Anal ysi s and Optimizat
AW bbapo Chalbcaospeydr i Tthei n
Sol ar Cel | Devi C ¢

Vo n d e atfiFMakhenatik, Naturwissenschaften und Informatik
derBrandenburgischen Technischen Universitat Cotthersftenberg

zur Erl angung des akademi schen Gr

Doktor der Naturwissenschaften
(Dr. rer. nat.)

genehmi gte Dissertation

vorgel egt wvon

Master of Science in Chemistry

Roberto Félix Duarte

geboren ani3.11.1982 in Salvador Alvarado, Mexiko

Gutachter: Prof. Dr. Dieter SchmeilRer
Gutadter: Prof. Dr. Marcus Bar
Gutadter: Prof. Dr. Han&Verner Schock

Tag der mindlichen Prufung: 23. April 2015






Abstract
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Zsammenf assung

Die chemische und elektronische Struktur v@&@halkopyritAbsorbermaterialien mit
verschiedenen Bandliickenenergien? s und von Puffer/Absorber Grenzflachevurde
mittels verschiedener spektroskopischer Methoden mit weicher und harter Réntgenstrahlung
untersucht. Die Arbeit konzentriert sich im Wesentlichen auf die Untersuchung
entsprechender Schichtstapel basierend auf Chalkopyritabsorbekteimér [Cu(In,Ga)Se
(CIGSe,E”* ~ 1.2 eV] und groRer[CulnS (CIS, B ~ 1.5 eV] Bandliicke welche durch

das Zentrum fir Sonnesrergie und WasserstofForschung BadelVirttemberg (ZSW)

bzw. durch das HZB Institut fir Technolodiereitgestellivurden. Das Ziel der Arbeit igs,
insbesondere die ober und grenzflachenbezogenen Besonderheiten der
Chalkopyritabsorberstrukturen mit kleiner bzw. grof3er Bandlicke zu identifizieren die die
Bauteileigenschaften bestimmen. In einem néchsten Schritt wurde diese Einsicht dazu
verwendet mittels Oberflachenbehandlungen didbsorberoberfliche und damit die
Puffer/AbsorbeiGrenzflachenspeziell von Chalkopyriten mit grof3er Bandliicke gezielt zu

optimieren, um so dikeistungsfahigkeit der resultierenden Solarzellen zu verbessern.

Mi t hvolnf eanr egungsenergieabh2ngi gPES)Mrhdoeag oei ek
Oberflachenkomperss t ¢ loheAthbes@hrabl ekronpaytreirtCla@d e n (
und CAtSi)ef enauf ge.l °© sBefi dere s tMagieenti iedlbihé m gizg
Komposspt o Big€leGBennt i @ninkb krafnlt®¢eclDevena Gamewumnudg
Cu sowi e di e Anwesenhei't vEoinn e Na® h ndarcrhdg e wi G
Oberfl achenkompdcCdisthisonf easd gds edlgh tKomposi ti on
resul tieramsdeapred gder AQH evrefi It UG SEEASTH( 2 € kN
0.0V undE*EI1S 88 OBVD,. 2wi r dur EfhMeiss udigr enk tt & e
Ul t r a-Phiootloeetlte kt ronenspekt rrdlsktope lee K tUrPdSn e nusnpde k
(Il PEGRzei gt wer démt ekrosnchtiee d e i n d-euundl NGlex a k"
Oberfl2caeacmiPéat € e mavtuardddad nfeanl | s Mi dbwdrf &i zi
PES unsbesondeAe@aldys ehdemaAmgRir faimkio e neitt exe
starke DuraanhmCd®8hGChGSe un®PuZhné&r CRIGSmz bled c her
identi fi ziZarst®t avleirdlen RoOming €n ednirscsh onssipektr o:
MessungeS imandiee Ausbildung einer Grenzfl 2ch
Grenzfl2ache nachgewiesen werden, diSeu nadm b e s
def ektr ekrcihetn€ldhBimoemr i eben werden SkaXgES Auf
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SpektrZmGSlvethe oben ergi bt sich fg¢gr diese Grer
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1 | ntroducti on

1.1 Motivation

The need to use renmaveithbe geowirdegnass abafr gheusmatno
societygyui soltmman pogpnud attheondegree of industr
contiomer eatshee f ossil fuel reser verse3upare wh
i ncreasinglMorsetorvaeirned heir accela&madle@omian ¢
on the gl obali necnrveiar$ornengebng nsatnadbi | ity of our pl

Sol ar iesneamwl candidate to pttayeraxresgygnsflipph
needed ufsarafi amddilelée ee e8Banbimgha reliable and a
ot |l eeenreaygi t Abbeghout tlae wooolbaetrgpmhegactval en
toaaheaecgypsumptof human beihodgsy it érr eaaeget \he d
sufl] Photovoltaics (PWssiawpgpagemedrys dofrebaln ¢
sun ght i ntSy |l aFecthibsidlyw.0 melsigg hstu na@eall egcetnreorna t
hol ecbhacgerier arpaiadgeat hsaot t hat t her edaicfhf etrheen:
exteronmtlacts of the device and are subsequen
wher e t hcasn ebnee rado/nkseuymepdaf amné-&b 8 o rghaifhiegr eaf t er |,
refer rtehde taob sacsr ber ) of the sdgl at heelehedgei ce
f oorhe -pkatoati on -hofl eaAb aehlpeucgthr otnh e p rhiardcoirp |l e s
|l ong been alheermpheod ool e .ajc effect was first
1839 [ 2]h,e whhioleebkkettwas first reporiteldeyoy He
i nvol ve compnee,anguoaaht prsercicmlehpea medTthat i on of
applicamnotonbegin until a morlkradobeaen tdeoalli
was not unti | fimeddéseol Gasr tchedtl tdlreevhyc eBabwer e p
[4. These devibcaese dwearnes dixalvi keinteedyy c o mwe+r si on
6%. Ever since, -barsyedt plhloitmesr 03it awafserhave domi
mostly due to the high wutilization of this m

At first, c o nveesndad osn@ll arSi movhud lees wer e produc
meet hilkceontr ol requi rements f or Dmiecrtooe!|l ebéer
absorption coefficient of Si (ameirndiaryecacts e

nm ) areineddegbeen efriatrston sol ar cel | devices,
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material consumption. Moreoverplithat manserarnmé
t hanmifcooroel ectroni cs apyplp ucraetsitaanmke; pahiopved vaidrre, |
still neededefatephotori ers to(ir.eea.c,h ttdh emisrc
recombinatiGormowilog sase)hagtisi diodPrvc yapipn i cati on

conjunciwideswprehdandeépimag eceansatlea o | onger make

~—+

he undesirable surpluses of the mioaosbebdc¢ct
soigaradenocr ySt &lilgi noer mul ti eSriy)st glrloidiuiecgel8i b § n
ener oy e psuecsh, Casvc higalbsiknigot s -oasthlingckof mo | t
respectivel y. Al t hough solar <cell devices b
achieve highftoneacsesen(i.e.  h refer d22nmod%;l ea
meSil:8. H)% ,[] t he rneastueptricalgchi oh expensS@% d¢fr ang
t he final 6mo dgurleeé ickoyshterimccost reducti on

I n an effort to reducts smibnairmi ma chigl emapgread wad t
usage), mderet deptvierhiogpattiham fi Il m sol ar cell s ha
| ast denc atdheessgee nseercaotnidon sol ar cel | spm)a otf hian

direct semi @gorsd U etdoroni sa dccaer,j esodcdé BE G)ngt eg |
pol yi mi.deQneetocf. ]t he most t ggoefcetshsifnul fliyl sw esveell a
chal co[fy (iGReFS ey)2, Cl]&@SsSet he abs¢a ber mateesafl
empyled abs orduesre dmaifine ntihaibnl ar ccaed misu m nGcd Tueduer:i d e
and, recent bnSk(eXzZIBigred jsCwcal |y stacked ir
pn heterojunction configtiyaei &Zm O(-tfwipned obimd fpf etr
| ay€¢ypp chalcopycxon®&kebsCChhbaseiotlbnensol ar ¢
have already surpassed,poive @h&otnhvee risa lad e aetfof
reclod%([7] ) and have a theoretical maxi mum e
pn junction slod atercreddtrunadersotl ar spectrum

absokber sol ar energys8conversion is ~1.4 eV

One of the adow@cm&KBs) €I GShSkel)oy system is
changing the el ement al Xx and y compoanthen ¢
varied between 1.04 eY (CficSre)x and0,2.yp3=¢eW Y f
CuGaS C®) ThereforeengitndarEjdsetihkel ea btscor ber
be optismalarfemer Hyoweorvy er dihen .hi gheshtaseefdf i ci
thin fil macsholeavre oeslolr sf2200% adssiwra¥, &b)Q[ are based
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Cu(1lGm) SECI GReb)sor becsmwo wHt @axo Okn@hi ch irresal t s
Eqgok1. 2 eV. DespwhechavsnbeaheE matched to th
efficiencgempo odh dlacstépdy nsdledm cel |l s (ibers che
wi tg H . 2Br eeVgenerally muchapoweoumnthampamhmhtsr
sol ar devices(Ch,bgEd1 0B84 CaVnS(@6GHe;&Eu Ga BB e V)
absor bceursr eanrtel y | i mi t e%i n oe fafflb clnBelersipped tai nvde | 1y0

Advances in solar conv e rbsasoeedv ehtbakes dpeeamoa reis| y f
realt lkreaungphi raipaloaches i n t.hHowewEirdyedesi gpmr o
chal cdemyteidt @ sd1 A mr ecgeulilrseisnfggoac otumee ef fects of
mat et agler s wi t h di fferentpropemiicas taed eet
heteroipiter £ aaoé soarsotj utrbeatsield|m v @nt i onbaas elli swd fae
cel$tsr)esses raegdg wshdogntdi rmdetr eed oi nt erfaces can | ¢
presence edfefeaterftaat can act faog-gpheodobeda
carrseappears to -gaptbbakcaspyintawsdeeiscodaveF
reported t lodt dtohmd nlamdatriecro mbi nat-and -fagees i
chal cdamyyreidt esdlwait hc €ldISs H1B,14f. e rF ohgaaypeorwsh)al copyr
used t+tprertiiogmi ng devi ces, carrier neebembuhhkt |
oft he ab&prmercqgnttrlaest domi nant cfaonr i-gvap e eco
chal cémyreidtsetheavblcegur s at the buffel]/.abBlheder
findc aamlsbecor r el ah(@idr emetalsyueleedct r oni cs it Fact urt
heteroi.Anerdaalesconduct o obmestweenedn a lhieg nCdeSnh tb u f f
| ogqvap chal copyrite adbrseocrobnebrisn atwhoinc hl onsisneismiazte
[15] . I n contr asme astuhree do nellye cdtirroencigcl hyet ev ot ot e r
basedwobd@gap chalcopyrite akbsdcCrlliGesre] [ ia.na. ,CdGu (
CdS/ Cl GS hetreervoeianitegdn ifdaacvegr ab |l e o D h[dleet]jtwiho m hb a
reduces the recombination barrier at the het

sol ar <cell perfor mance.

A better understanding of the chemical and
(wi-gdeep hal c domyreidt s ol arnexcd d vaiewe cteisf y sper f orm
mechani $men, -kavevd eddgteer face tailoring targe
as opti mi z ateiitchhe rpooutteensta paol c hoa-b ensi pdger P V e
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1.2 Dissertation Organization

Thgoaltt hi s di sseadtvamnicen tihe tcarrent sthee of
chemical andcelbelesfrfogiri /ca bsstorr ber heltoevaodnt er f
wi @geap chad(xpepyirCit@sellgnes CechMo dellyy)f or- perfo
|l oss me lr eersiesnmsgiagpeh al c dmpysidtve c e s arm dlRei ve
charact Braiszat ioom t hese i rhedstiuebrtosima ceirffiaeceeei on

devel oped and tested
Thworlprieséntthis dissertation in the foll owi

Chaptoevrer2tiheewsphysi cal principles behim&d t he
conf i gutrhait ncolina lloohdomyerdi tseo | ar cel | detvh e ewsa rainau s

| ayerfesirt heaeidgneap wel | as the I imiting mechani

ChaptertBecwoeksng pgrhiencipelcd s olselipnd t echni c

di ssertation.

Chapdpersent schemi cal and eloefct@dop®dincd pZrnoSp eOrltd Se
heteroint ersfi afcl egafpo)irgraft ii aimean ccydomysreidt es ollhaer cel
findings in this chapter are meant to est al
el ectronic sdfrfuicciuenrec yb feshhailsgohb p yTh estéew id ¢ e so.f t h
chemical f et maotfit atmhee t wo di ff empentf ovhise dhiyoi nt e
pho

st

t oemi ssi oXP $aredataryo secnoipsysi (O XESgdel ecscompy c

-~

usotfurtehé nhetraéddeiorelsy eplr adbdymb i inlitnrgavi ol et phot
spectroscopy (UdtSQemainsdsiiomv esrpsdexilt plowicogp yt tfé PE

~—+

met hodohlaopgtye,r G5 presentshemecdlraaoadl ¢l meadason
the CdS/ CIlS aewgpdapi ohabdaggr buefer/ absAhor ber
compabnfsome r esuChtasptperress en vaendd it50 | delnassfy p
me c hanins mpage chabaspgresbeéear cell devices, t h

gui dewawymet he devel opmemer tof o mttiemif aatei on tr e.

Chapter 6 s hotwse ffhieéresrté a aabpt psraapafeohrei nnitgz @ it one n t
ofCI' S abperbedarosmeidhncorporate into the tgmsated
found -gap | otwa-baspygrihteet earodh el pr fiantpersov e t he
performance of resulting solar <cell devices
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surface and the bul k of the treayedd sa@aenpd e s
anal(yREheceltenic and ofptilal t peapedt samploes
UPS wintdr avviiso lbeMes J U¥pect.rophot ometry

Chapteamp7Z |l es the results of directly measu
for med by chal copwgr ictheemaloat ékde smatre it iea l al s
absorbers ofy( @#Y9Yrivaluesulomtbewhi depE&dBt &add F
Chap4emnnad 5 are inclAmdedtiem ptrheet aitnafaol aulepnécies .o f
el ectronic structure parameters on the perf

prov.i ded

Chapter 8 showssetchhamdreaenshlictesicnavtoiltovhien g nser t i o
di poth &rogregda niacs sseebf ed monol ayer (SAM) compou
heterointaermadelate the alignment of the het
Changes c¢che miuc érlcecreeg raurca llWR S deumagogi tude and

the deposited surface dipoles are determined

(F) of the treated sampl es, defrfi vemedtrroan UPS

Chaptsarmmar i zerdi hger évi ¢ lh® nc hahptserBsissleet modi .

it conkky ugewi ogrtelgoaorkdi ng future work related -
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2 Chal copgsiehlien Fil m Sol ar Cell s

I n t hi s ccohnacpitseer ,oofvaetr veé ewhysi cal principles

per f orina npcreeCsue Irteend-v odl etpadpicet ry¢ e c haracteri zatio
along with important sol ar ced bt apienrefdo r fmra o ro ¢
me t hebadcclo mponent | ay ebrasiemd cshod laco peygrilisesel mntdh e h
device ed. pBlsesliddec hani sms occurri ngr e halosug h
di sadussas péaci al ecnaprhrai seirs roent bmbiamatoir astrhieh ayer

buffer/ absorber i nterf ace.

2.1 PhysicalPrinciples of Solar Cell Device Performance

A sol ar cell devhoeons weshg@mefl @i evintetr epédr g
Pl anckods chrss ttamee n aypnaedp f the photon@&s eatect:
el echtoloen (i . e. ,padhar gen ctahrer iacbrs)or bgrenmateér oal

f rcghea siags rmetr t hef aocafoyre c &ell eega trtitehcenutt ipart s mu

0

be sepdateamtch t he cont aathd dfe ttheeans@loan edle v iha
cCi r.cCwirtri ers move fgemil o ntdhurcafog.heomgt eal ieaxlt r on
c

onduction band (CB) and hol es ,i nhotweda av alhen

absence of a n hceax trd remr a Imofveernceen,t i s random due

atticWwi tahoounmts .anref Eecseparati on mechani sm,
o f generated carriers wouldcreésommbintreacwist hd
sol ar cell s, the separ at ia nb-iwmnfl tchhdalodgrme ¢ abb y i @&

p-nj urat i

A -m junction can be ya sdsaepnifbfl gezde intbyr so pd o sai tsee mi
mat eri anll hbojmuaect i pn) etry pheynajingdipmi @ ma cpnduct or
(i .-e. heperojunction). I n the heype optnoggéai on
materi al together i nduces a transfer of ch
grad(enes, el eettyrpoerdss fi fidrecs re-ttyHpee m3i de and hol ec
typedsififlase-ttylpe)dit-hids f fusi on of charge carri e
field betmmedrm st hcdahvaeglgyed uncompens atteydp ed osniodre
of 't he j uncntmodone lgaantdihveenlgye d uncompensated acce

type I:i dtehe presence of an electric field,
19



oppotsheg eel ectric field (i.e., repell ed), whe
field (i .€©he movememntd)f carriers due to ¢t
referred to as drift tofanspairegyres daareosvsert he
continues until the force of the carrier c

pot emuii ladoiVu p

According t oaptphreo xd emalt @ toinonmodel 17]p,r opopedi biyv
charged retgypeaf@efn tthidcrkinme stshex handr @j wmiegtait o v
charged r etgy per( @ind & hhpécrkonne stshex hatrer 6 jou medi o )

are completely void of charge carriers. This
charge region (SCR) and the neutral remai nde
region (QNR) . From this model, it foll-ows th

type side andtepecsirda)ys ameCiRhwespta areg sowlstd tohfe
that current flows across the SCR (i.e., ca
minority carrier r ®duemhkion aatsiyommeitm i cha-o@QNR.g

based sol abecekbtha{(SBgdwihlelt BCR it iy pies alfeoded & Wi C ¢

a |l arge extent i.€e9ndequkaetbpPsothetrpphpargaitdal o
the junction is a gwmGddampes oxmmhocah ohat e
densi eyectric field and potaemptrioxl matiedn cmeca

depicted in Fig. 2.1.

Under i | Ittdhehaageare,asint gtithyep ep mian emr e ad e s, gen
| eadianghitgpher transfer of minority <carriers
circuit conditions (i .e., the front and bac
drift transport does not resul t e nt hae cehxatregrer
circuit supplies an exit flow for (tdleemisge h arge

referredisgt o as, |

| f pgheonteor at ed carriers are prevented from ex
an exdeumad or by applying an external bi as
to build up begitnypien stihdkce QNRi eod,u cdahckp aphiat ige @
ntype side (i.e.-i,ndacerdgathiaveg e ¢ | adndiovme nd et a
electric field mppBoescianygs etthcthaeskviast i igr VMt he co
gr adrieelnat ed di ffusi onn ojffurcatrirarer (si .ae.r,ostshe hfe

current), the formatebd dkecaraeppothrgeéfietd
20



p-side n-side
<€ >€ >
383
QNR olole QNR
©10]0,
1
SCR
b) P4
c) £ A
d) VA
Vbi
X Xy
FiguteS@hematic diagrams showing changes inr,(d)x)Il oca

el ectrexndi(ed),pot entni glunc\,i oanc rporsesdiac tped ali y otnhenodlep | €
(as adopi8ed. from |

junction, establishing a new equilibrium vo
The current (densi ty) produced by the sol ar
t he -deameirtat ed(yc,urarectt, hd forward bias diffus
the forward bias diffusion <curreng@enecrtautadd Yy
carriers (i.e., a state of no ned <current) i
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2.2 j-V Characterization of Solar Cell Devices

The cdenegiot yj&ygeclhar act enr ijsutnicctsi omf ass @ funct
voltage in dark conditions has been fer mul at
di ode ¢lguaas ool | ows:

o QQ p 1),

whejsies the saturagi ®ontbberekbamedieasyhgeghBohez o

constdns ahe temperature of the device.

Thegwal ue depends on the properties of the s

and can be described by the following equat.

Q —n —¢ 2.2

whempmanmgare the minority carrier concentratio
type materi al and t he-telpectmigaeniiarneenheathan

carrier diff udjaonhdaa ee ft fhieciceamtrd eandi ffusi on |

As mentioned in Sect. 2.1, il l umination of t

These-gehmetrat ed | d¢d areriitehres w aadbadi thlee oel, e d tfr isce

the SCR, wildl i ncroad patt heyjdu Sdiepreth | dnprossii tnyg
these current densities, one obtains:

w QT p O (23)
From e3djn. sé€2er al i mportant parameter$hef sol

jscan be reached by setting ¢8aeI3fyoiltt aigse a s0S Wwre

jui's constant and indepenmd,enttherf: vol tage acro

Q0 ( 2).
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dark |-V
0.005 T T . .J . 1 T 1
— illuminated j-V|
N/\
g 0.000 ¥
3 MPP Voc
" -0.005 3
P :
'7)
S i
L -0.010 - ?
5 | ?
£ -0.015- MPP = |
MPP
o 1 . 1\
-0.020 - Jsc i
SC oC
1 1 1 1 1 1 1 1 1 1

-0.2 -01 00 01 02 03 04 05 06 07 08 09 10

Voltage (V)
Figurjev Zz.hzZaracteristics of a solar cell . Thed dihfferen
the text. TPhrer eaateaan gytseh hidse dgrf or compari son purposes.

