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To my family

""As a blind man has no idea of colors,
so we have no idea of the manner by which
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Hepiinwn

Yt miaioc NG TOPOVGOS OWUKTOPIKNG OlatpPrg, ovamtvuydnkov Kot
peietnOnkoav Hlokée Koyéhee Xalkomvupitikov Huayoyov yio ™ Ootofolitaikn

Texvoroyia Aentdv Ypeviov.

XuyKeEKPLEVO,

yohkomvpttikol amoppopntéc avamtuypévol oto Epegvvntikd Kévipo 7y
YAiwkad kor Evépyeio Helmholtz tov Begpoiivov (Helmholtz Zentrum Berlin fiir
Materialien und Energie (HZB)) peiembnkov e PdBoc pe teyvikég omtikov
yopaktnpiopov, ot Epyoommplaxés Eykataotdoeig tov EBvikod Metcdfiov
[ToAvteyveiov (EMII),

YL VO OTOTEAECOLV, OTI GUVEXEWD, TOV OTOPPOPNTH  YOAKOTUPITIKADOV
ETEPOKVYEADV, OTOL M UETOPATIKT) OTP®OY ZnSe Kol To SmEPATO GTNV MNALOKY
axtwvoPolia «mapdBuvpo» ZnO g KLYEANG avarntuydnkav pe yopunAov KOGTOLG,
HEYOANG eMpaveElOKNG KdAvyMG, ToyvppLuOues ymukés (CBD) kot nAextpoynpukég
(ECD) teyvikéc evendBeong oto EMIL.

H petoPaticn otpwon (buffer-layer) ZnSe avoantdybnke mpoc avrikatdotoon
mg otpoong CdS, n omola ypnoyomoteitar cuvnBg o MAIKEG KLWEAES
yolkomvprtav. HAMokég koyéheg amaAlaypeVeES amd KAOMO Kol GIAIKOTEPES TPOG TO
neplPdArov, pe ovviedeotég amddoons 5%, afloonpeimtovg Yoo glGoy@Yn OTNV
Teyvoloyla tov Xapniod Koéotoug — Bértiommg Amddoong DwtoPolitaikdv,

avamTHYONKAY KoL YopaKTNPIGTKOY SOUIKE, OTTIKA Kol NAEKTPIKA.

AxolovBel cuvToun TEPLYPOPT] TOV KLPLOTEP®V EVOTNTMOV TNG AOUKTOPIKNG

AwTping e cuYYpovN OVaPOPA GTO AOTEAEGHOTA TNG KABE EVOTNTOG:

Meiéty Xaixomvprtikayy Amoppoontav pe Ty uéfooo tng Omntikijg

Atauopowons (PwtoavarkiocTikoTyTag):
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Ot Oopkég Kol OMTIKEG 1OOTNTEG YOAKOTVPITIKMY HOVOKPUOTIAA®MY KOl
emraSlokav vueviov pedemOnkav pe peddoovg Omtikng Awpopewons. Me
puébodo ¢  DPOTOOVOKAOCTIKOTNTOG OlEpELVIONKOY KOl  TOGOTIKOTOWM MKV
QOVOLEVO EANCTIKOV TACEOV/TOPALOPOOGEMYV KAODS Kot LETAPOAES GTN CLGTAOT
tpuepav (CuGaSe,, CulnSe;, CuGaS,;, CulnS;) xar terpopepov (Cu(In,Ga)Se,,
Cu(In,Ga)S;) YOAKOTLPITIK®OV ATOPPOPNT®V, OTN GLVNON Kol o€  YOUNAES
Bepuoxpaocieg (300-20K). Me avagopd 6Tovg YOAKOTLPITIKOVS LOVOKPUOTAALOVG, TO.
emrallokd vpévia ep@aviCouv  HEWOUEV] KPLOTOAAKOTNTA Kupiog Ady® NG
EULPAVIONG EAUCTIKMV TACEDV/TAPUUOPPDCEDY GTIG YOAKOTUPITIKES £TEPOOOUES. Ot
TOoES  VLROAOYIoTNKAY OO TNV EVEPYEWNKT]  HETOTOMION TAOV  QOCUATOV
dotoavakiaotikotrog (PR) kot cuykpiOnkav pe t1g Tpég mov AMMednkav ota o1
vuévia pe IepiBraon axtivov-X (XRD).

