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Tec imbinai n. Such c.im; .siti nal and electﬁ 45[a[ic & 1ati s between g ain b janda ies and g ain
intefi ¥s in Culn

1-xGa,Se, s k& cell abs ¥bé la €s ma_ im}f <8 the z\‘e\” all ;h o kaic
efhcienc . The high deg ee fin & g anuld inh ;m ,génei e hasizes he im; ¥ ance f detalled
g ain-b_-g ain anal sis. These® esul s sh .~ ha cd eful s;eCimen fe;d ai.n and ull ahigh acuum
c.diins, ¢ ,n‘;ledx ih nan gcale ins? 1}¥nten taN eshin de ;i“{al ¥ such anal Msis. © 2006

American Vacuum SStiety. [DOT: 10.1116/1.2309995]

. INTRODUCTION
Culn,_,Ga,Se, (CIGS) is an im; ¥.an_ ;h {4 Jtaic ma e-
Tial. N gabl ,Tec ¥d c ,n\fﬂ si n efhciencies £ ned 1)(2(5%
(Ref. 1) 4 bse \f’d fy ; X & salline CIGS de \ices,
hich ‘ntf'é‘ f ¥m theii single ¢ 3\sta e ¢ ‘nnte”x E: ts.2 This



Gi _en such a \Eﬁie[ £ £ i sed m dels, ase, f ech-
ni ues is needed e A )A%e CIGS S, ichi ‘me{\ and elec[? Z
s fcs i.h nan scale sensi. i \i in ¥d& /e\%ﬁua e he dif-
f& en. Mechanisms. Numé€ s 5 udies ha e been ;& f ¥med
A2 CIGS andtelaed s s ems adc&! essing g ain chemisf _and
my:;hteg 117 I @& Tecen ;a8 18 efe; ¥ed a he
df ec. measu emen s [f elemen al c .m ‘»,sti in ‘% he intdi—
\idual & ains and Elei b undd ies. We sh , ed hat c ;8
c.m; siina CIGS GBs ded eases, s ime imes alm 8. a
fac. ¥ £ 2, and ha he ¥k funci n dec eases %‘ se_&al
hund ed meV. In [his a A cle, e A /\‘ide addi i nalSesul s
su;; ¥.ing . %ndings. We ilY) es.iga e chemical ¢ im; si-
ti A, ; cenial disfibui n, and Aelec[”\ aic feawes fGls
and GBs n ult”x ahigh JAcuum (IBHV) clea \Ed éIGS & 8s-
sec,i.n su faces. B_ em;1 .zing Augé elect n s;ect zc 4
(AﬁS), sec ndd éec{x AnB:lﬁ esh M (SE’I‘) meast emen 53,‘
cath d yuminescénce s;ect sc 4. (CLS), and sec .d
i mass s,:ec{x &¢ 4 (SIMS) V"e c A m he he ﬁ'etica
A edicti nsf¥ heh J%‘baﬁ i€ a"GBs due , ,Cu déhcienc
andfe; ;/t n [Le c.m;lex m &';h X gical A 4€& ties P4 [his
ma[a” ial.

Il. EXPERIMENTAL DETAILS

The sam;les s udied in his ¥k &e g s n .nas.da
lime glass subs®ae i[h a M /back’™c .nac_ using a Hee
s.e; A cess desc% ibgd else hée.! The la_& hicknesses

de 1.5 20 m f¥ CIGY and ~0.7 mxfﬁl M i« The

m;les had f 4 diff€ en, n minal Cu/(In+Ga)taig f
0.78, 0.85, 0.93, and 0.99, and a Ga/(In+Ga)”\ati 7 £ 0.30,
as de & mined bxinducti \gl c ayled ;lasma s;ect 3c 4 ..
In ¥d& o ‘btam high- ua?f clea_ed & 8s sec.1.ns, he
fH,ing £ ecedite a9 ;lemened. Fis , he glass back-