Li kewi soec,ant hbee Vc ad tctuil mg etdhdycwsrrent density c
j= 0, there Iis no net current flow through

getting:

W —a&e— p (2.5)

Fig. 2. 2j)-Vs lcdhvag atcter i sti cs under djggalkmdandeil

Vocare the | argest current density and volta
power of the solar cell I's zero at beetlth ,t hes
Pupp can be graphically expressed as jVhe | ar

curve of the solar sbédldedasechawgl| eoiyonn hEi ¢
bet wtehBmpp[ wWhi ch i s tihe puodeoat dfnsity and Vv
power pojivn tc umbieen diepV respectively)]jscamdbic¥ he p

of a solar cell I's denot eRlF bgr another par ame
00 (2.6)

I n this FrRaspessgsthbéae |- guaspepnress. of t he
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Because the purpose of sol ar cel l devices
i mportant solar <cell per f or mafniccei lgpnacdye, imieh e d &
the rati oPuvbrebhWwethet hecomi nRaFirroma cig@iricvaed . 59 we
bexpressed as the projdd oy e&Ankdt Wei ptrooldelad o

fol l owi ng equation

- = (2)

The efifesfci ®mlcar cel | d eivd acteisonfso ra rtea strypmit a ahlell
AM1.5 solar @ecstramdatd2®measurement conditi
repr etsheent ar radiation after trsavmuilsaignguhl b g
that strikes a surfiace detnced q 1100We W/ wni t h a 4

2.3 Device Structure

Chal colpgetdhtiensdlidmypelclad | y consi st of five st
gl sudbs,traast ei | | usdI r &t el@ sic n iopfi gtbhaegsed r edsamexih i n

this sercddmnmrsyiMmthkebsbos ber Jtyper siesnitclheadmct or ,
withdympe buffer and thentwongZnODohapér s$hefesesot

Soda | ime glass (SLG) is a common swadsstt.r ak e
Mo | ayer i s added fboy tshpeutttoepr iiaofg ,tohaen esvushesotivrads
back contact of the sol ar cel |l device. SLG

because aactth eeramhaldl yNa di ffusi on t hrough t h
chalcopyrite synthesis prhheetss, t whiabbBorchbawe
ulti mately device performance [20, 21]. Al t h
provide specific device properties (i.e., T
fl exible sol ac¢ortedplrnedrnegy soes) muNa then be ad

desirakllaeatdad effects and high efficiencies |
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_ Front contact

~400 nm n-doped ZnO
~100 nm -ZnO
10 — 50 nm Buffer
~2 pum _[ Absorber
Back contact
Substrate

FiguBd&he&ayer configurati-basettfi nasfoilhaan coplylr i {f @ot to
approxi mate thicknesnscloufdeedach | ayer is also

The cphyalicoe absorbetrhd-sMateds £ ubtGCRESEgp.

are tetrahedrally bonadeéedAB &Ms £ ondulent earc ccoor nupac
to theSdmmenmf 4] d e adlk adtacsmion 4dxaiwmenl eaqie. Asel ect 1
mentioned IEfAY'dfh.t hle abhseor ber | ayie2. £TaAneWbeby
changing the el emental X andnayttaocormhpdsidt i tom
mechamiedmds ing to the cRE| cDlpgriitestcrydasasodnl
repul sions forming between phanfpalSemd e sgt atna
Cu 3d ,orwh baEgTshesde rpepul si ons aRrplogigmoftEhe s
chal copyritececmpna rced dulwitricshrey ranlat eaggGd ([S, Se)
and ,Z&h ( 8o mp,ouwmhdisch exdi ot at & AB&Ephuelpssieocnosnd r e ¢
pertains to anion displacement in the chalco
as a result of wvariat'¢teanbaon.oo-mmomi chalizemyro
whiexhi bit-dsrepubhsi p@fsttaateegnatteme aE i s i nver
théldBtion.

I f an isovalent atom replaces one -elfecdcthreonch
peat o-mi t e rul e S consercveedti nulkees hew beo npa
chalcopyrite phase. However, a defect- compc
i soval ent at oms, I n which case, the formatio

One of the predominantitestaea ndefeess the ¢€ba
vacanaciheswhi¥h can(iafédecti ndhreeakse i t-)ypend d
conversion) [26)f] nt hfeacnat eanealof therrgpoated ¢©
di ffusion i s cisotecc amyd-i poesweat nanoms from

(i .e., anti28i@t e prevention)
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I n
re
So
ce
Ga
Ze
Cu

this dissertation, Cfegal mensd «Cfl S1.adbsandi
spectivel vy, ar e i nvestigated. ZEme f €h GSe

neengured Was-f§erstcouiNt Bamm&eSWNyi ¢h f i ci ency s
|| prladuwect iTohne Iswend -ham eissthiatgtew acpoor at i on of

and Seoadre dMOSL G29s.u bTshte aG@leS$ d anepdiHebdy mhheond & zpr
ntrum Berlin f¢gr GMatHeZrBcal i aebouateisoefbygioao
amdh WMoa®bke@ substrates, followed by sul fur

(RTP)[B3Ri PPgi or to the suiltfaud igraed wms criecgpar d h:

(i
Cu
be

et

A

| a
W 0
ju
ma
p o
al
Mo
fo
t h

ma
SO
n o
t h
c |
be

.e.,=1cCa8pPT7Hd nqJul furization process produce
produxi ngpairfpghas e . Before subsequent sol
conduc &Se dp hiassheis®e | €Eat i v el yKCrNe meotveehdi rfug at r e a

chiadfp -Luphas®s niessr gleDr t ha3nl t hat of CI S |
relatively ttadni oof |lramg pef( samecahductor, refe
yer, i's depadisvbetbebetaween hehevi ndow | ayer s
umelet the following typeemiaaeri plii-nsbodeEk:e
nction with the absorber g{lagkative )tottlsde
terimalx)i mi ae | i ght transmission into the
tentialt hsshoandngr p@ vsuriftacehaoulad esmpr ove
i gnment between the agbstr b éouébtdaxbied kmantioenrdic
reover, the buffer | ayer may protect t he
rmation of metallicepbagesi as sputtseditngfp
e deposition of the ZnO window | ayers.

til reeccoerndtclaylgldero hai snt eat e g g £25% VEH ) as the
ffer material, which in twet clssteepd&d|l f ypbct
sedmed r epl acmantge rtihails wo ufhf ea (mo.ree. ,-Egraa nvsipda
t eal such, ast&ZnfS,sZo®l d i mprove the effici
| ar devices. Moreover, the chemicsatlanbdat h o
t baeleadse it i ntbarsrewdp tssy ntthhe sugh steimal eenxxc@eo g a

e absorberEs surface to ammoni agednuerriantge st he
eani n[83. e fHloevetvdeirl, [r7dadritelry r e p | laaakommetdittroueef f o r
unable to produce sol ar cel |l devices th
cluding the standassdg@Gdébnl #fidthci Bwncly chtad @
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based sol ar ,c eolwle tdtes\hdeeng acsaiCtdiSoper e ppmsaah vi t al
the formation of an opti mal buffer/ absorber

Two | ayer g= ode.VHHhODepBsited on top -mahghbader duf
sputtering, act asht hedlwdmdoevl Il agevi od. t hlee
|l ayemiins-diopteddry@)i amd aseravea dwmantt hkea rsieic@mad hi
ZnOAlayer . dTohpei nhgi gchonc eZmtQAday en pif ot ihede-s an a
doped char-ajcurect iton, hwi tph tKKoe doeatl| goooewer
acceptor chNit e Nt Naitn otnhe. abbkios beetting ensur .
of tpylsgpaVis mostlyywetbBidetbé& phe junclt.i on,

Anot her feature of the window | ayer is its |

trajectory across the absorber | ayer and enh

The front cond$ aslvd atlelk @ bsb saa tigpertiyall Icioansi sti ng
N i l ayer (~ 10 nmjym)andla hloauyger Ao f i Al tthe Bct

device, the purpose of the Ni |l ayer is to pr

2.4 Band Offsets

The flux of charygpe “tashpmeinmrags er n alasn prj ausnwclt ti iomge
formation (i .e., joining together of these
changes I n el ectriohnhesebamdt earliiagilnsme notft ht hteh e
heteropurchbwndi scussed.

The energy band ygdieatpsnamsnseimi aompduct ors that
shown in Fig. 2.4 (a). Thegrr ewiathyivee tpmoésd B e 1
the doping tyades whfi cthhea smatsesroici ated with «ch
this figure, Fthefwar knaft em¢tailon,s shown to be
theamkd the vaguumolrewvebkyr, Et he elfecat rmant earfifail
enedgyference between i1its condu@ti dhaebs&nd m
defined as the energy of a stationary el ect
cryst al and electrosBBdti Bepauset iaal atl erfcitaalo m
must first reach its surface in order to es«

banad i gnnmeematt edrfd & kadEe peonnd ss hef ace el ectronic p
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EVaC """""""""""" .
(Dp Xp (I)n Xn (Dp Xp ‘\‘ ____________________ I E
loc
CBM
_________________ - _F__
E, CBM
---------------------- E;
VBM
p-type n-type
(absorber) (buffer) VBM
interface
(absorber) (buffer)

Fi gu4kEen&r.gy banda)ditaygweaanatngdp e semi conductor separated
b) joined togmetheneWYwbhondm Aop the maxi mum band bendi

material . (Imandoifs ar eagecatr,altalheed pubpacei es.
cocnept refered to as et he locaslsivaaddm lus\vedal i
t he effect of el ectrostatic potenti al on

(heteroj udkst ideefs)n.edE as the enetgysofraestnabd
i nfluence of a material 6s crystadl potaboveal:
CBM of a material [35].

Di f fer emecaensd oicBh e Eshown in Fig. 2 . vécf dra) bot(Ib)
materials i ne FIame.2 . Whegm)t wos maht eri al s wi th
(i Fanddorare joined, as s@emiiehdFig. f2g Mmedb}

to the same | evel across the whole junction.,
commoml el el C a Uodeos cthhaen g E al ong t he di ffere
heterojuncdliiogmn melmti salrseo i nduces a elaen dtihneg

interface of the formed hbdtastrediji naélt ammncewhs
more prominent at the absodbeped scldar ahutee rt oo
junction. The maxhbpnutmh dta naa rih etn abkbes gprl baedre liany etr
energetic diffeteneé bedwdedr talbbsoEber 6s VBM
sol arncpbuhcpi ohewed ahd Ehe VBM at the abso
Fig. 2.4 (b)] is renuor tpdhdbttowv oil hfalgbawméd at lad an
cel | devi ce. I n this particular il lustration
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a) spike b) cliff

CBM
E,,

E,,
___________________________________________________ S N S
Eg‘2 Eg bl
l VBM .
p-type n-type p-type n-type
(absorber) (buffer) (absorber) (buffer)

Fi gublRamd ali gnment of a hetlearkoel natnedi fibdd ® eaCRIOt ilf dan)f | @ U S [
Eg,andg, skt and f or t he -tbyapned -tagngope nonfa ttelrd agd s, respectivel y.

conduction (valence) band alignment [i.e., f
VBO) configurations]. However ,-n djiwnsctsoebt mat
produce discontinuities in tchaen d{IBE tawnede nVER he

component semi conductor s.

I n this dissertation, a positive buffer/ abs
alignment i n which thre ICBMene/Bdet iocfaltlhye hhb wi
(VBM) of the ablsiokdecorfiigur atai sm)i.keLi kewi se
heterointerface CBO (VBO) refers to a band
buffer I s ener getGBMal ( YBM)owefr tihan albihiee ber
configurat(ia)n,)(.b)Fisghow .tShe qualitative aligni

As mentioned in Sect. 2.1, drift current de|
carrier. El ectrons, which are transported i
absorber | ayer (i-gener atthheo ns iotfe cflhbae rgefhooatar, r
buffer/ absorber CBO configuration is consi de
chal cdmyteldit es dlidam cel | s. Based on device sim
iI's reporO.ed38\W3[beli hegn@&nims shl ock carrier t
absorber/ buffer heterointerface. Bv. eln eav) s mas|

predicted to signdcbfcarsiytdegreasarthel V d

i nterface carnr ibearr rrieedo nibmomreat idet ai | s36a]r3e7 pr e
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Thsee cases highlight the sifgantli @aangeameht aol

heteroi Ateommocesmet hod used to indirectly es
fitede VBO of the investigated heterointerf:
phot oemi ssion characterizatl) pnagochotbadedetcal lcs
CBO from the following equation:

CBO = vBgigpbEerber (2.8

wherde "dEf g2 EaY®e (twlmdé uEs of the buffer and abso
Refer @ghvael Ees are HY 490 PESBIhT oh &s)s Byaees t ha
the suUEY ace tthoe tshaamte sorfd tthhgatbh lhlek i nt er f ace i ¢

chemical I ntermi xing nor formation of new i
s hown i n t his wor k, t hese conditi basedr e
heterointerfaces, which | ead to inaccurate a

2.5 LossMechanisms

An overwhel ming fraction of hhhk&)bener gsyolaalrs oc

i ce is lost in the generation of tcheairrge ¢

—+
-

nsport to the contacts of the device and
rgetic | oss mechani sms acting upon each

version efficiencyn mauwxmnentuimonf o% 4 &l | soidhegrl &

tial geometr ygsoefmitcloen dduetioc e maiegbh faEtsh & co

O O O o o

(@]
> ® & - O O 9@ o T © - O ©oS

orber | ayer) are used to make the window

~—+

Y
a

e

n

al c dmyteldt asdohi &m cel |l s, energy | eak source
a

s

e pkokroation of charge <carriers into the
n

>

ot be entirely preventredcudttithlge iwi ndagvt

7]

o w

es. Of the amount of photons that reach
r highet theanabder lker materi al create ct
oton energy offi .ener gtyh ehifgrHaecrt htemaanb stolréb e E )
| axation mechani sms. Recombination | osses
aching the contacts of the solar device.
e Shtuancgg.esR st he soHalrexettHat(itreaverpsen t he

voiedbaatk tclont acin)y @anm hasdpdeint isohno rtito o the 1 nt
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Resistance losses

Light transmission loss

QNR, SCR and interfac
recombination loss

Relaxation losses,
shunting

Fi gue@ommon conversion | oss 4dmactelinnsmshmncelhlas cwiptyh it
spatial device geometry.
the different semi conductor | ayegs iisn ftolreme

bet ween the contacts of the device and the
el ectlroemsiecs . Fig. 2.6 depicts the region of
undergone bipashdl sopgritell s.

As mentionéedi nadliChm devi c eEgc baalsceadp yorni tleowa b s o
we l | on their wayertsi omeedf ftihceiierncfyulplotcecmnv al
scale devices hal Z&ddqd}y) , a ovhhieg wiarsg sol ar-Egdevi ce

chal copyrites significantly | ag behind. The

the device geometry has been identified as
mechani sms bet ween bloased ydBe®dhiSecoels cyhaarlicaotpi yorni t
correlated to the band alignment of the buff

Fi g7 (&).,h(dows st he gualitative carrier recomt
chal cdémyreidt ebuf fer/ absor ber - hmhetder-lkientf EBOac e
configurations, respectively. According to t

calme ef erred to asd)idnbelkacei jeSCRpbinati ons

Under tdhieo died enaold e | di scussed i n Beics .depllet e
charge carriers, to which it follows that ¢
These assumptions ar e acchegpsteadd | seo Ifaorr cceolnlv echea
the WCRt h is negligiblifftfompamneldeamtgtnsd @ddB] r
cell s, the widths of their SCR and QNR, and
order of magnitu®€R[aIT]e,eomdk inrag i tome ams umpt i ¢
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Figure 2.7 Recombibmudtfieod apabhbefohetti &ientamnfi kape sclwif
CBO configurations with respect to region of occurrer

thei € represented by horizont al dividers on the recom

Based on tReedHd®hlock R8EMD, mmdgl mim recombinati c
t hel iEes at theg[middbhéedf byhehE horizont al di
| ocati on at whi ch t he el ectronf40¢gddikty, an.
buffer/ absorber hetekei nrerf ddatwiCtBlIO a osipii lga

(i .e.., n = p) is satisfied within the SCR,
agreement wi t h- (rSe@rRo rdosmi cobmbtib & teico n lEp s s es
chal cémyreidt s ol ar devices, which have been f
[ 15] .

I f a buffer/ absorbeti ket EBOi coarfigoue ahasna
preventing elecéerbuouasfanr fthemCBe odmhihni ng wi t
absorber is reduced at the interface, as i1l
recombinatiion] [ mag. bepamle ¢(he domi nant recort
may r aqtcrreiawces pent ¥d of absordemasi nwi alhj evd tdie
di ssertation is to determine whetherk such

chal c@mtehdit s dlidm cel | devices.
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3 Experi ment al Met hods

I n t hi st hcehasppeat,r oscopied 1 edcihsnsiiegguteast i emp | aorye
Phot oemi ssi ois e ntcriqpsadopcyhar acterization te
the surface chemical and electronic structu
The chemical propertdbiué&k afegs pmp b¥rda w neamihses ince
spectrXsagpyf.l uorescence anal ytshisul iks ed a&amreind
compositions of ma/ti esri ibd les ,speicd ooviphobtemelt oty a
t he opti cgaolf (nbestlekr)ifadE perti nent data analys

technique, as well as various,aseampll sopmpepasra

3.1 Photoemision

Photoemi ssion spamtalgyscec@may ¢(RE®SNIi gue wused f
chemical and electronilte phbapiestofest acbrsopheat
i s etxhteepmoatloel ectric effect, whi ch Haeasnrfiicrhst
Her 8]z, [anex plaadieArleldE rbhys[t4d n di rect PES, an ex
irradiates a sampnloewnwietnhe r glye taenads r emxicse a frenk e rd

el ectr oambaev e ttalh e sv alcnufuomr nhaetvieoln r el ated t o t he
(DOS) can be deri ved from e hexckiitneedt i p h oetnoeer
Commpleat aril vy, i nverse photoemi ssion spectros
sammplye t ar gva tililtollge ietl e c twhoncsh r el ax i nto unocc
conduction band (CB) of the sample and emit

mo e specifically, ultrayiu®lSét) p@amhdt d PIESGt riadn

directly assess the surfag¥d’electronic struc

3.1.1 Direct Photoemission

I n the photoemi ssion evenhexaaint eeshextiedn plsi

from an iL‘ni;ttd ad fs’yr?%le thathbhi s process, one e

i'ts gtraotuemdt & a state abom@abhéiﬂacnﬁﬁi_mf,ltei/el.t

can be calculated by Fermi s Gol den Rul e:
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P .

o <yf ‘*ﬁyi>‘2daé£f - E - hnd, 31)

wh eddee sheer it he energy I-Eiosn stelr ev attpriea mash b fgg a Ee
the energi es naft itaHe sftiandls ,amdespectively [ 43

Under the Koo(pimaens, tthheeorfernoz e 39 ddi tiasl aaspspurno
t hat orbitals -eff edthreon ndydtad i dliamtdr, 6 MNnal st e
i denfFobc pthlbe oemi ssi on tphieonc ¢ 8] Bshawbhi ¢k an e
state with Dbindifnign aelen esrtggaya MBiEe e a@ldeyd, th ekoEn, wihte

df unction only allows transitions with the f
KE rm-BiEF ( 3)2,
wheFies the work function of the system (i.e.

staWsi)ng ansexciceat iPE® meastuted phetceluac¢t rod
t hkkkEof the phbdepehdtchgoons the exoi tafeonednte
Xx-ray phot oelreocstcrogpry s(pXdPeSg..1iol3l udP$ ates the ptb
process.

PES measurements @&rie hc ararciueudn “anbtad Vi) n pwlatdildd i o |
the following reasons: mposdhamges(ite.samulrd
adsorption of surface contaminants) need toO

conclusions; tihphoittoeilechneoassaerjycted from t
KE through coll esi otoosttehiet he | peacrttriocnl easnal yzer ;
the experimental apparatus requir er dydVs cwrnadea

and electron analyzer).

The nomenclature for PES | ines, ial guentt ruams
number , and the orbitmlnwmmmatrlean fronone n(tidne ag u
probed | ineoebhtbispsi atspogn the total angul
|l +s) is given asj)ra subscript (i.e., I n 3d
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(Kinetic) Energy

3p (Mz,s)
3s (Ml) oo —

Core
2p (L;3) cnge————@e—@un@u— Levels
25('—1) eassssssssssi i ———

-

Figur®ciBemat iphootfoetniess.i eXayproacelkVs photons excite el ec
el ectronic | eveaelbsoovef t hbhe vawmmphéé ekéInet iEc energy of
phot oel ectrons is measured byomns pedcetcrtasomo payn.al Tyhzee rnar
the most common =electronic (sub)shell s tiomv esatfixgat ed

not atii fomeri@n eenerdyed eiorebist splitting are not shown.

Because each el emeamtniltas ointfd gawmatelbae with u
each of its eliextaombtuableéeespe®PESoscopic t

identification of el ements and eval (Reasano
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under | ypirdliihMmgidt sPBES t he surface atidaeFdaep! kel
det eicntteednsi ty of a PES | inegan Ke nddghfhion ek | @ 1

| =ghAT ( 3)3,

whenies he atomic density of t hed pirobEheyex e me
excitation fluX%s)6isa phet oh®t peonicmaptrioobne dcr o
el ectroni c d)sqibssinedel r @maruttamlr ef f i ci & haenyglfeact o
bet ween the path of the incomjyng phet pmoame |
process ,lifd iitmheed msyt i ¢ mean free path (I MFP)

t he maAti esr itahle, pr obedTissa mpdress md rsesa,onarfdincti on

anal yzer.

n
The surofaacfetmmt#’relémer&:ta&marbpele)btaﬁ‘ﬂj:ﬁd as foll
2

n_oL/S
n, 1,/S

(34,

whenries St he atomic sensitivity factor

Li kewi slee mdrmteal fcoancpoesdint,a odampbe deter mi ned

[ 4:5

c = M _ 1. /S,

T an Aarn’s

( 3). 5

For measurements of t umdeame heamaime eaxmpreirea
S=Sul xTxi n se(Bnadh)d .Reéfe)ysesermdames for a given excit
to account for differences pirnobpehdo teodieocntirzoantiicc
[ 46],.47The tr a&rndmins vifort hfeuTlel estde®emhemamiahgd elbby (
measured survey scpleecanmmeudn Aogf faoi 4 p uttot emat ch t
absolute reference Ag [dpélot mampzase l@agnsgli a&i nnee

free petdetodcttehd) selreocw reoxnpsl ai ned.
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Figur®#ni3ver saff ¢heveée nel astic mean free path of electr
kineti caemteeady yf[r@.m r ef .

The intensity of a PES |Iine is related to th
cattered as they exit the sample. The fract
decay as a function laft pvadtnlwmbdemgetol. eT heec tdiosnts
to 1/ e of its original wvalwue is referited to
is dependent on t he |Imatde rtihael ,KEt hoef raenl aetlieocnt r

alitative tbendofnsalil ds geakhbemeéssadveysal

O

wn i n Fig. 3s@ndi4t9i]jve Trmeaet wrueg fafcePHS i s,

|l ues of the detected photoelectrons. By i

7]
o 9 =TS C
o

sstioblcechange the information depth (1 D) of

- 5 <
(7]

considdred tpatbhbel &ngt h at which approxi
scat.the® eempllvoayleude s wer e c al2c ufl aartreudl ab yu stihneg TtH

Tourgaard computer code [50,51].

Becaheechemical environment of a fsaanpPES maiyn
of a gi v(ein. e.l,ememdmi cal <e®lli to) asBES scoafinealc e
given ftobeamgnttheosuaf.g§ampgl @henomenon B9.lpredi

Ei s di fferent for various chemical states 0
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configuration (i . er.edodxueeftfha cltfosnel c eéfteot. miay i iomt ¢
bet weencore hol e ammdnt. hd ne hhehti tsé d& meslipeetmf me n t

an adtiong stf Il yitehrecds feti me of the core hole and
el ectrons in the samplMogs ewivlelr a¢ xdetneramurdh & ¢
core | evel lines is directly related to the

uncertainty principle.