To evepyelokd odopo tpiuepov ocelwvidiov (CulnSe; xor CuGaSe,),
HOVOKPULOTAAA®V KOl  EMITOYOKOV LUEVIOV, peAenOnke o€ peydAo €0OPOG
Oepuoxpaciov amd 1 cvvnon Bepuoxpacio (300K) £wg kar 10K. Ot evepyetaxég
petafacelg Ea, Ep, kot E; k08dg kot to €dpog tovg mpocdiopiocmnkay pe akpipeta.
Amd T1g evépyeleg petdPacng vmoloyicOnke m  evépyswo mov o@eileTon oTNV
TETPAYOVIKT] TOPAUOPPOCT YOAKOTUPITIK®OV KPLOTAAA®V Kol 1) EVEPYELL TTOL
opeiletarl TNV OAANAETIOPOCT] TG NAEKTPOVIOKNG 1O10GTPOPOPUNSG LE TN GTPOPOPUT).
Ta amoteAéopato vrodekvoovy W1Opopen eEdptnon (s-shaped) yion Beppokpacieg
yopniotepeg amod 100K, m omoio eivor gpeovig kuvplog otovg emragiokois
aroppopntéc CuGaSe,, ko «ovopokn Oeppokpociaxn e&dptnon» (anomalous
temperature dependence), 1 omoio EKINAGVETOL MG LETATOTION-0TO-EpLOPO (red-shift)
pue  peioon g Beppokpaciag, yu Oeppokpacieg younidtepeg and S0K, otovg
yarkomvuprtikovs amoppopntés CulnSe,. Baocwlopevn otov  vmoloywopd TtV
OLVTEAECTOV TPOCSUIENG, 1 UN OupoAn e&dptnon tov aroppopntdv CulnSe,
amodideTan otov Kupiapyo d-yapaktipa tov vEpdiouov p-d g {dvng cbévous. Ta
OTOTEAECUOTO TNG TOPOVGOS UEAETNG VTOOEIKVOOLV OTNUAVTIIKEG Ol(POPES OTN
Bepuokpaciaxn e&aptnon tov (ovov E,, Ep, kot E; tov povokpustdAlmv Kot tomv
emtallokdV vUEVIOV, Ol Omoieg amodidovTal KLPIMS OTNV EUPAVIOT] EAOCTIKNG
mopapdpewons ota vuévio. H pedétn vmodeikviel, emmpdcobeta, alloonueimrteg
dwpopég ot Beppokpaciaxn e£dptnon tov evepyelok®mv (ovov E,, Ep, kot E., oe
Bepuokpacieg youniodtepeg twv 100K, yioo vAwd piog cvykexpiévng katnyopiog

(novoxpvotarro N emrallokd LVUEVIO), M omoia oyeTiletal pe TOVS JPOPETIKOVGS
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unyoviopots  ovlevéng niextpoviov-eovoviov. To TEPOUATIKE OTOTEAEGHOTO
TPOcOUOIOONKOY e 6 S10QPOPETIKA HOVTEAD Kol CNUAVTIKEG 1O10TNTEG/TAPAUETPOL
TOCOTIKOTOMONKAY, HETAED TV OMOlwV £ivol 1) ELKIVNGIN TOV POPEWV LELOVOTNTOG
(omdv). Ot péceg ewvoviakég ovyvottes, ot omoieg e&aybnkav pe ypron TV
povtédwv Varshni, Bose-Einstein, FEinstein, thermodynamic, kot Manoogian
TovtoromOnkov pe PAcn To OMOTEAECUOTO PACUATOCKOTIOG okEdaong Raman tng
TOPOVCOC LEAETNG KOl AOTEAEGLATO YVOOTA amtd TN PipAoypapio.