. . U L

side ‘?f asamgle as \;funned b_ g inding }[ﬁ ing he sam;le
[hickness ~1 %m. The back%ides de then n cched i[h
adiam ndsa _ade;h £~500 N1 An~300  hicP'Ni
la & as de;sied .n he backside A /Ceae an eiec"\ ical
c mtacwt Aeduce chd ging due ; /elect”x -beam b mba d-
men,. The sam;les &eclea edin acuum fi¥  smeasi e-
men, in an ambien"iessie £ ~107° T and hen imme-
diatel {ansféfed |, he main chambé ih fessue £
~10‘%11“ . The in situ measi emen s &€ ;& f ¥med em-
;1 /)ing a JEOL 7800F scanning eYéct”\ n mié A be
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FiG. 1. (a) AES Cu/(In+Ga)ftai, s ; & i.un, shn in SEM image. A

dedease gcus a Ihe GB (; im, 27). The da a ; int & e aken al ,ng he

line sh ~/ nin heﬁqu ea the labeled i n 5. The Cu/(ﬁwéa)? ai A each

y ,i'nt isw‘&i laid. (b)AEé Cu/(ln+Ga)?ai"\‘s ; 8iin, sh,n in SEM

image. A dedease gcis a the GBs (; ims 10 and 17). The'da a ; Jn s
ée aken al ng the line sth/ n in _he hgie a Ihe labeled ; s The
u/(In+Ga)ﬁati N each ; ,i’nl is 48 laid.

5,2 istical anal sis f ¥ all f [he AES da a aken. Daa ; ,'mts
é&e classth ed\as eihé GI ¥ GB as de € mined k m [he
c.ndd elect n (tSE) images taken f ¥ each scan. O \;a”

100 GBs, ith signfhcanl m ye GI ; ,i'n[s, de s[udied

and anal 32d f m _he Aésxda a  scmyile h¥e s ajis ics.