3.1.2 X-ray Excited Auger Electron Spectroscopy

During PES measurement s, tdet tgyped ebhatsparcreso
di fferent emissiomayrexeidt)atspg daitioheersvisesg doxi 1 )
i nelAfter the absorption of a photonaresult
holse lieft b e hfiinldl, e dw hbl ye Madni. s0.u,t elr o weT h eB E€ n eerl geyc
di fference between the el ectsrtoenpi ci ss tcaohnesse rivne
emi sef orit he(ti .ae.p hoftlonor eed ceectacreo)n, orr edreatr ear |

el ecitm®endomi namtechainasxan for relatively shal]

process (i .eBecawsgert deechpwgadst oandihthiroBnE doef
i nvoéelveadt ronic states, the KE of Auger el ect
The cdeitoen of Auger el ectrons i nr &P Se xneiatsaud eAn
el ectron spectlTrhes cnoopnye nCXAESI)Y.e -mdy XA&tSa tliionne,
el ement, the three principal guantumsnuwamlder s

a sSsubscript representing the angul ar mo me n't
(i . esMaMGuUlr hle XAESf proc#MaQur alns st depi ct.8d i n

XAES |l ine shapes are veryesensomnmemrt tlbe cdhwuan
and/ or emitted Auger electrons ofts68dpr agin;

valence electrons]. Moreover, chemical shift

The modified AVigeraprarohmeted eas de@ot ai anmédet che
of a detect=Rll. elltemeoambi[Més t he chemical s hi

XAES Auger | i mendmdass wrad malnfaged as foll ows [ 4

a’= Bd& Ki&s (3.6)
Becaaiaee the sum of PES and XAESalviad aise s( iam el

not affecetedubyascampthaeamgd mige otrs .naRaf eesendeor
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di fferent compounds using thegimoen ehe¢emast

found i ndbBtBer ature |

80
o ®
c
Ll
= Auger
2 electron
S
EVac
Conduction
Band
Ee
Valence
Band
2p (Ly3) con@eeQun@en g m—
2 (L) e——— | O

1s{K) e———— s ee———

Fi gur®ctBematic of the threaeysteexps tidModtugeed s iilni arhef or

copper at om. i) n®hedt¢ oron sskG panu ashh &l pl creates a core
hol e ibsy ftiHd erdel axati on of s)ans ueblsehcetirlon( if.reo.m aa 3vda | (eM c
energy doff her ¢ woe electronic |levels is |ibersadbikghey t
electron (i.e., Auger electron).
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3.1.3 Instrumentation

For XPS measuaraennde n&(l$ ,Ke=Mgl 2563 . 6 and 1486. 6 e
excitations (i .-engr gyme tbhaotnebda r dima nh i apdie sMg a
respectivel y) are used fTohre sceh gxr gphtoe roinzs a tciamn
sever al hundred nm inside probed material s;
when considering thelnDthoifs XWdbr tkiget aitsdure £ameeanrt gsi .
generated with a XRbr0aySPsEHBaS atewien t &mo dbee axns
monochr oamadt iaz endi nut e fraction of the produce:
than the charactersgetbscoéxmma hfad u pde aktser gwer
to XPS core | evel | i nle4.5 (Tih.ee .i,n tseantseiltlyi taen de nl
l ines are related to the anode materi al
For the probing of valence band steadeby alga
di scharge | amp) are wused i nsatneda dh idguhee.rt ornehsiod |
this work, thke 2He 2 1 eVY) . exci thation 1is emplo
although photon -emCergV esamwdg/d B@me Thei tdaobblke f ur
F, of a sample can also be determined via UP
= nh( E Bk, )i n )7, F (3
whernenmi B the KE of the sl owest geimisttdhdede &KIEe off r
Fermi edge.
The oKpEhot oes] ewt tbnrespect HoishmeBeumedenmeng
hemi spheri cal [ 458RaTlhyez ege n(eGHA) confi gurati on ¢
analyzer is depicted in Fig. 3. 4.
The principafl ao@pbAnewmnhsi sts of t wo met al l
concave and the other convex) with coincide
bet ween the hbamseheraescé hsbug, the width of
spectaladt iroens and count rate (i1 .e., t he numbe
CHA) of the measurements. The inner and out e
negative bi,asa @ectrdipienapt yvel gctr onsemwgiynhdionow a n
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[ F YL

Figur&chBematic of the PES experimental setup.

(i .e., centergdssdm pxsdgs drher chyemisEpheres and
detector (MCD) . [1f el ectrons passing throug
KE), they collide with the outér. baemi bpweKE)
becme drawn into the inner hemi sppds8ra. yelLeka
parameter to control the resolution and coun

Thienstr ementgy!l rDEsEl of i anCHA can b&PRexpressed

DE s,
— = ( 3)8,
E, 2r
where s is the entrance slit width (in mm) a

The CHA usedayf onrte assaufrtement s i s a SPECS PHOI B
XPS, fboars eldabmeasur ement s;ndBE&tabnthe BABRBAI I
ALS) . ForayhakPBES x( HAXPES) measur ement s, a Vi
anal yzer is used in -Beiamloffyn & aPlan5 XU at SPrin

Thener gy scablaes eadf etlheectlraobn anal yzeri gicel i lbroa
by measuri pg Aide 48Amd:3@&ES2pi nes of spettcorre
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cl e ameetda l foils. The measured KE values are
these core | evel s, yi el ceixrpd aa m gepn)b.ng yeederad e
scabke PES (HAXPES) meas ur e meanrtesa | a t(rsaoty etadhharto t
vari atnoars ben &acbgumeadufony the Au 4f and t

reference sampl e.

3.1.4 Curve Fit Analysis

Curvet anal ysi s wash eusiedt etnicshied g waidnge encet r & |
contripiuteonsdefrifeedntoy c)hiemi cmalaPEPedi Blkei s

met hod involves fittingod medaedurtdecapbctumhem
acquired dat a swietcht raumc glicwel.at etdhe fit | ine).
fitsaareed out wusing Voigt profilesswiwthedyl
us e adn al | branchesecafusepadt aioscar@yor an & s L &r
functiioon the | inefh&@lpe Thé Ghessiuarvecomponend
broadening due to experimental origins (i.e
origins). Broadening arnigseisngi nfvrodmw edh a nt rtahnes
technique (i .e., the wuncertainty principle)
both of thesettygpesao&onswvmhatiion(iofebothhdéuy
funci sgmmet rtihcerrde,e maxi noum WYphoeght curve i s | oc
center -wiTdtehinh x| mum ( FWHM) of ther Ghussoani §L
t o i ndhiec aetxeper i mental resolution of the meas:

The curve fit analyei ditdi ogugduywe tbeehce Mk histle w
Fityk s56f.t waseeuahieal(ue, which qualifies the v
to the square of the fit residuum (i .e., t h
the fit).anCesr taarien wsoends ttro attai n a hmaaaviengf u
fiFer examsp-blei,tté&pli tting ratio i-egr mictcodou feld
peaks, @sh foll ows

|| | +s+=
= : ( 3)9,
nhe | +s- =
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whemies the princi pldldequamdguwlm rnumme mibsEms gquan
the spihisl,thend ntremsyieicypjepk whése the total é

moment um qua.ntum number

The -ephint sepairgasteadonasenaenmragtyher fitting const

given photoemission |ine in a sample series
anal yzer settings, spectra are sifmutl tppenaelku sd
couptleedds dame value. Finally, the number of 1
additional peaks are only wused i f a physical
presence of new chemical species).

3.1.5 Inverse Photoemission

As suggested bphdbteemamgronaspyseEirRE®) sias tof
t hREProcess. Probhad getbegl| ewst Ar el ectrons, w h
el ectronic states.The ther ¢BP diftbdeesaemplhet we
|l evel s sbhoveelt hefv t he sample dmdilne dteheel GR t I
emitted asTle plhPE®nprocess i s depicted in Fi

The cross sectiomepligeri st seevieRBRS ppradecess of ma
cross sectipamcéeegs t(hhee PrESt i o of these cross
the foll owHiAg for mul a

o 2
Sees —5ded (3.10),
SPES éapg

whelecganldbar e tBreogde e wavelengths oforbkd ehetdtth

| PES and PES processes, respectivel y. For |
Sipfsped at i o i s°[Hr.ouThdi s10l ess favorable par ame
di fficulty and | onger measumdmentc otmpme £ di rnwo
I n thilsPEWwornke,asur ements were carried out I n
Prof . Clemens Heske at the Heidetrsctiyomf ofN
photons is carried out oh it &eclkldematr omode na

photons of a specific energy are counted by

photon detector awtlsd exgi mioluanrk wir @ daasw Gagrig gear t S ramn
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ta tube conwvalbhdgenaolng®Wr ohmeanetnt rTahnec eSrwH n d
sets the upper energy detection | imit to 9..
hi gher tabegyeitrd@t.or ThabkoWyér energy | i mit

thresmoldcafar i o0odi9n)e, (as eshown 3i7Tn etvh¢ 5f ol | o

9_>'n ® (From electron gun)
2
Ll
©
@
o
~
EVac
Conduction
Band
. J E|:
Valence
Band
3p (M2'3)#
3s (Ml) o ———
Core
2p (Ly3) cnnge—@een e mm— Levels

2s (L;) co————t e e—
1s (K) co— e e——

Figur®cBematic of the ipmnoersAs spmptl e miss shioombawthedhwi t |

fall into unoccupied states in theatdommdposwuil ons bandh
emi ssfi oan poh dthcen energy of which is the differveemfce betw
the sample (i.e.,antdhea hki redteiciatenesgy)i ated in the ¢

Measurememnt $ ear eut aimo diesodMoomatdet atihes taexet .p)rovi ded i
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The kinetic energy of the 1 mpinging electr

emi ssi on-emietrlgya glummw ( STAIIB) ,eM.s varied from €

Enerc@ay i bration is m@arrhedFeumi byldasnacsiuonl sp
The energy scale of al | Ssubsequenltevseple.ctThe

experi menhabfrebel use@.e4AVPES setup i s -~

3.1.6 Combining UPS and IPES

A direct eval'dDatiaomadferibé Ean be perfor med
state probing capabilities of UPS (i.e., occ
profBaseeld on the wuninleMFsPalv sc uerlveec torfo ned Keechterhoo v
I D of both techanumnfuecse~i2Be ptam fen.fne d hteo el ect r o1
| PES measufdémewWt sthe BE of photoelect2Z®dns de
eV [using HelThle racirgtesn]off. the VBM and CBM
approximation of thendeda®ESgspeges aof rebeeUdF

l i near extrapol ati onlymejtunsotdi fhiaesd biend ns eevxeprearli m

Becauseenhal ecemposition of a sample may cha

(as addressed in Sect. 2. 3 ofnoarc halpeopyreist e
can al so exahii aMad roahas\pd rh, heterointemf @deyb anc
maj or rol e 1 n t htehicrasrdrlidem cterlaln sdpeowitc eof( aas e x
are influenced by the chemistry of the two

measurement of the surfacea sVBiM caersd aCBM nfott h

the electronic properties of the material s,

3.2 Synchrotron-based Spectroscopy

A significant portion of t he measur ements

synchtoghonsaewrpeesx.galeThemecnitliailt i es-t prheabyi-cha gene

brilliance photon beams that alhkhow hot cpodai

under standard | aboratory seftitnm@str vat ahe sf

i synchrotron | ight sourcesgemsermpalesleay®ut &AM
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beamlines used in this work is foll ehwesded The
X-ray spectroscopi c tretcihnme ngtu ee v aalluoantgi owi tnhe tthhoec
3.2.1 Synchrotron X-ray Sources
Synchrotron | ight sources consi st mai nly of
el ectrons in the case the | ight sources
wor k) are kept <circ[6Patlinngoradtern etaor plriogohetl stphe
such rel atiwi otairdad icpeedssam is first formed i
into particle bunches thptiaretaccesertated I
ring. The shaping and acceleration of the b
hi gh radio frequency poAxetrers oiunrsceerst iionn tihne tbho
path of the pparetvienltee db drrcohme sc oilsl i di ng wi th t
way of bending magnet s.
When a magnet forces the bunches to bend t
accel erated t owalraedn dtihneg lceurrtvees upedttii nedmis®n o n
Because the speed of the bunches igs kcd cosme st ©
hi ghly relevant to describe the shapgi sand di
defined [a6GO fol | ows

1

g* - (331

%

I
where v is the velocity of the particle and
A representation of the radiadttieacdt eaninclsamones
particl e traavceolnisntga ntth rnoauggehé it ¢ vi séli d andnoel
depicted®6ian, Fby., [Blespbectheel gl ati vistic even

1

as a tangenti al cone, relatia/(@z—gt[a)@].he path o
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Fi gur®e@B3r esentadtiicoonn oefmirssi ompatafirtiesrianfg afmrsodrr eaterd 0 m g
through a constant madgaet ve sti el danafad@pftreadnphgldavi sti c

Aci s theaatbat i s exerted on theiesl enmtdridn etdo waer d dt lpea
event
This radiation is directed through beamline

compensate f ogs cecnieatgeyd |wistshe st mese radi ati on
areemeer gi zed by klystrons in the sntbrageomi |
radiation is very broad, encompéafsheagctihtei avd

phot omgygneBefi ned as the photon energy that

emi ssi onpairnttso otfwoequal ly radiated poweos, i s
of the bendingl6fhagnet as foll ows
3By
E = 3
o (392

where e and m ar e t hiet tcihmag gpa ratnidc Imass,s rods g ehe

For synchrotron Il i ght sources u(sd3ddm2gc el eber
expressed as foll ows:
Ec[ ke V] -E?[®eV]BFP (3.13),
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Fi gurBclBemathciaber tcdoomsideviincge o f pairs of per manent
pol amdapt €d [6roTnh er ecfonf i guration of the al bEehblnaeck ng n
arrows) , the induced changes in path off thleeetestlbin

radiation emi sissihoorwn(.b |Pueleaokha@&s)sal so i ndicated.

wherrea sethe specific ring energy of the syn
g #mMd s used. From eqn. (3.Ay2) dsi ta cihs Tglhe e a It
Advanced Light Source (BALSHoHiynaBer sebeggandi
values of 1.9 GeV and 8 GeV, respectively.

In order to increase the brilliance of the
photons of a specific energy) reaching the
straight setbrage FogrndBesirateyg wphe nwobpkes
devi ces, consisting of stacks of pairs of o
di stance between magnets of the same pgbolkari

di stance between t wo tao raasy st hoef umadgunleatso ri sg arpe.

As the parti blee wbanch hpasmaganet arrays of t

becomes affected oy tthhee nfaigemleds ,paB r s, maki n
alternating maodMédthi easxcaolyfartgudinat i @m. i s emi tt e
may constnuedlieredyt he gap of the insertion ¢
the intensity of p[@ftons of a specific energ
Whet her an i nsertion deviceeisnicapfadid @n coef
synchrotron emriladibdEndticcoemressi drsa l magnetic str
[ §:0
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K1 %: = 0.9337(B[T] & [cm] (314

factol aKge>amplitheude of rtaldée ados oinl leaaieisen ®r

O spatiahltewidtels eaam¢ h ot her. I n this case,

a wiggl eremi Alst looupgrhotdiuiceeidt ilmeyseewil ggrgdr edresr s 0
gni tude higher than the emission intensitd.i
om both typ®ismiolfardieva c®mo atr e, continuous ¢
nge

factor K < 1, t he r addaand tornu cd mives i iomt ea (

ignifascseBel ynrensity of phhoadaodsi wsthi gulaeel b

pressed in thepfoll owing equation
/, a  K? o]
[, =—@+——+a’ 3
"= o ? > .cf@ (335
ere the B*)hti gthdrimh(tis. eea.n, angul ar deapemndenc
is case, the insertionEdaevi)ée& ains arl esfoe rbree de :
terms of photon energy, as foll ows:
.
E [keV] = 0.9496( CE[GeV] (396

o 2 ~
I Jomigg+ - +atgg
(; -

set an undwdmdgtorructtoi vper oidrnutceer f erence®fand,
specific energy, tohei snagaeted. bVleec tgamgpeansa

nchrotron r atdhiractuigohn at b egabneldiesdep er i ment al €
amline incorporates optical el ements to di
ergy, as wel |l as components to record the

tmei besa used forgrexpeern tmeinnian g ctagntelni s wo

aysembn spéeEXEBpdcRAfEPHsur evme et cxonducted on
0.1 at the ALS, Lawrenpe BeTtke |l mlyy Niadd lo n@t
are discussEllde i lnayyadetamd B nth@ s).BhAdwiJ5i © F

dul ator with 89 Imaffnbt ODcc @edi-reap ph eymmd ai
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SXF

e
/_#SALSA

=)
Translatable /@

exit slit =
_~ Movable
Nl horizontal
Vertical refocusing
condensing a mirrors

mirror

gulator | »// Interchangeable
un ﬁ | = Translatable ™ rotatable
@ﬁ N entrance spherical
: ~ slit gratings
ﬁﬁ El

ectrons

Fi gur®cBBennmaft i Beamllianyeo Bt. Oatlakbka AL®2n( r ef

en e rrgaynogfe-164509 eV can be produced by wusing thi
the undulator [62]. The beam | ight is focus:
monochromat or componenst foff melde blyeamltirmer,s | wh i
spherical grating monochr omator ( SGM) and a

arranged to form a Rowland circle geometry.

range is accroaplf fdshedi dry wi th one of t he t
gratings of the SGM (i .e., 150, 380 and 925
beam then i s focussed ont or aggn Fenudbgteastciemrt e

spectrometer Seonldisdt aatnidonLiogruitdheSpectroscopic

by using a horizont al refocussing mirror.

XES measurements were conducted using the SX
i n Fi9Q9.Th3® endstation consi stat toafc ha d lAyd @a1
spectrometer (also under UHV conditi-axis9 . T
mani pwlnatoorwhi ch t he,tdhamplfeaciid imauretsedosi ti o
with the Emeamspot phot onentprasmc et hgloiutghl amat e
anal ysi s chamlyers perddhnreiolmgt ®pectrometer consi s
4 interchangeable grati-hb@80 (é€9Y)y andeaer2dy ct
detector mount e {6 3&nT hae npoovsai btlieo ntsa bolfe i ) t he e
and iii) the 2D detector ar eMoareroawreged tthe fus
detector all ows-resoreedr d mayges gati isshleyn . By
channel waldatode ntetirligey wi ndow of t he Ame aeshuerregmye n

resolved spectrum i s attainedsby pnbee$acergs
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Detector Grating Sample Sample

chamber chamber transfer manipulator
PLAN \ | /
; Q
A-'.---“'_‘__-_.—u— ------------ :::'-‘.:.._‘_t: Lk
[ o LIH ] el Ay -
- o
Area detection Grating Synchrotron
on x-y-6 table (1 of 4) radiation
Figur®cBematic of the experi ment al setup of( ttalkkeenSXF
from[@ef..
(ALS sxedaqg [65]). More details on this proc
emi ssion spectra are discussed in Sect. 3. 2.

PEBeasurements were conducted at the SALSA e
equi pped wi t h a SPECS PHOI BOB®. 15Met MCD i ®n e
photoelectrons is carreedr guts aa lbeyoimeadtsallrin ki

tdh Au 4f and the Fermi edge of an Au referen

HAXPES measurements were perfomédhonl) 8Bpaml i
[ B&H.The | ayiosutbeamltihne i s[ BAowal ioalFi gnd@l dt00
magnetic dipolLef pdids cmndsausd@dd donbltédi sr g
monochromabased D&€M) Bragg reflections on a pa
usedotmhochr bmami ereRiglddesy ord@hage beam t hen pass
a chansgserhoncoucthr omat or [T .e., Si(1lih) orB8e¢2ac-
obtain highly mowbcbhomatitdehi gbcussed onto
reflection mirrefregcusnsdi nag tnoirroaiodal The endst
R4000 el ectron analyzer. Detection of phot oe
energy ascal € brnaetaesdu rbiyng t he Au 4f and the Fe

sampl e.
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Layout of BL15XU

S higher harmonic
i B double crystal reduction mirror

Caa

out vacuu S ————
revolver type front end
undulator 2-axie diffractometer

_ _ HXPES
monochromator XRD focusing mirror /

beam transport atmosphere UHV experimental area
optics experimental (2nd experimental hutch)

area
(1st experimental hutch)

FigBrdSc hematic of the exPBeamlBiemdXIU raied g0t aokkent hferom r
[8) .

3.2.2 X-ray Emission Spectroscopy

Asnent iionn eSdé ctRhtewd. compet ifrog pEroog ee hod kel ax at
radi ant Aug(eiri )dercaadye maed (il uer epphe®t Angemi dsc
pr oscals albreeeaxdpyl ai hedt he fl uorescence process,
an electron from amoweueerr, oetnoer sgeyr @ setivieckrf i e d

emi ssinxsm apph otaon avridrhgy hdbieft fweereeonicheh el viredi el ect
st altieese. , ot Beaaoadr ¢ hke oThteert eemseirtgyy,a yle,@ mal f3 sti loen
enermyi, s hgeod ebhye f ol | owi ng foolrdme np 6riurlihdea Fetr mi

(3.69]) ][

- 2 5
| (hr,,.) <y|‘|-'i_:’yf>‘ daggf - E; - hn8 (337
I n eqn. (3.17), it is assumed that the phot
i ndependent, ods etaltdh phbemebeat fare selexcti it @en
abovevalleewy eE of the sample) and the fluoresc

excited c oMoerwlpo loenl|syt aotuee er energy | evels that
Di=tlparte ctihpeatr etl mxmag iidoinomhematic diagram of
i n FEild. 3
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hVEXC hvem
2p (L, 3) *—eo—oO A
25 (L) > o Core
evels
1s (K) *—o

FigurkSlcBematic of the twoxsagpemi agbbmegdrooesse L) P

electron fsymsalms Rl I(Lcreates a core hol e. ii) The ¢
outer | evel elecharomal ehce. eleottbny, cwbeh the energy
|l evel s emitted as a photonbhi oB8teplei) follows the dipo

By using an appropiriagtemesci bat i sprceémnesgypy.,pyX
can be designed to probe a specidtay ememenbp
due to energy matching wilkacttrhenAex dildeaddindg.n
specific (partial) picture of the occupied
restricts the electronic states all owed in t

states) .
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K-shell\ fluorescence

[ Auger Ls-subshell

La-subshell
fluorescence

Fluorescence and Auger yields
o
a
T

I | I | 1 I
0 20 40 60 80 100

Atomic number

Figure2i 2bfistlheorescence and Augdgfear-sikell d x-satnbds e lelr oc e s s
holes (as t[aRegn from ref.

The nomencd atyureemi seti omagpeotaaj onn Ks: el en
guantum number of t he seaubcsictradt careepr esent i

momentum, spin quantum numper, and their cou

Li ke the electrons imhophoontso ebm saemed ne epgr cersts
while traver XESgiat matset yalnsusaa fi foenc toefd thbhye ti e
out going mhdteoresxc(iit.ag.i,on and emi ssion energi
attenuati omayengtfhsaof oxs energies through

calcul ate the enfgftehc tofv eX Eaf a tethivealClodapad €ed t o P
hi gher effective attenuation | engt-fien 2ift iXvES

sampl e characterization.