Ta pawvopeva EAACTIKOV TACEOV/TOPAUOPPOGEDV avaAvONKay oe faBog Kot
nocotwkomomnkov. H Bepuokpacio oty omoia ot mopapopdcels eEaieipovtal
elval og amoAvtn ovppovia pe 1 Oeppokpacio otnv omoio ta emtadioKd vVUEVIL

OVOTTTOOGOVTOL OVEL TACEMV.

[Tépav g BeproKpacloKnG HEAETNG TV YOAKOTVPITIKAOV OTOPPOPNTMV, E
™ pébodo ™ DPwtoavokAaoTiKOTNTOS HEAETHONKAY, €MIONG, Ol OMTIKEG 1O10TNTES
puepav kot tetpapepav yorkomvpttadv (Culni(GacSe;) oe e&dpnon omd v

TocooToio. cVGTAOT).

Avtikatactoocn tiyg pstafatikng ertpions CdS ano ZnSe

2mv mapovoa epyacia, ELEAcT dOONKE 6TV AVTIKATACTOCT TNG LETAROTIKNG

otpdong tov CdS and 1o erAkdTEpO TPOG TO TEPIPAAAOV ZnSe.

Avarroén uerofatikiis otpwecns ZnSe ue ™y MéBodo tys Elayvwons ue
Aéoun Hiextpoviwv (EBE)

To mapoév tunqua agopd tn Awaktopik] Awpipn (oe €&éMén) Tov
Authopatovyov Xnukod Mnyoavikod k. I'. Povraxa. Ta copnepdopata napatibevton
v AGyovg GUYKPIoNC.

Apywd mpaypotonomOnkav mepapote eAEyyov. Yyning moidtnrog vuévia
ZnSe avamthyOnkav pe ™ péBodo g eEdyvoong pe Oéoun mAektpoviov o€
VIOGTPAOMOTA OO AROPPO YLOAl, oe Beppokpaciec mov kvpaivovtay ard 300 Emg
450°C. Ta vpévia yapaktnpicOnkay dopikd kot ortikd pe XRD, EDS, SEM, AFM,
eoopatookonio Raman xor EAdenpopetpio pundeviopod. H mieypatikr| otobepd o

vroAoyioOnke amd TG yovieg mepiblaong Bragg. Ewoveg SEM kot AFM
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EMAEKVOIOLV VYNANG OUOL0YEVELNS TOAVKPVOTOAALKT dopr|. H otoyeloky| avéivon
pe EDS vmodeikviel To0 oynUOTIOUO UN-CTOLYEOUETPIKOV VUEVIOV TO OTolo TEivel
TPOg TN otoryelopeTpia 6o 1N OBeppokpacio evamdBeong avéavel. O cvvteELESTN
OLOAAONG, O GLVIEAEGTIG OMOPPOPNONG KOl TO TAXOG TMV LUEVIOV HETPNONKAY LE
eMewyopetpio  undevicpov.  AkohovBwg, VYNANG  mowdtTog  vuévie  ZnSe
avartoyOnkav pe v 01 pEB0OO GE VTOGTPAOUOTA YOUAKOTVPITIKAOV OTOPPOPNTOV
(CuGaSe;), o1 omoiot ypnoiomolovviol ot PoToPoAtaikn teyvoroyio. To vuévia
voPAOnkav ce Bepuikn avomtnon yw PeEATiOon TG KPLOTOAMKOTNTOG Kol, GTN
ovvéyela, peietOnkov oOopkd kot omtwkd pe XRD, SEM, AFM, Raman,

eMewyopetpio undeviopov kot potoovokiaotikdétnta (PR).