The da a’c Heced % ¥ each sant1 ‘e.lte sh / ed at Afed }n}natnce

£ Cu/(In+Ga) "\ati 8 that ded ease af)the GB. F ¥ each

sam;le, he a\§ age Cu , »/g iy ITai, as calculaed a

the GI and a, the GB. F¥ the sam;le with an ‘minai

Cu/(In+Ga) ati 2 £0.78, the \glue P4 this ( ati 7 as 0.085

/& a he GB c.im;d ed /the GI. The /hé H ec sam;les

int‘iq Col(in+Ga)* ais £0%5. 0.93, and 0.9 sh  jed de-

JVSTB-M:ﬂeAp Y = !’ N!H@Z + Sy v o0

deases [f0.024,0.071, and 0.041,% es;ec i\slehe sam;les
ith [he l& ges, numb& f scans ;€& f ¥med als ,ssh .~ ed he
gest a\;cﬁ age diffé ence £ .m GB _ /GI. The s andd d € -
{ ¥sin hes.aisics f¥ he GI \Elues £ he 0.78, 0.85, 0.93,
and 0.99 ¢ .m; sii.nsam;les &e 0.011, 0.016, 0.011, and
0.014,%esec i\ﬁ:l . The s andé\vd al s f the GB s atistics
ge 0.022, 0.028%0.029, and 0.022.<es ec i el . Thus. in
. Ttw
1 bu, .he 0.85 c .ncenfai n sam;le the a\§ age Pﬁffe”. ences
de Aatside Lhe 5,8 is 1caﬁ &1 ¥s. In gend al, he bsd \ﬁ:d
Cu/(In+Ga)tais €e .n hea dagea; s ximael 30%
t t \ . b}
1/ & hanex;ec ed’t Jm _he n jminal ‘glue. This ettfect ma
bewex;lained b_ _he fact Lﬁal s ime g ains clea e al .ng heﬁx
b andd ies”\athe\ than [h agh the bulk £ the & ain. Ou
clea (£S5 can ex; se b /h gain in&i ¥s and & ain b undd ies
since clea \ing can Beak a;d dains as ell as se;dae
h te g ains £ m each {héﬁ . AES measit e%ents ad 3s ex-
Wsed gains  ,ald héef fe n . sh,/ signth can, changes
be een gain” in€1%” and gamn b jﬁldaf since b /h de
aclu II_ b und4 ies. This is ¢ ,nsistent ith s.me f he mi-
ny A dia i ns akead men i ned %nd he high sit face
sensii i f he AES echni ye. H, e &, man_ g ains
U W t w .
s udied é?& sh ~ \glues cl 3e & he ex ,Véc ed s ichi.me! .
m he saisical daa, i, as héefie ; ssible  ,c ii-
clude ha b /h :es [fdails &e fesen af € a clea e,
P A 5 e A w
ih b.ndd -cléa ed gains s #he ha m ¥e c .nm . han
g)uik-clea \gd & ains. The a \ff age \g‘ﬁles lis,ed ab 8 inciude
all gains. In cases f¥ hich i a;;eded ha the g ain
clea\gd K mghis inté i‘?‘, he ¢ .m; sii.nal changes d¢e
much 1& g& hant ese a_& ages, as sh .~ n in Fig. 1. Des; ite
[his, e en & ains i[h the 1/ Cu/(In-WGa)’\ati 8 s[ill dis-
;la_ed Cu déh cien? . a. GBs.his is likel because  he elec-
tT‘ eam incident Eﬁ he g ain b jandd A bes £ 4 ¥i.n-
all m¥eb.yundd &susindiy \‘,hlme. Simild anaﬁ sis
as ;&f ¥med ¥ he O andt Se s;ecies | .~.es, he fedic-
ns £ Cahen and N b .° The'\esulting daate \Ealed n s
cled indicati n fincdeased O ¥ ded eased ée a GBs.

B. & :i;*"',{e‘\eA D ff L”‘LPAW

SET da,a f .m se € al sam;les sh .~ ed & . nced ¥k
func i .n ded eases a, GBs. Values £ e Yk func i n"dif-
fé ence be, een he semic .,nduc, ¥ and héwelec"\ A anal 3¢
de ded ﬁYined f .m he mset endg £ thf: gE emissi n,
V}ir) ainec{ f im a lined exlay ,l'ati,n . he base line. We
f and ha  he accu ac jI SET as a £ i)e £ gauging he
¥k nélI n is st Ml de;enden b.h he le el[ f

i u il 4 N ng ; n 4 w4
st face ¢ ,n aminai n an% he ualitx £ he ctlea\g. High
am ugns fc mtamina i and a‘lngh st f[ace seem | /su;-
Kess tﬁe SET Jnse, f im he CIGS la € in fa“ﬁf £ nses
f m ¢ naminai n s;ecies and/ ¥ he)T\/I sback ¢ nac.. ltn

¥de ¢ zdte & mine the effecs fal Jagh siifacem ¥;h Yt g
A _he SET measi emen , he anguld de;endence £ he SE"PA
;eak as measwed . a jiece fghdfi, fes;u ded r

.. . t

fem & ¢ .naminai n. We bsé \Ed at elatl\gl eak (less
han 20 me{/) deyendence f he .nse ; s11M'f¥ small
5°) anguld changestelai e . he su face n ¥mal. S jme-
ha & g& (u; , 200 meVS changes ecuted as he anguld

N QAo e it ‘
Wb iadat eached 15° and*f a;idl x‘«‘,\ & essed Wlth changes in

-

o

8



b {h he .nse end g and inensi f¥ angles 20°. T/

R S o * t t‘)ux ...
a“‘rd s;ihims mse changes due , 4 ne en g ain in & faces,
cae as aken  ,examine ta GBs ih ta in €& faces a

- X" . L t wli tt t
n ¥mal incidence.