For d.,chaed esscXdEpggex poefr iwmadsmtms t ed by the Jlioovn fl uo

yields of |light elements. The probability or
decay, ahso-ttehlea xcaotrieon mechanissmbisbdrel it he sKkséioe
312 as takep§0hrememeht © mmiautnb ear ,|1 aw (at. e. , z
K shell; fzor<gishuwehslho%eO | ) , A bdgemi ndaemctrasRe 0 ieso n .
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devel opmeditrs | 6m amicgh | i ght -sseonusrictei vfiatcy d i@ eicetsr
al | otwki@mp | e me o tXeEtSixgee r i ment s to a timescale

| aboratalya yedk spectroscopic techniques (i .e.,

3.2.3 XES Energy Calibration

As mentiondlian cSesdtom 3o0ftwaSXBpatuasdlyt®d c
detectsori nmeeaegees olrvaeyd exmi s sfifJon Topeptrogram all o
the effects of changing the parameters of t
energy, detector tilt angl e, and the laegl e «L
radi us) on t he shape of t he converted spe
measur ementeference sampuen ({hae. exai Bipts di s
established emission energies thr ouogphtoiuctalt h
parameters can be obtained to correctanfdor t}
cali brate the emission energy scale. The o
subsequent measurement so wpt bdutcheea lhdi agnimelapeert et

conversions and calibrations.

3.2.4 Principal Component Analysis

Princiopal component anal ysi s (PCA) i s a n t
decomposition to determine the numpeldB of i n
Whenraeseof spectra taken at a particular ed
set of eigenvectors equal to the numbrmer of i
spectra, ndacla pavinhg. The nxpmmade¢txt ahare pdkacegd
AThis matrix is then decomposed as foll ows:

A=U & GV (3.18),

wheUWies namatri x of Wiisgediveegmaotrisi, x of eWgenval

i s mxmmatrix of scaling coefficients. Al of
expressed as a superposition of the i ndivid
from the fact that not all/l of thef eilgenpnvbeatve
any similarities I n their compositions. T

eigenvector from the equation and attemptincg

mi ni mum number of necessary eifbenvestemguatar
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mi ni mum number of i ndi vidual spectr al signa
measured mixtures, and therefore is equal t

mi X tMeraessur ed spectraaoné tefttedpaet tsraanpd fedr mat

whet her they are componAknbBstofl| itrhee (ain.ad.y,z etd
from a | inear eiogmnwedti oorns ode ttenremi nedi $rom t
carried out. A heiegnh tghuea | metays unraetdc hc abredipwt &z tt ¢ v € |

transformati om damfdiarmmstiatl tco mip @dneesnaAf . oér t he
identifying al/l spectr al component s, a quan
mi x tiusr epolsysi dllemi tti ngal eBgudatetas setddiimg tameal
reference spectra

3.3 X-ray Fluorescence Analysis

Hi ghresolIXEtSiosnt ®edbtain a partial DOS picture
el ement i nbuanctaopel ef, requent | yt ecshend ga e albytsiet
fluoresegarwycd lusrescence analysis (XRF), by
of matenddédter mi ned based on FelLeéewmespwakhih
i nt ensiitvieest o( rtehleati nt ensities of principal e
mi ssion energies dthmdr dddi emasstn tosfv g@rolt amt wiatl h y
ampl gpiaca&l ty usedl hogehXe&Fhack & layt Shosgh. emids Pir @n
ner gi es aroer exXnpF otyheadna rftidmaghhiEcSher ef fecti ve
engths for XyRiFelme alsiugteenre Mo ;e e v & € | getnb esdsn aolns .

- - o u o

i nes often whiadvteh sn actfursadv elrianle eV (ia, ewhi the
i's used for el ement al bul k ahlal %, i nodfi cQltS r
| ower detector energy rEeonl utbheespr exeasidDmeme m i
saetmeeded rXtRiFmmuch si mpl eraltlhe@RF oro XES-a | abo

basegdectroscopic technique.

XRF measurements presented wanwetlddingpwoskvee iXd
spectromet e-XREFEREZ&SXk ®PT75WVPhu eni telini dh dtoywp et aRhget X
ray source. A LiF(200) crystal setup was U

fl uor ersacyenlti xes, @laendg |l wiwt iprapBi®i onal count
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Ultraviolet -visible Spectrophotometry

trawiiodeet rophoVompnhr e used to deter mi ne

nd gap of a semiconductor manmneoimahgbyi gmbn
nction of 7pBhotAonr aepniedr gryi sfe i n | i ght absor
ectrons from the valence bandn tWM ¢$ heurg®nc

S oripstyipoinc eeldl tyhldi igmkeanin & & a,ifT¢c . e . , the fraction

a given wavel enogft ht hter anveearssuirife@nean ts,a napsl ef)o | |
T =a% (3.19),

eaies the absenptobntlceesdmplite,i ckmesxs .i s t he

eg0E the materialathsoufgénthel abEdotwonigt equa
ahn=(C nHEgy)" (3.20),

emne s the photon energy, C is a proportior

pends on the absorption transition amwpe (I

direct allowed transition).

cause of ( mulet ideayiagtrs noafteaerdd al Bl eksessi od t

sorber s-WMbstaaakgsi §Vbased on transmittanc
proaghlev alruldatd oW s measurements of sampl e
flection mo dlén diem t hieMdu Kkare kni@pd,e | a [ ref |l ect
ansforpsatcan, beE( Romput edahhihat ai samplo@os tuff

iscok t hat neither the sample thickness nor
asur enmeinit ni(t kileyl sample), as foll ows:
1-R)’
F(Ru)lT (331
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wherpé sRt he r efiiencftiamiciee koyfind theer i al

By subshnithuteighgi §BR of .ejdglnf.dir(r3act al |l owed tr e

foll owing equation is reached:

[F(R)Dn]* =C,(hn- Ey) (332
wherresCal so a proportionality constant.
Assessment g@gWwadg hearmpitedcadutE by | inear extrap

transf[ERe)ymlvs phot ompéwmitsgy,nat hep hfRn)?

becomes zero

Refl ectance spectra PevreEleme me alsamtedla oh50a UV
spectrop gt onlewhegrs b[g@en and deuterium | amps
sourTchees :MUVs portions of the spectra were det
infrared (NI R) portcondedft hhewgleat PalStwidere

setup.

3.5 Sample Treatment

I n t his section, an overview of t he di ffer

performed in this dissertation i s presented.

3.5.1 Wet Chemical Treatments

As mentioned cCcouBdett olité&nmedgtachent s are empl oye
form the investigated buffer/ absorber hetero
chemical bath deposition (CBD) of the buffer

For remoxakappi €y s uCIfé&bcseo rpbhearsse,s soufbstr at es
mi n i n a 1.5 M aqueous KCN solution, foll c

substrates with deionized water to remove KC

For deposition of CdS | aty@r shemiamal ebatwker eo

standard salcetiaces [ ®f 00d3 M] , ammonia [ 1 M]
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[33] . To vary the thickness of the deipfosOi ted

mi n .

Sampl es descarrieb etdrtehant re@h Iwiol ar concentratior
and 20 mM) of selected benzobassambdedemormwat
(SAM) wusing acetonitrile and ethanol as sol v
solutionoulaadt ever 2 ctar rafed | euwdt gil oviedbeo xa dN r e

the surface. analysis system

3.5.2 lon Treatment

As a final preparation step for the measuren
were conductedcobotaemoa-pttsiur Pabepght gas (i . e
was used to produce an ion beam targeting t
bet ween the impinging ions and the sampl e.

energy andbanowseet utmhe <col |l i ding ions and th
i nducing col Itihse oma nepalsec.odWhstemenr ealoli il si on cas

surface of the sample with energies greate

(adatomshe tmateri al , atoms (adatoms) 79%r.e ej e
The kinetic energy of i1on treatments eonduct
250V range in order to maintain theeneangybea

t hresdhPpolgdrdg vent damaglHkd gohfeokhihneetds aampelneer gi es w
for the cl eaniomg tafe amereanlt sf ovMelrse.ucmn@Gec ¢ rat ovi
ExO05 or Nonsequitur Te&dhlnhol ogies 1402 ion so

3.5.3 Rapid Thermal Processing

The -&h&mber setup for the sulfurization ste
selenization of Cl'S substraGhes 6f)ori ss aimpll ues ttr
33.13 These reactions iame@dercacomneidstoiung i mfsi @egm
two quartz membranes. (This assembly is ref.@e
supported by a quartz tables(fastsehedntbnt h
wal | s. A poret biox tilse ogreaapehi/tcl osed by a mot
purposes. Two sets of | amps are positioned ¢
act as heating s o8up,cetshe Arceatridn gn gr atoe reeff .t He
K/ as measured by thermocouples placed 1 mm

59



the treated samples can be monitored by ano

baseline preshambeof (ghapRTPe box wi 6°h

an o
mb alrhe pressure inside the

graphite box duri

13-~ 10 mbar. An exact pressure quantificatic

not perfectly hermetic.

Temperature NMAMANAAAANAANANAANANA|
(Lamp) o
Vacuum
Graphite Valve
box ——
Temperature
(Sample)
CIS sample
Temperature
(Lamp)

Figurl&cB®Bematic -ofamhhaas®@Pf or the

selenization experi:
6, addptoép |
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4 CharacterGzR/tGw(nlayi@a) Se
ZnS/ Cu( I2He tGan ©ient er f aces

4.1 Introduction

Sol ar cel Cw( IbnapsGad) Scerh IS e hlaeres aslurrepadddysee-d2 0 %

ef einciy miolne dtadome 7 pdmMd sicta.l7e % f or [ BAswgs ar ea
expl aiChme,d Ri s t lyipes dlfdms cmhhboyn st acked i-n the |
junction device configuypéi danO(Wrondowopayerk
type chalcopycov er e snoen dhgel ra/ sMso (S I[2Q0) ,]. 2bkatcikl c o r
recehtel i gthersnGIn®Sre Icerlalr € g eantetraalinkepdCd S buf f e
| ayetsimag eai al motlearn an@d Sipbbaugdeuch saoukdsS,
i ncrease the eff-basedclye wif o echdad Gilpggaohh e t he
absor bHdowke veEm,bot 3 mpewivee ef h 1 o u gahpopitréhsds h
prowuesuccesishdicailTdng shbatalbas ed L£dIGhHre dCedvSi c €
buffeantiarsyerbuffer depasi itmporpaotemslodgl aap t
suaibtl e buf fheert/ealms ortleerf ace.

In ordecCl GSelwaes h e ftf o watrddesi ire st he or eat ibceatlt ema)
nder st aacdhienngi coafl tahnd esbkonrso ifiod etetdeeat di ¢ f e
uffayana@bsombeer i,slubsandeat cprrelraes pacttiov et

o T C

evice properKncwl e dsgen egcaeisnseadv gtsh riaaguag B nonmse e

-

oufters optofmi elaa libawmpylr istod aFoc et hitdheer ecahsesmmi, c a
andeetroni c hprmdepdrotidesscned fZnS/ Cl GSesalrlee¢ ee oi nt
presented

4.2 Experimental Details

Thsmpl|l e weapgesacaldl aiZiS8 W hkeifgrthi ¢d eaalclga sol ar cel |
l in29he CIbGDe baesygnivlkeeei-evealp obryatcioon oforCu, I n
Mocover ed SLG.Dbeapcoks ictoinotna cotfsb &t hleeeyledr§saand e dn 8 ut
by CBD, 23 men3tdiddite. sdpeeaciil fstc hoefmitchaa o tuastebd i n
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t hZeSW production | i h2ep By nv dbreyditimg ntdhoeghreonti € fa |
batslmmpleei es of ClI GSe absorbers with Fwarying
the CdS/ Cl GSe heangBiDe atsremanete s web et weaenledd and
mi nuEers .t he ZnS/ Cl GYwwesampléet wedrni50 sna miadid e s .
sampleshwepped to thesekdRdafitneranbeinmegtriod eat mo
mini mxpesareUponathei,MaBreyt ovrewnkel hm@h vacuum
(UHV) C uamtbheai r chavamher ismatimectkei nd XRES a

t emghu eSsi.mi | ar sampl e packing precautions wer €
outside(the. HZBor | PES meascuirleinteinetss oifn tthhee dl
Cl emens Heske at t he Uni .vRerrisoibtuyd konfs X88vada,
characteatr iAdlisd, | crwmempé ebri ef Aiywheé x go ved nigmtiont r o
t hleHWbeamline

Theurfseasiti VEAKPSchadasof et ihzatCadsd CZ16SeCIl GS ¢
samplese ieeneosthyriatd tohuveamMHIZdy i IRECS PHOI BOS 15
el ectromusamagl yMgeseaxncdi tAalt iKFur ¢ hmer g iPES waea&s ur e
conducted BaetamlheeAIBS 0. 1 wusi n[gf anmicch®BA-BS4 e n
BL15XU bEBBITihnes i m@amb on of ex pseralmeonwead ftoerc ht
of 1805950 eV excitation enerklggoXEr8amagrea citne rBEzSat
experiemeatpedwhhldd mBeamlusnien §o.tehalK ubr escence (S
endst[@ad6ifod sMand ki XEEM measur ement s wer e pe
CdS/ Cl GSe sampl e -evVereixecsi tagii pgiddamb OIOWEB Zn L
measurements were carried ousiong-e¥ hBs@iNtSA Cil ¢
enearThye SEBS:MEESpect rmee avweaurree @ O-@&Vetxhc | daeanteirAdry .

excitation energies were chosen to avoid res

UPSheasurements weth aomMmeéucdtiesdc har gexcliatmapt i wan
sourlte.i Aver se sppheocttoreonsicsospiyon( | PES) experi men:
|l ow energy STAI Ba eGeMdgleloenk eg upnh oa mch ndetFect or
wi ndowanAmgdgafB58 To remove adsorbates from

investigated sampleisei drsdatwmert sOChipk®dt ied ¢
eV) for sho(rd3fot mme). pgci eds

62



4.3 Cu(In,Ga)Sex Absorber

I n the following section, the characteri zat.i
ClG&8bsorbepr evsémTlbies starting point wildl ser
fosubsehaeatointerfacenclveda dueasb.am,edoman, t hi
absor bFeirr st attentsemsiitsi voei VREENS tedxhpeer d fneeene ta |
me as ur e mesnutrsf aocfe tbhaen dc Sghbaspoaablfe riph e s@nt ed and d

4.3.1 Surface Chemical Structure

Fig. 4.1 sBbBoawveyhespdPGrampdfe£dBernit ead o@D wi t
respecti ve pedldl ti diccang h & o lvyhtei o@I. GSe absorber
considdehe XPS survey spectrum of t he bar e
photoemi ssiemghabhaseobbsbeber el ememée¢lsat(ed e.
l ines can also be obsedivefdysiwhmchr amet e t 8L 6
the front surface ofretploed BdAdBRHED jabfeor dleeg me rat a
suacfe compfost heé walss qrumaenrt i f i ed nhky nswGWp/@dtfi ng
| B/t hes/peaBdwas pr ef erpreecadk oivne rortdheer Itno 3adv o1 «
of MgeXcitation satsepdaGgep, wbrededh e ple k2 d

as determined by the cu(rTvhee sfei ts peercani yashiast éoefs |
curve fi®Bal ong Wiagfh riddpsetc soafmptl leeCBiBhd Stehrei es . )
The peak i ntencsoirtei elsevoefl st hweerXPShor mal i zed t
i nel astic me)§5n0 ,],Balhecet op aotnh z &t i @)n[4 &,},b&asn ds etcht d

transmission functi(®MBof the electron analyz

The detected surface €CompoasrGadnSef =t Dela@bdoc
the 1:3:5 stoichiometfiycrepoyt€HdGESerabsbebenh
Mor eover, including the surface Na content i
0.18:0.27:0.852 cscltoseht omat rly:. These findin
surfacgoaors &mud suggest t hat theadantiuseed|[ Na,
Because the Cu and Na surface contents are ¢
f or maafi osur alct®aS&dla phases, .Cgumhtsa $ cManot b e
excluded [ 28,84, 85] . -dlehpel eetfifoenc to no ft htgh esousr uf rafc:

the ClI GSe absorber wild| be discussed in Sect
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Figur&XP8. $8urvey spectra of the CdS/ Cl GSe sample ser

Vertical of fsets are added for clarity.

o

Anbemnt prstuirafleecad sr en atf it e d c @ hle@a Ja/t[ilnnge Gajt heat i
abbmer pad n@Ga and llenvedorpedak $iemeamhmat.ifdsn dept
explained .lnw&Sedefi Belthe information depth
virtuabb®) abf (etected photoellefchea o[nGa]o/r[ilgn N
rati o cal c Glhasegndd Wit ihBd hmebPafs t(he,aGal 2m 3d

| isne@r &0 1Nanhnd) Aand hGa tsBadnd d4/hi Ad thePoafs t(he Ga
3d/and 4d/hi dAds ar ennmo@h&F0dN0O&@ 0. @20r3espEle i vel
| ower [ Ga] /fldwniradxa ]t reatliione paisugwiatshidetphteh s
dependent e&ar gtrlaai ssgr fnawreb. &M i ¢ hteo Cil GSies adddr

following subsection.

4.3.2 In and Ga DepthProfile Analysis

Phot oel ectron spectroscopy (PES) measur ement
di fferent excitagtioonc cemterrogli etsheasl a, mehainc h i s
energy of t hTehepxhca tteoaetd iregent @ o0 nr. ain5g9e5d0 ferva m Cla3 @ u |
t hleo f Cl GSe for the selected excitation ener
betweéB4147nm for teée expbOifl idenhdolcdd/ Ga 3d
was measuredtwdtbxtheBeebwesenefgibke. energet.
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3238 eV

1486.6 eV

Normalized intensity (a.u.)

R L >
1253.6 eV

22 21 20 19 18 17 16 22 21 20 19 18 17 16
Binding Energy (eV)

Figu2(ea)d.and (b) PES det ail spectra of the I n 4d/ Ga 3
measured with various excitation energies. Vertical o]
I n 4d/ Ga 3d peaks, signal c Haamgle Beefastsecti a o«

anal yzer 6s transmission function for a gi
arrangement considerably simplifies the anal

to be only normalized by thtiionredpes&dTlive ph

Fi.g24a) asnldow bt)yhe results of this curve fit
and 1486. 6 eV excitation energjeasariebedgmail
| ar ggeary xl iste swil dti mg-momc mr oD meadbmsexci t ati on so
As explainedachm &ecthe3méadured I n 4d/ Ga 3d
profile functions alondewiptelaklsiomédarm Ildaaokdrd
constrainedme oFWHMYr eandhetlsa i ntensity ratio
set to jelheynut he gBi.cei.t,3. &@upl.er el ati ve increas:
signal with | ower excitationeenechgment dbesth
neast the absorber surface: the relatawve int
greatly aff ecstaesd ab yf ucnhcatnigoens ooff exci tati on en

el ectronxviegd dlaevloegetdr ons witthkeel eweedepr&cgt as
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2 025 1 9 .
£ 0.20] 1 < 3 1
S 0.15] 1 & 21 .
g 0.10—_ " ] g 14 i
» 0.05] \_\' 1 2 ]
0004 it R e
o ] 1 €08
5 2.5—. Ga3d,, ] o ] \ Ga3d,,
. . c 4 .
S 9 ] 8%
T 15 1 ®oa- i
S ] 1 & o2 -
‘S 0.5 1 5 ]
£ - I € oo. -
c 00_ T T T T T T T T T T T .I_ c T T T T T T T T T T T T T
2 0 250 500 750 1000 1250 1500 Q- 30 35 40 45 50 55 6.0
Photoelectron KE (eV) Photoelectron KE (keV)

Fi gu3Tehedor eti cal photoioni zat/aond GamddBrde sleecv a-los§GAa to f( & )h
eV and6 (kheV 3photoel ectngeski nesipeceneredy.ra

[ 47,86, 8MMe.as{uTleal 43 . e. , unnor mal i zed) [ Ga] /
This effect wi || be di scussed in more detail

I n order to eaelsolddadtdel mteh@a jod,e pttthe phot bbonsi za
of the@lnidhadhds Ba )Bs¢dcore | evels were obtaine:
energies (e.g., as a functioeaerg@y) thasressdtti
[AY]1 ncluded in the nescveaslsuaersy ipshod oconrireati ol
di stribution of the emitted photoelectrons,
due to the potayi {fentoaehsdobhr ¢ hplrfads entheed fionl | rc
angul ar parameédr s nwengetyiag®y 9,0:f1Gfte the AL$

based measurements (i.e., 8D eV excitation energy rangeg; 0V q:. 9f: &,0for the
SPring8-based measurements (i.e., 3238 and 5950 eV excitation endrgieg)34 a ) and

( bs)howe rreenfcie. e s,bl Rek. fil |l edz/2aqua reeass)3 &f ofrunlcnt i4
of photoelectromvikil metsi cs hemwe ragnwy .e xTphoenent i al
photoionization enes @ysn WihitehS DtOlkeV erxacnegpet.i oThh ic
strend is ascribed tomanCmomerf omi p@Bnpumcdli ae

guantum eff®ectagcwhischariqufjnd TR 80GaVvV3d to In 4
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has been repmaxiemdumBeo(/gneeaald)j tsn free el ement
approxi mat eBY, thhoiwse veerer gynsisall ua sduer et alr ©@o p ¢

are i n pgoernteerdalt or ebe 8lpes sTher svwedlewmeesnaselh | ack Re
filled squares) were fitted as an exponenti e
for the interpolation (extrapolation for the

t seeal ues at the excitatisgmeacdnkolgli eweadfcii mdlee

Fi g4d( a)howdGd hi&stajati o profiling analysis as a
respescvtailvuees (bl ack-msegqueared) (i [ €6Gg/ pbmor mdalai
intensity ratio is also shown (repdobedtl!| bwl k

[Ga/ [l coe@®ppsition of absorbers produced by t
i0.35) is also -shagdeé@pPaedpbaes/ [tiIwatlGrgagscert ain

the deepest profiling ID is slightly above
decreases. This fluctuation is consistent wi
absorber, ai ming at aead multattimeg far ohnitg h(eas (

betwegdd Tnm) and badxP oPr obhedabBb®r bemwwe r6 0tOh a n
eV9how a continuous [Ghr/opl mntotGegiolse t a®sses svehd c h
i nterpreteenas cahatmemrtomegi om nearest the absor

o f al | the unnor @il EGead aad nds MoremElaiyzss-dt h at t
correction yields a drastic trend inversion,
[G& I ([Gladjati o profiling analysis may raise con
sds . However, in ordeéea/ fomaGap (owest oObbami n

the 150 eV excitation energy) t op reogbueadl bt uhl ek
average (i .e., si@.ww),d thraesr ec daloc bleatgasknater by

0.4 Mbarns). For this to be sosn M@l Wexopofatt
| ower excitation energy range (i.e., nearly
Further mor e, results of the chemical struct

early stages of the CdS/ ClGSatanods ZOG&66Rs G&e
greater desddAaidl. 5i mnSledcAt. 5. 5, -depmlpetcad veldryf)ade
Si mi l-rairchl nsur faces ca-permbfeoremipregct @IdG Sef ahh sgohr
production | inetser mihniactla toenmpsletoey sidn o f their

process [83,88].
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(a), as from ref.

t hgovaeltu ecsa lfedEpec f €d] / [ilm +FGadh.) rda.tdi «
Chamadi
al i grnonef nstehted err wi,ntwehrifcahc emanpssumesi emd at hat

encou(nfEenr eledex,a mpptra ttehueh aEIr en s |
that the

conjpeotrusertflaate.i)s

Fi g4( bshh o ws

as comput e[® Trhreo musreefof similar ons

c al

coboo aitsedgft en
44( b)) , it
t he

needs to be assumed absor
investigated depth; a

t o Basedn sou 4/(3bs) speusd Semedoner g4f.ul | vy
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concl uderde st haatr eechaetc t it e ismr Eace of the absor
due to the Gadteepcltéetidiessm.rd alc@l luatseldoivkedvrevre, as a
poi nt of «ompheer idsiormeEft'd'y measabsorber, consi

subsection.