Egapuoyn  youniov  Kko06TOoOS,  HEYAINS  EMIPOVEIOKNS  KALOWIG,
ToYvppLOuUY O100IKaAGIDY avdmToélS ueTafatikis oTpwons ZnSe Kal

«mapaldvpovy ZnO

[Tpoxeywévovr va peiwbei 10 kd6otog Mopaywyne Potofortaikdv (D/B)
Bacopévav og AETTA LUEVIOL YOAKOTUPITMOV Kol Vo Kotaotel dvvatny 1 katevbeiov
avantuoén O/B nloiciov péocwm evamdBeong oe HeEYAAN EMPAVELN KOl KUKAOUATMOON
tov ®/B otoyeiov non kotd ™ Sodikacio avamTTuéng, yNUIKES Kol NAEKTPOYNLUKES
péBodol epappdcOnKay yoo TV OvVATTLEN NG METOPATIKNG OTPpMOOoNG ZnSe Kot NG
eunpochiag niextpikng emagng ZnO, dwmepatov oty axtvoBorio «wopabvpovy

NMOKOV KOYEADV AETTAOV DUEVIOV YOAKOTLPITMV.

Avarroén uetafatikns otpions ZnSe us ty MéBodo tns Evanobleong amo
Xnuiko Aovtpo (CBD)

ApyiKd TparypatomoOnKe GEPE TEPAUATOV EAEYYOV. ZVYKEKPLUEVA, DUEVIOL
ZnSe ovortoynkov 6€ VTOGTPOUATH od APopEO YVoAl pe ) uEBOSO NG YNUIKNG
evandbeong and Aovtpo. Ot xpdvol evardbeong Kvpaivoviay and 1 éog 6 dpec Ko o
vuévia. vrgotnoav  Ogppukfy avommnon otovg 300 °C yuwe 3 h. Ta vpévia
yopoakpicOnkav dopkd pe XRD, SEM, EDS, npwv kot petd v ovommon. To
evepYENKO YOoHo TV vpeviov peremnOnke pe ™ pébodo S PACUATOGKOTIOG
armoppoéenons. H onuavtikn mopdueTtpog tov mEYovg TOv LUEVIOL UETPNONKE e

TPOPIAOUETPICL.
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Yuévia ZnSe avamthybnkav emiong o€ VAOGTPAOUATO EMTOSIK®OV KoL
TOAVKPUOTOAMK®V — YOAKOTUPITIKOV. [0 1O YopoKINpopd TOV  VHEVIOV,
nmpaypatoromOnkav petpnoeig XRD, SEM, EDS, kot AFM. Znuovtikég mAnpopopieg
TPOEKLYOV  OVOQOPIKA. HE TO HEYEBOC TOV  KPLOTOAMTIAOV, TNV  EUPAVION
TACEOV/TOPALOPPOCEDY 6E €EApTNon and To YPOVo evomdOeonc, Tn OTOLXELNK
oVOTOCT KOL TO TAYOS TV LUEVI®MV. XMUaviikd olapopetikol pvOuoi evamdbeong

mopaTnPNONKAY avAaAOYd LE TI GVGT] TOL VITOGTPMUATOC.

Avartoén «rapalipovy ZnO ue t™ uébooo tns evamobesons ue moiuiKko
Laser (PLD)

[Tpoxeyévou va emtevyBei olokAnpouévn nAokn KoyéAn, vuévio ZnO 1o
omolo omoteAel TV eumpdcoO QKN EmOEN Kol GLYXPOVOS TO  JOTEPATO
«mapaBvpoy» TG KLYEANG avartuyOnke og etepodopég Tomov: ZnSe/Chalcopyrite/Mo-
glass. Aentd vpévia ZnO pe evooyevi ayoyyotnta (i-ZnO) kot ZnO pe tpdéouén In
(In:ZnO) avartoydnkav pe ) pnéBodo g evamdbeong pe moipuko laser. MetadAikn
emapn Al/Au evamotédnke oty emedveln Tov ZnO Yo T GLAAOYN TOV QOPEMV.
Xapaktplotikés koumores [-V  xotaypdonkav vrd oKOTOS, EVOSIKTIKEG 1TNG

Aertovpyiag TG ETEPOOOUNG Ko TG EMitELENG EvaoNS p-n.

