JEJ til~1~ blJ~l'leJ{~1'l~1'il1~f)~'W~.:jirmllJ~eJ'W tu ~l
q 

mllJEJllf)~'W 1.55 1lJ 1m~lJ~~ ~l'W'Vll.:j~-ff'Wtm,h~'ff.:j~~\d'fflEJ'l111~'b'iJ~ InGaAs ~.:j'ffl1J1~t11~~11~1 'W 
'" 

.o:::::! 0 1.cS. QJ 0 .,..d I ~ jJ ,~ .Q .d 
U~ ~ lJ tll ~U'ff~ .:j~l~ ~ '11 'W .:j'Vl1'l ~1 'ill~'illtl ~1U'ff.:j ~~ ~95eJ ~'Vl'ffeJ.:j EJeJ 'W 'Vll.:j ~ 'IJ 1'ff~ 'W ~1'Vl 

'" )I jI iI I I 

~.:jin~ blJ~1'l eJfl~Qtl~~~.:j'lJ'W'I1~Utl'W~~eJ'W x-y 11'lJ~ntu ~l'U'\1'Wl'IJeJ.:j'lfeJ.:j 

m~ 'iltl mtJ'WeJtlm'b''W~'tltytyltl1ft' till t l1''ffl1J1~ t1i.l~'lJ~ ~ EJ~1.wn'ffU~~~lU 'I1t.J .:j~~eJ.:jtl1~1~~tu '11 JJiJ! l1'l'ltl 

'lJ'W l!!'Wvtlm.:j'IJeJ.:jurl'W ~ eJ.:j~'lJ1 ~eJ ~l.:jUlJ'WVl ~.:jU 'ff~.:j 1'W ~i.l~ 3.17 eJ~.:j t 'W tl1~ i1JEJti1~~tl1~i.l ~'lJt11tJ'lJ~l 
emissivity 1~ tJeJ1~EJtl1~ ell'W ~ l~tu'l1 JJlJ~Qtl~eJ.:j'IJeJ.:ju~'W~ eJ.:j~'lJ Mo/SLG 'illtl~ m'lJmllJ~eJ'W~~lJ ~'ff 

eJ~~l'W'I1tl.:j CTCsub) ~.:j~l emissivity ~i~~eJ 0.107 

, .",
~t1ii 3.17 m~cilEJ'lJeJ.:j l~1~lJ~l'leJ{11~~~.:j'lJ'WUtl'W~~eJ'W x-y 



, 
.::t 

UYI'Yl 4 
l 

:l 
·1 .·,l 
.J 

.! 

' -; 

'1 'U m~iJ1'U fHjtJ 'J ~~'l;J i1'1f~ ~U);1' 'I mYi~vuiJiJW~lJ iJl'1~ii );1'1'J tJ 'J~fl eJiJfl eJtJ1tJ eJ{~'Ul~ VlJ 

v v 

Uflm~VlJIf)~~i 'U'f1 (Cu(In,Ga)Se2, CIGS)1~'Ui'U~f)flii'Ul1 'rf'l U~~ii'IJ1 i 'l'Hh~1'Ul'!i1'1'UeJ'I1'1f~~1~'UW~lJ 

m'l'UeJ'I1~l'!~ llJ~iJ~tJlJ (Mo) ~lfliieJiJiJ'Um~'ilfl1'1fif111mJ (Soda-lime glass, SLG) i'U'UeJ'IW"lJ 
, v 

llJ~iJ~tJlJ'UeJf1'illmllmhYi l~'U'lJ1~lJ~);1'1m1ijfl~1'W l'!i1'1'IJeJ'Il'1f~" (back ohmic contact) H~l W"lJiJl'1 
I SI I " 

llJ~iJ~tJlJ v'lYllmhYi1~'U ll'U 'JeJ'I ~iJf11'JV'fHf11~'lJeJ'Ii'U CIGS Yi~'11m 1~.,1;j'U l'fwi11f11'J 1flii eJiJUiJiJ 
v 

physical vapor deposition (PVD) Yi~Ull'!fJijfieJ'U.,jl'1~'1 (- 500 °C) 'fl'ltJ'U w~lJm'lllJ~iJ~tJm~~eJ'IVf) 

1f11~~f)UU'U fliJfl 'J ~ 'il fl 1'fl Vlll'Wl~ eJ vl'1B'I 'il ~~eJ'I 'Yl'U 'Yll'U ~eJ f11'J 1tJ~ V'U utJ~'1 eJUll'! fl ij f11'J V'fll'! 'fl U~~f11'J. .. 
lI~'U'lJeJ'Iw,I'U m~'ilfl 'UeJf1'illflii' w"lJm'l1lJ~iJ~tJlJ 'il~~eJ'Iii);1'm'W~l'U'Yll'U hl~1~1~'1);1'1lJ1'Jm.11 iYh~li~ 

v , 

~ f11 'J1fliieJiJW~lJiJl'11lJ~iJ~tJlJiJ'U m ~ 'ilfl SLG l..rii );1'lJ1J~'fl'l flri l1U 'il~ ~eJ'I'1 ~i11 f11 'J 1fl iimJYil'l1lJ1~);1'lJ 
.~ 

U~ ~iif11 'Jfl 1iJfllJ 'l..ri~w "lJ ~ii);1'lJ1'T~ ~llJ~ fill'!'U 'fl Hmh'l);1'~ 11 );1'lJeJ ill f11'J 1~~VlJW "lJiJl'11lJ ~iJ~tJlJ iJ'U• 
v 

m~'ilfl SLG 'l'U'Il'Ui~vu 'l~i11f11'J1f1iieJiJuiJiJ~~UlJflU~'JeJ'U);1'U~1~eJ~'1 (dc magnetron sputtering) 
v, , 

. ~,.. '1 'W iJ'YlU 'il~ l~lJ ~'U Yi m~iJ1'U f11'J 1fliieJiJ W"lJm'l1lJ ~iJ ~tJlJ1'fl Vi11~9h1lJ flU ~'JeJ'U );1'U~l~eJ~ '1iJ'U 
, v 

.J m~'ilmeJ'I~iJ1'1f'flllmJ 'l'U "Yl'UYi);1'eJ'I'lJeJ'IiJ'YlU 'il~flril1~'1f11'Jfll'U1Ul1 tJ'J l vl"~Ul'l1 fJij (temperature 

profiles) ~'1~fh'l1'U'fl11eJ'U 1'IJ1~lJ~'U '1 'U m~iJ1'W f11'J l~~VlJW"lJ Cu(In,Ga)Se2 1f)Vf11'J'J~l'I1 vi llJ ~llJ~lV 

Bi-layer 

process 

I 
.' , v 

f11'J!fl iieJiJw"lJm'llf)vi11~~ulJ flU ~ 'J eJ'U );1'U~!~ eJ ~ 'I l~'U m ~iJ 1'W f11'J 1fl ii eJiJW~lJYi !f)'fl~'W mv 'l~ 
"" " 1 "'111 <:>I" ~I '" ~ " );1'fll'W 1fl~l'fl);1''lfl'J'il (glow discharge) 'flVlJ ~eJeJeJ'UiJ1fl'IJeJ'IUfl);1'eJl'JfleJ'U (Ar) !1J'Um);1'1J~!~eJ'J (sputter) 

U~~iil);1'~~'l~Yllm hf)!~'U!ih (sputtering target) ii);1''UllJ ivl~lf)'j~l!);1'm '1!~'U~ld 'I l~mihQfl'lf'U~lV 
v 

l eJeJ eJ'U iJ 1f1'W i1'1'11'U);1' 'I Yll1..reJ~ ~ eJlJ'lJeJ'I! illiJ 1'1 ri1'U '11 ~ 'fl eJeJfllJ1 'J llJ 11'1~!~ fl~ 'J eJ'U'Yl~ Vfl cu ij~1V !~ Vfl 
~ q q 

~ v , 

~m iJ 1'U f11'J U 11 );1'U ~!~ eJ~ 'I (sputtering) f11'J!fl ii eJiJW" lJ iJ I'll 'fl vi11 U! ~ 'U 111 Yi ~1Vl! ~~m lJ1 ~ -ffll'! f iJ f11'J 

);1'U~!~ eJ{lfl ii eJiJ W~lJm'l ~!~'U 1~ '11 ~ 'J ::iJiJ ~~UlJ fl U~'J eJ'U );1'U~ l~eJ~ '1-ffl'11 ~iJ'Il'U 1~vii' l~'U 'J~ iJiJ i llJ~'1 

http:hl~1~1~'1);1'1lJ1'Jm.11
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,. 


!\P1tl~ ~'IJ'Wl~ 2 if1!~'\.Htl1'IJ'U1~!~f1 f1l'j!fl~ tliJ i l1'1~~~lJ'Ul~~~m1lJ t1'U1""~ l!""lJtliJ'Um~'ilf1'IJ'U 1~ 5 cm 

x 6 cm ~~!~'U 'IJ'U 1~ ~ tl1t1 'U ~ i 'U ~1'U 1 ~vii I~~~mJ (l ~ 'j ~ iJ iJ f1l'j ~ ~i~!!H'U 'jtl ~ i'iJ i l1't1lJ •'U I~~ ~tllJlf~ 
v v 

""llJl'j mfl~tliJm~ 'ilf1 I ~~~tllJn'U ~ 1'U 1'U 4 IIH'U i'U f1l'j!fl ~tliJII~(l~fl i'~ 'j 1 V(l~!VV~ 'IJ'U\P1 tl'U f1l'j !fl~ tliJ 

YJ~lJiJ1~1(lt1~ IlJ~iJ~hrlJ""llJnm!,j~vtlm~'Uf1l'j !\P1~ VlJ 1""~'j tl~i'iJ !!(l~f1l'j !fl~tliJ~~lJ ~~~tl ,,jif• 

v 
'" d l' 6 ~ 0 ltJ. I ~ ~ 0 ~ • 9l.\P1~m~'ilf1 So a- Ime 	'IJ'U1~ 5 cm x cm 1I(l1'U1llJm~~1V'U1tJlm~m~'ilf1 Mlcro- 0 

" , , 
1 ~V'IJ~!'Ul'l ~1Vyj tl~'W1«~!m 1~r1 'U ~~ ir ~ ""f1,j 'j f1~1~'l i l1'""~ tll~Yi~~ 

" 	 " 
2. ~1~'W 1V1~1~m~ 'il f1tltlf1 i l1't1lJ ~ ~1V'W1,j'j 11'l''il1f11tltl tl'U (de-ionized water) !!~1'W 1 

m~ 'ilf1~ 1~1,j'l'11m1lJ""~tll~ i 'U ci1~tl(l\P1'j 11CJ5tJfl (Ultrasonic bath) ~1tJ\r1,j'nl'l''il1f1• 

" 
Itltltl'U~,mlJniJ'W1V1~1~m~'ilf1mvi~tlUmfliJ 60 tl~l'I'l!CJ5(l!~V"" !~'U!1m 30 'WlYi 

• OJ 

"" 	 jJ I 

3. ~1~'l11Vf1fl i'~ i l1'""~tll ~~1tJ'W 1,j 'j 11'l''il1f1 Itl tltl'U i 'U ci1~tl(l \P1'j 11CJ5tJflYi tlum fllJ 60 tl~!'I'l 
• • OJ 

, 	 " 
1.'W 1f1'j~ 'il f1 ""~ tll~Yi !\P1~ tJlJ I 1!~ 'U IIH'U 'j tl ~ i'iJ ~~ IPi' ~ i 'U II vi'U V~IIH'U 'j tl ~ i'iJ (substrate 

""llJl'j tl t1lJ'U I ~ 'j tliJ 'il ~ I'I''U Vf1 (l1 ~!~ tl i l1'~ ~lJ~ I~~m1lJ ""~ 1! ""lJ tl 'W 111 vi'U V~ IIH'U 'j tl ~. . .. 
" i'iJ~~IPi'~i'U'j~iJiJ""U1U11f1l1'1' ,ji'iJ'j~V~'j~t1',h~m~'ilf1niJ!tl1 ht1:;hr111~ 6.5 cm 

• u u 

d 	 I • • JI 

2. 1] lJ'j:; iJ iJ ""U1 U11 f1ll'l'i l1'1 ~fl11lJ ~'U ~ 1Vi ""~ fflt1 i'iJ 'j ~iJiJ ""U1U11 f1lI'l'Vii i'i 'U ~ 1'U 1~voW quu 	 q quu 

~ J.& d ~ .a Ct. 01 0 	 " 1 '" 
'j :;iJiJ!~ lJ'IJ 'U tl ~ ~ ~ 'Vl \P1 tl ~ f1l 'j!fl (l tl iJYJ (llJ 'Vll f1l'j ~ .c1 

'j ",,1] \PI!\P1 tl 'j (pre-sputter) ~tJ,j 'j iJ 

" , " " 
m~lI""il1'!.u1ri'IJ1IyjYhmh~II(l:;m l'U~YitlVi'U'j~iJiJ""U1U11f1l1'1' 150 rnA 'IJ'U\P1tl'UoW 

'\I 	 <u q u u 

!1l'U f1l'j ",,1] \PI!\P1 tl 1W1 tl:; \P1 tllJ ~1t1l!I'll tl ~ m h ~ (!ill Mo) II (l ~ ~~""f1,j 'jf1~!f1l~ tl Vtl tl f1 
OJ 

tl:; \P1 tllJ ~ tl f1 ",,1] \P1!\PI tl {tl tl f1lJ l'il:; ff ~ III l,j !f1l~ 1Pi'1 iJ 'U IIH 'U 'j tl ~ i'iJ!~ tl~ 'ill f1~ IIH'U.. 
jI" 	 tJ "" 

n'U(shutter) n'Utlv'j~W;h~IIH'U'jtl~i'iJniJ'lJ1mh~ (!ill Mo) '1'1 l'IJ'U\P1tl'U-W!lJ'Unm 3 .. 
'U lYi 1~ vi'f11:1 1 'j ~~iJm1lJ ~'U '11 tl~ 'j ~iJiJ i l1'ct ~ 

" " " 
3. t1~~'il1f1t!'U~~'I'11f1l'j",,1]\P1!\PItl{1~tJ,ji'iJlPi'~m~II""'IJ'U1~ 1 A il1'!.ulri'IJ1Iyjvhtlll'U~.. 