4.3.3 SurfaceElectronic Structure

ThES'D'f the Cl GSe absorbecoibiUlRiS gand yl RIEES:er
and IrPeEESenmapl oyed to deter miared tOBRM,polsg 4 p @stsi

di scussed .in Sect. 3.1.6

Due to the surface sensitivity of the spect
adsor be-danadarobgogrgeai ni ng surface smmpaciues ngsth
Es Yo f sampl es. The samples were first i mmer s
salti on at roomriemsmper avti Wthe ,deti meaenmn zed water.

treat ment was car-Nxigeldoveutboxnsdiiddeeca |l ydr mt t ac
characterization system. |l nsi de -¢emer giyoMAIC han

treat mentrsemad ndensgorsbur f ace contaminants.

I n F5 gthe. UPS and | PES spectra of the bare

ofAfi otnr e attsme nA§t rt dhaet menet (and/ or energy) incre
ESUYb'ccurs. This is mainly due tgor eas unhaviennge nftr oc
dderi ved st3ateV) (lreigng more prominerntofhl6, 8
treatment (i.e., Fig. 4.5, top), 0heé&8VHEMOarm

eV and 0.82 N 0.15 eV, r e Bp'd'd t it vheel ye x aFmionne dt
absorber i sl.a7s0sef$s®.d2 teV,b es ihgen icfailcgamrtawye di ifg h
Fig. 4.4 (bEPUDN ttthe radbporrtbed (i .e., ~ 1.2 e)
of the i1investigated -taybpseo,r baes immad/i cbaet edl ibgyh ttl
proxi mitytooft hteheCBaEM. pAlst hssu udi es have estab
absorbers are charagtwhrrins tcioompaf et at Be'ttkhearf
values [15, 16, &3Yh8a9s] , n ostu cthe ean witdpee et ath s bbb ek
fact, t hmei niegdfédordettree Cl1 GSe absorber is compa
Eqf or Cuég(in.,e.a,) S1.76 N 0.15 eV), the sulfide
(expected to have) a[] 56 JgmisTulre amnl yiodtypaof Igeest htieor
confirm BJYoaasl aogepossi bl e.
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4.4 CdS/Cu(In,Ga)Se Heterointerface

I n the d$eodftieen char @adt etheematabnastdr ecdfeee oni
CdS/ Cl GSe hetperecidmtresdf,a ngii iesnuirdsezans kP Bi anad

XAE&xperi menfthdrseasadteisa smpl ement ed by tXhEsSt me a
|l ead more compl et e wuthudeiedasd aanader nfgo foma tttithaen .f i n e
paot thi,gdisecti oneoafs utrbeemeeltect roni ¢ band alig

het er oianperee § arcdeiesic awange d

4.4.1 Surface Chemical Structureand Buffer Growth

Il n t hi s tshueb sreesstuur @ enift i ve PES andrXABSdsmaassu
in an attempthet os varsfcaeandt ad hhemiisntwreyst i gaast ead he
functi ohreft @BDt ti me

Fig. 4.1 sshwmwseyw hepeXdPtSra of the investigated
identificati on. The XPS sur vewass pda cstcrussm eaf it
4. 3 Salmpl es treatCdS iwmetsh eXxBhD bi t a naddrdeSIt d toenda |
phot oemimessi oinn It heir XPS survey spectq+ a, w h
treatment time. At the samel dtiene, XRI el isngan a

these samples. These changes both result fro
Ssubstrate: as t he buffer | ayer bed®miewedt hi
photoemi ssion |ines is greater. An exception

CBBreat ement. 2t5i mei n()i,. ei.n, whfi chhe¢ hreld @atk@adiitn

actually increase. This effect is attributed
chemical bath prior to3%1 % Ahtet hebebeffect
the detail XPBedpeoteal evatsee | bbeflfadre dr bed re me

presente@alionngFiwi.t 4. peak fits.6([cThd ogi ggmmarip | ke
i(vi) is ascribed to a Cd MNN/iprdtassmsoint yb.aJc kgr

By assumimg ¢haaner surfac€d®fCltthSee Os.a2nbp | mi
represents a bare surface of the ClI GSe abso
absordleated photoemission | ines) ,rdlhat eodo sleirrv
of mphes with-CiB6ngat m€BD periods could be wus
thickness of TteimedbudrflEed Bmtyensatgd due to
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a) Ga 2p,, b) Na 1s

Normalized intensity (a.u.)

2 (iv)
meniins iy (V)
N oo Av% (vi)

1122 1120 1118 1116 1114 1074 1072 1070 936 934 0932 930 456 454 452 450
Binding Energy (eV)

cdad,||f) Se3p/s2p

Normalized intensity (a.u.)

416 414 412 410 168 164 160 156 58 56 54 52
Binding Energy (eV)

FigueXxPSt.detail speamisra( o) c)N dCed,4@p) | 15280 33 d4)%e 3p/ S

2p an&e&(dgeggi onsCdssf/ Cl I6&e sampl el $sereided,0 dbachk@mremund it
foll owing CBD times were used: (i) ODagqghed I10&at2es i(nd]
peak cekeatterrmi ned by AUHNvVepfeictt ranavley £i geexacsi uraetd ouns.i nvVge r N

of fsets are added for clarity.

albmg ber surface by ad bwefamebmel @esrcrofbetdhibykn d g

D Q 0Om7 (4.1),
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whelf%%is the intensity losft atnhdes bfaorre tshueb spthroattoee,
mean fr(eéeMFpPath

Similarly, the increbhatednphaot@ eassi say i fouhn clbtiu hodl
the buffed t¢thancBeedsscri bed by the foll owing

O Q O 2Jp Q7 (4.2),
whelf%ets t hed sianttuernastiet y of a sufficiently thioc

Due to the i nitial cleaning effect of t he
(saturatsiognals ofthhesd e it padtoenussion lines for samples with

CBD ti3nemi tO ovralsy possible to calculate the e
min CBBE/ Csk@®me{lreaces of Se are stildl seen in
CBBECdS/ Cs@®el e 6y ,Figndidcating diffusion of
Simil-aaremStei xi ng has been ftEPOEOG)YSe hat er @ivin toa
[B39DB hE effects on the formation of the int
| atedMable 4.1 shows the resestiscmatddkmies sev al
afteri sl z@®3r9m.

Tabl &€f4ertive buffen dfmjtictkene®@dc®aCRO sadmmllaesenl e
repor headmd were obtab@agfifrom refs.

CBD|Ga 2p Cu 2p In 3d Se 3¢ Cd3ad S2p

dga 2p deu 2p din 34

. dse 3d dcd3d ds2p
(mim} (o) || = 0.56) (Mo) |(1 =0.89)| (o) |(1 = 1.67) (1) |(| =2.24) o) [(1 =1.74)| ang) |1 =2.1)

025 1 - 1 - 1 - 1 - 0.15 - 1

1 |049|04+0.1|044|0.7+0.2|050| 1.2+0.2|0.59| 1.2+0.2| 043 | 1.0+£0.2 | 0.36| 1.0+ 0.2

3 0 - 0 - 0 - 0.03| 7.7+£15| 1.15 - 1.24
4 0 - 0 - 0 - 0.01 - 1.29 - 1.40
10 0 - 0 - 0 - 0.01 - 1 - 1
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|® CutNa 4 IntGa m Se v Cd & S |
0-7 T L] L] T T

Surface composition fractions

8 10

CBD time (min)

Figur@omMposition fromftheheXRSrvepddtgrad edc s a mpddeSf s €EBDe s
ti mehhanges in surface composition were fimbedhbw &hee
decr ease e(sdalsihnecsr elaismef (tshcel irde sipiefcets )weh aeyd eedneaat essa i ndi c a
onset of emesibtuifdrer as deter mlfThedhbyl owei X@%s aatal yhe
extremities of the figure represent stoichiometric 1
and 10 prUdINS/CBIDGSe samples, respectively.

Thehot oeming emsnttlye absorber el ements is foun
function of t@GBB toicmairence is demonstrated

el ementf rsaucttfi@onesp| ement, ntghe hs sr ff & e iboudfnfceent r
i sédowasayyémpt oti c. gFTlohevd & @ b @er kv ecdo npsatstieermnns wi t
| ayelray(eir. e.-yvarrFrrdaekgMewwedmotibe depamsdtade bu
predicted by dy5]0f 4pdncamdigphléeni®Esi oni snt ens
obved past 3 -tmiermat mé ntCRBRadnfeirr mamsaggumpti ons

covepnbhge he absorbleuf fsairfi f.leea gehrlio k tabes gr eater
i nf ormati omf dtelpga handlIDyz ed RS m@aoampd else talesalt e (
t hese CBD stuirnieasc es hcooviigh 0 S i rEa {omaaclt hi n t he , mar gi r
as expstoedhtod®Metrriover, t helreaneattiavde fguwrcfta me
CdS/ ClI GSe (we.ree. ,fitthteedf racti ons of the t® GSe
estimate the CBD | at enchye pelrsiead o(fi .Hewofr,f dtrthiakety
pur pbseefubnctliiome ffoitthehéractried ms etls egpaember (

Cu+Ga, Il nd@as haengwelrsemeussed to compute the CBD
7 4



frasbforach-raebabedemwpdieme)nlt equal s ftdtehefract
untreated (QliGSe ,s atnhpel eCBD el mememtf dler f wletciho
decr .elTahsee )Xt er cept of the functions eafeltahedl i
el ements (i .e., Cd and S solid lIines) were ¢
surface fractrieehstsedfemehésbsgsthet to Tabfease
4.2 summarizes the results of these calcul at
deter mi e @0.05mi (pie. e£3,5)14n. 20r dent hteo cheIne <= | envi
oft hdke posbhufefder | ayer durtimeg bidfef erafdug pt dseiatgiesan
combining theaexXPiSt eadh dAuXxger el ectron wpédtros
be presented | ater in this section

Tabl &€s4iZnation of dtelpesongetn of CdS

Elements | - Surface composition Fit line formula Buffer deposition
(atCBD =0 min) (x stands for CBD time) onset (min)
Cu + Na 0.18+ 0.05 0.19eX147 0.07+ 0.05
In + Ga 0.27+£ 0.05 0.27eX1t 0.02+ 0.05
Se 0.55+ 0.05 0.60c X143 0.10+ 0.05
cd 0 0.544(0.55 "1 ®) 0.02+ 0.05
S 0 0.46(0.50% &%) 0.12+ 0.05

4.4.2 Cd Modified Auger Parameter Analysis

Nextngehain the cheimi the btofnmpewghawtert he CBIL

are di.sdweqndeadd n n 1Sech e mi3c al shifts are in ge
XAES |l ines than in PES coreel elwiebssiddmmever,
t heasd heddi Augdr par ameter met hod, a omo woefr f u
chemical states [4hand2bet Hanppeeme@antedanal ysi s,

directed toCd kMINgXAES nl itrhe as a function of
consider attionat @golgutviean Aa e athaméditoedidf (toef e
investigatedh€dinphbewere i @sri ved hyXRSSiangr e he

l evel G@dhdMKsBXeAES | i ne of t he( Trhees ppet 8k ew assa mj
preferred ovypeaakt hien Codr d8edo vtea | ap iz degtcld £ a Mig o rK
satellitessppaal) t he Cd 3d
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{ a) Cd MNN
XAES

——CBD 0.25 min
——CBD1min ]
—— CBD 3 min

- ——CBD 4 min
/M, ——CBD10min |

Normalized intensity (a.u.)

3814:01eV | 381.9:01ev .
370 372 374 376 378 380 382 384 386 388 414 412 410
Kinetic Energy (eV) Binding Energy (eV)

Fi gu8(eaOQ4d . MsNis XAES sloif n@BIDS/ Cl GSe samphb&&Badiindeg r ows

highlight the broader regi €CBBOAS/tChe@SHENIBS. IGCdaRBdof t he
detail, spercmalai zed t o onfia xtih2u nfmiiymt@emd i(tiyt,) edt 6d.ms amECB®
Al Sspectra wer e amexad uradd aufsfi snégtrsMgackel added for cl ari

Fi g8( ad)i. spl ay ssNitbhg MBIMK)AMESIi ne of -CedaSdhCE@B® | e

in the inveshogmakedzeertest hefmaesvpawmhiemt ens
specot hOm 25CBECU S/ Cs & li € suNCMLoXMES | ine is | oc
a KE of 381.shilktoeplared) afosthe measdured spec
MsNaBN4sXAES | ine are | ocat edaatlhea sKhEa pod Nddf8 1t. Me
l'i ne fonm nt CBIBY.Cb &EBpl e itsh alnr aehtkammleedso nwgietrh
CBD rrman(tmoi nt ed ao udWwb&d. tMNeN N essa mpWietsh &n dni n

l on@BR i nmerse | dé®etiec abrsseurgvgaetsit t he f olfil rpswti ng
t hOe. 25 miCd SCEDP 68mha ¢ ndiaf felremitc ah asrtesshte of t h
samplee®osnibegr oadeobsdaped i n tthbhee 0 CBABdA S/uCn GBI e
sampbesds aortthe resaver lo€gpMYneasdecrhi ved from di
Cd chemichh epdeimrfens ot he validtiitgmepr opr sataesl
wei ght edff ttéhemi BCdCSBEDCE &MEIde MNNniet e, sampl e wi
the thickpswwaushd Sfalcanseatirdheetn i n question, while
di f f etrdeaicted on e gianttievie®er e gyofl t shi s aedeaad iuatt akb g .
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S
a) Cd MNN @ 79391 p) i
Mg K, XAES 5
—— CBD 1 min 5 793.84 7
—— 0.65*(CBD 10 min) £
g Difference S 793.7 i
8 8
= g 793.6
2 381.5+0.1 eV 3 |
2 < 7935 CdSe 1
c o
= 2 |
: el 0 | I
T \ N
E 1 £ 70834
) v ‘ J,.‘M‘ N\m'"ﬂ?‘»ﬂ\"w\y / > o cds
z = 793.2 7
“Wh WW’J "’U‘v\ ﬁ of [ '
Wi " = I
381.7+0.1 eV || el © 793.14 1
381.4+0.1 eV | @)
r T r — T 793.0 T T T T T Y T T T T T
375 380 385 0 2 4 6 8 10
Kinetic Energy (eV) CBD time (min)
FigudEea)d. chhDNuMXAES | i ne of -Cth®/ Qls@Smtlog@gRD her with a we

spectrum BBCE8/ @l 6Se sample and the cbC.orespo.nd njgi ) f
Cd modified Auarprboh@BBEBOEL Ets@Brepl e series shown as a
timghe encircl addcat &amdleedss aimed by usingCUdhMNKEs of
contributions intoCWw8/iCllsG3Iméelsment CBD Twas rdcac chrod d soen
squaares aGdal ues of anot her -measundédLdBBRIpEGIadesampl e s

produced by the same ZSW production |Iine (more detail
4 .(9a) . The difference spectrum resembles the
position of the attained new Cd MNNS/IGIn&kSe s
sampl e. Earlier, the effective t RNdcSKE&E&Ses of
sampl e was est03mmtThdl oftheCIMENOL Pne ( KE ~ 382 ¢
n m50[5] . | f a new Cd chemical species were ptr
CdS/ Cl GSe sample, it would not eet hseufsfiignelnt
fifetmed Cd chemical species (i .e.-trddteedon
sampl e) . Such a scenari o appears to agree Wwi

exi stence of two Cd chendtcead duwrviimg ntmeenteasarilr

CBD process is indicated.

TheompCtd¢od al Uues the investigated sam@ghbé¢, seri
al ong wi tClrvap oeddesd carn d4 5Cd5PeD BFhe samples tr

with shorter CBD times (iCdé&valO0eg5ambme ante
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reported for CdS. I n -Ci8/ Ch&Bplé, th@dloc @ mp unt
| 1 ®Isi gahbtoltvyeree por t ed range . ofi cvadslee eossf ftohre Cld Srai

CdS/ Csempl e, i € dr (cuosnmipnugmetdhseu raesd XAES | ine) wo
the reported range of val ues for cdSke) as
However, i f t hfer avimd uewo oG6d a XAES hesmpestdemi v

anal ysis aae c¢cennptttoegedbihgcesedid®( B, gt.he higher
shifted ICdhebgyvel dseareported(jasgel okevahee
Cdlr for tihne GORBECIEBP| evher eas -$hief tl @dvelr i K& 1
i nCélrbet ween reported v @Nouees tfhoart doS ei nadnidc aGd
contribution was observedXR3$ Itihree caifr v-vehd i 1
Cds/ Ckaae !l e, as sS8h(cowMio riem vieirg. a4l Cd*fbhe ca
samples with CBD times of at | east CITmMin ar
values for CdS, as expected of samples with
par amet ersugmgatisstsii ear mat e oChaen,if adGd,¥alt Il ng t he e:
stages of the CdSf/fcCrinceSthiiosneti et eir pretfacen i s
curve fit analaymsd st hd $Sded R B@&p gWhreagr oarss Cd
present in samples with 0.25 and 1. 0 trhien CBI
1.0 mi-0dE/BOcE&/Hel e. The red holl ow square in
di ffer€dtS/ CBBSe sample sameed SW pdwdadctihbypynt
the same CBD times employed for the current|
i ndependently measured (androbhep esphbePtoh. wAnde
of $wreface Science Division of the I nstitut
Uni versit?at Dar mst{radual wesf ffeorentclees t wo Cslet s

variances I n sample handling, experizmeernt al
cali bration met hods. How#-valt et Beobanhepoal asr
CBD time is observed for both sets of sampl e

4.4.3 Near SurfaceChemical Structure

I n this subsectiamne pPeERSsdRUasseudt dire ntesgsde sshbsu f f e
| ayer thicknesses and, mo r e iihnhpeo srueaairtalc e, btuh e
This is posbebpglel®dughaeioon ploadtmenct roscopi c te

(see Sect. 3.2 for .a more detailed explanat:.
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T T T T T T 100 T T T T T

a) 5 XES —~ 904 b)

— &
= Al hn__=500 eV £ w!
[ )
N CdSref. —/ | —clIGSe 1 @ 70-
= [ ~ 0.25min S
2 - f —— 1 min b Z 9
3] /| - 2
2 // \ —— 3 min < 50+
= /f \ —— 4 min 4 o
D [N — 10 min 2 401
N 17y W\ Q 304
5 1 &
£ O 90
o BN )|
z , g 101

1 Cd MA,S 23 In M4,5N2,3 04

320 330 340 350 360 370 380 0 2 4 6 8 10
Emission Energy (eV) CBD time (min)

Figult@ aGd sMand ksXEBpectra of the investig,atredr melti odd
according to me(abshhricrhenrets st iorhe deposited CdS | ayer a s
determined from the atdemukmeiddmiocsfsTihbeher esctublsolrladw sq
representdettehremiXnPeSd CdS eTfThfecgmawed hackamdiebdapeates t h

of the buffer deposition, as determined by the XPS an

The XES speciasgadosfemikkses iCodn M egi ons for the Ci
are presented in Fiehgat &4dd@@ids((sM)an Tshieg nbaul f f eean
obyed in the XE®i sp&BDSr/aLtaieatt el Bampl e, and
to Iincaefagsectaison SomuCBBneomsl y, Il n hEmi aseasit
signal, whiclkel atsedsubde¢ crae &ses wi t h CBD tim

explained by the attenuation effect of the

seen attenuation of phot oelaecctt rtohnast ,i ni nNXRASh e( s
t he swuledtarteetde sigeml sg¢i1 o) ,i $nndMt compl etely
min of CBD treatment is accounted by the inc

The XES spectra wemeofinae€Cgbetedt asbtthieorsua
contribution,eqasatl)dop@Ogdent ed i n

[ O0ana@dd QY @d600YQ( 3).,

wheaenllar e appropriate weighting ttlaetdepgosiThD:¢
CdSfbear nl dyher siampl e sealiysi,s tvnaes ffodidabsveoch goorha n
the s1lemiMssi on signalmi sbf ohhesYomgraeuasd | Ay ¢
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thi chhnetslse resulting attenulYfed csanb sbter adtees cam

the foll owing formul a:
QN 0" (4.,

whelf¥eirs the inbhamebsmn@ifshdeeffecti veofatt enu
t hienvestigateéedinmmes siooMaor d pdViecsred ch b hseepar at e
attenuationthengoher | ayer odgitthaet ipehe tsatnesp i n

t heemi ssti@m, as :foll ows

Nl

I o) 0] (5)’

wheaandtand for the angles of excitation an

respectively (for at=hke ®#besent measurements

Taking into accounthe excitation( flex= 500. 0 e VW) enmnnsdsilom N 370. ¢
ener thelesandni nd &, as obtafT@Reda2rfédr ommr amd 109
respedctnitweoldyg t hese v &) uwist’lodst 5d egm.sr ded. t o d

the CdS | ayer t hicknesselsgfqtndl &.walst asiente da swet
SYPx94%riat i o osf e mihesiloan M The dehiechmbseaesf CdSt il a
CBBreatmempti s pr.élsebBasednomrimghe | inear regr

on the CdS effective thickness valuestas a f
0.53n m/ miars e s tAlsmaetxepdl.ai ned i nd &Steentmi Med . AdS ade
rate could nettabeecompiyt edheibv®dhRss of-the 1
CdS/ Cl GSe sample could be-ard eek@Bneed élbowew
thicknesses of-Caddh/eCl GSani 3 a gBiDemaarge ,n wift he mi
compay bibé e 10 G dnS / CBsh $ngd aes assessed to have
thickhetd® ,nm agrwietnhe etphot SVEdEhi ckeaess80 nm f
10 min -QdfSrCGBa[ImB3M t )