Avartoéy «mapalipovy ZnO ue t pébodo s HiekTpoynuikiyg
Evanolsons (ECD)

[Tpokeévov vo emtevyBel n OAOKANP®OOT MAKNG KOWEANG LE YOUNAOD
KOGTOVG,  UEYOANG  EMQPAVEINKNG  KOALYMG,  TayLPpLOU®V  YMUKOV Kol
NAeKTpOYNK®OV pneBOdwV, Aentd mapdbvpo ZnO pe evooyevn ayoyotnta (i-ZnO)
avantoyOnke miektpoynuikd oe etepodoun) ZnSe/Chalcopyrite/Mo-glass. Me
néBodo miektpamddeons, 10 ZnO avantdyOnke akoAOVOMVTOG TOV TPOGAVUTOMGLO
TOoL vVoKeipevoLv vueviov ZnSe. Emtuydg kotoypdenkoy xopokTploTiKEG KOUTUAES
I-V o) vrd oxotog ko B) oe cuvOnkeg akTVOBOANONG, EVOEIKTIKEG TNG AELTOVPYiag

TOV ETEPOOOUADY MG NALIKAOV KLYEADV e GLVTELESTN TApwoNg 52.5% kot amddoom

5%.

Avartoény Avri-avaxiaoctik@v Emietpacewv foacicuévov e Navodoués

Zn0 (ZnO-NRs) ue ™ uébodo tns Hiextpoynuikijs Evanoleons (ECD)
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INo epappoyés oe MMOKEG KOUWELES, OVTIOVOKAOOTIKEG —EMCTPDOCELS
vavodoudv ZnO (ZnO-NRs (Nanorods)) avortoydnkov pe nAektpoynuikés pebddovg
oto HZB oe¢ vmootpopato ond owpovéc ayoyo ofeidio (TCO). Ot dopikég
wwotteg tv vovodoumv peretnOnkav pe  XRD, SEM kot AFM. Ot omtikég
W teg depeuvhinkay pe Paspatookonio Atamepatodtnrog kot Texvikés Ontikng
Auwpopemwong oto EMIIL. To evepyetokd yAGHa TV VOVOOOU®OV LETPNONKE PE HeYAAN
axpipela pe Gacparookonioo PwtoavaxiacTikOTNTAG. Me TN XPNON TOV VOVOSIOUDV
o Béon tov TapaBvpPov TS NAMOKNG KVWEANG, emTELYONKE oMUAVTIKY Lelwon TV
ATOAELDV AOY® ovakAaong og nAtakég koyéieg CIGS. Ot vavodopég ZnO av&dvouv
T0 pevpo PpoyvkdKAmong xopig va emnpedlovv OVCIICTIKA TNV TACT AVOL(TOV
KUKAOMOTOG. MedetnOnke n petaforn tov evepyelakov ydopatog twv ZnO-NRs wg
oLVAPTNOT TOV GLVONKOV evandBeong pe okomd ™ PeitioTonoinomn g anddooNg

TOV NAOKOV KOYEADV.

Meiéry Hloxov Koyelov Asmrov Yueviov Xoixkomvpizav ue g Mé@oodo
s Hiextpixnyg Aiapopowons (HiskTtpoavarklocTikoTyTag)

Metprioelg niektpikng oapdpewong oe eEdpmmon amnd ) Oepuoxpacio
Tpaypotonombnkay o nAtaxkn koyén ZnO/CdS/Cu(In,Ga)S,/Mo-glass. Ot ontikég
WOOTNTES TOV EMUEPOVS GTPAGE®V TNG NAOKNG KOWEANG HeAeTONKAV GE PEYAAOG
evpog Beppokpacidv and 300K éwg 10K. Ot evepyslokés petafdoelg kot 10 €0pog
TOVG TTPoGopoIONKaV pe 6 dopopeTikd Bempntikd povtéda. Ot ELooTIKES TAGELS /

TOPOUOPPMOCELS TOGOTIKOTOMONKAV o€ edpTnom and ) Beprokpascio.