" 
II (l~ m 1 "Ii ~ i 'U 'j:; iJiJ ""U1 U11 f1l1'1' ~ tl 'il1f1 t!'U! tJ ~ ""1\P1 i'fl1iJ fllJ lJ tJ!\P1 tl 1 'IJtl ~ II vi 'U V~ l!H'U 

q u u 	 q 

" 	 ,
'jtl~i'iJil1't1lJ'U~1tJ5ml 3 'jtliJ~tl'U1Yi U~1!tJ~IIH'Un'U (shutter) mlJ'j~V~n(llYi• 
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,., " I,

i l-J ':l1l-Jl~vuTI~mJ1'l hm~ IlJ~lJ~tTlHl~t)m\P11 mJ~l-Jfh~tJl-J 1'IJ'lJtJ'lfll'H\P11 VlJYl~lJ ~tJ m1lJ~l-J 
'U 

~l-J"'nr'l'IJtJ'l~~lJ1J1h~lJlW 2xlO'
6 

mbar fl11lJ~l-Jufl'11'tJl{ntJl-J 5xlO'
3 

mbar fh~'lI'Vh~l 300 1\P11'1' i~nm 
'" ",oJ IIJV ::':1".1 1IJ'1 .,:;, .,
i l-Jfll~lmltJlJ 10 l-J1'Vl CJl''l1l~ l~fl11lJ'Hl-J1'IJtJ'lY'i~lJlJ~~lJlW 0.5 IlJ !mllJ\P1~ ~~l-Jl-JUrJl-J~tJ'l~lJn~~lln 


IfI~tJlJ~1V IlJ~lJ~tTlJ~'Vl ~tJlJ 1:11'H f lJ i ~I~l-J U~l-J ~ tJ 'l flJ i l-J fll~ 1\P11 VlJYl ~lJ1Jl'l Cu(In,Ga)Se ~tJ1tJz 

fll~I\P11 VlJTI~lJ1Jl'l Cu(In,Ga)Sez l~vl1i flln~1'H V~1lJ 1~l-Jl1inn 1\P11VlJTI~lJ1Jl'l~~5\P1~lfll~ 

1fI ~tJlJTI~lJ1Jl'l~ '11'~11 '11'lJtJ U~~m 1J1~ t) mlJ~lJ5\P1 ~ 1fll~1fI~tJlJTI~lJ i ~ fll~ 1\P11VlJYl~lJ1Jl'l Cu(In,Ga)Sez 
1 oQ.o::::S I .:11~.o::::S Q,I d Q,I d ~ rI J 
!~V11i.fll~~ ~I'H V~ 1lJ'11'11J1~ mwntJ tJ f11lJ l-J 2 11i fll ~ 'H ~ fl 'Vll'HlJl~'11'lJ nlJfll~ 1\P1 ~ VlJY'i~ lJ Cu(In,Ga)Sez CJl''l 

IrltJtJ~~~fjil~l-JICJl'~~U '11' 'ltJl'Yi\P16U~111~ l~lh~ff'Vlnfll'Vl\1 'l nril1~tJ l1ifll~'lJtJ'ln~lJl:rfll~Vll1n Boeing 
~ "1 "I 0 Q,I.o::::S ~d .J.o::::S 1

'H~tJ Bi-Iayer process [18] l1ifll~u:iJf111Vntll-J111 ItJ11 "Boeing recipe" '11'1'H~lJtJf111i'Hl-J'lI~Vf111 
>' 

m~lJ1l-Jfll~'11'llJ~l-J\P1tJl-J (three-stage process) [19] 
>' 

i l-J 'l1l-J l~VU 1l~1\P11 VlJTI ~lJ1Jl'l Cu(In,Ga)Se 111 nn ~~lJ1l-J fll~ 1\P11 VlJYl ~lJlJ 1'l~1Vfll~ ~ ~I'H V~1lJz 
'I & I I I ~ 

lllnU'H~~~~I'HV'HmVU'HM (multi-source coevaporation) CJl''lU\P1~~U'H~'l~~I'HV nm1f1tJ Cu, In, Ga U~~ 

~I "" ., '1 '" '" ::':I" '1 '" .d IIJ vSe ll~llJl-JtJ'11'~~lllnfll-J !~vwtJflm~lJ1l-Jfll~lmVlJY'i~lJUlJlJ Bi-Iayer process !~m\P1~VlJll1m~lJlJ'Vl I~ 

-w1'lJl-JlimrtJ'ltJi)1T~fll~1~VTIffnff'11'1~~'l~1tJ1 (Semiconductor Physics Research Laboratory) fllfll9f1 

Ylffnff flru~l'VlVlfl'l'11'\P1{ llw1MmrulJ'H11'VlV1~V ~'l~lV~~15V~il-JlJ'Vl~ 3• 

4.2.1 fll'H)nnwhh'vJrl~w'YI.fJmUfll"HVI~tJ'lJWrl'lJ Cu(In,Ga)Sez HUlJ Bi-Jayer process 

tJ'lf1'tJ~~fltJlJ'Vl1'llfl~'lJtJ'lTI~lJ 1l~iJV1lJi~1l1n'Vl1~1:IJI\P1tJ{ y = [Cu]l([In]+[Ga)) IW~ x = 

[Ga]/([In]+[Ga)) I~V5\P1~lri1l-J y ll~ri'lrJ~~tJ~nfJru~lml-J u~~~hmr1'IJtJ'lYl~lJ 1l-J'lJw~~5\P1~lri1l-J x 
,.. "'" .

ll~ ri 'lrJ~~ tJ'IJ l-J1~'lftJ'l11'llltllJ'Vl~'l 'l1l-J 'Vl1 ~ 1:IJ1\P1 tJ{11'l '11'tJ'l {j 'il~ i~,j 'l~~nfJ ru~m'Vl1~'IJ tJ'lTI~lJ.y;I\P11 VlJ i ~ 
'I .d '" ~I" '" ",v.,
1l-J'lJru~'VlI\P1~VlJY'i~lJ y II~~ x ll~I'lJVl-J !~~'l'11'lJfll~ 

NY = Cu (4.0 
N 1n + NGa 

(4.2) 
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y = dCu . PCu . Mc~ .A . N A (4.3) 
(dIn 'PIn ·M~ +d Ga 'PGa .M<::a).A.N A 

X= 
dG 'PG .MG-

1 ·A · Na a a A (4.4) 
(dIn 'Pln .MI~ +dGa 'PGa .MG~)·A.NA 

l~w~ dj ~tlm1lJl1'W1'tJeNYJ~lJhm~ i ~rHn t 
"! I 1

Pi fltl m1lJl1'W1U'W'W'Utl-:) &"11~ i 

Mj~tllJ1"~tlllJ,,'Utl-:)1"11~i 

A ~tl ~'W~11~-:)11t11V'Utl-:)YJ~lJ~fh~-:)ritl~1 
U"~ NA ~tl ~lfl-:)~tl~ lTH111fl'j (Avogadro's constant) 

m1lJl1'W 1Ut1 'W U"~lJ1"1'W 11 t11Vf11lJ ~tlllJ" 'U tl-:)'li1~U"~ (\'1 nh ~f1tl'lJ~I~V1.,j'tl-:)U (\'fI-:) 1'W~ l'j N~ 4.1 
q 

'Ii 1~/(\'1 'j 1h~ f1 tl 'lJ 
q 

)

P (g/cm ) M (glmole) 

Cu 8.96 63.55 

In 7.31 114.82 

Ga 5.91 69.72 

Se 4.79 78.96 

CuInSe2 5.89 336.29 

CuGaSe2 5.27 291.19 

M - 1 (4.5a)cxcu =PCu' Cu 

(4.5b)Cl ln = PIn' M
-
In 

1 


ClGa = PGs' M Gs 
- 1 (4.5c) 


'lil~ 
q 

) 

CX == plM (mole/cm ) 

Cu 0.1410 

In 0.0637 

Ga 0.0848 

Se 0.0607 



j ~ 

1 30 

.; 

j 
.j 

~ I ~ ~ 1
t1Jtlll'Y1'l,1f11'Wl'HlJt~tl'j(X 111fl{y1Jf)l'J (4.5a), (4.5b) U~~ (4.5c) ~.:J 'W{y1Jf)l'J (4.3) Il~~ (4.4) 11~ 

d Q.I Q.I tI , tI .<:::::it. tI 1I1 g/QI ~ 
{yl1J1'JtH'UtJ'Wml1J{y1J'W'W1in1111.:Jml1J11'Wl'IW.:J~~1J hl1~ (d) 'Wl'Jl1Jt~tJ'j y, x U~~U ~~~.:J'W 

1 1 
dIn' U ln + dGa . UGa =dCu . UCu .  =dGa . U Ga .  (4.6)

Y X 

(4.7a) 

(4.7b) 

I 
1 
I 

d = r . t (4.8)
I I I 

JI , 

~.:Ji1'W{y1JflWVi (4.7a) Il~~ (4.7b) t~tJ'Wimj'llt~'W 

(4.9a) 

.. 
(4.9b) 

'" ~" "''''' ".1 ~I'Uru~'Y1 l"I~1J1Jl.:J CuGaSe 'Y11Je:l.:JfllJ'J~fle:l1JtlJ'W stoichiometric (x=l, y=l) ~~'llml1Jl1'Wl'Ue:l.:J~cl'1J2 

Uflm~tJ1JI~'W dGa = 1.663 dCu 

.1 ", .J r J'~" .,
tlJe:l'JfI1l1'W.:J"1 ~e:lml1Jl1'Wl'Ue:l.:jt'We:ll"l~1J Cu(In,Ga)Se2 ~.:J{y1Jf)l'J 

~= VCu = NCu · MCu/PCu (4.10) 
dCIGS V CIGS N CIGS . M CIGS / PCIGS 

JI 

VCu fltl tJ11Jl~'J'Ue:l.:Ji'Wfle:ltJttJe:l{ 
JI 

VCIGS fle:l tJ11J1~'J'Utl.:Ji'W Cu(In,Ga)Se2 


Ncu fle:l ~1'Wl'We:l~~tl1J'Ue:l.:J1ill'Jfle:ltJttJe:l{1'WtJ11J1~'J VCu 
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fl.:J~ l~f)~1'"JlJl!L~l 'ff1'j1h:;;f)tlU Cu(In 
h 

GaJSe2 'ff1lJlH1Yi'il1 nlll 1~'-hn~'il1f)f)1'j111BrmtltJ'lJtl.:J 
Q.I ~ 4 tf d clQ.I

mnh:;;f)tlu CulnSe2(X=O) lI(1:;;'ffWlh:;;f)tlU CuGaSe2 (x=l) ~.:J'U'U 'Y'llHlJ1lP1m M 1I(1:;; P'il:;;lll'U'W.:Jf)'b''U 

tluIPl1mh x 'fflJf)1'j(4.1 0) ~.:Jl~tJ'U1mjl~ 

dcu _ Ncu . (McJ· (PCIS . (1- x) + PCGS . x) (4.11) 
dClGS - NCIGS . (Mcu + Min' (1- x) + MGa . X + 2· MsJ ·(PcJ 

BIPlHcY1'U'lJtl.:J Ncu ~tl NCIGS 'il:;;!'l'htlUl1~.:J 1'lf'W ~~lJUl.:J'lJtl.:J'ffWlh:;;f)tlU CuInSe2~iJ~l X = 0 

'il:;;1~11 =O.124dCIGS 1I(1:;;rl1l1~U~~lJUl.:J'lJtl.:J'ff1nh:;;f)tlu CuGaSe2-YiiJ~1 X = 1 'il:;;1~11dCu 


=O.128dCIGS
d Cu 

q ~I.! 
4.2.2 fll'nmU1Jni.'l1J Cu(In,Ga)Se2 U1J1J Bi-layer process 

.c:i rI d~ ~ jI 'j) ~ dd'
f)1'jllPl'jtJlJ~(1lJUl.:J Cu(In,Ga)Se2 lIUU Bi-Iayer process lJ'IJ'UlPlt)'Wf)1'jl'jlJlPl'U~ltJ'IJ'WlPltl'U'Yll'jtJf111 