Next, the chemical environmenti geallowhet het
changes of the anvdexXBIPpri agg&Sead a function ¢
CdS/ Cl GSe sample series (after normalizatior

XESignalasused by the similar rnwelrgediigmpiolse t
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T T T T T T T T
m SeM,/SL, XE
22/ hn__=200eV

SL

=

8

2

7]

c

[}

E

o

g 10.0 min

©

E 4.0 min

(@]

prd
3.0 min
1.0 min
0.25 min
CIGSe

140 145 150 155 160 165
Emission Energy (eV)

Figufi#sedo 2LXES spectCd/ 6f GITehessraimpshrer mal i zed to spect
Solid and dmadihehtnddr eskat ed transitions, respectivel y.
i n théeertteixacal offsets added for clarity.

and,®rhansitions (i.e., Se 4s Y BetapaannodeSva
the photoionization cross seadxcoPB80o0oé&VtaeeS3
Mbarns and O0.643 Mbarns, respectivel y2,p101].
and Ser Mnsitions arx@bBEeaepodAedEEpebeively [ 1C
these values only, the proeeminstsieaxm elryi nee nftaadt
22 ovex em@iesdM on. This fact hel ps to account
(shown iemeparfeonrt heaEihg.spécttumiofsamples wit
content (i . e.., wi t hMairte oovre rs hoirtt eirs, Bolt etrdiantehse
l'inewidth (~ 2 eV) Jdmsatmurcdal |largewi dthihalcct h@. &
explains the r easaohneilgebhhicrkdyrtoluen dl dwer speak r a
M, gontri butions (i.e., samples with shorter

The spectrum of the baredGCctéfheyeashesaokedbgir os a mp

feataurmasi n peak and a shoul der ( inmadtiecead .e®d by
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separation from each other, whi©oh biits doubalg
separation [P ®ean I hestodathes -GABOACEBEPRIceé s aslodw
a combinatijazond -&MLSe&fMer 0. 25Cdn$ nt rod attGB=Dnma i n
peak broadens and shifts towards a dhoiugbhleert er
features become I2eesnsi sesviiodne ncton aad btghd o mlot h g
atoms deposited by tWetB@BDohgeat @BDt ti meseas
converge, making the following featufid8 mor ¢
eV, becomeshrsdarpew améeotwmakdf appuoes mately
152. 6, aerdener)gel57The spectr al sPadPe |J.il® 4 cha
Features (a) and -r(édl)atceod rtersproxnidt itgn £ddi4.Gad. 4 d
Y Si/xpansiticerdsy,) ,r aspeccttilwy i ndidc adofnedyt urhee p

(a@arises from upper valence band el ectrons r e

4.4.4 Principal Component Analysis

Th®&e » MS>, XES s pdader 25 omhi n-CEBDCt 6Bpweersey aé d at

usi ng prmpnocniepnal acncail ny s otsad s(cPeAhmu mb ed i foffer ent
spectral ceaededbutihee sspeetgtmeal i near combi nat.
s pe¢/-i3laT hmru mb epro toefrd mmpdn s usedcam keiedddCtAi f p
changtlehiermstabott hee st udi ed. Thet €ovwponent ad®e A
reonst rcwaat iben c omosdied ¢ red hn @ ewteé yoi(nt eer.f,ame s ec
phases or strong | aryfea € eijn steht ap,cathiee as aXrBeBd t h e
specthma lrde pbhe dwc ddcrdagbri nati on of thantdatadeCl
CdS buffegpenxasiretatanirayly wei ghiOmg t fha b bootalhsePrC A

reconstrweticompwbéaimodel a reactivenhmeve chi ni
interfaci al c hemi c ahl a vsep edcedeesciticarhiHaetf doriraaheydz ean d
specltnrasuch a scpemapo®ition of the ICaSe bQf &8
mat er ieatepectiterd d not sat itshfea cetleodrpiel iyn wdeesstcir g ate

spectr a

Fig. 4. 12 (a) shows the measampadneXBES asnpde ctt
component PCA reconstructions. T-FiHé& O0Oerm&r gy hr .
S htoegreender gyi praegdndr dtieaoncanhte on wt htédher g e r
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a) SeM, /S L, XES
hn_ . =200 eV

- Data
S — 2-comp.
o — 3-comp.
N—r
=
n
c
g
£
o
(]
N
g (x 10)
S
pd
0.25 min (x 10)
oA, LD AL
R

148 150 152 154 156 148 150 152 154 156
Emission Energy (eV)

Fi gu.r ¥2a$ Reconstthreuc8/aSoWMK B0 saefct h®. 25mi €BBCdS/ Cl GSe
sampl e@esing twoChAomdpdrmb)mtagni fied difference khddSween t |
L. XES spectra and the respective PCA reconstructions

variability. The magnified difference betwe
reconstructions is dibpdmdetdb mame e mgt. rde cldn s tt

reasonably reproduce the XES measur ement s; r
when three principal C Oomp o n ecnotimsp oanreen t u sse dnuil |
the XES spectr DRd&S/ CllicSel smimpl €Byi el ds t he
in Fig. 4. 12 (b), in which case the struct
statistical NnoddsS/.CIThSee 1s aiqmipnl eCBaD | | i nherent
contributn omhd&riomt enrefaac e, and so the results
species may be present in the investigated

i mproved agr eecnoemrmpto noefn tt hree ctohnrseter uct i onesr t o t

subtl e, compared ftompbeeagreemenstofict wons,
a small guantity of the interface chemical S
I n orddenttiofnt erfiaci al chemix¢:®bh, KEPe csipeesc,t r ah e
sel e-nand sswinftuwari ni ng reference compounds \

transf olrhmast inoant.h e mad ti tcearp tt ¥ etad mreengr o duuscienga r e
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| Two-components]| | Three-components|

b)
o Reference o Reference
= Transformation == Transformation

a)

Normalized intensity (a.u.)

146 148 150 152 154 156 158 160 146 148 150 152 154 156 158 160
Emission Energy (eV)

Figur3®Tad gkt transformeSt: i ¥BS opeftSevaeM al -aeplemsiudrhur
containing r ef ecraelnccuel ad cerdp obuyn disi near combi n@a) onwo of
component aocdmp bR €Atiaretei c al of fsets added for clarity

t he set of eigenvectors deter mi ned from t
transformati ohi tprloidmneegi aebestransformati on)

eigenvectors to test whet her a candtdete s

i nvestigated spectra set. Confirmation is ba
reference spectrum and its respective transf
chemical species present eirre am ei rs\Wegti iega theadv
rati o to each other, the target transfor mat.

mi xture more closely than that of the compon

Fig.(d4) 18nd (rbe)f esrhrecnve et sep @ @ thigatgraahnds ft durem antg sounl s
t htewoomponent camgondmteeP@GAt ructi,onr esipgeenve/ce
Bef dr e c utshseisneg rmaushuel tmse n tiitohnee df othhbsopweieniegr @ n o't

direct!l yatnelaslne & d)giCd 8o(dardaartpi cl e CdS, eds di gi
[105and 4+ CdB({thp combinati on 2Spsfpetchea ume asnudr e
di gi iCdSeshpe c)tGruomufnalrs i niCd 8dihnm gt he setwibfR refe
di scussfeal li @wait dhgg Ma p b otvhéerigs+ Cd&s pnepct rum i s i ni

teserva msedel for a mixture oTfhei nwtadri fdadiyalo
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assumwi ben feud déyanhreme s ullé &s goukafrset on spectra o
I nvegsatt ed s ampel € oeri iddasee i ol | owi ng subsection

Anint erf acwoaul a@lstpheec iheisgheeht r enspteiodiehd amp |l es
represeinnvegnicdhaeted f ace r esgii csrh a(CiB.& 1. mé s ampl e
t hese demplreyss,t atl | i depst€idbety s @umd| ddiebper f ec
thahmhe ones with [10Q5Tdher cCBBytCadHaess been repor
i nf |l uessrect r awi tsipheapter,a @efl osamp iCalseavibubdhkment
e x hi hiitgihreg i n th@cd sdetl iaehse dd¢dfi0]&.n

PES studies Hhad tnoephe t edinf, nart edde r@ganar
compodlixBOpBuUuch -anoon€Ehi ometry maypywexpliatenshe
the €klAad edpeamkssfiione., feat urBeas e(danocensautidtey b))
of QGdireeval uati on,tihne Sdeecpto.s i4.edd.dZe diursiond otr me
stages of theB&BdDupa otcekssdepositederm@ids dioers
rel aS€dotnadi rCgl,S tslpeectral conNXES baupeotnradfoft hle
ti mes efkGddoaorto cdCalrSalchteeriCdS npod spectrum was
appropridaeteltheresmectr al contribution of CdsS

treat ment .

Comparison of t he reference and transfor mat
compoumdsFi @gi vé&sl3additional support to dete
rebvant spectr al component s i n t hAan Iimweadt i
heteroiwoelrd acleead woo compgounds wi t h mat c hi
transformation splecdagaead FCHGSaéa.gi@ebpethvwbe etnh et h e
CdS supecamd its transformation 1 s excell ent
bet ween reference and tbatmtsdror mhanon hepeanters
remaining compounds, oiftine vtehre stehte aafg rrgesfoedrneansc ese
observed for CdS.

| t he target transformati on anal ysi s bS car

componenada <LiCAgl aement i's maintained between
transformmatisoenen ii.MheFi gualdi.tly3 bekfbwebkba mhtclClI
spectrum and its transg owtmiaihs dshe tsu gfnunfdiihceagn t |

confirms that the minimum number set spescstaamal
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spectr @&l tirsoug2hSdc @d Sel. waso fboeunadn ti ntemrad ace s
reasonabl e 6§ aghhaedtewrsdgat CdSe spectr um,taered riattsh etr
featurel essi sthampsei tayndo fl otwhe CdSe reference s
bet ween the ClIGSeiandsgd&er arapsévembtan un.
about the CdSe spectrum beiReggaa dpmnigndihpalr es
monocompoundiCdebepewseshe | east di sagr eement
transformati on hgpen tgruaa.l i Howesivfe rt,chiet nmeast cthei ng
addi tional S p efTchtenaatl c hc ome tiwBeHt o€t ® r fagpr enc e

Aspecamdmots transformation is very good, an
third compldreantt oi st he talrmgetontrraansstf,or maér en
i mpr ovement i n the Mitshefri neisngegdr aiefes enlce s p

mi xture of interfacial chemical species in t

4.4.5 Leastsquares Fitting Analyss

Tocompkt eétee i demntfi ftihteeatr f act bk mpasb&s8d KBS M

spectra of tameplien vseesrtiiegsa taekde 8sgits a h enntgf eath atl ¢ s |
Fig. 4 . 14) (sthoopi st dsnhadelh®&3 OmME2BBEC d S/ Ck@@lpect r a

usi ngt heepkbygt rtawomfcdmfeimpmoecdds: CIl &Sé samdhe@d S f r
resi dua tohfatt htehef istpsectra of samples with sho
sati sfsacnmudbrgitldyhect r at oo rtenfeesr ence compduwends,
PCA and target tNeaexsfbsmavaes rfeddiwtng @arorcie
out sssionfg t hr eeCl &fect rCadaSconfam@énconfir med ref
compounds$Aocaordt hg target tr ansGdSenawd o nt aen all
specihesgi t he hi ghestt hceo rmeaspwrnedde nkbket Booagh e n s i
shown the f ol,l olwsnega rfe sg sfipietest roaf ctohnedQulcG Seed, u s i
CdSe amsgpeCdvbear es etthe same asort htehemmesopobedine
Fig. (dop4pAahnttés) CdSe, the measur edpemieacd rtah af
producemateesshelrees tiSdaen dSss pecowaver , yt md dq hael imat
bet ween these referencar gggaencsttf roa neasitato nds e gdgoe ot
ei t htethremfas being suitable interfacial speci
the respective fxbadu€id®gspeetChGSavheGaas Fi
show the fits o &ainidg Ctdise sPle@&@$sgpae.cltirfumt hes Ga e
third component, the residua of the f-its do

8 6



agreement f

cl ose

a

tlhne rceo nits

rfa stts,.

component

n

when |

ts

t hei sSirse supseecdt.i v e

and

spectr a

_CBD 3 min

— Residuum

Fit
ciGSe
—ns,
T

O Data
— Residuum
T

—CdS

CBD 3 min

146 148 150 152 154 156 158

T
T

CBD 1 min

_CBD 1 min

CIGSe
—Ga,S,
— CdS
— Residuum

CBD 1 min

146 148 150 152 154 156 158

BD 0.25 min

AR

O Data
— it
CIGSe
—CdS
o

A

— Residuum

i oY

f

:‘5
YT VAT

O Data
— it

CIGSe
—Ga,S,
—CdS
— Residuum

Y

ciGse
— s,
——cds

T

— Residuum

146 148 150 152 154 156 158

-~

(‘ne) AlIsuaiul pazijewloN

SPO pue 9590

(‘n"e) AIsuayul pazijew.oN

Spo pue ‘se ‘8590

(‘n"e) Ausuaiul pazijew.loN

spo pue °sful ‘eson

Emission Energy (eV)

87



Fgure 4. 14
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Fi gubeL elassquar es fSiet sSMSefKEtShespectr a-3fmitnh-E@BD QI5GSe
sampusisndg ot hewi ngefeeatences sppectrmaal (topt pGlbh@3I&S,PNEAS

np andarChl&tt om):ghe8kss+ Cdfand ,CdrSespectively.
The residua of the fits 1 n -preiagk. add jladc e(nbto tttoo n
related doubl et positions-Cdi bendingansiwhi oh
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prominent in the spectra of t-BdSOCRP&Seni saimpok
As previously discussed, the crystallinity o
perfect than the CdS refCaliSdCd &89 m@lBg n(sie.gal.e,
the CdS spectrumquaeéesi hitoeféarbaeedaemi gk
i ntensity than that found in thel[l(Q&S Tshpeect
bserved residuum f earteulraetackds oppauvesetdi mptt bhnsi
Eamples with thinner CdS | ayers. As the thi
oncomittantl vy, i trse | cart yesdt aelmiisnsiitoyn, itnhtee nGd t 4yo
ul k CdS, anattuhe desiappemr fse

o O O O

or deoti ni mMhee e ftfheicst so voef,M@dsS dwgastnico asd eal r ef er er
spectoumCdS depdisenitteidaldusti ages .Hofwetvhe® CEBD t r
target tr aonfs Ok Snasipeocnd o mmt cildeeanrtliyfy it as th
spectral . Aoamprodtiemeld &g w afrietsoi ng hd 30.nd5- CBD

CdS/ CkEesel e spectra using the, CdsGSwmelinydS 4n pl
(t op ),pdaoneesl sart ad tsifyla cetpaurc e t he me .aBeus pfi@id Ssprect r a
producing a transformation closer matching i

t heSs s ptercunms i lestipeerct r um btehtattery ireelsdusd q s a ri ens tfhie

anal ysis. These apparanhtoing oonthr d diec toibmge rves
Fig. 4. 14 | baltwut&o@mm vpiasni eohns etalfea ¢ ® nosfa s»xnti mmge o f
chemical aspetobsreatni o t o £aclCddt mer) (i .e., I n

Fig. botl1d®nm phinedéesagytpu drmhes | iiB8s nmolherftitp@B D . 25

CdS/ Ckesgel e spectr afl #8s+tiCidd 0mipd CHOHGSaespéattais
caskeetrh agreement is found between al fimesasur
than i n any soeft st hoef psrpeevcitarups aur seesMoffietotvidrign etal
spectral anal ysi s traersqgdtt st rfanmd fhdedihu&tti pddnd 6tt e st th
npspectrum as indichtaveiisnftiecédi@amizgcat dbh@eci e

heterointerface.

Based solely on reported vSadmnudkSGtd 3d6t kd/ meat
[L1]&Gnd 13 kdAmods plect pbSyved wl)dnollBener geti cal ly f a
form fpatrhte ot mé mir ¢ @alc e mhiox tmart 62359 ma ko e rl®tf uarnt h@a

supports t hedefpilnedtierdg .safr faalc@ave]r d&Giahd basged 4. 3
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4 1 4 1 4 1 4 1 4 1
1.0 4 { -
0.8 - -
0.6 —m— CIGSe
c ] —e— CdS ]
*g 04 - —A—Xx*In_S_+y*CdS np |
LL
0.2 - i
0.0 - % -

CBD time (min)

Figuibe€Cad cuf naaestdioofn t he CI GSe, Cd Sc,o0 natnrdi biunthtieorsaScto s p e «
L, XESpectr &£B&dd S/hCcl GSe s aansplae fsuenrciteisafeh.eo f giCaBe d ar ea
i ndi c ad eelsaoynesdeft t he buffer deposition, as determined b

Thes pectraloff rtahBettj@ém@ es p acamddb@dS c omp on & rhtes
specttrhae cfamp@alrgwl edetn . E®gsl a functidm dafhi GBR ats
the spectral contribution of CdS np As incl
expethed Glp&EScet r al dceocnrt & @ sbeust floddmcDy i tavimeer, e as t ha
ofCdBncr.eaBlees i nterf a€CdcP empne 3 igbhiowes.gon altn f i r ¢
t hdnmi nds htelke deposited buHd eredafhom kimelsisnd ntc
of an interface species spectral cont-ri buti
Cd/SClI G@eanpl e i s dueS $lXEBShoenslildeafi ntghdad he excit
lo,emi ssion energ+k51 (eV,e.r e p2elcatnildyredny )Cd S, as
obtained7promreefl06 and 375 nm, resspectigne |l \
(8. yi t'lods 5®8 nm, close to the thickness of t
(i .e.., 2@Od Si Gk &BBp0 e ) . The trend of the inter
a functioni ®bn CiBDitsdetmeomasti m etddh e o v hGed &li G Sye

i nterface
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CdS

Cd(Se,S) —[

Cu-, Ga-poor —
surface

— In,S;/CdS np

Figur7ié&c Memati chemi ¢ddale stronecesriegafett h€dS/ Cl GSe heteroi

The complexity of the chemical properties of
presenceacef stimuetitures beneficial to the per
ome time repadrnt eadhasi b eleinESseuaiguerse readiestobnagt e d i T
the investi ga,tsepd elaegftscew ori anltlea flazred abdbvegnmant
di stanmieni mihauisng the detri ment al edi]f Mocrte of i
recentl vy, theohtacovegy i ot eaf 8ci a<pecbmpmund
buffer/ Cl GSe heterointerf aicee rtaist yb ecefn trheg@ oc
guestion could not[l2phe Begl euwasrilnyg easstmdd ¢ shedor

approach (i .e., t he esognubairneast ifoint tofn gP GA ad ryds i
CdS npSaaad ilmterfaci alwashemveal edpeni egdhe pr
formation of these interfaciagdf ctompoamsdacr me re¢
vicinity of the interface, providing an opt

extend to the pas$s kwiof|l the dbsouéeed in the 1
t he for matiinotnerdfact méses pecies potentially <ca
i nduction period pdt endgg @a@BDgt ae artemve nbtper i mi z
bufferv absbebeA ntehdmateisc of the chemical S 1

CdS/ Cl GSe heterointerface is presented in Fi

4.4.6 Interface Band Alignment

The el pcopent ctehse CdS/ CIl GSeo bh eati enreadi nbtye ycf oancbei n
UPS aB3URPdan RE@&mpl oyed to detsorfmiVihidd tamel po
CBM resparcdHS eweyd moa itthoent e-ir i deeed balnldBBoendi

resumligt frowmwf ftere depbei teilectronic structure o
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already been disfossed sual
presented§ ah. Fig. 4.

I n Fi8gd.b)4. * he UPS and

pr esentvead iAdfuteenr t r setad.pneArfhtreere s tieopns
4. 18) , top], the VBM and

0.15 eV, respectivel y.

thickest CdS | aypécé®N

reportgidobuCdk2E(5e[32dY.),

~

Seompiagh.i $6 13a gpaui rnp o

| P E$B BCsdpSel cG Srea esocabnrpdl h e
torfe aArme nt

CBW5 Ploi tli é8VES amde O

CLIJ(In,'Ga)'Se2

90 min Ar"
@50V)_;

ICdSI [onl Cu(lln,Gla)Slez] I

130 min Ar’

2

Fafomt hehesxa miersaud t $a mj

i0s.,2awelMess Biend gtooo dbeagr e e me |

Normalized intensity (a.u.)

=
8 60 min Ar’
> (100 V) L
2 N & 60 min Ar’
= SO | £ (100 V
° %, &
g %_a kY gg
= % : o B
S | vBM(Eev) 1.93 eV CBM (eV) VBM (eV) % i CBMEv)
(i) -0.88+0.1 % (i) 0.82 £0.15 (iii) -1.57 + 0.13 g (iii) 0.85 + 0.15
() -111+01 %4 (i) 0.82 +0.15 (i) -1.53 £0.1 % 4
() -1.88+0.1
. HelUPS - HelUPS
- IPES : - IPES
8 -6 -4 2 0 2 4 6 8 8 6 -4 2 0 2 4 8

Energy rel. to E_ (eV)

Fi gui8Hesd | UPS

indi cate'd omr edt.he mtesaar

and

extrapol ations

of

t he

fl PE®B) sPle@$eg,a an@d §/bg1 ADea fsitaenrpd Beh e

respecti

Me as uBgfe¢dal ues

ar e

shown

i nT hteh ee xrpeecrtiamegrut! aalr

u mcseerttsai nt

EfUVal ues N Nat2e etvhat the bottom
resoll wadli ngnd dagre extrapol ati on

Cd&sfuvfal. ue
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By comparing the CBM of the bare ClI GSe abso
sampl e, appmrowigmati on of thaeméet ercainntber fraacdee
+0.-O08 CBO is found at t hteo hceotneprioeitnet etri@cban
det er mi ntahte obmatnhda tbseotadtulrge het er ointerface due
Cé | ayer (i .e., Il I BB)118ust obeer athe fsf, @ dtheer ac
VBO and €&8IOcalrated by the foll owing expressi

VBO = cVBWBMigde |, B8B8nd (46)
CBO = cCBMMicse || BB @4.)7

The changes in the heterointsehriffattdeEglalsBB i @ame
of abselrdted XPF82@,ilm3es and Ga2g)and the CdS buff
(i Ce3dpand S2p2)i sampl es with i ntckmmedieast  eb wgf. f, ers
0.25 and -Cd-8ni ea tCiBDe 5 ) . I n t Heswvel sdmmlees ,f roan
absorber and the buffer | aysernactanusdad |[duede et o
detected Se diffFageon Iinmntobhitésechbsaéfechemical

excluded; therefore, shifts in BE directly
satisfactorily ascertained. By employitng th
I 1 BRIl at eds mmse c(hia.na . , chemical shifts and/ or
|l ayers) influencing thenemezgdes Deft dtetvienl dPtEiSc

peak centers was carried out via the <curve

semt.i o
The |1 BB was calcul ated using the foll owing
[ BBE#iEta]'f'[ E,TjEfb]j (4. 8),

whergiisE t-pesBEi on orfelaant eadbishoE S elei meaf.eisabher b
BEposition orfelaant eadd afbe® elai @B PE s i mpesBEi on of
buffelrat edjaPfEtSerl ian eCBDh it s fnepe s BEi on-refl aaeduf
PES jlaifner a X@ SmiCll @GSt al , 9 values of |1 BB
combinations of the selected ClIGSe and CdS |

| | BBl ue of the analysis is 0.08 N 0.08 eV (e
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e Cu2p,/Cd3d,, A In3d,/Cd3d,, v Gaz2p,/Cd3d,,
o Cu2p,/S2p,, 4 In3d,/S2p, v Ga2p,[S2p,

0.4

0.3+

0.1 0.08 + 0.08 eV

IIBB (eV)

0.00 0.25 0.50 0.75 1.00 1.25
CBD time (min)

FigulQe Iht-enfilaced band beansdidiegt erimiened |blyB Bceol mbpionsiintg ocno
the absorber sampl e, the sample with the thickest Cd

|l ayer thicknesses.