Me avagopd cg OLa o mapandve BEpata, 1 Tapovca d1OAKTOPIKN datpiPr) oToyxevEL
va ovvelo@épel ot Melémn kot Avantuén Xaikonvpitikdv Huoakov Koyeddv yo
XaunAiov Koéotovg — BéAtiotng Amddoong Dwtofortaixny Teyxvoroyioa Aemtmdv

Y peviov.
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Abstract

In the frame of the present doctoral thesis, chalcopyrite based heterojunctions,
used in Thin Film Solar Cells (TFSCs) have been further developed and extensively
studied.

TFSCs grown at the Helmholtz Zentrum Berlin fiir Materialien und Energie
(HZB) have been exhaustively characterized by Optical Modulation Techniques at the
National Technical University of Athens (NTUA). In accordance with the results
anticipated, Cd-free chalcopyrite solar cells have been developed and have been
structurally, optically, and electrically characterized. The respective buffer- (ZnSe)
and window-layers (ZnO) have been grown by low cost chemical (CBD) and

electrochemical (ECD) techniques at the NTUA.

In the following, a brief review of the thesis main topics is given:

Optical Modulation (Photoreflectance) Studies:

The structural and optical properties of chalcopyrite single crystals and
monocrystalline epitaxial layers have been analyzed by Optical Modulation
Techniques. Photoreflectance has been applied at room and low temperatures to
quantify elastic strain effects, to determine compositional changes, and to exploit the
light interaction probability of ternary (CuGaSe,, CulnSe,, CuGaS,, CulnS;) and
quaternary (Culn;GaxSe;) chalcopyrite absorbers with applications in solar-cell
device technology. With respect to bulk chalcopyrites, epitaxially grown layers
exhibit lower crystal quality because of elastic strain effects evolving in
semiconductor heterostructures. The mismatch and thermal-strain calculated from the
energy-shift of the PR-spectra have been compared to strain values obtained by X-ray
Diffraction (XRD) analysis. The dependence of electronic transitions on the
polarization state of the excitation light beam and the dependence of chalcopyrite
transition energies on anion/cation replacement and temperature has been found in
both, bulk crystals and epitaxial layers, to be in agreement with theoretical
predictions.

The band gap of ternary chalcopyrite semiconductors, bulk and epitaxially

grown selenides CulnSe, and CuGaSe;, has been studied over a wide temperature
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range, from room temperature (300K) down to 10K. Energies and widths of the E,,
Ep, and E. bands have been determined. The non-cubic crystal field and the spin-orbit
interaction have been calculated. The results indicate s-shaped temperature
dependence below 100K, most pronounced in CuGaSe, epitaxial layers, and
anomalous temperature dependence below 50K in CulnSe,. Based on the calculation
of admixture coefficients, the latter is attributed to the predominant d-character of p-d
hybridization of the upper valence band. Besides, the results of the present study point
to significantly different temperature dependence of the E,, Ey, and E. bands of single
crystals and epitaxial layers, which is attributed to incorporation of defects and
symmetry breaking in the layers. They also point to significantly different temperature
dependence of the E,, Ep, and E. bands within one and the same chalcopyrite material
dependent on its structural properties (bulk crystal or epitaxial layer), which is
associated with different electron-phonon coupling mechanisms dominating electronic
transitions at temperatures below 100 K. The experimental results are fitted with 6
different models and important transport properties are calculated, among them
minority carrier (hole) mobility. Average phonon frequencies are obtained within the
frame of the Varshni, Bose-Einstein, Einstein, thermodynamic, and the Manoogian
models and phonon mode assignment is attempted based on the results of this study
and also the results of photoluminescence and Raman studies known from the
literature. For the epitaxially on GaAs(001) grown CulnSe; and CuGaSe, layers, the
shear deformation potential is calculated.

Strain/stress effects originating from mismatch- and thermal-strain between
substrate and epilayer are quantified and are discussed exhaustively. For full strain
relaxation, a temperature is calculated which is in total agreement with the
temperature of epitaxial layer growth.