.t:!l Q.I ~ ~ rI f Q.I ~ d. ':::1 QI , 111 fj}

Cu-rich stage l1lJ1tJtl.:JtllPl'j1f)1'jlfl(1tlUY'I(1lJU1.:J'Utl.:J Cu lJ1f)f111 In 'j1lJf)U Ga mtll'IJtJ'UllJ'UtllPl'j1'ff1'U ~~ 

11 [Cu] > I lliitllr11~Yl~lJUl.:J Cu(In,Ga)Se2 ~iJ~f)'fjru:;;'lJtl.:Jlm'W~~f)~iJ'IJ'U1~lm1i1l(1:;;iJ~f)'fjru:;; 
[In]+[Ga] 

1~'U!!'vl.:J~I~ tJf)11 Columnar grain ~.:Ji'111r1'fflJiJ~'Yl1.:J 1vh~l'IJtl.:JYl ~lJ~llPl~ tJlJ 1~ 1I(1:;;iJ'b'iJ~f)1'jtJ11yJvh 

d .c:i ~ I .d. I ~ II:!l Q.I ~ e.G' 
11l'WILlJUl'I [18] 'IJ'UlPltl'UlPltllJll'jtJf111 (In,Ga)-rich stage l1'jtl Cu-poor stage l1lJltJtl.:Jtlm1f)1'jlfl(1tlUYJ(1lJ 

. " " 
Ul.:J'lJtl.:J Cu .wtltJf)11 In 'j1lJtlU Ga l1~tlI~tJ'Wl~'UBIPl'j1ri1'U 1~11 [Cu] < 1 1I(1:;;llJm1lJ'l1.:J'fftl.:J<U'U 

[In]+[Ga] 

IPltl'U BIPl'j1ri1'U'j:;;l111.:J [Cu] IP1tl [In]+[Ga] 'il:;;l'l'tl.:J.wtltJf)1111(1:;;lfitlu!'yhtlUl1~.:J lliitl1111r1Yl~lJUl.:J ~1¢i' 
.;. 0 IIJ.I.I "" ,{?I ,{ "",( 'j) 'j) , "'1 'j).1 "" ,{ "",{1 '" llJ tl'W 1 I. lJ lJ 'j:;; ~ 'fj ~ IlJ 'W1CJ)'(1 (111'ff.:J m 'Yl IPl VII (11 'ff'j 1.:J 'j tl tJlPl tl 'Yl l1lJ 'j:;; 'ff'Ylli fll'Y'l'IJ tl.:J ICJ)'(1 rlll 'ff.:J m'YllPl tJ 'U'j:;; ~U~.:J 

" (high perfonnance J'unction) 1'Wm:;;U1'Uf)1'jiJtlrul1nlJ'lJtl.:J1I~'U1'ffmtl.:J~U'il:;;mJtJ'j:;;lJlru 500 °c IPlrltl~ 
q '\I q ~ 

'" "i ~,( 'j) "" Se
f)nU1'Uf)1'j 1Irl:;;t)m1f)1'jlflrltlUY'lrllJ'lJtl.:J Se 'il:;;lPltl.:JlJlf)!f)'U'Y'ltl (Se excess; -- > 3 ) 

metal 

1 'U111,]tlif 'il:;;tlnUltJ~rl'IJtl.:Jf)1'j 1~l1~f)f)1'jrl1'W1ru1 tJ'j 1l~~~rul1iJlJ (temperature profiles) ~1¢i' 
'il1f)111,]tl 4.2.1 11 rl:;;11 'ff~.:J1Pl1mh.:Jl~tl'U 1'IJ'IJtl.:J f)1'j llPl~ tJlJYl ~lJ 

~tJ~ 4.1 1I'ff~.:J 1tJ'j1yJ~~rul1 iJlJ'lJtl.:Jli11PJ Cu, In, Ga, Se 1!rl:;;W·1'U'jtl.:J~u~1~1 'Uf)1'jllPl~ tJlJYl~lJ 
d 1'j), "'" '" .1 ~,(

Cu(In,Ga)Se2 1IUU Bi-Iayer process 'il:;;!l1'W ~11~rul1iJlJ'lJtl.:J1IIPlrl:;;li11PJ'il:;;m'YllPlrltl~m:;;U1'Uf)1'jlJ~f)Y'lrllJ 

l'U'lJru:;;~tlrul1nlJ'lJtl.:Jli11Pl Cu 'il:;;fl.:J~m'Y'll:;;l'U'lh.:Jnm t) l1~tlf)~11~f)'\rtJl1~.:J11li11Pl Cu 'il:;;tlf)!fl~tlU
q '\I q q cu 

(deposite) m'Y'l1:;;1'U'lf1.:Jnm t) lvhJ'U fl.:JJ'Um1lJl1'U1'IJtl.:JYl~lJ Cu l~tJ'U1~1~'U 

dCu(tl) =dCu (t2) (4.12) 

lrltlll'Yl'U'fflJf)1'j (4.8) 1Irl:;; (4.9a) rl.:Jl'W'fflJf)1'j (4.12) 'il:;;1¢i' 

y(t l ) y(t 2) aGaa Ga--·-·fGa(tI)·tI =--·-·fGa (t2)·t2 (4.13) 
X aCu X aCu 
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temp . . A~ 
eu 

In,Ga 

Substrate l 
Se 

0( 

1st 

Y>l 
»j( 

tl 

2nd 

Y=o 
» 1 

tz 

.. ... 
time 

_I.d 1_ 1111 _.1 '" Q I '" ";'l~'l '" ~'" 
':ilJ'YI4.1 lJ1 !Y'lr:H)ill'l1fllJ'U'f)~1iW) Cu, In, Ga, Se 1l(;l~llH'UH)~1U'Yl!'lf !'Uf111119l1UlJY'I(;llJ
qJ q cu q 

Cu(In,Ga)Se2 llUU Bi-Iayer process 

I I :II ~ 

Ii1 'f)~ 'illf) rJill '11 fJlJ'U 'f)~ll'l1 ci ~ 1~l'I1 U1i 1I'J'YJ fHl'I1 ci~f1 ~ 11 ~~,r'U -eJ19l11f111Ifl ~'f)UVJ r:flJ Ga (rG.) 'il~ f1~ 'Yl 

I ...... '" 111 ~ fl 
19l(;l'f)CfI'lf1~nm'U'f)~f111Ifl(;l'f)U 'I11'fJl'UU'U ~CfIllJ'U 

rGa(t]) =rGa(t2) 
SI 

~~,rmrlJf111 (4.13) l;u'UlmJi~ 

y(t) = y(t l) . t] (4.14) 
t 

d I "'_ I ~ '" ... I ~ '" I OJ '" I 

'illf)~lJf111 (4.14) 'il~I'l1'U11'f)~f1lJ1~f)'f)U'Utl~Y'I(;llJ 'I11'f)fI1 y 9l~lJfI1IU'\.J~CfI~1'\.J'f)~I9l'f)lJ'U'f)~1ill'J 

f1tl1l11l'f){~'f)1il~'I1~~llJ 'I1r'f) y = [Cu]/([In]+[Ga]) 'il~11l3(J'Uilltlunm t ~~ll~CfI~l'Utll~ 4.2 
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x 

y(t) x(t) 

y(t1) 

1 ... ~.................................. ; ....... . 

y(t2) •.. 1· .. ·........·...... ···· .. ·· .. ·· .. t· .. ·· ..........· 


· .· .· .· .· .· .· · ..· . x 

1st 2nd 
time 

0 it t2 
1( ) ( ) 

d d i I di 'j)~ Q.I Ci 0'lU'YI4.2 Ln,.~.:jf11·Htl(W'\.Hl.:jfllh~fH)1J y LW~ x tlf)1Jr'H111'W:i~'Hll.:jf11:iL~·HJlJYJmJ'Yl ~~lf) 

1tl:iiYl~5ru'HfllJlu:itl4.1 
• OJ OJ 

• JI 1:11 " 

~lf)ttlYi 4.1 Ufl~ 4.2 1;1'llJl:ii:15ii1Jltll~~.:ju YJ~lJ CuIn l' x Ga 
x 
Se2 Yil~~tllJ~'WlJl'W'W~~tJf)fh'H'W~~l 

~U1;1'~.:jG.:jtl~lJlru 5~~ eJlJ'lJeJ.:j 1i WHlf) fll~ tllJ~ Vi l'e)fl fl5t1fl1J 1i l~a'Wl~tllJ ~.:j ~~I~'W ~ln l'H'U ~~ 1'lf5.:j11.:j. . 
. . " 
Utl1J~~.:j.:jl'U~.:jYif)~11lJl1'W1J'YlYi 2 ~l x 1'W.:jl'Uliuu~~ijflltl:i~lJlru 0.3 1'WbYl'W'lJ5.:jm~1Jl'Wf)l:itlflf)

OJ 

~I a' .,,: 'j) • I ~ a' '" '" a'. 1:11 '" 'I' ...
1"lfllJ~~I:ilJ~'U~1f)f)l:ilJ~f)'YjfllJ'YllJ5.:jfllJ:i~f)eJ1JllJ'W Cu-rich film 'H:i5 y>l t'U'lfl.:jnm tl Ufl~llJ5~1JLlm 

, v 

tl u~1~~il~nl~.:jiYlvhYi~ltl111'n1Ju'H~.:j:i~t'Htl1iWlfl5tlltl5{ U1;1'~.:jl11'U'lfl.:jnfll t> tl u'W~~i:uij Yl~f)9f' 
, ,"

'lJ5.:j1il~ Cu (Y = 0) 1'U'lJru~YiU.:jfl.:jijYl~f)9f''lJeJ.:j1i1~ In LW~ Ga mh.:j~m-w5.:j ri.:jr"mh11'W'lfl.:jnmUeJ.:jfl. . 
• I ~ a' "', ... D 'I 'j)~ a', • I'" 11]. I ~I 
lJ:i~f)eJ1J'lJ5.:j1"lfllJ 'H:i5f11 y ~~fl~fl.:jL:i5t1'1 'Yll t'H1"lfllJfl5t1'1LlJfltl'W~1f) Cu-rich film tlJLlJ'W Cu-poor film 
& "~d dfl do' d ~d 
9f.:j y<l m~1Jl'Wf)l:itl~f)YJfllJ~~1;1''W''l~'Ylnm t = ~ ru nfll'WYJfllJU~lJeJ.:jfltl:i~f)51JL1J'W y(~) Ufl~llJ5lJf)l:i 

v 

1~I'YlfliJflf)l:i~:il~1~-fft1Jt1Jlru ru nm~~.:j~llJn1Jf)l:itl~f)Yl~lJll1J1J Bi-Iayer process U ~~1;1'llJl:itlnl'H'W~ 

fll y(~) mlJ~~eJ.:jf)l:ii~ (:iltlfl~IDU~'lJeJ.:jf)l:i~:il~l~-fft1Jt1Jlru ru nfll~~.:j ~~Ll1;1'~.:j1'W1J'Yl~ 5) 

~1'H ~1Jf)l:inl'H'W~I~eJ'W i 'lJl~lJ~'W 'H ~eJf)l:i nl'Hi-J ~1 tl:i i Yl ~eJru 'H fllJ n5i-J f)l:itl flf)YJ~lJ'\.fi-J Vil i ~ 
• OJ OJ 

~1f)f11:inl'Hi-J~fllmllJ'Hi-J1'IJ5.:jYl~lJ Cu(In,Ga)Se2 (delGs) ~~eJ.:jf11:i Llfll~1~1i-Jf)l:itl~f)YJ~lJ (~) Ufl~ 
a'. I ~I a' , '1 ' ~ a' 11] 'j) 'I 

5.:jfllJ:i~f)eJ1J'lJ5.:j1"lfllJ (m x lm~ y(~)) !~tlmfllllJ'Hi-J1'IJ5.:j1"lfllJ Cu (de) ~~'Hl !~~lf)1;1'lJf)l:i (4.11) t'W 

'lJru~~tl~:ilf11:ilflti51JYJ~lJ Cu (re) 1;1'llJl:itlf11i-Jlru i~~lf)1;1'lJf)l:i (4 .8) l~eJ 1~1i-Jf11:inl'Hi-J~~ru'HiJlJ 
, " 

It'H~.:j'j'~t'Htl1illPJ Cu (Te) ~.:j1l1;1'~.:j1i-J1J'YlYi 3 ~l'H~1J'lfl.:jLlm tl 'H~5fll y(tl) Ui-J1;1'llJl:itlmi~~lf)1;1'lJf)l:i 

(4.14) rili-J~1:illJl\9W{gi-J'1'IJ5.:j1i11PJ In Ufl~ Ga 1;1'llJl:itlf11i-Jlrui~~1f)1;1'lJf)l:i (4.9a) llfl~ (4.9b) ~llJ~l~1J 

\9l1:i l.:j~ 4.3 lm~.:j~15cil.:j'IJ tJ.:j f)l:i nl'Hi-J ~fl ll~ lJ~i-J'lJ5 .:jf)ntlfl f)YJ~lJ llfl~~l:i l.:j 4.4 Ll1;1'~.:j Nfl f)l:i
OJ 
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Required data 

dCIGS 2.0 J1m 

tl 1800 s 

t2 3000 s 

y(~) 0.90 

x 0.30 I 

j 

-j 

, i 

i 

Calculated values 

dcu 2507 A 

rcu 1.393 Als 

Tcu 1059°C 

y(t l) 1.50 

rGa 0.463 Als 

TGa 660 °C 

rln 1.439 Als 

Tin 763°C 

~ .d~ 1fJ"'~ "'.c::S.ot:::\ ~ QI~~'" t/..dQ IfJVlfJjJ
VlmJ1J1-:J Cu(In,Ga)Se2 1'l1~'H)lJ !~'U'U 'i):::~tJ-:JlJm'jllm1:::'I1~lJjJ~ljJtJ-:J~'U'UcnVl(llJ 'VH~'WlJ l~ l~ 