ConseqguetniteaBOBO for the &aetertadindbeld fI8bce ar
and0.N126eV, resphetidee¢ley i r0e.d61VBND i0s 255n e¥Y)r or
agreement with deWwBiO gl o wlnaltiiSonmEdpaddb h e € \GS e
sur facCk. 5 1&48¥he conduction band alignment at
slight spike NCBOQO 2(5i .eeV),. +Mhilsl i s an al most
CdS/ Cl GSe i ntiarrd pacceelt, e cetbraosadi ecegmtms o f tredvii eods s |

Thin CdS
Cu(ln,Ga)Se, on Cu(ln,Ga)Se, CdS surface
surface / \ [on Cu(ln,Ga)Se,]
= 082:015¢vl] |CBO=+0.114025ev| ] 08520.15ev
" 17002V "
VBM \4 242 +0.2 eV
O ------------------ - VBM
VBO =-061+02eV

Figue&chematic di agramG8ghettlreed oZ8WeCHSEEI el ectronic &
left and right sides of tEfe(fald adjeraimv ald stpy ayP$ haenekl leRE
ClI'S absorber and the CdS buffer, respectively. The m
band alignment at the hetero-i ntecktdcbaatitbendongi éé&f e
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hiehfi cGleGiScey sol ar cells [15,83]. A schemati
band alignment of the ZSW CdS/ ClIl GSe heteroin

4.5 ZnS/Cu(In,Ga)Se Heterointerface

In the foll owing section, t her awrhiao acttreud tzwarn 4@
Z®/ Cl GSe heterointAéthaouaghi s nptédsentdeads.cussi
nominally ZnS, a Zn( O, OH) <cont 26)0. iHsO weexwvpeacgt €
Zn chemical environment onSthat buééaer away
interface), as wil IOvlea adilsc urseseaid tisn a3 ec td.i s£.1
to that A4oFi rSsetc,ts.esnudrffBicveend XAES expeariivment a
i ndication of sur fnacendc olmpyyesThéeback saddfds i a
compl emented by XESprmea der eaenle @ mis c atl htaliten f or m
heterointerface. I n the dtimadi cpabbdandofaltihing
Z®/ Cl GSe het dertoeiendiienr f ac e

45.1 Surface Chemical Structure and Buffer Growth

In this subsewrgs$ibnyve sBRESaard XAESNdME aboerr e me
sur famposcot i bhe ZmeSt/eGloGSret er f ace as(ia ef.uncZnS

| ayer thickness)

The XPSspecwveg of the ZnS thickness series
identification, are shown in Fig. 4. 21. The
shows the photoemission |ines of t hreedadbtsor be
l ines are also pr-@éisehasi cars Hlai onee sty @ s sod & alNbas t
di scussed in Sect. 4 - ndr g812a80t, dL ] p h d-tuo @ rhieg gnio
observed in the XPS surveyyvsap e &dsmst rod a tsmemmpt! ¢
ti mes. As an expected effect of the deposit
buffelrated XPS |ines increases with CBD tim

rel ated XPS Thinse se fdfeeccrteiaisdeismgmue sdhleaar lny tcdhe d

of sel ectandd alwlefofidyrerd XPS core | evel s, as sh
curve fits. For the present sample series, t
t o iancr etaldaelns reerl at ed | i ne i ntensoftitelse d me mio
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| | | ! | | ! |
Survey
Mg K_XPS
/\. a
S &
© 4 1} o
~ O % 9, .83
4? CuLMMiZniMM g L @ S RS CBD time
2 JoposN oy o jkbbume
c : : o Co .
o K’J% ] | 15 min
c Lo : .
? 3§ | gm!”
N i min
[ N = 2 min
£ - | | 0.25 min
> z 3 =2 | 0 min
B £ 5 9% G
©
| ! | ! | | | _' — _I
1000 800 600 400 200 0

Binding Energy (eV)
Fi gu2 XP&. Survey spectras odf tt dvreC CEZfGIParecadtmenndtesr t | ¢ a l

of fsets are added for clarity.

bath IinCdBeCICB8Pe sample series (Sect. 4. 4.1
initially <cleaner bare absorber surface for
availability of a greater number oif c ksneerssl e ¢
potentially allows for a more detailed anal

shows the redtfatselkecne@dnX XP8i eshreSr eamast mendgtunct
As in Sect. 4. 4. 1, vari anesespech tbetrmeaopiyv
ascribed tol.difTHerenhtestiime thickness of t h
cal cul ated wusing eqns. (4. 1) aqwlet édmi2ned BaAr

deposi tioin0.rlatnem/insi nb. e BHeo waervee rr,edsons t 0O SuUSDpE

deposition rate is higher, as wi || be now d
the selection of the XPS |ines analyzed, the
the thickkeayebuf{feeZnSteGesdpl eni nh&€BWDIi | y depe
of the XPS Iline in question. These results a
| ayelrayer deposition model . For exanspslees, obfas
the shan®@d&e&KP3d | i nensad Ge @ar, esdp,ectt h asedsrygd 2Qu

2p/XPS |l ines (with respective | Ds of ~ 1.8 a
att enafatbeertho ”CBE n $r e a tBreecnattu.lsiss not observed
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Normalized intensity (a.u.)

S

1122 1120 1118 1116 1114 1074 1072 1070 936 934 932 930 928 454 452 450
Binding Energy (eV)

e) " Zn '2p3/2' 'f) Se 3p/é 2p

(@
(ii)

Normalized intensity (a.u.)

1026 1024 1022 1020 1018 168 164 160 156 58 56 54 52
Binding Energy (eV)

Fi gu2KP&. detail spectira( DYz, LW ePhAd)dBa S2p 3d, §{e) Na 1
and (g) pSe eljp/oKXsR/ Cfl GiSere samp | e iszeerdaedslgg rtou nmolrhea lens i t
foll owi-Aamg$ CB8Dt me nt ti mes were u(sievd): 5,i )( v0), T7(Aililgnd .(2w

spectra were measxcietdatuisomg Wegr tki cal offsets are adde

detecti on-K&f pthloé¢ olebwet ron signals strongly s
surface do not become (sufficiently) cover e
scenari o, the effective thickn&&€s phaltwes ectr
woul d be the | ower [ i mit of the buffer |l ay

expected to be higher than the calculated va
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Tabl €f4e¥tive buffer thiCBkkhrSsKEIs@dg!| il mahmps afsohe
reported in nm and Wedtpkjlobtained from ref:

CBD|Ga 2p Cu 2p In 3d Se 3(q Zn 2p S2p

dGa 2p dCu 2p dln 3d dSe 3d dZn 2p dS 2p

(mim] (7o) |1 = 061)| (M10) |1 =0.96)| (o) |(1 =1.80 | (1110)|(1 =245)| (1) |0 =0.79)|ng) | (1 =2.28

0 1 - 1 - 1 - 1 - 0 - 1 -

0.25| 0.64| 0.3+0.1| 0.78| 0.2+ 0.1 0.83| 0.3+0.1|0.87| 0.4+0.1| 0.07| 0.1+£0.1| 0.36 -

2 |032|07+£02|054|06+0.1|0.75| 0.5+0.1|0.82| 0.5+0.1| 0.48| 0.5+0.1(0.09| 0.2+0.1

5 ]007|16+03|012| 2.1+0.4|0.17| 3.2+0.6 | 0.19| 4.1+0.8| 0.90 | 1.9+0.4|0.38| 1.1+ 0.2

7 | 004]|19+04|0.08| 25+05|0.10| 4.2+0.8|0.12| 52+1.0| 111 - 0.50| 1.6+0.3

15 | 0.03| 2.2+0.4| 0.04 | 3.0+0.6 | 0.05| 53+1.0| .07 | 6.6+1.3| 1 - 0.90| 5.3%+1.3

®@ CutNa A |IntGa m Se v Zn & S
0.7 L] L] L] L] T T T T

Surface composition

CBD time (min)

Fi guP3Red4d.ative surface compositionasofa tfhuencitdwéstdfgaCekE
treattneniche ghayed area indicates the onset of the bu
XPS andahgs hslolnesw ait the | eft and right extremities of
and 1:1 compositions expectedn$b€l GBe saamplbsr nedpé&éb

The present results differ from taosesbbdwn; !
which complete coverage of the absoChder sur
t reatimednitcdaitfifregn £ § £ o wtoldien t he ICB&p bhaddxeges. T
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XPS of #m&/ CBBSe sample séayes guoweéedt snodeb
I sl and formati oWebler. emodeKaehefanvoatsnmwode) [ 11

The el emental surface composi tZ4nBrr enaatsmegnuta nttii
I n addition to theé[ 8ddbhéef siend ecnosrirteyc toifo ntsh ei nf
peaks was al so anal yzed accosnftdienag 7f or ame@ S
transmission function of the electron analyz
Fig. 4.23.

As shown 3i,n thkhieg.su4.f2ace el ement composition

change up to-Z2S mt ne atft meOBtD. Af ter l onger CBIL
composition occur, suggesting a more del aye:
CBECdSftAr 2 mZnSofr €8tDOment , the fractions o
absordleated el ements decrease exponentially

the respective el ement surface frastamphges (
with prol-omgeeatCBOnt ti mes, a small fractior
derived from el ements of the ClGSe -sebatedcdat e
el ements show an asypmtotic dgrnonwet h Tthreermnd satt
ZnS buffer deposition was estimated by wusin
Sect . 4. 4. 1CdfSerCl GBe €8BDpl e series. Tabl e 4
anal ysis. The aver age doentseertmionfe dbOB2afiebrex(d&elp305s i

19 s) indicating a |l onger activati ed Sp eprriooccde stsl
[ i . e .£,0.050ni ;A Bd) . Differences in the growth ki
processes havel bkiemg reae ploar gar, iim&lncS i pmo pes s
than forCdtShepr@RRss [ 100] . The i mpact of thi
the chemical bath prior to the formation of
strucherenoertface wil]l be the point of inter
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Tabl &€s4.i4ation of the onset of ZnS deposi

Elements | Surface composition Fit line formula Buffer deposition
(at CBD =0 min) (x stands for CBD time) onset (min)
Cu + Na 0.25+ 0.05 0.38e728 1.05£0.3
In + Ga 0.27+£ 0.05 0.39reX276 0.99+0.3
Se 0.48+ 0.05 0.97 X244 1.73+ 0.3
Zn 0 0.46-(1.11*e>1%6) 1.39£ 0.3
S 0 0.58(0.88*e>*%9 1.58+£ 0.3

4.5.2 Zn Modified Auger Parameter Analysis

The chemical environment of the deposited Zn
LsMaMas( LMM) / Nl ( KKILL) XAES | ine regiZos a9 eatfmem
ti me. The Unoodiffided Zmvestitglemdc slaopll &t esd r i s
2p/XPS core | evel and the Zn LMM XAES |l ine of
la | | " Zn LMM/Na KLL |

—_ XAES

>

< ] ——CBD 15 min |

Z —— CBD 7 min

2 SSs—— CBD 5 min

) i /J\ﬁ\,f\\ N

c Ia “\

Q v \

E i /"”7/ ) \\,\

S e ~ N CBD 2 min

S 1 M) T

— i \\nk e e~ AN

g J'J h “ CBD 0.25 min

5 ALY, WW“X/ ——CIGSe )

P \ /

f\MWV
984 9é6 9é8 9£I90 9é2 9§4 9SI36 1028 10I24 1OI20 1016
Kinetic Energy (eV) Binding Energy (eV)

Fi gure( afn sMussMss/ Na =ukkXAES | inedgrebdt e dBDsampl es in the

ZnS/ Cl GSe s anmoprinealsiezreidest o mébhi) mZK PBptden saiitly spectra of
min and (ii )} rlead edi is a®pDb e s . Al l Specatexxi wat € omeayer

of fsets are added for clarity.
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Fig. (&)i2sdpl ays the ZnESLMM/nNas KLL aXA sampl es

series, normali zed to the maXhmumpierct eas iotf y
Cl GSe and t hezZzmS/2GlI G'&en sGBMpl e consi st of on
spectra of s amp I-terse astunbemmi tt t peedr itood sC BoDX at | ea:

mai nly the ZnlfXoAES hlei nNeaa KIhi®9&®| ed/t)r arss 2( KE n
Th average buffer tZmiSdkCn eGsSe cfalmpdl & & mmi2h S&B
t h possibility that a smal |l fraction of th
KLL. The 2 rmiamn edBBampwe apecoader shape than

e
e

|l ines found for the other sampl es .-t rFauattehcer r

sample is |l ocated in the energy range bet wee
are in | ine witalstowewol aXpAfEiSn g i anfe sgt alse seen i
of the Cd XAES Il ines. I n order to ascertai

appropriately weighted fracti oznsS/oCfl GtSkee sAamp
(i .e., the hsiacnkpelset wints Itahyeert) and of the Na

subtracted from the spectrum in question, W
negati veThinst emestihoyd yi el ds a di f f elrieknec,es hiial pi en
as tidlatuesd in JJigl] At. 2B ai(d ettidc aZanl yLMM | i ne

superi mposed over the obtained difference il
w h
t h

()

n examining its shape.] Thus, aty Iseagtest w

heterointerface formati on.

()

The modified ZnUAu@dr thaerssmanied rgsr sreint)e,d in |
along with repforvabuesanffjes ZnSeand&nBpl noO,
references-1[185 ,dlAphie8ssltleat ed with CBD ti mes
* values within the range reported for ZnSe
made bet weenvalhuweeszZznf or ZnSe and ZnS based on
of the DR-ZmS/NCICBSe samplle, |l i¢s aklmodcel ahedrep
values for ZnSel/lBnS b[u4b5,in2 ,tb5h3e, 1vlieec S Lt ¥y8Jof r
Al t hough no Ur efealreexs ewe&meSy, f otunned wiodre Zonvlienr | a
Zn<en/S may indicate #SgsZnkinUafvareed &oe Zamp
the two Zn XAES Il ines derived -Zn8mCt G8ecasamp
spectra [ as idrecnloetde dt rbiyantgn e k¢ i nhd-shigdwerd2BE (1
yi elUdswiat hin Zme/ Zma8ge whekKBsad fttlread Hii qleeragali
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Fi gu25¢ | }fntsMusMas/ Na 2skeBXAES | i neni oif B/ Qls@%gi logget her wi th

wei ght ed s pCd GtSrea adfs ortbber anrZdg/t GleG3es stEMp ICBD and t he
di fferenick. 652 *mit53 i h CRGSHOddi fi ed Augat) pdraOBed er
t redatseampl &€35/iCnl GShee siaersplwen saessr a f unctTihen enfci CBD etdi he .
i ndi cat-ealtlhes obtained by using the KEs of the two Zr
CBEENnS/ Cls@®® |l e spectrumTwas reac dhmnp o vear-eguaesasbhee Zn
set of i nnthepsudedh EBOlI GSe sample series produced by
l'ine (more details can be found in the text).

alk reportsSe f[oNotZnltnhat no indication of a s
t hceur veef ftite XZ8& Ripne of -Zrh&/ Qs 8dml eCBDas shown
4 42 b.)Thef or mati ot h&oayhqwsddr i ng t he earl vy S
i nvestigated ZnS/ Cl GSmayheitrevh@li menenofr poe at 0 D mMe
t her sace of thdoabmenbed,[phEMB Medohol | ow squ
in Fig.)4a2®% @atsghdata pZoniSHtCsl GoSfe a adnpfl fee rseemrti

by the same ZSW production |ine wusing the ¢

nvestigated sample series. The sampl es wer e
prod)dégr oheg of Pr of . SAurdfraecaes Kdieeamc eo fDitvhies i
0

f Materials Science of the TechnFsehéu¥dsi Ve

—+

he two sets may be associated mwiatlh nveaarsi uarnecne
etups and/or electron analyzer <cali Hif-ation

(7]

value evolution as a function of CBD ti me is

102



4.5.3 Near Surface Chemical Structure

I n this sumhesaesurementXsESconduesteeg |soenr utelse aZr @S/
esti matha ckimedpo ift eéechebarfd eggab emtyteers unidtesr st ar
chemical envi ronmfeande adkultkhe near

The XES spectbtltddnaodfd ¢ mids ZinonL regions for the

series are presented in Fig. 4.26 (a). To es
the sample series, the anal ysiss wmsbsdgiocmnused
described iThe SX&ESS. spedtBa were interpreted
contribution and a ZnS contribution, as des
f actodr eqn. (4. 3¥°xYdHasied askermihesillepam diyhe
athuation l engtm ssiodbn | 3. 4 eV) energies

excitationnenesygy. Qie¥) ,ahe 311 nm and 130 |
from rEhow[ @08e of these values aylileolMdssf faor t
65 nm. The estimated ZnS thicknesses of the
time is presented in Fig. 4. 26 (b). Based «
effectiadepabruat® n % @56 nmmin is obtained.The XESdetermined

[e2]
o

Ta XES 1T = b)
~ € 50 -
5 hn =550 eV c
< xe E —
~ ——0.25 min ) %
> \ @ 40+ i
= c -
UC', % //// ]
FE-’ ‘& 30+ - -
3 2 7
N g 20+ ~ T
C_G = //
£ Q10 ) -
z ] 2 ﬁ/
N a @
In M4,5Nz,3 04 W| @ o i
330 340 350 360 370 380 0 2 4 6 8 10 12 14 16
Emission Energy (eV) CBD time (min)

Fi gueee ad . 2Z2Hhand LXEEpectr aZndfl Cl IGSe, smanpralsi zed accor
measur emeg(nbt) tTihmeckness of depositedrzrma$ meayern i ane, a dfet
from the attenuasullbantdredtietded Bmé sMsednholrleopw esseunarse st h
XPHetermiSredf fZemct i veT htehigckampesdiemdie@aat es the onset 0

deposition, as determined by the XPS analysis.
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CBD-ZnS deposition rate is significantly higher than the X8 rmined one (i.eQ .30 . 1

nm/ min). As discussed in Sect. 4. veyraghi f
the ZnS | ayer on the absorber surface- caus
determined buffer deposition rate. Because ¢

determined value does not bebomegiscagini €éf taa
buffeMhleayédr AiniB/ CBBSe sample was assessed t
of t33F nm, i n agreement with the reported ZSV
evaluation also confirasfehdedaZBB hter ebautf & neea n td eij
than t-GéS CBDeat ment [ 100].

XES experiments probing the chemical environ
Fig. 4.27 shows tlizsS, ¥BE8ngegi oh abeaSéuMcti on
time (after normalization to tkeiepectAsumxapl

i n Sect .t hde. doBer |l apping of the XES signal s
positions of the staantdes$ rilnr il .tvéean s Shé tdhse VS eS el
3s Y S 2p, respe®tmi sesliyy)n. i Bheco®esi Mernasbl y w
emi ssion, as highlighted by the magnificatioc
the sampl e seriZnsS (tir.eeemessphtor t er CBD

The spectrum of the bare ClI GSe absorber sam
to SemMssion. A coxmbndha&mbasiodtn Sei M, however
the spect rZan SAfCl &lSle GBRDnpl es . -ZAfS etrr ela.t2nbe nmi,n t
peak broadens and shifts to higher emi ssi ol
equi val-ehs/ CBGSe sampledkoswerliects ,f etahteurSees Mar e

present spectrum, adhe pionsd itci aotni oo notf & e hE&BMep | eS

periods resul't in the following spectral ch
energy position shifts to ~ 148 eV, and thre
at (a) 152 .d1,(c()b)151753e 2], ampear. The observe
Cl G6€&nsS spectral shape evolution. Febbtueds
transitions (i @nd Zm:B3d aWsSt2pns, respecti\
SZmondi ng. Feature (c) arises from the rel ax

core hol es.
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SL,, A SeM, /SL,, XES
|| hn=200ev

1

Normalized intensity (a.u.)

1 T - I—
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Emission Energy (eV)

Fi gu2r&e4 MS2 XES spectZnmsa/ @WIfGSXehesampl es, normalized to s
dashed | i gas desr feoraspectr al -afnedatdl rad £ dp @ rrtaanisnitn g ntsg

These transitions are identified in the text.

4.5.4 Principal Component Analysis

I n order to determine the minimum number of
samp spectepaxS: R Spddtrher mi2n&ZE€B8DCs &®p !l e s
were evaluated using PpPCACLpAls ecmppanethice am

spectra set of an inert heterointwo f apectmay
component s. Requiring more than 2 component
interface species in the heterointerface. Th

component-campornédinteePCA reconstRkRiugc8(@h3 &dhe
magni fied residua of the r@¢cbPBkeawnukcy,j-onhhar ¢
component reconstructions yield a better ag
| ower CBD times. The ef feecquaolfi ttyh eo ft htihred ncaotr
measured and reconstructed spectra is more ¢

CdS/ ClI GSe sampl es. Further more, -t & mp osnheanpt e
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reconstruct OBEZn$/ ChedB@lcamirsapeii ani vary t® t hat
mi 6BBCdS/ CE@é8el e [see Fig. 4. 12 (b)] .%l't was
and CdS nanoparticles is present in the CdS/
of the spectra ofwduled ZalSYI Cl GISEg sxatmptl lees pr es
i n this heterointerface.