Figine 2 sh /s scans K agh . diffé en, GBs f the
sam;le  ih n Minal Cu/(In+Ga) ’(’ati 2 £099. The 5§k
func i ,nwdgffe? ence be een he sam;le and  he anane?
( E)is ‘(-,1{[ed f¥ fog 4 se;d aefuns “e? sus dis ance £ m
each GB. Nega i e dlg’ances inéica e ini ial measu emen_s in
e gain, ¥igin a he GB, and ; sii_e dis ances £ ,m he

P Lt . - . i\ﬂ, th
b aandd _in_an adjacen, g ain. This hgu e sh .~ s ded eases
in the Ykfuncin £ im 250  ,alm s 500 m€V f ¥ & ain
b ,und&vies 1 and 2, Tes;ec i elx O.h& gain b unda ies
sh ./ simild ded eases al h jagh sucth ded eases can \é

id‘éJl fmO 500 meV. The €% ¥ in hese meas e-
ens1s ., :icall. ens fmeV ih nli€s ~200 meV.
These dec’eases in ; cenial de” valiai el simild . he

scanning Kel in £ be measit enfan s t} \ﬁe%and ffses a
chalc g ”\ite GBs fe; ¥ed in Refs. 15 and 16, hée he
auh ¥s t and a ; cen ia{ ded ease (d ./ n & d band'bending)
a he GBs £100 200 meV, _hich i%sighfhcan 1 less han
he changesfe; }’ted hé e. Thi$ indicates he im; ¥ ance [f

HV in a\‘,i'ding c.naminainn g nl 1‘[ ¥ chemical ¢ m-
i siin anal _sis but als v s cX ec; X gauge ‘tentlal

t
changes.

C.C LM&A ocelere s 5-.3 o

CLSfesuls &e bained f¥ he sam;le ih he n .mi-
nal bulk Cu/(I¥% Ga) ”\tati + £ 099, This ANl samle
as clea_ed ex situ and hen immediael 1 aded in ./ he
\acuum chambé . The daa as ac uf edt h?“ngh imaging £
emissi jn a, ;& iculd a\E:Y%ngtlAand tﬁ agh s;,ect’\a c ¥
leced f .ms; s andigs ded deas. L gain-s;ecthc \‘af ia-
insin CLSdaa €e bs€ edas ell. Fac icallxall the
5secia exhibied mifl i le jeaks, he Wsiins & hith g
f im gain g ain. Figie 3 sh ./ s an exam;le" f se\;a” a*
s;ecia aken £ jm diffé en Cegi mS £ he sam;le: K ee dis-
tinct ;eaks ith emissi . end gies f 1.&2, 1.16, ané 1.19 eV
ae f esen, the s‘;,ect’\ a. Th ze featli es change in inteHSitx

a diffe en, lpatl ns n the samle. The 1,/"7% end g

tail n
he s;eclalikel dises f m defec s and dis"¥de %‘hin he
ilm'm t N t wl t
CLS imaging a_diffé en_%xed emissi . end gies fii he
illusf aes  his lac{( £ unif ¥mi__. Figiie 4 sh /s se‘;cﬁ al
CLS images su;€im; sed .y a’c ¥es; .nding SE image.
The highé ené gM seaks de |l ealized ¢ ‘nsistentlxnea? the



D.& rﬂl.,": ‘9 “!ez e~ ﬂ e" ’ A
A SIMS de; h £ dile £ ¥ (e samyle ih Cu/ (In+Ga)
e val . 0.99 is sh / n in Fig. 6. The d¥a indicate a Ga
@a’dient tlﬁ agh ‘1“ e samgle ¢ ,nsistent ith s[anda? d
g th c.ndiins and he s ;xatial de ‘e.endenc‘g £ he CLS
?esﬁ’fts. The &}a signal dE 4sb_a; A ximael 50% f£is
maximum _alue ned he f n suface f he hlm. A Na
ind ease f /\‘e”\ an ¥d& f magniude (f ;m a; £ ‘/x_imatel
10 . 200 ¢ xnsi10 ¢ an s) ned he M sback ¢ nac is
;1ical and ma_ be due . /mic¢ sfuc e changes in .he M
si face. I is ¢ .nsis ent ih ‘f\e[ iﬂt:lsl Te; ¥.edlesul s.2
The de; ht‘;? dile alst /sth‘f'ﬁts diffu\s‘i an } In ané Ga in, f’the
M /la e\'t, B .adening ~he back in & face. Imaging £ tthe In
and Ga signals ithin his B .adened in € face sh ./ s inh »#
m genei__in b W' he {n and Ga signals la € all Xa scale
th .1 t P
£ ens }‘ mic¢ s, much 1d g& han he measu €men, S es #
lu1 . (120 nm), he : ;ical & ain size (~1 m), ¥ he M »
la_& % Jaghness (50 3‘ N Aaéal s;aial 1 ealizain f the
Na'signal as discé nable eitheﬁ within the bulk éIGS la )Eg