I Q..I,1 Q.lCld fI a ')" V.ci ~ 
1If) m'jl~m'jI(ltJl!jJ'U'Utl-:J'j-:JmtJf)CJ$ (X-ray Diffraction: XRD) !l'Itl~n'i)~tljJ ! m-:J~'j1-:Jrl(lf) !yJ~ 'Utl-:J!'Utl 

~ 0' i '1 ~ ~ 0'", d ,;,
yj(llJ l~tJ'jllJ m'j '!ff)(ltl-:J~(ll'l'j'jfl'Utl!(lf)~'jtl'UlljJjJ~IIf)'U (ScaIU1ing Electron Microscopy: SEM) !l'Itl 

.ci Q.I ~,., ~ jJ ~ jJc:). ~Q.I I tI 
flf)1l1(1f)lltu::: rll'l1'U1'Utl-:JVl (llJiJ1-:J l'I'j tllJl'l-:J i '!fl!m 1:::'11 ~~~l'U tl:::~tllJ'U tl-:J 1i l\9Jtl-:JflD'j:::f) tJU Cu, In, Ga 

~ "'''' .J "" '" 0 11] ~ '" 0 11].1
11(1::: Se ~ltJl1i Energy Dispersive X-Ray Spectrometer (EDS) CJ$-:J~llJ1'jt1tl1iU1tJ!l'lfl'Ufll'll-:J'l !~~-:J~tlIU 
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QJ.ct" veta l1 
4.3.1 fll'j1Y1fll'H1;lmA'lJ'W'U'f)-!i'HtlUlflG)f 

. " 
Vl~lJ'lJ 1,:j Cu(In,Ga)Se2 iil~~ tJlJ~'W 1~ tJ1llfll 'Hfl iltl'lJfl1tJ1~~t1Jt1J1fllfl'U 'lJ'lJfll'j 'j::::m tJ~ ':llJ ~'JtJ 

"'1 ~ d lfJ It] ~ ~ ~ ~ tI ~ 
m::::'lJ 'J'W fll'j Bi-layer process 'i)::::lJ tlfll'ff'VlI1J'W nJ !~t.! ,:jlJlfl'VlI'W tlVl~lJ 'i)::::lh ::::fltl'lJ~ 'JtJ'ffWlh:::: fltl'lJlJlfl 

fl11'11rl,:j I~ 'ff fl1'j m 'J 'i) 'fftl 'lJ 1 fl'j ,:j 'ffr1,:j ~~ fl ~'J tJ1ll fl1 'j 1~ fll'j IitJ'JI'lJ 'W 'lJ tl,:ji',:j ihS fl CJf!,~ tl~ 'j 'J'i) 'fftl 'lJI~ 'ff'lJ tl,:j 
iI I I 31 

IUtlVl ~lJ1~ tJ'j 'JlJ 111~ 'W Vl ~lJii iJfl 'J1lJ 'ffli 11'fflJ tll ~ 'W!'W tl I~ tJ'Jtl'W!!~::::ih~ 'ff!~ tid (uniform homogeneous 

~ c$ ~ .,k 9 1 ""'" ,,! 1 d "" "'1 9J ~ single phase) 'i),:jI1J'W 'lJ'W ~tl'Wl1'W,:j b'W fl'j,:j fll'j'J'i) tJ'W ~tJ'Vl fll'j 'Jlfl'jl::::l1 1'1 H'ff'j 1,:j ~{lfl'lJtl,:j'ffl'j1'W ~'l.J'lJtl,:j 

"" " 'fftl'lJI~'ff'lJtl,:jli1tlVl ~lJ~ll1rm 1'W 111tJij ~,:jfl'j ::::111 1~ tJfl1'j1~!!~'VlI~{'W fll'j I~ tJ'JI'lJ'W r ,:jiYI~flCJf'lJtl,:jVl~lJUII'J 
" .. 

1'l.J~ tJ'lJlii tJ'lJtl'lJ!!~ 'VlI~{'W fll'j l~tJ'JI'lJ'W r ,:jiYI~ flCJf'lJ tl,:j 'ff1'j~'Jtl ~l,:jiil~'W~~fl!~ tJ'J (single crystal) ull'J'W llJl 

'lJ~I~'W~,:j 

'i)lfl~1~fl ~1'J~,:j1~ 'ffl~tl::::umlJ'lJtl,:j'ffl'j'l.J'j:::: fltl'lJfl ~lJ Cu-In-Se 1'W'lJ'Vl~ 2 J'W 'ff1 'j'l.J'j::::fltl'lJ~,:j~'J 
'W 1 Cu-In-Se 1 'W ff~ri'J'W~lfllll~ tJ,:j tl'lJ ff~ ri'J'W 1: 1:2 'i)::::iJI~'ff~~lflt1J 'fftl,:jl~'ff fitl l~ 'ff~iJ 1flH'ffrl,:jU'lJ'lJ 

" 
'b'1{l 1fl'~''jl1 (chalcopyrite structure) l~tJfl!~'ff'lJtl,:j'ffl'j1'W 11'1 H'ffr1,:j!!'lJ'lJij 11 l~'ffel{l~h (a-phase) I~'ff 

iJ • • • 

~,:jfl~ l'Jij fitl!~'ffii~tl,:jfll'j~ll1 r'lJVl ~lJ'lJl,:j Cu(In,Ga)Se2 ii 'ff1lJl'jt)'W11'l.J'l.J'j::::~£J il~'WIG)f{l~!!'ff,:j m~~vii 
d ..:::t. ClI It] fj} 0 QJ d ck d .d...:::1 QJ , QJ I ~ dd
lJ'l.J'j::::'ff'Vl1ifl1~bl',:j !~ 'ff111'j'lJtlfl!~'ff11'W,:j 11J'WI~'ff'lJtl,:j'ff1'j'VllJ'ff~'ff'J'W 1:3:5 !!{l::::'ff~'ff'J'W 2:4:7 11J'WI~'ff'VllJ ... 

1flH'ffr1,:j~~fl!I'lJ'lJ'b'1{l1I'll~~hl1'lJfl~ ~ tl,:j (defect chalcopyrite structure) I~ tJfl!~'ff'lJV,:j 'ff1 'j1'W 1flH'ffrl,:j 

d, fj} QlJ'd cllll'fj} Q.I 1 fj}.di ..:::t.tI 
!!'lJ'lJ 'W 'J1 I~ 'ff!1J~1 «(3-phase) I~ 'ffU'lJ'lJ11 {l,:j 'W I1J 'WI~ 'ff'Vl IlJ ~ tl,:j fll 'j {l fl£Jtu:::: 1'1 H 'ff'j 1,:j ~{lfl!!{l:::: l!~ 'Vl 1'Vl 'j 'W 

" ,'',
fll'jl~tJ'JI'lJ'W r,:j iYl~flCJf'lJtl,:j'ffl'j ~'JtltJ1,:jiil1J'W~,:j ~111 r'lJI~'ff'Vi',:j 'ffV,:j !!'ff~,:j~,:j ~'l.Jii 4,3-4.5 

• o • 
eu In, Se 

Ga 

(a) (b) 
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2 Thelo (dogrco) 

, " , 
~tJfi 4.5 ~,)flVNU'W'Yl!l1{'W nl'j !~V1!1J'W ~.:j i1!3flq$'\Jfl.:j""1'j~1flVl.:jli!t1'W~.:j 

iYll1 ~1J 1 fl H ""~N~~fll!1J1J 'lfl" 1fl i'W i'j 'Yi'1J fl'W ~ fl.:j (!'W""!1J~l) 

Q.I Q.I 11, t Q..I'.c:ti
, 

ct 
f11 nHJlJ'Vfllli'j~'Yi11-:l 'j~I:I~'YiN'llfl-:l 'j~'ll1'U fl'U f11 f1-:1'Yll fI 'j -:I~~ fl 

i 'W'Yll-:l~~f)1'Yl{J1 (crystallography) ""llJ1H1Vj'ill'j uni~11 ~~mh~f)fl1J~1V'j~'W11J'lt~~1.:j'l 1~{J 

!~{J'Wfft1!~f)'llur!l'Yl'W'j~'Wl1J!!~"~'lt~i~ (h k I)~.:j h, k !I"~ 1 !t1'Wm'\J~1'W1iJ!~lJihll~.:j!!~ 0, I, 2 ... !~{Jf)11 
" ~'lfi1iJ"mfl{ (miller indicies) 'j~V~111.:j'j~1111-:l'j~'W11J'l'W'lf~!~tr.ln'W~'WflVn1J~'lfi1iJ"mfl{ (h k I) u"~fh 

• 'II 
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fl~~~eJ~ 1m~~~fl (a, b, c, a, [), y) mllJ-fflJ~'W£'j~'\"dl~'j~V~l'h~~eJ~'j~'Wl'Utl'U~lfl~~1m~~~fl~eJ~ 

'j~'U'U~~flU'U'U~l~'l'l.hlfl!leJQi 'Wl1l1~~eJfl1'jliV'H'U'W ~eJ~f~iYLVflCJ1 (X -ray diffraction) ~'J1 U 

i'Wmru~eJ~~~fl CulnSe2 ~li1 m ~(lfNU'U'U'lIl" 1fll 'V'I1 Hl ~fIeJQi'W'j~'U'Ul'Yl'Yl'j~ 1fl'WeJ" 

o d. QJ ~Q.I d'aQJ 

(tetragonal system, a = b :;t:c, a= [)= y= 90) lJmllJ(llJ'V'I'W1ifl~'WfleJ 

h2 +k2 12 
2 = 2 +2 (4.15) 

dhkl a c 
rI a I rI .dt QJ d~ rI 

~lflflQ~eJ~ll'U'jflfl (Bragg's law) llJeJ'Yl'jl'Ufl1l,JlJll'U'jflfl (8), mllJVlJfl"'W ("") U"~ fl'll'WlJ"mm 

(h k 1) ~~ lli' 

4sin 2 8 h2 +k 2 
12 

-.,,--= +- (4,16) 
c2",,2 a 2 

tI " I I 

~~t1'WU'V'I'YllYi{'Wfll'j l~V'Jl'U'W~eJ~f~iYlVflCJ1Yi 1~ llJeJU 'Yl'W ~l'V'll'jllJll'1eJ{~l~'l i'W(llJfll'j (4.16) U~'J 

Ul~"~ lli'i~'I1lJflm~l'W 'Jill ~'JVi1ifh"~(leJ~.ueJV~~fl (least square method) ~~(llm'j (1'111~lfl~~1m ~ 
~~fl (a, c) 1~ 

~I d v '11 c!Q c:r 
4.3.2 m "aVl".i1'iHfeJ'Untlll'U1~ Cu(In,Ga)Sez Vl1t1f)tleJ~~ tl'YI"a "a ff'W eJAtlfWl"a eJ'WlI'U'Ui:fUf)'W 

::7t <I "" ~ J IIJ ~"" ~ ~ <I"" d
TI "lJ'Ul~ Cu(In,Ga)Se2 'Yllm VlJ~ 'W lfl 'j'U fll 'j I'l 'j 1 ~ (leJUfl 'JtJf)" eJ~ ~"'Yl 'j m'W ell" fll'l 'j eJ'Wll'U'U (lU fl'W 

. ". 
l~eJf1fl1l1"flllill~ ~h'l1.u1 fllflv1fl ~ 'Jl~~ eJ~1m ~ ~~m 1lJ r1~ fll'j lfl (llU fll'l f lJ ~ eJ~ f ~ iYlVflc;l~eJil m 1~11'111 

QI I " .... 1 'jJ .o:::t.d 

(lfl(l'J'W~eJ~1iWJeJ~fllJ'j~fleJU Cu, In, Ga u,,~ Se fl1V11i Energy Dispersive X-Ray Spectrometer (EDS) 
. " . 