Target transformatip8: BKBE&| gypest od&amnd es &lefe uM
containing references was <carried ougt. tdo. 2r9e\
(a) and (b) show the reference spectra an
ei genvectorsandf -tthhhppenhewot PCA reconstructio
respectivel y. I n an inert heteroiZin*rdpeet rsa

would be expected to be revealed as compone

shown in Fig. 4.29 (a), the quality of the
component transformation i s igaad dfeovri a2n S na n
a  SeM /SL, XES b | |
' ' — 2-comp.
2 hnexC =200 eV —— 3-comp.
o Data CBD
— 2-comp. 7 min (x3)
=) — 3-comp. A A rAnaA AU,
8 BN Lo Svereey o
2
g 5 min (x3)
o . CBD Rk — pon o
£ S 7min
> 2 min (x3)
N
'(-_é ,,,,,,,, MMWLVA'WAMMM
z
0.25 min (x3)
MWA =

148 150 152 154 156 148 ' léO ' 152 ' lé4 ' 156
Emission Energy (eV)
Figur8( ad. Reconstruca/pSenKBS stpheect3 e - KMnfi nt haEBPD/. QI5S5GS e
samples wusingeitgenwadt orhsr edpertienrcnipnaeld cfornopmo nent analy

Magni fied di fference bet/vexeKES hs penctarsair @achd Sé heM r es

reconstructions.
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\ Two-components\ \Three-components\

o Compound b) o Compound
= Transformation = Transformation

Normalized intensity (a.u.)

146 148 150 152 154 156 158 160 146 148 150 152 154 156 158 160
Emission Energy (eV)

Figur®eTad gat transforieSt2i ¥BS opecSe aMof -aedesal fsel e
containing mpeluadenaocel coal ated by | inear combiprnations
component acdmgpgbdbpenthrB€As. Vertical of fsets added for

14852 eV, the same energy range-campwheaoh @&C¢€¥Y

reconsbobfudcidiSasngood agreement i's not surprisi
species is present i n the investigated het el
two main components. Fig. 4.29 (b) shdaws t he
i's included in the analysis. Z#&Kfdrtastwhcer rienapsr
significant i mprovements occur in the fits
i mprovements in the ZnS and ClI GSe fi tS) . Th

bonds are for med. -chdndpiotnieonrt a latingsr,fgoettmat itdm e g i ¢
mat ches for the ZnS and ClI GSe spectra, furt

for the present samples series.

4.5.5 Leastsquares Fitting Analysis

Next, bth8 BES Mspectra of the Zn&dnLllyGSed stampd
|l esspir es fitt(nhgp Ppagel &) 3Pr esiedbn tnsi nt helgdftit)t s
CBEEnS/ Cls@®®l e spectra wusing only the CI GSe
residua of the fits, parmesul aohyi tmosbadabft
specactarnah@ebhode ol y ac olmbnienaart i owoeffetbecse spec
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CdS nanoparticles was used to r epdreepsoesntt etdh eo

P
e

o

r
X
f

mpl es twirt ICBDh prer i ods. For the present sam
noparticles was not found to carry out a s
siduum feature occurs for the sampke of

emi cal environment (i .e., as demonstrated
a-Z@BDti me just above the threshold of the

0.32 min), it seems safe tesedasenonméheéehatyt
ructure of the ZnS | ayer. As the thicknes
ystallinity -rieMlpatoevce si,nttehresizZtny 3bdet t er r esem
siduum spectral f esad wa ree sd i fsiatp p eZanr B/ hCGel TGHSee mi

mpl e spectrum supports this argument.

Fig. 4. 31, the evolution 28f ZIm® cepmgomatil
esented as @&nBSunctmeon asf aG€BEBrtai n@. bAs an
pected, the ClI GSe spectradfCBDbntrméut wber da

ZnS i nc sSecaosnetsr.i bTuhtei olnn gr ows qui ckl vy, at f

| & ss pecftrraadti on i s the -omSatwmemt t ha CBDi hi @80

1 1 1 1 ' 1 1 1 1
1.0 - .
0.8 - .
—a— CIGSe
0.6 - .
o —e—27ZnS
S 0.4 n,S, -
LL
0.2 - .
0.0 - Q}J/ _
1 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1

0 2 4 6 8 10 12 14 16
CBD time (min)

FiguBé&ad.cul ated fractions efcotnipeon@In®Se ,i/BE3n8ESaSed M n
spectra of the inweasigafeadZbbdpieheef sgitiBaDgted area i ndi
the onset of thedédtudrfmirnad pmysitthenXP%sanal ysi s.

109



o HL Y K YyoL{yS

[ & ‘D2 7— L o
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Figu3®Bchematic of the chemical structure of the inves

( XPAShal ysis) estimated onset ofsshectudlf effr ae
decreases with CBD times | onger It hsaent t2 nrgisn .|
t he e xcni=t a2t0i0o ne W) e mingds iSonL ( ~ 1la51b e %5, letpkeer gi e ¢
anlgmin ZnS, as obtained from ref. [ 70], are
eqn. (4.5),I"itsh%e ncna.l cudcalt eWdal ue is in agreeme
thesssmectr al fraction-ZofS/ Ch&S8& aathpl7fesni wh €1B |
XEdetermined effective buffer thicknesses a
| %3i s nedfito the wvicinity of the ZnS and CI (

8% contribution in the present heterointerf:
CdS/ Cl GSe heterointerfac#gcolnitkaewiude ,dndJien ftrha
surpasses that which was reached in the CdS/

of exposure of the bare absorber surface to
period). A schematic of thedclZaBi/ CdIGSet hedteu
iI's presented in Fig. 4.32.

4.5.6 Interface Band Alignment

I n t his selcectomgnitcheband &CI G8Bheretnetr oiomt etr i e
experimentally obtained by combP8i agd XPBESUR
empyleod to determine the positi onasnHdPS twaes VB
applied tdlmBdansulotri nnghefrom The bLU&téerodepost
t he Cl GSe absorber has already been di scus

pur posedi,sFagai 4. pr88§eant.ed in Fig. 4.

I n Fi gb) 4. 8BePBEBSspadtra o4n3/hCt &tplmi mr@BD h
i thecouo$tewo™ifonr eatsmhePsce mogFeef thlee Esampl e b
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indi cated omr edt.mehitrsear
Me as ubBfddal ues

spéd)r db5ofhinGd CBGIS@S es,a mpn &

aft
extrapol ati ons wonf

itnh er erde slpiercd
are shown in the rectangular insets. Tkt
Es'vfal ues for (a) and (b) are N 0.2 eV and N 0.4 eV,
clearly reduced by the c¢cleaning process, anoc
| ianre extrapol ation of the samplebds VB and CB
be2. 47 N 0.2 eV and 1.77 N 0.3 eV, Efedfpect i v
4.24 N 0.4 eV for the sampl e wi tTh Egghlda Ituhei c k e
is | arger t EANKt henS e(peo.rg.e,d ~ 3.6 eV) [120].
Changes in band bending at the heterointerf.
Cl GSe absorber (i.e., Il 1 BB) [113].s@8tcafustehae
buffer deposition, only data of -ZsnaSmpli emse st hweet
used. Furthermore,

-rtehl ea toendl yl Certpgist ra@®lppe astbhseo r b e
result of the discovered formation ofnt er f acienveop &c ings

I n
combi nat.i

and Se
on

XPS core | evels (dtl Bthleatseedl e
me ¢ han(iis.c@s.e,mi c aan dsthb efmisma ler miex wte g @

of

|l ayers) o
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Figdd3e | nt-enflaced band bending (i.e., I Il BBl apodéet e o mi
the absorber sampl e, the sample with the thickest Zn

|l ayer thicknebaded @&heagnsaglti caft etshea hteufof er deposition
XPS analysi s.

energetic position of evaluated XPS |lines ar

The 11 BB was calcuhatedalbsi 8§ w#gqhueé408) 11 BE
combinations of the selected CIlIGSe and CdS
di splayed in Fig.wvdl3d.ofThehavanabegsi $BBs 0.
by the dashedd4l)i.ne in Fig.

Consequentl vy, the VBO and CBO f orl.t4h8e RKh elt.elrs
and +1.06 N 0.4 eV, respectively. A schemat
alignment of the ZSW ZnS/ Cl GSe heterointerfa

l tontrast to the CB alignment foundurfroed t h
spilkieke (CB®..Q60. 4 eV) is observed HBhi g hies Za Sv
surprising findinpger fcommmamea i algandgetsarli ghf c e
devices. I n fact, device simulations set a

mi salignment, at which sol ar cel | perf or man
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reduction in current transport .t Wwougphl atulse
mechani sms which may mitigate the (eQprected)

the perfomance of solar cells are discussed

The first plausible mechanism to be discuss
(andexvtemding into the bulk of the absorber ]
occur near the ghentidrhoitrhtee rffoarcnea, t iaoenw noifn tcehref naic
speci esSs (iZ9ad.n, 28Nt h repalttued2 Bf2eXX,®@ eV and
2. 8re¥peclt2Dv2E3) y [n addition to the benefici
compounds may exegneabytWwedensteuysf sadsde En omdiree c
Ch.),7they may also prodade gbméenhes thaer medae
ascertained. For exa®mpCeGSet hbetGB i at erafna cE
detr mi ned to belZ%ddD. BulhOadh6 i ieaVefmedi ate step
could reduce the energetacr osasriibeepbesentrh

A second point of consideration pertains to
by the uncovered areas cematrhe apsasbtéehhees profs
formati on-pofi mttraamssp obrett ween t he absorber sur/
of the solar celll in the portions | eZthSunco\
acts a pask2yMatisopobmyact [ sledmet weo ud nde rag estoi ¢

Cu(In,Ga)Se, ghlln Z(QSS ZnS surface
surface on /u : \f ©2 [on Cu(ln,Ga)Se,]
_— CBM
0.82+0.15¢eV] | CBO-+1 06 +0.4 eV bl .
170£02eV | | ]
VBM 424 +04eV
................. VBM
VBO =-1.48 +0.25 eV

FiguBBchematic diagramG8eahettltee oZ8WeZN&EEI el ectronic ¢
left and right sides of (tEfe(fald adjeraimv ald stpy atytP& hisea kel le R F
CiGseabsorber @nbhuf fher ,Znrhees preicdkdlvee lpyarti on of the diagr

band alignment at the hetero-i ntecktdcbaatitbendongi éé&f e
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to current transport expected of a +1.06 e
reportedl G6e abheerebd€sol ar devices [125].

4.6 SolarCells

A comparison of the parameters thie best solar celibased onandteZCA/SCI GSc«
heterointerfaces producé¢depyrrtedidd )iZss Wmapd eo dtu ¢
associedteentitth eswirtultt uln €@ p e rsfoolranra niteedy |i asf le Stwise

t he parameteqper fodmi nlge sbéart cel | devices
buffer/ absorbelrgl heterointerfaces |

Tabl e 4.5 Parpaemmeftoemisngo fs dblemsddc ehl-athedv ZdSé Ch &S e
heterointerfaces produced by t&f8ZSW producti or

Heterointerface h (%) jsc (mA/cnr) Voc (V) FF
CdS/CIGSe 18.3 34.1 0.695 0.77
ZnS/CIGSe 17.3 35.1 0.661 0.75

-=-=--CdS/i-Zn0O

——2ZnS/ZnMgO ’

400 600 800 1000
Wavelength A (nm)

External Quantum Efficiency EQE

FiguréeEx4 e3 nal guantum esfoffiaci erdy dpedtceasd bdas8/dClo@Sd h
heteroi prediuaeesby the ZSW prrogfugti on |ine, taken fro
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An improvement in st is observed for the ZnS/CiG®ased solar cell, which is ascribed to
lower light absorption losses in the ZnS buffer layer compared to the CdS buffer layer. This
effect is better perceived in the EQE spectra of the discussed solar cell devices, shigwn in F
4.36. Losses in the ~ 500 nm region (i.e., ~ 2.5 eV) are evident iaxteenal quantum
efficiency EQE) spectrum of the CdS/CIGSmsed solar cell device, which match theoE

the CdS layer. This characteristic has made ZnS a potential bufferahatdstitute of CdS.
However, the better electronic structure of the CdS/CIGSe heterointerface, as experimentally
determined earlier, explains the bettesc\and FF results of the CdS/CIG8ased solar cell

device, which overcome lower obtaingdv a |l .u e s

4.7 Summary

The <characterizati on of theofchéemecaddSacld G®e
ZnS/ Cl GSe hedfar dSiWtedhiffjdcd eesncga smal &ar cel | pr
wapreselnhteedst arting bare Cl GSe albs omggeeaCuwas
surface, with Na aestiitneg vaasc aanrc i ®c 0 fEixered @ fimte @ (
profi |l esuagngaels@®ips ati ¢me very surface Tohfe t he
di rectenmenas uorf EJ er'eavbesad rsb ear ii qirgi fwiictahn tr ewsi pdeec
ELU!Di fferent growth modes and kinetics were
I n both sets of sample series, evidence of
was foundtalsasf wemati on of newDineetf ameaschen
of the electronic band alignments debbhalntdhe s
alignment configuration for the CdS/ CiGSe h
| iodbeand configuration was f ounRl &wsi klhee mMencSh &
t hat may coompdteirmalt Wadared c¢ oomf itghuer ap d@ rofno mammpcaec
c e IWlegdei s c u Fheehdre presenterksults provide m exhaustive analysisf dhe

formation of the CdS/and ZnS/CIGSe heterointerfacdsh e knowl edge gai ned
i nvestigatbhens sefhwlul d or ofrhew dcp/teil miparetnito n |

chal caomyreidt sol ar cel | devices.
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5 Characteri LatSi/l €CaHentfSe rt dhient er f ac

5.1 Introduction

As mentioned in Seecst.ofl.tlh e ohleGSoSe tahlel ofye astyusr
the chemical of tg¢greanalbsorthuenre,d ibté&stl Haemiohi Aa 1D JIE
eV @CiGpfr9Thpsoperty allowdhaltlcepyynt eesibsoober
EfSUVka | uensattchhatt heysf @mpt ismumrEsd menr dyi 4@ Vv é&or AM
[8)) To datepet heclmelbegdmysreidi esdlidm cell sb-(over
scal.gle basedsGanSECuGE@mabsorbers with a Gal/ (
around 0. 3, gofpsparlotxiingazied Ya Be s pgiwthe clhatrtsag a
macbed t o tihael tsealraerstgpectafiiwn,dyeatphoe cpheabl &cwoepdyar ni ct
thinsdliam cells (i.e., gohadl Qdp geov)s,ie deohseelwir o er
t han fltoyeaipro c o Untserlipaarr tdeviCddig= bhs®4 eoVi) and
(Eg= 1.68 eV) abstmibdred daroe aa @ilrenlt2i2¢es meradt i1We
Thecsemparatively | ow power conversion wffici:
connected tafdamed odagphaac ecbolpsy r ibtod t D @lvisadnedc e | |
gaphal copyritep soba}f wried Heex peead t o e &&i heinecvye
maxi ma in t4Bel Z.i ci nity of

It has been foundl|l btwat ehticieasoywibdeaddéwhniece
chal copyr i teer ipablasensi kme a b matt CtBlOe buf fer/ absorbe
[1P. I n contrasftlamaondubeéei d mav 8Brnafpb atliile cyrahpeon t

chal cémyreidt esolbjéandeklbsf[{rmed for the CdS/ ClI
4) the conaodctwiadgre slharhks s [R6G @B d piec treped rd aesde
[1P) to be highieontlihamd tdfe tchme boefcé kfifkdeg er i

(i .e., n ewgoautdieceefeta@B ®@ner get i ¢ -hboa rer ireerc ofmobri nealt
t hheet er oi ntiensgf aeepombpenti on pat h aeduedVbee i nt e
[36,37,41

I n oodest ablitsle bWDhéfleer/r absorber heterojuncti
defici eiwidpesspoofa-basetbersol ahe dehhieme s al and
propertth@@sS/ €1 S h e tae reo ihretr eedSEedetattentos igiven to

directtg measeael ect r o rihe mvediigatedleteainterfagelfithe GBO o f
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is found to benonroptimalde | i ber at e sur fiawcesy anpood iCfl iGcSaStei ocarbss o
t wowlhifch wil/ b e c6araeonldbal8sed totmpirno vQlo rt han e rdf
correspdmaisrbgd &m ceAddednewnisit @ agreavi ousi tchiaspt e
possinbilteitghaet ee x peci @ag eéf eci owvallti ajne eudnrtcev 6 a & ke |
CBon he per f ounatsicodgaaf cred d s

5.2 Experimental Details

A series of Cl'S substrateseswdad hprveapgari eddy. Cldl
samples were prepaeedZBy |l aslt i & bo e aliebdprosse ct hi nobnh
of Cu anmn) | @5nmnl M® | ayers §$pstst esjidod tl coateads gb y
sul furusziantgi[PBPPi or to thet spddphpirtaecd osor s a
strongl y Swlpfpuerri zratcthanf pr d dttés ¢t agenNnuwned i
aCuyScapping phase, which asKGNbastghlie3ngld r o & ens
|l ayers were deposited by I mmer si on in a mi
sol utaislcerssc,r irddf BB i e p d s imteasoghe A . f5r.00m tmd nvary t he
CdS tho€¢kndeédesWhaemplsecasmpl es were transported f
outside tiwerHdHZBgegatlkedyin an inertthempspheere

~+

@)r Rokkeusskenhsve XES characteri zatisamptensndwe

(e

riefly exposed to air pr-basetdobebml rnentrod

The s-sehaceive XPS and XAES characterizatio
carriad obhe HZB &wpkoyiagi dbgy ener goleBOSand
150MCD el ectUPST maad wrzeement s were conducted

c

singetheexcitatdxmersiomerrctes WePrEEShe arabedabat

(@)

f the group of Prof . Cl emens eddeaske watt ht e e
PBERtup uspByp nSEaltedadmred Au foil was Probed
and its Efmeaassuuseedd as the energy scale calibr

and | PES measurements. Tos urefmooes ,adtsloea biarn wees
series were submnttedat memup@biBnet/i)c feome rschy
periXES . experiments were performed atayALS B
Fluorescence ($®F) CanalMd at nmoBEW measur ement s
performed on the CdS/reIx&ESet astagwpn =fBedEFVe S U S i
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specéra mwmwevaistheega i t at iodn leomOAIK2gyeeWk ci t ati on en ¢
chosen to avoi eefrfeexcdmsant excitation

5.3 CdS/CulnS: Heterointerface

I n the f ol,lt dosh anrga csteecrtii zoant i on of t hesodhetnhiec al
CdS/ CI'S het pr eis eSruereffbaccee XS veend XAES exper i me
are firstXESomeiadeeameaede mte n cpoepeemnthheed etraoi nt er f
chemical cbBaractarkizmmaleloyr esdi recwdsta gati on

el ectronic band alignmenmnatr eofdi.tsltars@Ga&3/ CI S het

5.3.1 SurfaceChemical Structure

Fig.l Shows the XPS survey spectBhaevely Shpeci n
of t haeb sboarrbeer ex 3 @gibgitoarmiessi on |alneme mwtfs t(hie.
Cu, )DlIlnonSt rast to bshreb &rSWs tCU @GiSeedeair @ IChhomo ev
t he presemcteh e fs WWrafraec eCl oSl ratblggeinhieea t pncent r at i
Curich preparaekpIrd sfdiglhhmdl ilomveert |(y b yan. ,oradte rl eoafs
magni t udea)tf otuhnadh i itnhs eloé-c 0o mmac hahgse ply21Bi3)tl.e

Mor eotvheer ,et ching proc®shkbi naey pl€Cd SempepriGat he
to CdS diepopetfiommed in af KCNowgdelwmpsWeoahbut i
of t hewistalmptdiezedtroeanto€v@N t r ac ees)d;e kietl yh 8 s eh
treatrneenmotvse s maled dneNat heo@l S s aGwpH reesat eGBDs a mp
show add4irteilanaeld @dh ot oemi ssion | ines in their
iaarease iwi tintgeentlCd®&BR at ment periods. At the
absordleated XPS | ines decreases. These even
spectra abscreibe&rc breetifactred core | Bvel sAsshowgh
these changes are attributed to the growth ¢
signals of Cu and In core | evels bed&€aBe com
ti mes greater than 2 miaf thdiabhsbnbena somph
[The |l ow intensityasdgnrnabli dafs tidleda e@wendppe (Vi
attritbmudreadtpcmeasced dumoiunngt i ssgmplleeavihmemg avcme L
surface exposed. ]
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Figudl&XPS8S. Survey spectrsampf e tlsaehreCe&ssS/indS cat e-CdHIIrati on
treatment of r¥epetctalveotsbmptedNate attdaedat br salmat esy (|
A0 mind wemplee)lptEKdIbld PBEdBSreat ment .

Because S is found in both the absorber an
c o n s Tha sample with the longest CBDdStime (i.e., 7 min) showsninimal signs of
surfaceS-Ox bonds, as observed byh e ( magni fBEe d~) VIp6e8g ken s thdaer i ng
signs of sulonufrpdaxtihdea tsiaommp laer ewi t h t he t hi cke
not pr ob aebxl eer ttsh aaa bd cen sii mpea c t on the <chemica
interface (1 . e. ,s pceacnsetMotruetoevse rgn tihret exrefamcvea |
been rte@or ¢ £thcto nfvrecam i on all deposiotni ¢mo pef ,t he
r-6 put toefr itnhgee Cdg1 affer | aye

An estimation of the effective thickness of
resulting attenuati onandd bruefl taeteeads eX PoSf ctohree 4
respectively. The effective tbak&nkeasedfusihe
(4.1) alhadb%(ed. Zhows the results of this evalu

120



Figbhrz XPS detail s p esgi r(ab)efl )nt ¢Babl, aB3ad (Cdu) e2dpn&p of t he
CdS/ Glasnpl e series, nor mal i zTehde tfoo | bl aod@id gbrgoeudRiDeinm t et ni sniet
were used: (i) 0, (ii) 0.5, Dédshed DLindd v)naicaltve) pde
determined by curve fiteasal gdi saseixAchiltMg\petochset aa lweefef m
added foThelariigiyn of the | ow intensity detected in (

text.

consi stent for the three used photoemisssi on
attributed tloThisd fieseespecial |y thR&ISI&LIdS f o

sampl e, in which stihse wsiitghnianl tohfe tXhPeS CGlle.tZepct i o0
at % [ 4T5h e5 24 brseolrabteerd | i nes ardédteompl &t-GdiSh atft ¢
treat ment . Similar results were obtained in
4.3.1), i n which complete coCdfngatiment, a(otfa i

t hi cknteesrs tgh@®fm ¢ IhedXadbDSalcyozree The edlsg ment al con
the samples was quantified fromd®BheenXcPeS s pe
intensities of the fitted core |lavebdsntwefrer
di fferences i npafnke0.,as1]i,c pneatnoifariezati on c¢cr o
transmission function of the electron anal yz
Fig. 5. 3.

The surface composition +«£fdftrleattlesdtabacr Wen
t hpeeak fits, I's approximately Cu:ln: &i=Thl: 3:
(due to the CIS growth procesoportbearsacktace

Further mor e, t he Cu and | n sur fassc ea cfounnccetnitorr
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