-

¥ V‘?1th1n e M zlaf.

IV. DISCUSSION

The AEStesul s f and f ¥ he CIGS s;ecimens measii ed

dec .nsisen wlt thf: ¥ etlcal A edlCtl ns f Cudéhcienc 3‘at

CIGS GBs.” Indeed, [he 25% 50% dec eases £ Cu c aen
We Abs§ & ex‘ee\rlme.ntall%ae in gd uantltla(l)tl\g Flg\ ee-
men, i h h se fedicedd Jaffe and Zwnge.”” While he
exac, 1n & facial chd ac €isics [f he chemical b .ding a
GBsden kn ~ n, m dels ha assume GBs _ /be simild 4
fee su faces & ¢e'< eas ;able since neighb ¥ing & ains ma
n ¢ f ¥m chemical b ,ads be, een [hem. GBs de ¢ .mm nl
m deled as back ., /back SCI‘I” ck_ bali€s, and his is ¢ n-

. . t N
sisen. ihana;{ ,ach assuming he GBs . /be

Tt 4d t t
thlln
m ‘delsitude

s



Tele an s als ics . he CIGS la
14 ge numija b measu emen,s ad
sam;les.

The bs€ ed SET inh im geneiies ¢&e sx ngé han
h se exhlbl ed in he AES and CLé me\ﬁ’su ements S me—
imes galn- £ a1n i 'ent1al changes &e s signithcan
ha _he_  bscued an_ changes f ; 'envfal at he GBs. We
a \1bute [hese bsé \Eli,ns[‘ se\gzﬁ fac, ¥s: (1) ala ins
in g aln—t Zgain s_ chi me\ (ii) ; en ial diff& ences be-

een gain faces ih d1551m11a S s.all ga;hic ¥iena-

Jns (c ,nsisten the te; ¥ ted Ke ‘in A bel esults

A g€ deste uled a
s \Eﬁi‘ns"\egim jthe

W,

oo

twt



de;le ed GB in € faces can inhibi_ h te®ec i/mbina i n, gen-
éaing highé ;h ./ euwlens. Ou Tesuls sh [hat the
WJAcuum le \f“ elati Nt he F& mi le \sl (tied easds subs an-
[iall ned the GBs, ¢ msis,en.  1h eihé a band ffse, due

<Cu (acanc f E'mati an ¥ p-" ;e band bending. In ei hé
case, he h ,l'exbafﬁ i€ ha, f ¥ms s& N inhibi, maj ¥i
calid m sgmen a a f .m he GBs ané he ef ¥ef educes
Tec imbina 1 . \*Jevfi,&}ld maj ¥ n _nunif ¥m g ain-t g ain
s, ichi me?l " hich can acc gn, £% he ell kn ~ n difh-
cul,  main ainiffg CIGS unif mi__in de j¥ s uc Fes. Oy
Tey ¥oem; asizes he im; ¥ ance " f s ud_ing such c i lex
s )Etems as ; Y & s alline CtIGS em;l ;/ing nan gcalefes
lni.n, UHV en i .nmen,, and cd eful”"sam;le fe;d atim
A eedd es.
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