1:Yl'l1 f'UiliYii fl 'W flni~vu~~l'llfll'jlfllm~ilm 1~11m'l.J fll'l flJ 1 yjl'leJ'W f ~iYlV flCJ1~eJ~~ ~lJ Cu(In,Ga)Se2 Yi 

ll'l~ VlJ 1 ~l'l.J~ vwYiVUtl'U ~ ~flml'l 'j ]'1'W ~f-fffl~1'W ~eJ~ 1i 1\Pl eJ~ rl'l.J'j~f)tJUU-U'W eJ'W ~lm~\ ~~~1'W1 ill '111 

, I"" ." ~ "'I ~I ~ "" , I "" 1,,1 "" ~ d <I "'I &0

lJ 'jmill eJ~l'leJlJ fl~'W 'W ~~ ~lllJ'W I'l eJ~1fl (lllJ fll'l 'j lJ TII'l eJ'W 'j ~ meJflClf~ eJ~ ~"f)ml'l'j]' 1'W Cu(InOgGa02)Se2 Clf~ 
SI • I. SI I 

'l.J"fl~'W i t1li-fffl~1'WYimh (llJeJ ~eJlJ"Yi 1~~lf)fll'jlfl ~~ eJvi 'W 'j'l.J~eJ~~'WYiivi'mlyj~eJ~VeJfl (Peak) U~"~ 
'lI q" 'lI cu 

o ... " d .i <J} ",.1 l.a " d. QI QI 

VeJfl~tJ~ Cu-K line, In-L line, Ga-K line U"~ Se-K line 'Wl'V'l'W'Yl I'lmlTI~eJ~VeJfll'l1"l'Wml'YlV'Ufl'UeJl'l'jl 

I .... 1" d rI QJ d I <J} .dl ~ d Q.I d 'jJ 

(l'J'WllJ tJ 'j lClf'W I'l eJ~ I'l eJlJfl ~'Yl f)" 1'J ~m.!"~eJ~~"flml'l'j ]'1'W'W ~~lD'WI'l'Jml'l'j]'l'W i 'Wfll'jlm VUl'YlV'U~eJlqj" 

tlU~~lJU1~ CIGS ~~~lfl~eJ1'l.J 

v1'JeJV1~~" ~lf)fll'jlflm'l.Jfll'lflJ1yjl'leJ'W f~iYlVf)CJ1~ eJ~ ~~fllJll'l'j]'l'W Cu(In,Ga)Se2 U(lfl~~~~'l.J 4.6 

~eJlJ"~ l~eJvi'W 'j'l.Ju'Uu~eJ~m'l.Jf)l'lflJ~ 1~~lf)ClfeJyjl'l'ln{~ eJ~lfl~eJ~ SEM ~lmf'Wl'llfll'ju'l.J"~~eJlJ" i t1eJV 
'lI qJ 'lI 'lI 'lI 

I SI I I 

i'W 'j'l.J~eJ~l~f) lyj~ (Text file) U~'Jm(lfl~m lyjm'l.Jfll'lflJ i mjl~eJl'llflWI1f),,'U~'WYi~'J'WYil~'WllUflmlJ~
'" 

.dl lIJ 9J g), o. 
(Background) tltlfl~~~~ lfl~tllqj"m'V'l1~(l1'WVtlfl~eJ~ Cu, In, Ga U'('l~ Se U'('l~'W1m'V'll~VeJfl~eJ~ Cu-K line, 

o ,J di ~ 0 i <J} rI OJ rI d

In-L line, Ga-K line U,,~ Se-K line lJlfl1'W1ill'l11'V'l'W'Yl I'lVeJfl 1flVfll'jfl1'W'Jill~~ 'lIYI~fl'll'WlfllmClfV'W 

(4.17) 
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~ 0 I ~ 

C rHl \P11Ul1'W~tT'WVfHn~'Utl~Vtlfl1J'WW1'W Energy (keV) 

... 
I fltl m1lJ~~'Utl~Vtlfl (count/second) 

~ ~ " d9. 9J 
A fltJ 'Yj'W'Vl !\P1Vtlfl 

E ~tl 'Yj"~~1'W1Wl1J'WW1'W Energy 'Utl~Vtlfl 

W ~tJ ~1fl~~1fl"1~fftlflfl~tl~fi'1J Full Width at Half Maximum (FWHM) 'Utl~Vtl~ rl1'W1rul~"1f) 

W = FWHM 
2 x.J21;;2 

" . 
"1fHWf11) (4.17) l11Yi'Wl1l1oi'mwJ'Utl~vtlfllfl"1 '~lflVf11)D'Wl1lm\P1~~ni'W G "1f) -00 

A = }r x exp [ - 0 5 x ( \/ l}E 
A=TxWx.}2;, 

Q.I' Q.I'" .dl 0 ~ " d,9. 9J 
: . fl~'W'W "~ff1lJntlfl1'W1rul11'Yj'W'Vl !\P1Vtlfl Cu-K line, In-L line, Ga-K line U(1::; Se-K line 'Utl~~(1f)lJ1\P1)jl'1'W 

1~ U(1::;"::;1~l~'W~1lJ1mjl'1'W1~fi'1JVJrl'lJ1J1~ Cu(In,Ga)Se2 ~t\P1~ VlJ '~nitlrl1'W 1rul11~1iffl,h'Wtl::;\P1tllJ 
.?:." [eu] ." [Ga].k 1 .d0 lipl

)1lJmtlmT'1'1'W U(1::;tl\P1)1ff1'W 9f~~(1f)nfl1'W1ru,,::; !flUfffl~ 'W1J'Vl'Vl 5 
[In] + [Ga] [In]+[Ga] 

cpo 
,--_ ....---- .-.-.------.- .-.--.---------...--.----------..--- - -_.. _----- --,

.j 

'000-.::1 'I 

~1 II 

:: - i 
.-. "-I \ 
3 600 - : ,! 10. 

. ~ 

.~ 
1 ~ J'i II1 400 _~ ~ ) ; ~ Co 

. '1 !Ir'\ ~ ,-=1 )\c ,~-"'J\~_ , _________ J~~ _ F 
o - r---r ·- ··--i-""'····---r-.·~·----·· ·f'·--·---··-·T--·-----,._____ ._r--=:;=:--:=J::,...' \,- 

5 '0 

(4.18) 

~~ +00 '~11 

(4.19) 

(4.20) 

.di 

i 
! 

, j 
\' 

.-....- ...~.-~.... .~, '::;''' 
Energy (""V) 

!I• 




I 

.o::t 

U'tl'tl 5 

'illflf11'j~mnm'l~.wI'lJ'iJl'j~'IJ'lJI\P1~VlJ~"lJ'lJl.:J Cu(In,Ga)Se2 ~':W1~ Bi-layer process illJtl'IJf11'j 

\P1'j1'ill\P1~W\lmij ru nm'il~.:J 1I~~f11'jfil'iJ1ru hh1yj"elru 11 fllJ'Uel.:Jf11'j 1\P1~ vlJ~"lJ~l~th~'iJel '1 'iJ '\J'Yl~ 3 
t.I (I q '\I 

II~~'IJ 'Yl~ 4 tT'iJ IrieltJl hh 1yj"elru 11 fllJ~fi l'iJ 1ru 1~1J1 '1 ,*I~ 'iJ I~el'iJ l'U 'U el.:Jf11'j 1\P1~ VlJ~ "lJtT'iJ '1 'iJ 'IJ'Ylif'il~tJ 1. ... 
, " 

m'iJelNCl'Uel.:Jf11'j\P1'j1'ill\P1~WWlru ru nm'il1.:Jl1 l~'j~11il.:Jf11'jlfl~el'IJVl"lJ 'j1lJl'l.:JN~'Uel.:Jf11'j\P1n'il~el'IJ
u u 

Q.f tI~ 'jJ ~ rI J4 tI doQ,l

Clflfjru~m'Wl~'lJel.:JYJ~lJm iflH~'jl.:JN~fl tl.:Jfl'lh~flel'IJ ~fl1'W'W'iJN1'IJel.:JYJ~lJ'lJ1.:J Cu(In,Ga)Se2 I1J'iJm\P1'IJ 

" " '\J'iJ ~.:J l,j 

'V "".ct •
Vl1£J11i BI-]ayer process 

, " 
i\P1Vl'l11Df11'j 1\P1~ VlJ~ "lJ'lJl.:J Cu(In,Ga)Se II 'IJ'IJ Bi -layer process l,j 'il~ '1 ,*~ru11i;)lJ'lJel.:J w·l'iJ 'j el.:J i''U2 

, , " 
1I~~II11~.:J'j~I11V1il\P1 Se fl.:Jl1l1 500°c (nel'iJllI\P1I1~'iJtl'iJfll'j'j~I11V) II~~ 260 °c \P11lJ~1~'U elru11fllJ'lJel.:J. . ... 

I ~ J 0 ~ 9 g,llr1 ~ rI d-=i lfJ0 

1111 ~.:J 'j ~111 V1illPJ el'iJ '1 'il ~ ~ flfll11 'iJ \P1'IJ'iJ \P11lJ f11 'j fll'iJ 1rul'W el ~ 11 ~\P1YJ ~lJ'YllJfl11lJ11 'iJ lD 'j~lJ1ru 3 ~lJ i m IlJlP1'J 

" " ,
fl1v'1'iJ'j~v~nmD~flYMlJD'j~lJ1ru 65 'Wll1 l'l.:Jl,jiD'jlyj"elrul1fllJ'lJel.:J1il\P1 cu, In II~~ Ga Yi'1,*'1'iJfll'jI\P1~VlJ

'U q 'U q 

~"lJ'lJl.:J 1I~\P1.:Jl~~.:J~D~ 5.1 1I~~-eJ\P1'jlri1'iJ Y 1~'illflf11'jfil'iJ1ru (yc) ~.:J~lJf11'j~ 5.1 ~.:JmlJ1'jtlll~\P1.:J 

f1'jlyj~1lJtl'iJl~'jD~ 5.1 ... 

y(t1)
Ycadt) = . t1 ' t ? t1 (5 .1 ) 

t 

'illfl iD'jlyj"elru11fliJ1'iJ'jD~ 5.1 'il~t)flIllJ.:Jelelf1l~'iJ 4 'li1.:J riel 'li1.:J~ 1 L~'iJl1mnel'iJfll'jLlI\P1I1~'iJ
q 'U 'U 'U 

" • I , 

tl'iJfll'j'j~I11V (t<O) 'li1.:Jl1 2 1~'iJ'li1.:Jnml1fh~.:JD~flYJ"lJ Cu(In,Ga)Se2 II'U'U ell-rich II~~ y=1.6 fl.:Jl1 

\P1~el\P1'li1.:Jnm t1 'li1.:J~ 3 l~lJ~'iJ~.:JII~nm t1 ~.:JI~'iJl1~1~11Vm~I11V1i1\P1 ell (D11J1ru1il\P1 ell 'il~~\P1~.:J. . . , 
I "", , 

'il'iJ11lJ\P1'1'iJ'li1.:Jnml1~'iJlJ1fl) '1'iJ'li1.:Jl,j~"lJ Cu(In,Ga)Se2 'il~i.jfll'jID~V'iJIID~.:J~l y 'illfl ell-rich lD~~\P1 

~ ~0.9 11~el~I~Vflil End Point detection (EPD) ~nm t2 1I~~'li1.:J~ 4 1~'iJfll'jD~fl~"lJ 
, " 

Cu(In,Ga)Se2 II'U'U ell-POOr I9i el 1D i \P1 vi.j~1 y<O. 9 1 D I~elV'1 'il'iJ11 q\P1D ~ flYJ"lJ~1Vf11'j1l\P111~'iJ tl'iJ fll'j 

I 
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I II III 
~ 

2.2 

Cu 2.0 

-- 1.S ___ 
U 1000 ,......, 
0 eo:
'-' 1.6",
QI ........ 
"'" += y(t1) 1.4,......,..... =eo: ~ 

"'" 1.2~QI 
c.. ........... soo In 

,......, 
5 LOa
QI 

~ 
........ 

tl o.s 
Ga 

0.6 

0.4 

-10 0 10 20 30 40 SO 60 70 


Time (min) 


~tJ~ 5.1 hhiyj~fJW'I1iJli~tl\lH'I1~\l)~!lHJ1jllPJ eu In Ga U(;1~5\9))lri':I'U Y~f11'1nwi~ (Yeal) 

~-----~~-----------------------------------------------------------------------------------------------~SO 
T h 

-10 o 10 20 30 40 SO 60 70 

Time (min) 

~tJ~ 5.2 iYtytylW Wnm~~\l~\9))J~1\9)i~1'U~w~!\9)~mJYJ~:IJ Cu(In,Ga)Se2 

\9)1:IJ 1'lh'yj~fJW'I1iJiJi'Ut1.J~ 5.1 
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I • 

111f1ttJ~ 5.2 1I~~'l~tyty1Ul Ul !"H1111~'l~\P1'j1111~1~11-J'UUl~!\P1~V:IJ~~:IJ Cu(In,Ga)Se2 eJ1-J 

tJ'j:;:f1eJiJ~1VtJUl'\1fJii~th~ 'l\P1'j 1111~~1VI~1 'jiil\P1eJ{ (Tpyro) tJUl '\1fJii'UeJ'lIlH1-J 'jeJ'l~iJ~'l\P1'j1111~~1v~ 

miJm1:IJ~eJ1-J~~:IJ ~~eJ~~l\.1'\1 ~'l (Tsub) IIn:;:fh~'lI'YjVh (OP) ~iJeJ1-J 111f1lflfeJ'lmiJfJ:lJtJUl '\1 fJii!~l~ 
III ~ ..... 	 III .. ~~ .d d ~I"

11m lyj\P1 ~\P11\P1eJ'j l~eJi'mntJUl '\1 fJii'UeJ'lIlH1-J 11m lyj\P1 (Tgh) l'\1fl'l'Yl\P1neJ~m:;:iJ11-Jf11'j!\P1 'j V:lJYin:IJ 

Cu(In,Ga)Se2 

l1-J'lh'l~ 1 ~tyty1Ul'I'Jf1~tyty1Ul~\P1'j1111~n1~'l1~1~~m1:;:fl'l1'11 (Steady state) ~'lll~~'l~'l 
, 	 iI I , , I SI 

m1:IJiilff~v'jj1l~i1~:lJiJ 'jill'UeJ'l'j:;:iJiJl\P1~ V:IJ~~:lJij ljjm~:IJ~w~lrii1'l11 2 r11-J11111U~ llHWl1-J f11'j'j:;:l'I1 v 
~ 	 ~ 

!~1~m~iJ11-Jf11'jtJ'Jf1~~:IJ Cu(In,Ga)Se2 n'liJW1H1-J'jeJ'l~iJ Mo/SLG ~tyty1Ul Tpyro Tsub lln:;:OP 1~:lJii 
I 	 ,''', I 

f11'j ltJ~ V1-J IItJn 'l\P11:IJ ~l~iJ 1 ~ V~tyty1Ul T pyro I-W:IJ~\.I r11-J 11111eJ'l11 1f1 l~~iJi''l iYm1:IJ~eJ1-J 1111HeJeJ f1 11 1f1 Hl 

91 I Q,I .::9 Q,I .o:::i 91.d y, 	 ~ ~ ~I rI 
'\11-J 1'UeJ'lIl~\.I 'j eJ'l'j iJ lin:;: 'j l:IJO'l 'j 'l ~fll1:1J'j eJ1-J 'Yl~:;: 'YleJ1-J 11 1f1ll'l1 n 'l'j:;:l'I1 V'Ii 1\P1 Cu ~lV 1:IJ eJYi n:IJ• . 	 . " 
Cu(In,Ga)Se2 lIiJiJ Cu-rich 1~:IJ~1-J tJ'Jf1n'liJ1-J IIH1-J 'j eJ'li'iJ~tyty1Ul T pyro 11:;:I-W:IJ~1-JeJV1'l'j 1~1~1111-J~'l~1 

-I '\1ct 'l1ll{lnm\'lllh.Jl~1-J veJm!'\1n:IJlln:;:~'liif11'jeJeJ~9fln\P1 (oscillation) ~eJ~lV1W:IJtJ~~~ (Amplitude) ~ 
~ III • 1 	 • 1 '" '" :ll "' .. 