Apart from exhaustive chalcopyrite band gap studies by Photoreflectance
techniques, the optical properties of quaternary Culn; 1Ga,Se, epitaxial single-crystal
layers were determined by Photoreflectance Spectroscopy (PR) in dependence of

composition.
Replacement of CdS- by ZnSe- buffer layer:

Emphasis was given on the replacement of the CdS-buffer layer by the more

environmental friendly ZnSe.
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ZnSe buffer-layer grown by electron-Beam Evaporation Techniques (EBE)

This topic is dealt with in a PhD-thesis (still processing) by Dipl. Chem. Ing.
NTUA, Dipl. Phys. G. Roupakas. For comparison reasons, it is referred in the present
PhD-thesis as well.

A series of Control Experiments has been performed at first. High quality
ZnSe thin films were deposited by electron-beam evaporation techniques (EBE) on
amorphous glass substrates at temperatures ranging from room temperature (RT) to
450°C. The films were structurally and optically characterized by X-Ray Diffraction
(XRD), Energy Dispersive Spectrometry (EDS), Scanning Electron Microscopy
(SEM), Atomic Force Microscopy (AFM), Raman spectroscopy, and Null-
Ellipsometry. Plane spacing d and lattice constant a were calculated from the Bragg-
angles. SEM and AFM images demonstrate highly homogenous polycrystalline
structure and smooth film surfaces. Compositional analysis by EDS indicates
formation of non-stoichiometric Zn-poor films becoming more stoichiometric with
the increase of deposition temperature. The Raman LO-phonon width (FWHM) used
to calculate crystallite sizes results in size increase with the increase of deposition
temperature. Refractive index, absorption coefficient, and film thickness obtained by
Null-Ellipsometry at 546nm show weak temperature dependence only in case of
absorption. Following that, high quality ZnSe thin films were deposited by EBE on
CuGaSe, (CGS) absorbers used in solar-cell device development. The deposited films
act as buffer layers in heterojunction CGS based cells. The films were subjected to
post-growth annealing and were structurally and optically characterized by X-Ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM), Raman Spectroscopy, Null-Ellipsometry, and Photoreflectance Spectroscopy
(PR). SEM and AFM images demonstrate films with highly homogenous structure
and small surface roughness. Raman spectra confirm the good crystal quality of the
films. In addition, the Raman TO-phonon frequency shift was used to evaluate strain
effects. The refractive index n, the absorption coefficient a, and the film thickness d
were deduced from the Ellipsometry measurements. The energy band gap of the films
was obtained by room temperature (RT) Photoreflectance (PR). The application of PR
spectroscopy at RT along with the results of SEM, AFM, XRD, and Raman

spectroscopy confirm the excellent quality of the deposited films.
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ZnSe buffer-layer grown by Chemical Deposition Techniques (CBD)

To lower the cost of buffer layer growth and to obtain large area deposition,
chemical methods were applied for ZnSe thin film deposition and optimization of the
deposition process.

A series of Control Experiments has been performed at first. In particular,
ZnSe layers were grown on amorphous glass by Chemical Bath Deposition (CBD) at
deposition times ranging from one (1) to six (6) hours and were subjected to post
growth annealing at 300 °C for 3 h. The films were structurally characterized by
XRD, SEM, EDS, prior and post annealing. The energy band gap was obtained by
Absorbance Spectroscopy. The critical parameter of the film thickness in dependence
of deposition time was obtained by Profilometry.

ZnSe layers were also grown on epitaxial and polycrystalline Chalcopyrites.
XRD, SEM, EDS, and AFM measurements were applied to characterize the samples.
Useful information was obtained, concerning the crystallite size, strain/stress
evolution dependent on the film deposition time, elemental composition and film

thickness. Different growth rates were reported in dependence of substrate nature.

ZnO0O window-layer grown by Pulsed Laser Deposition (PLD)

To achieve an integrated solar cell, a ZnO window-layer acting as front Ohmic
contact was deposited on ZnSe/Chalcopyrite/Mo-glass heterostructures. i-ZnO and
In:ZnO were deposited by Pulsed Laser Deposition (PLD). An Al/Au line or point
carrier-collector was also deposited on top of the ZnO window layer. I-V
characteristics in the dark were successfully recorded showing the achievement of the

p-n junction.