1 	 n ~n'lllnl'\1:IJ ~ ! lJ f11'jlJ 'j 1f1t)'U eJ'l VeJ~ll '\1 n :lJlln:;: f11 'j eJeJ~CJ5tn\P1 'U eJ'l ~tyty1Ul T pyro IlJ'l.mn n~ 'Ii 'UeJ'lf11'j 

1I'Yl'jf1~eJ~'UeJ'l ~'liY~m1:IJV11fl~1-J 1.55 1:IJ 1ml:lJm~ln~f11'j ~:;:l1'eJ1-J~'\..Jmv l1-J~~:lJlln~lrleJYl~:lJiim1:IJ 
" . 

'\1'\..J l:1Jlf1~1-J 11:;:vh111'f11'j ri 'lH1'\..J ~'l iYi11n ~ 11 1f1f11'j ~:;:l1'eJ1-J f1~iJ fl1V1'\..J n ~n 'llln :;:'\1:IJ ~1tJ 

'jJ 91 I 	 Q,I d Q.I" Clt. Q,I I d .c::t.. .::9" I 

n~n 'l IIml'U 1~~fl11:;:fl 'l\P11eJf1m 'l f11'j n~ n 'l 'U eJ 'l eJUl '\1 fl:IJ Tsub ~ 'l f1n11:IJ~1!'\1\P1:1Jl111f1f11'j 1~:IJ 'U1-J 'UeJ'l fl1 
~ 	 ~ qJ II 

emissivity 11-JYl~:IJ Cu(In,Ga)Se2 lIiJiJ Cu-rich ~ii~l'jtJ'j~f1eJiJ CuxSe ~'leJ~l1-J~m~'UeJ'l!'\1nl 

(liquid phase) [20] lln~tJf1fl1~11tJ'j1f1UeJ~\P11:IJH1'UeJ'lYl~:lJUn:;:'j~'\111'l'UeJiJlm1-J'UeJ'l1m 'l rl~f1 

Cu(In,Ga)Se2 \P11:IJ~ l~ii ~'\.J llff'\..JeJ H [21, 22] Un:;: 111 f1 f11'j n~n'l'UeJ'ltJUl'\1 fJiillH1-J 'j eJ'li'iJ~'lri 'lrlCl 1~vm 'l 
. " 

~ eJf11'j l-W:IJ~'\..J 'U tJ'l eJ\P1 'j 1f11'j ri1VI 'Ylfll1:IJ ~eJ'\..J "1 f1l 1m1yjl'i'~\P11\P1 eJ{1 tJ ~'lIlH'\..J 'j eJ'li'iJeJ1-Jl~1-J l'I1 \P1111'eJUl '\1 flii. . ~ 

.", I 	 • 

'UeJ'lUH1-Jllm lyjl'i'l~:IJ n~n'l ~'lt!'\..J1'11miJfl:IJeJUl '\1 flii~'l~eJ'lI~:lJfh~'llyjl~l OP l11'niJum lyjl'i'~\P11\P1eJ{IVleJ.. ... 

~f1mtJUl'\1fJii'UeJ'lUH'\..Jum I'YM111'fl'l!~:IJ ~'ltJ'j1f1UeJV1'li'~I11'\..J1'\..J~tyty1Ul OP 

l'\..Jil'l~ 3 lrleJU~Il'\1ci'l'j:;:l'I1V'li119J Cu (Cu-off) ~iJl1~tyty1Ul Tpyro n~C\'leJV1'l'jl~I~1\P11:IJ 

tJ~:IJlUl ~'l iYfll1:IJ ~eJ1-J ~~:;:l1'eJ'\..J "lf1ll'l1ci'l 'j:;: l'I1 V'Ii 1\P1 Cu ~ 'l ii f11 'j n~ eJUl '\1 fliin 'leJV1'l 'jl~l~1 1'\..J il'ltf~~:IJ. . ... 

Cu(In,Ga)Se211:;:tJf1tJ'Jf1~eJ i~VmftV'li119J In Ga lin:;: Se ~'j:;:l'I1V1.u'1:IJ1<OiJniJ~1'jtJ'j:;:f1eJiJ CuxSe ril'\..J 

In'\..Jun:;:I~I~1-J~l'jtJ'j:;:f1eJiJ Cu(In,Ga)Se2ItJ11'\..Jf111~1'jtJ'j~f1eJiJ CuxSe 111-J'\1:IJ~ ~'l1'j1~l:1Jl'jol~ 

~:IJ'IJ~'UtJ'lf11'jllH~'liYfll1:IJfeJ\.I~ii~1 emissivity ~.weJVf111tJf1~ bY1'\1~iJ1'\..JYl~:IJ Cu(In,Ga)Se2 ~ 
.1.1 	 "'~... '" dO .1 &III~ ~ '" 
lJ'j 1f't111f1~1'j lJ'j :;:f1eJiJ CuxSe (tJUl '\1 ~~'U eJ'lYi n:IJ II(\:;:llrl'\..J 'j eJ'l 'jiJ 11:;::lJfl1"! 'l 'U'\..J) CJ5'l L~~(\~eJ~fl(\ eJ'lf1iJ 

o 	 " • 

~tyty1Ul Tpyro Tsub 11(\:;: OP l1tJ'j1f1Uf11'j'\1~'llJ:IJ'UeJ'l~tyty1Ulr1'l~llJl1nml~Vln1-JtJV1'li'~I11'\..J (~tyty1Ul 

I· 


http:IlJ'l.mn
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I 

OP ~nl'j!l1~mJ (delay) l~mrtJtH~tJ'HJlnll~'Wllm lvJl'i'~'tJ'Wll91 imYII(l~lJl(llJ1n) l'jl~-:Ji~~I91,rm~lJ'tJtJ-:J 
" "" 'r:Ytytyltumcil'u1'Wnl'j~~l91ff'W~\9) (EPD) 'tJtJ-:Jm~'Ul'Wf)l'jiJ~nYl~lJ Cu(In,Ga)Se2 II'U'U nearly· 

stoichiometric (y:::009) ~~mllJ~lJ\l'jruU(l~iJ'jll'l'~ln~lnh~ntJ'U1'Wm~fJ(l Cu·Se ~-:J~~1,1'W l~i\9) 
I • ," 	 I 

l~'WlJ1nv-:J~Jln'r:Ytytyltu1'W'lil-:JYi 4 Yil.ul~~fIl1~fl-:J~1t1-:Jl1lJ\9) 1191tJYl ~lJ Cu(In,Ga)Se2 .y;iJ~n~tJI iJln(l1 

'::/1 	 eko.1 19J "!.d,
~~1lJ'WU'U'U Extended Cu·poor C)f-:Jm'Wltu~\9)lJmtJ l1l1~1911fl(ltJ'U'Ylm y=0075 

, 	 " 
lY1tJYilnl'j\Pl'jl~~tJ'U 11nl'jfil'Wltu1 iJ'j I vJ~tJtu l1 nlJ 'jllJt1-:Jnl'j lfl~tJ'UVJ~lJ~llJtl'Unl'j\Pl'jl~l\9). 	., 

" 
'r:Ytytyltu tu nm~~-:Ju'W'liltJi,rl'jll\Pl~ tJlJYl~lJ Cu(In,Ga)Se2 1I91tJ~11J1'jtlf)1l1'Wl91tJ-:Jr1iJ'j~f)tJ'U'tJtJ-:JVJ~lJ l~ 

" 	 , 
\PlllJlPltJ-:Jnl'ju'W ~-:J l~Yilnl'j'Yl\9)(ltJ-:Jl\Pl~ tJlJYl~lJ Cu(In,Ga)Se2 ~l'Wl'W 3 ~ltJV1-:JYii~1 iJ'j !vJ~~tul1iJlJ 

, 	 , " 
U'U'Ul~tJltl'W ;]tJ\PllmiJYi Sol U~nll1'W\9)1,rYl~lJYil\Pl~ tJlJl~~ 1JU~lU'W~tJ-:Jr1iJ'j~ntJ'UU\Pln~l-:Jtl'W l~un., 

1. 	 vMlJ R l~'WVJ~lJ'Ul-:J Cu(In,Ga)Se2 ~nll1'W1911,ri'W~\9)m~'Ul'Wnl'jlfl~tJ'UYl~lJ~nm t\ ~-:J 
'1.111]1'" '" 	 gJ~'" '" "'''''::/1 '1 "" "!0

\PlllJ blJ'j b'Yl(l~tul1iJlJU(l~nl'jfll'\ntlHl(lll"i(llJ R ~~lJ~lJ'U\PlllJ'W Cu-rich film bl91tJlJm y l1'jtJ 

ftl91ril'WtJ~\PltJlJ [Cu]/([In]+[Ga]) ~ 106 

c,,f d '" 	 .do igJ': "! ",.d ek 
20 	 :yJ"lJ S lD'WVJ(llJ'Ul-:J Cu(In,Ga)Se2 'Ylnll1'W\9) l1~'W~\9)m~'Ul'Wnl'jlfl(ltJ'UVJ(llJ'Ylnm ~ C)f-:J 

'1. I 11] • .1 '" '" 0 gJ ~ '" '" "'''' '::/1I'1llJ blJ'j m(l~tul1iJlJu(l~nl'jm'WltulWll"i(llJ S ~~lJ~lJ'U\PlIlJ'W nearly-stoichiometric film 

: . 	 l\9)tJ~~l y ~ 009 ~-:J 1I91tJiJfl~U~11'Wnl'jI\Pl~tJlJYl~lJ'Ul-:J Cu(In,Ga)Se2 l~mJlliJYill~'W'ff'W 
~ 0' Q o'~ ~ o'.d J' 

\9) \9) n(l'W U~ -:J'tJ tJ-:J IC)f(l(lll~ -:J tll'Yl\Pl tJ'W 'W ~~l1 tJ\9) Ifl (l tJ'UVJ (llJ'Yl ~ \9)'W., 	 .. 
30 	 :yJ~lJ P 1~'WVJ~lJ'Ul-:J Cu(In,Ga)Se2 ~nll1'Wl91i,ri'W~\9)m~'Ul'Wnl'jlfl~tJ'UVJ~lJwtJnm ~ 

tltJn!iJfln ~lmiJ tu ~\9)~l1tJ\9)lfl~tl'UYl~lJ\PlllJ liJ'j!'I'Mtltul1nlJu(l~nl'jfil'WltuU~lVJ~lJ P 1J~ 
'U q q 	 q 'U 

" " VJ~lJ'Ul-:J Cu(In,Ga)Se2 t1-:J 3 1'i'1tJVWU~~iJfl-WllJl\Pl'jl'il~tJ'UmllJ~lJ\l'jru'Yll-:J lm-:J~~l-:JN~n'tJtJ-:J 

VJ~lJ 1I91tH'Ylfl'l1fl XRD \Pl'jl1J~tJ'UtJ-:Jr1iJ 'j~ntJ'U'tJtJ-:JYl~lJ11!~'W I iJ\PlllJnl'j~l'Wltul1~tJ !iJl\9)tJ i ~nl'jl\9) EDS 

" " U(l~~191r11tJ\Pl'jl1J~tJ'U~fIl'WY1'W~h l\9)tH'Ylfl'l1fl SEM ~-:J'jltJ(l~I~tJ\9)~tJI iJij• 

1 !V ~ ~I r! 	 ~ "" !V """" 5.2 	!fI~-:JIl~H~Htfl'\Je)-:Jl1~lJ1JH Cu(In,Ga)Se2 l'HVl~UlJVl1U11i Bi-}ayer process 

.d "'''' J' ",,,,d'" '" '" '" ek gJd "'l
'jiJ'Yl 503 U~\9)-:JU'W'Yll'Yl'j'Wnl'jIMll'U'WHmtJflC)f'tJtJ-:JVJ(llJ R, VJ(llJ S U(l~VJ(llJ p C)f-:Ju~\9)-:J1ml1'Wtl-:J., 

, , 	 " 
fll1lJ~lJ'U'jru'tJtJ-:J1m -:J~~l-:J N~flYiliJ~tJ'W 11Jtl1Jnm ~11J1 'jtltJTI'UltJ l~~-:Jij., 

0' d tI.cd d ,J lfJ"'Q.I Q 	 I ~ ~ 
VJ(llJ R (y~1.6) ID'WVJ(llJ'YlID'W Cu-rich film C)f-:J bm'UiJ'jlJ1tutl~\PltJlJ'tJtJ-:J1illPJ Cu tltJl-:J~lJ1l~lJtJ\Pl-:J 

I I II 	 • 

U~I~lJlfl~ tl'UYl~lJ ~'Wfl 'j~t1-:J ff'W ~\9) m ~'Ul'W fll'j Ifl ~ tJ'UVJ ~lJ Yil1m t \ iJ 'j lfl{]11lJ 1 m -:J ~~1-:Jl1"m~ 'W II'U'U 

'll'l(llfll'Wl'jt1\PlllJlvJ~um!Jl (a-phase) Im~~lvJ~'tJtJ-:J C~'xSe U'WtJQ ~-:J~lm-:J~~l-:JU'U'U berzelianite i'W 

tI Y I 	 & ,...1 .d' .d Q 

'j~'U'U~fl'Ull'I'fl (cubic system) 1911tJm x~Ool ~ (JCPDS: 6-680) C)f-:Jll"i~''tJtJ-:J CuhSe ~~lJmfl-:J'YlU(l'Yl'Yl'll' a = 

50739 A ~-:JiJ'jlflfJnl'j~~r1tl'W1Jlm~'Wl'U (111), (200), (220) U(l~ (311) ~tJ\9)fl~tJ-:J\PlllJ~~nl'j'jltJ-:Jl'W1'W 
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[23] 1'W'lJru~~!rleJ~1l1'H)J1U'VfVl!Y;{'Wm'Hitn!'lJ'Wi''1ih~flGJf'lJeJ'I:W~:U S (y~O.9) U1:l~YM:u p (y~O.75) 1l~ 
~hhJ'jlfl{J!yj'ff'lJf)'1 Cu2_xSe 'I1~eJeJ1'ilfl~ld l~'htJ~mru eJ~~eJ:U'lJeJ'I1il~ Cu ~lJeJ~mf1!f1'W~eJ1'W'li1'1mfl'lJeJ'I 

~ ~. 
m'j!fl~eJ'lJ:W~mr'W 'I1r;1'1'illflnm t>tj (llilJyj"flGJf'lJeJ'I1il~ Cu) JJ~mrueJ~~eJ:U'lJeJ'I1il~ Cu Yhf1'Wmij'il~~fl 

1~'JJ1'Wm'jtleJ~1h:utl'lJ1il~ In Ga U1:l~ Se ~tJ'Ifl'l!fliieJ'lJeJtJl'l~eJ!'deJ'IUi:l~~~!~tJ'I~1!1'l'W:w~:u CIGS ~lJ 

1fl'j '1'ff~l'l!1'l'W"lfli:llfll ~1'j11!yj'ff5m~1!'viltJ 
~ 

'W 

.£ 
'" = ~ 

.5... 

0 
Q1) 
0 

...:l 

.£ 
'" = ~ 

.--= 

.0
'r;; 
~ = 

.--= 

..-,....
N ,.... ,.... FilmR ,.... 8~ 

~ Q) N..-- N ..-...... 
'<t -- ..~ o Q)

:J 8 
0 8 N '1 <0 ~ U N ..- ::::::: c:=. Q)......o ::l ~Ql '1 

~ u N N'1 
N 

..- ::J 

::J ~ U 
..-- ~ t 

U 

i
...... 

Film S 

FilmP 

6020 30 40 50 
2 theta (degree) 

.d ~~;: Q.Jt::1d ~ .q.d .:::i 
atJ'YIS.3 U~'Vl!'Vl'j'Wm'j!1:ltn!'lJ'W'j'lmeJflCJf'lJeJ'I:W1:l:U'lJl'l Cu(In,Ga)Se2 'VlJJ\lflU'lJ'lJ Bi-Jayer process 

~~ ~I~ ~I~
Y11:l:U R U'Vl'W Cu-rich film Y11:l:U S l!'Vl'W stoichiometric film Ui:l~Y1i:l:U P U'Vl'W Cu-poor film 
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f111lJl!~fl~Vl'\Hl~l!Yl'VlIYi{l-J fll'HirrJI1Jl-J i'~ih~flCJ1'\JeJ~Yl"lJ S 11"~Yl "lJ P ~~~Ifl~ l~fieJ ll~ln~ 
. . .1 dJ' " 

f11'H~m,J'lJeJ~veJ~!!l1"lJ (peak shift) '\J eJ~'l!m ~l-J11JI -U'Vl NlllJ 29 l1ll1fl'\Jl-J C]f ~ f11'j I~eJl-J '\JeJ~ VeJ~l!l1 "lJlJ 

l~m-l"1l11l1flf111lJ1JflYl~eJ~'IJ~NH~fl'\JeJ~ 1f1H~~W'lfl" 1f11Yl lTv! (defect chalcopyrite) ~)j~lf1~~l!"'VlYi'b' 
. " 

.weJVfll1~1'l1fl~ii>l-J 1f1H~~1~1I1J1J'b'1" 1f1lYlln1 H"f11'jf11l-J1ru~1f1~l1I1"'VlYi'b' (a, c II"~ cia) 'j1lJl1~e)ml 
,~ I V ~ ..:::t. cI 

~1l-JmllJl'\JlJ'\JeJ~VeJ~!!11"lJ (112) ~eJf111lJl'lJlJ'lJeJ~VeJ~!!11"lJ (220)(204) l1'jeJ Yll'jllJl~eJ'j z= 

I(112)1I(220)(204) 1'l11V1JIl1V1Jtl1J'\j'mj"1l1~'j~1l-J~l~1l1fl JCPDS:40-1488 'lJeJ~Yl"lJ Culn 1' x Ga x Se2 ~ 

~1 x = 0, 0.25, 0.4 !!~~~ll-J~l'jl~ 5.1 [24] 

Sample a (A) c (A) cia z qualified as: 

• 
CuInSe2 5.782 11.619 2.010 2.4 Random 

• 
Culno.7sGao2sSe2 5.744 11.484 1.999 2.5 Random 

• 
Culno.6oGao4oSe2 5.718 11.390 1.992 2.5 Random 

FilmR 5.769 11.536 2.000 11.3 textured (112) 

Film S 5.768 11.536 2.000 7.3 textured (112) 

FilmP 5.753 11.506 2.000 13.1 textured (112) 

JCPDS: 40-1488, for Culnl_xGaxSe2 where x = 0,0.25 and 0.40 [24]. 

d I cI ~ , , d d Clio cI ~.c::S d & vGI I

1l1flm'jl~ 5.1 \J~1l1l-J11Yl"lJ Cu(In,Ga)Se2 'Vl~ 3 ~1eJV1~~1~f1IUl-Jl~"lJ'VllJf111lJ1Ul-JH"flf1eJl-J'lJl~ 
I Y" • 

~~~llJ 1f1H~~1~11~fl'b'iJ~I'Vl~~'j~ 1fll-JeJ"l11lJ)jf11TU~I1jv1 1~Vl1~Yl"lJ S Il"~ P )j~lf1~l1!!"'VlYiC]f a II"~ 
'U 

d V ~~ 111 Clio 1..:::5 9 d ,cI 
c "~"~I"fll-JeJV 'Vl~l-J\Jlfl ~~eJ~llmlJ'\JeJ~'j~1J1J~l'j-U'j~fleJ1JI'b'~fJl'VlVlJ Cu2Se-In2Se3 ~l-J1J'Vl'Vl 2 Yl1J11 Yj"lJ 

P ~)j~1 Y - O.75 V~~11l1'jtlf1~~mYl1m ~~~l~mlJl!1J1J'b'l" 1 f11Yl I 'j'Vl1~1~1~vllJ'l1'jlfluveJ~1I11"lJ'lJeJ~ 
~ , GI Clio do I I 

'j~l-J11JeJl-J"1 I'b'l-J (002) (110) (200) (004) (202) II"~ (114) eJl-JIf1~\Jlflf11'jlJ~11111l-J~11~'\JeJ~eJ~~eJlJmlJ 

1m~~~1~~llJll1J1J'b'1" 1f11Yll'jl11JflYl~eJ~ [25,26] 
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~tJ~ 5.4 UbY~.:)~tJ~rJ'm!ltJf1&1'Utl.:)YJ~lJ'lJl':) Cu(In,Ga)Se2 1IitJ~f1U1J1J Bi-layer process eJt.A 

_I 'JJ ~I" ~I" ~I"
lJ':i:;;f1tl1J~1fJ1"ll:llJ R U'Vlt.A Cu-rich film 1"ll:llJ S U'Vlt.A stoichiometric film Ul:l:;;1"ll:llJ P U'Vlt.A Cu-poor film 

1~fJYJ~lJ~tJ~f11~~':)l1lJ~ifili'111lJbYlJ\j':i ur'U tl.:)lmt.A \9l1lJ~mH.l.!:;;YJ ~m'j'l1 ~~f1'Yi'11 tJ (Polycrystalline films) 

\9ll:ltl~ 1Jt.A rll:lf11':i\9l ':i 1 ~:r!~tJ~lJ1tu 'fi1~tl':)fltJ ':i :;;f1tl1J1t.AYJ~lJ 'W1J -;hlii'il x Ul:l:;;y ~1mll~fJ.:)tlt.A1t.A 1tJ ':i hl~ 

tltul1 fliJ~fl1t.A1tuIi. '" 

_I": , "" 'JJ ~I" -=_1
llJ'YI 5.4 fll'WtIlfJ SEM 1Jt.AWJl1t.A1'Utl.:)1"ll:llJ'lJl':) Cu(In,Ga)Se 'VllJ~f1U1J1J Bi-layer process2 


~I" ~I" ~ ..

1"ll:llJ R U'Vlt.A Cu-rich film 1"ll:llJ S U'Vlt.A stoichiometric film Ul:l:;;1"ll:llJ P U'Vlt.A Cu-poor film 

YJ~lJ R (y~ 1.6) il~f1£Jtu:;;~1WW1'Utl.:)YJ~W~t.Am':it.A'Ut.Al~tJ':i:;;mtu 1.0 IlJ 1i'1':illJ\9l':i m:;;'iJ1fJtlci1':) 

bY~ llbYlJtl limllJ~mtitl.:)Ul:l:;;i'itlt.A.u1,:)11 t.AlUUt.A il'Utl1J'Utl':)lmt.A!~t.A ':itJv1~~i'1lJ~~ 1~fJtJ ':i :;;f1tl1J~1fJ1i'1 ':i':)
'" . ." 

~~f111iil!vlbY'Utl':) Cu(In,Ga)Se2 ~bYlJtl1J Cu2_ 
x
Se \9l1lJ~l:l1litJ ':i 1f1!]1t.AU'W'VlI'Vl ~tff1l'H~fJ1l1Jt.A'Utl.:)'h~h~f1CJf 

'JJ "" q 'JJ "" & "" & ••1 " I -= 
Ul:l:;;'iJlf1'UtlbYlJlJ\9l!lt.A !t.AWf1bY1':itll,:)tl,:) [27, 28, 29] ~':)tl'fi'lJlfJml1"lbYml:l1'Utl.:)bY1':ilJ':i:;;f1tl1J CuxSe 'Vl 

" tJ':i1f1!]1Jt.A~1'Utl.:)YJ~lJ Cu(In,Ga)Se U1J1J Cu-rich 11':)1Jt.A~1!mt.AUl:l:;;':i:;;1111,:)'Utl1J'Utl':)lmt.A 1~mvlbYml:l1 
" 

2 

. 
'Utl':) Cu Se iA1J:;;tlci1t.AbYfll'Wi'1~lfJ1l:l11:;; (Semi-metallic) ili'111lJ~':)~111ibY':)Ul:l:;;iTf11J:;;UfJf1v11 (Segregate) 

x '" '" 
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I 

~tI .t::!~ ~!11 c:$ .c!dt I Q.I J.t::! ~ 'V
~mJ S (y-O.9) lJi:1f)1:lW~6\H).:JIWd'l1'W111hJ!f))'W·m'lH)lJ~eJf)'W:IJ1f)'U'W lJf)1'j"f))~'iJ1t1~lJ1I~lJeJfl1t1 

'U'W 1f1'UeJ.:Jlf))'W~ 1~ f) ':h%llJ R l~mreJtI~ llJfld1lJ'l1'W 1'U eJ.:J~"'lJ~l~lJ~'W ~'U eJiJ'U eJ.:JIf)) 'W!1J'W nhlfl~ 'hifllJ 
'" 

lJ1mJf) ~.:J~1.:J'iJ1f)~"'lJ P (y-O.75) ~~H1~'U~'U'j"~'U'W 1f1!~f)"lf))~'iJ1t1eJ~*1 l'\JiJ'WH11f))'W !!~~'\J'j"lf)~'lfeJ.:J 
I '"" 11.:J 'j" ~ 'l1 1 l.:J'UeJ iJ'U eJ.:J If) 'j" 'W lJ 1f)'U'W 

" " ,'l1.:Jih~eJ i ~~1lJ1'j"\l1~11 'iJf)~ If)f)1'j"lflfl!f)) 'W'U eJ.:JYMlJ Cu(In,Ga)Sez ~'\J~f)!l iJiJ Bi-layer process 

lrJ 'V Q.I ~ J & a .c! ~ if 31 do IjJ 1 lrJ I Q.I I..q, 'V 31 0 i 9JQ.I

Ifl'lffll'iJ'W:IJ1f)t1.:J'U'W 'iJ.:J!~eJf)!~'j"t1lJl1~lJ S f11t1f)1'j"f))f1!!~1'l1f) lfltl !lJ'UfI!!~.:J~1f11'W'U1.:Jlf))'W 'Yl1 'l1!'j"1 

~1lJ1'j"\lci1t1fll'\AliJ'Wfllfl~f1'U11.:J'UeJ.:JYMlJ S ~.:J!!~f1.:Jl'W'jtJ~ 5.5 
<U 

fll'\Alci1t1 SEM iJ'Wfllfl~f1'U11.:J'UeJ.:J~"'lJ S (y-O.9) i'Wt'\J~ 5.5 !!~f1.:Jl~!~mrf)1:lW~'UeJ.:J lm.:J~~f) 

11J'W!!'}1.:J!f))'W (columnar grain) 'U'W 1f1111t1J neJ~1!!tJ'W~eJl-deJ.:J'iJ1f)H1~"'lJ h'l1~ llJi1iJ~hJlJiJ'W!!~'W 'j"eJ.:J ~iJ 
'1 Is] a''l " I I I d I ~I a' ,J, _ I ' " I '" 

f)) ~'iJf) !91f11 !~lJ IfltllJ'j" 1ff'iJ1f)'lfeJ.:J 11.:J'Vl~ tJ'W m.:J 'UeJ.:Jl1(llJ9I.:JlJ~ f)!liJiJ Cu-rich U~ 'iJ~lJ 'j"1 f)~ 'j" eJmWf)~ f) 

" " . 
(deep crevices) ~.:J'iJ 1f) H1iJ'W 'j" ~'l111.:J'UeJiJ'UeJ.:J!!Yl.:J!m'W 'l1.:Jih eJmWf)~f).y)'\J'j" 1f){)tJ 1'iJ~11J'Wi eJ.:J 'j" eJtI'UeJ.:J!oyJ~ 

!'11m Cu.se ~~1lJ1'j"\l!Wf)~1eJ~iJ'WH1'UeJ.:Jlm'W Cu(In,Ga)Sez ~.:J'iJ~'l1lJfI1'\JrliJf)1'j"~iJrliJ1i1~ In Ga !!~~ 

Se ~lfl~eJ1JI~l~~l'WiJ'W ~.:Jifrr.:J~l:1J1'j"\l!!~f1.:J11~'W1f)1'j"'UeJ.:J~"'lJ Cu(In,Ga)Se2 ~'\J~f)!liJiJ Bi-layer 

process ~1'Wfld1lJamr'W,r'UeJ.:Jfl11lJ'l1'W1'UeJ.:J~"'lJ (film thickness) rliJnm (time) ~.:J!!~f1.:Jl'Wt'\J~ 5.6 
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til 
til 
Q) 

12 
u:.a ....... 

crevice fonnation 

Conversion Cu-poorSTAGES: Cu-rich 
time 

~ ~ 
y> 1 y<1FILM: y = 1.6 

FLUX: Y=OY = 1.6 

.I.d _.1 """ ~ 0' d.1
:1J'YI 5.6 mll"iU~~,:jll\PJJ'Ulfl1';j'lJeJ,:jl"irllJ Cu(In,Ga)Se2 'Ylu',lflll'lJ'lJ Bi-Iayer process 

-. 

'j 
j 
! 



,. 

, 
..::::\ 

U'YI'YI 6 

IrnJ1Yl1 ~ f) 111~tI H~~~eH 1l'W el H'W ~ 
III 

, " , 
1'l1lJVi 1 m ~fll'j1~tJ{j 1I'i'th 'ff'W m l'W 1'V11~ fll'j llnDtlj'\1ll'i'1'W'V'l ~~ ~ 1'W mil ~m1n~ 'il'j UCl~ eJ~ v'W 1~w 

dlJl'i''W fll'jftfllJ 1i1~ ~lJ 16\Hl~ Dtlj'l11fl1'j'IJ1~1l fI Cl'W 'V'l ~~ ~ 1'W 'lJCl~tJ 'j~l 'VI fl'~ n 1~~vr\PlJ'W 1UCl~ lJ fll'j1J11f1 f1'V'l~~ 

~ 1'W 1'W cll'l 'j 1~ lvtlJ'ff ~~'Wmh~~m~Cl~ ~~tJ 'j~ l'VIfl'l 'VI tJw~ ~ n 1~~tJ 'j ~ 'ff1J DUJ'\11ifCl~l~'I1tJfll~Cl~ 'il1fltJ 'j~I'VI fl' 
~ u 

" ,
1'VI tJ llJlJ l m ~ ~'V'l ~~ ~1'W 'jj'j 'jlJ'li1~ 1'li'W ri 1'W 11'W t.J1iJ'W ~1J nl"l5'jj'j'jlJ 'li1~ Vimfl'V'lCl-ff1'11f1J 1'W D 'il 'ilD'Wll Cl~ 

q 

Cl'W 1f11'l~ lflClClClfl ltJ ~~tf'W fll'j 1~'V'l ~~~1'W 'il1flU 'ff ~mYll'lv~~ ~~i11~'Wlm~~'V'l~~~1'W~lJl'ff~ tJ'j fIl'V'l'ff ~~ 
~ 

'ff~IlCl~ llJnCll11'ln~lJCl'VilJ~Cl~~~ U1~~CllJ~CllJ'il~l~'W ~~~~~f111lJ'ff'W1'il'IJCl~fl~lJl~tJ'Vll~l'i'l'W'V'l~~~ 1'W'VI~ 
q ~ q 

U'VI'W i ~if'l1~ ~1'W CltJ m ru~1I'i' ~1'W fll'j'Vi 'ff'iltJ i1lJ ftfltJfIl'V'l i 'W fll'j UtJ Cl ~'V'l~~ ~ 1'W U'ff ~ mYlI'l vml~'W 'V'l ~~ ~ 1'W 
q ~ 

1vJYh~r:.! ~fiCl l"l5Cl~Il'ff~mYll'lv'liiJ~Yl~lJlJl~f1CltJltJCl{~'W l~tJlJllflm~tJlJ l~ci~lml (Cu(In,Ga)Se2, crGS) 

& 'JJ QJ ~ I ~QI dlfJ~o i 'JJ rI 0<::::). tI 0<::::). 

"l5 ~ 'ffCl~f1Cl Cl~ fl1Jm1lJl'lCl ~fll'j 'lJCl~ flCllJ 1 'il tJ'lJCl ~l':i 1'VI !~ 'W 11 'ff'W Cl ! m ~ fll'j fll'j 'ff'j1 ~IlN~I"l5Cl ClU 'ff ~ m'VIl'l tJ'li'W ~ 
q 

I I "" " 

VJ~lJ1J1~ crGS ll1J1J mini-module l~m~'W'It~ lf1Hfll'j~m,1Cl~ 3 ,J Vi'il~V\lfll'jftfllJ11'i~U~.u'W'Vl'Wl1'W'lJCl~ 
I " "" "1 I 

fll'j -ff~ lm1~11''ff1 'j ViI ~'W i'W ~ ~ fl~'Wll 'ff ~ crGS 1~ tJi'W {jl ~ 'W <M'W VilJfl11lJ -ff1f1WmflVi 'ff~ i 'Wl"l5Cl ~u 'ff ~mYlI'lV 
~ u q 

'liiJ~if I'lClCl~ 'il'Wt.J1 1tJtJ'j~~lJ1l~'Wl"l5Cl~ll'ff ~mYll'lvtJ'j~iY'VI~fIl'V'lr:.! ~ l~Cll11'lI'i'Cl~r1m1lJr~m1Jt1'1'W 1l~1 
'!II 0' "" 0' d . " 

'IJ tJ1tJl1'W r:.!fll'j'ff'j1~llN~I"l5Cl ClU 'ff ~ m'VIl'l tJ'IJ'W 1~1Clfl rVlCl i 'I1~1'i''j 1tJCl~ l~ tJ~ i 'W 'VI fl.u'W I'lCl'W'V'l1CllJ -ff1'11 f1J fll'j
q 

l~tJ1'W'j~~1J1m~fll'jt.J1~Cl~~Cl1tJ 

-ff1'11f1J 1m ~fll'jl~tJi 'WTI~ I if 'il~I~'WClClflll1J1JllCl~ 'ff11n~1J1Jll'l~ tJlJYl~lJ1J1~ crGS ~i~l~fll'j 
'j~m tJ~1lJ tl'W 'ill flll'l1 ~ ~ 'j~l'I1 tJ1i 1~'I1 mtJll '11 ~,~ (multi-source co-evaporation) I'lllJm~1J1'W fll'j bi-layer 

<!I "" .1 !7t0' '1 9 !II "" '" '" 'I1'jCl two-stage process llCl~lJfll'jm1J~lJm~1J1'Wfll'jlJ~flTICllJ !~tJ !'lH'VIfI'Wflfll'jI'l'j1'il1~'fft)jt)j1ill ill nm 

'il1~ (in situ monitoring) ll'i'lln Clill'l1f1iJll~'W'jCl~f1J Clill'l1f1iJ'lJCl~llmlyjlPl'~'VIII'lCl{ n1~~lyj,yh~'j~1J1Jm1J
q qJ q cu 

f1lJClill'l1 f1iJ~ltJ i 11'tlllllm1yjlPl'~'VIII'lCl{ llCl~Clill 'l1 f1iJr:hm!l'IJCl~Yl~lJ crGS I~Cl i ~m1JfllJm~1J1'Wfll'j
q q cu q cu q 

" " ,
UCl~~~~iY'W~~ (end point detection, EPD) m~1J1'Wfll'jll'l~tJlJYl~lJ crGS Vi'ff1m'jmCl~f1Jfll'j'IJtJ1tJ'j~1J1J 

" " ltJtYmtJfll'jN~I'lIl1J1J in-line i'Wl~~'V'llru'liV r1~{jfll'jtJClflYl~lJ crGS 'J'Wll~'W'jCl~f1Jm~'ilfl (soda-lime 
~ ~ 

I " I I 

glass) VilJYl~lJ h'l1~ IlJ~1J~tJlJ (Mo/SLG) 1~'W.u11yj,yhl'i'l'W'I1~~'lJCl~I"l5Cl~ ll'l~ tJlJVi~ill'l11JiJfI~VitJ'j~mill 

sOO°C i11'll'i'm1lJ'I1'W1tJ'j~mill 2 llJ lmllJl'l'j 1'l1lJ ltJ'jlyj~Clill'l1f1iJ~i~tJClflYl~lJ crGS l~lJl'i''W'il1fl Cu. ~ ~ 

I " " I I 

'il'Wm~r1~ll'i'l,1ClYl~ml~'I1lJ~VilJfh y<l llCl~'I1~~m~1J1'Wfl1'jtJ~flVi~1 y :::::: 0.9 1'Wfll'jm1J~lJm~1J1'W 
"1 I 

fll'j{j mfttJfll'jltJ~tJ'W utJCl~m1lJ1Cl'W'lJCl~ lH-l'W 'jCl~fwi'1Cl~ 'il1fl~1 emissivity 'lJCl~VJ~lJ crGS ltJ~tJ'W i 'W 

,d iii d .Ii !II '" do", iii _~ d, i!ll
'j~'l111~fll'jltJCltJ'W'il1fl Cu-rich !tJltJ'W Cu-poor "l5~'ffCl~f1ClCl~fl1Jfl1'jltJM'WlltJCl~'lJCl~fllCl~ !yjl"l1'V1'il1tJ '11 

" ,
tl1J'IJ~m~~'VIlI'lCl{I'li'WI~tJ1tl'W ~~'ff1mHll~-ffWW1illm~1{ji 'W fl1'jm1JfllJm~1J1'Wfll'jtJClflVJ~lJ crGS Vi 

u u q cu 

I 

http:il'Wt.J1
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yj~lJ~1m ,:r",h:Jl~'UU1J1J')j'ln1flli"I1:;j'vl~flI1 tJ.:J'j ~'Ul1J (112) 'U'Ul'Un1J'j~'Ul1J'UD.:JU~'U'jD.:Jf1J ~tm'U1~'U 

tl'vi.:Jhm;ttn~~l'U'j'U'j~ ~'jmllWn~f1'i)1n~l1J'U
u • 
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