Zn0 window-layer grown by Electrochemical Deposition (ECD)

To achieve an integrated solar cell processed by low-cost, large-area, fast-
deposition-rate chemical and electrochemical techniques, a ZnO window-layer was
electrochemically deposited on ZnSe/Chalcopyrite/Mo-glass heterostructure. The
ECD grown ZnO window-layer was oriented along the (101) crystallographic plane in
coherency with the underlying ZnSe-buffer layer. Pt-point electrodes were deposited
as front carrier collector. I-V characteristics of the chalcopyrite heterojunction based
TFSC (Pt/i-ZnO/ZnSe/Cu(In,Ga)Se,/Mo/glass) were successfully recorded in the dark

and under illumination.
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Antireflective Coating based on ZnO Nanorods grown by Electrochemical
Deposition (ECD)

For solar cell device applications, antireflective coatings (ARCS) based on
ZnO Nanorods (ZnO-NRs) have been grown at HZB by electrochemical deposition
(ECD) techniques. Vertical high quality ZnO nanorods (NRs) have been deposited on
glass substrates coated by 1-ZnO/TCO. The structural properties of the ZnO NRs have
been studied by x-Ray Diffraction (XRD) and microscopy techniques (SEM and
AFM). The optical properties have been investigated by Transmittance and Optical
Modulation (Photoreflectance) Spectroscopy at NTUA. The energy band gap of the
structures has been accurately determined directly from the PR-spectra. By using ZnO
nanorods as an antireflective coating (ARC), decrease of the global reflectance of
CIGS solar cells has been achieved. The ZnO NRs ARC boosts the solar cells short-
circuit current without significant effect on their open-circuit voltage and fill factor.
Variation of the band-gap by varying the conditions of growth is foreseen for further

development.

Electrical Modulation (Electroreflectance Studies) of Chalcopyrite based
Thin Film Solar Cells

Electroreflectance measurements in dependence of temperature were
performed on a ZnO/CdS/CulnGaS,/Mo-glass solar cell. The optical properties of all
the different layers that constitute the solar cell have been studied over a wide
temperature range. Energies and widths of the respective bands of the cell constituents
have been determined and were fitted with 6 different models. Important information

such as strain/stress evolution dependent on temperature has been quantified.

With reference to the above mentioned topics, the present doctoral thesis aims

to contribute to the development of chalcopyrite heterojunction solar cells.
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1. Introduction

Nowadays, the biggest challenge for mankind is the protection of the natural
environment. This challenge refers to the reservation of the viable development, to the
quality of life, even to the future of our planet. The waste of the physical resources (fossil
fuels like coal, oil, or natural gas), along with the ongoing environmental pollution, the
water supply exhaustion and the green house effect are irreversible, though, they can be
diminished. The use of Renewable Energy Sources (RES) is today more demanding than
ever. One of the most promising RES is the Photovoltaic Technology (PhotoVoltaics -
PVs). PVs receive a strong appreciation due to their vast (essentially infinite) fuel source,
their lack of emissions (no combustion or radioactive fuel for disposal), and the low
operating costs along with high reliability in modules. All these advantages, along with

others (Table 1.1), make them a versatile form of power production.

Advantages of PVs Disadvantages of PVs

e Fuel source is vast e Fuel source is diffuse(sunlight is a
e No emissions, no combustion or low-density energy)
radioactive fuel for disposal (does e Lack of widespread commercially
not contribute perceptibly to global available system integration and
climate change or pollution) installation (so far)
e Low operating costs
¢ High reliability in modules (over 20
years)
e Modular (small or large increments)
e Quick installation
e Integrated into new or existing
building structures
o Installed at nearly any point of use

¢ Excellent safety record

Table 1.1 Advantages and disadvantages of photovoltaics
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Photovoltaic devices generate direct current (DC) electrical power from
semiconductors, when they are illuminated by photons (sunlight). The individual PV
element is called Solar Cell. PVs aims at tow areas of application: one is the power
supply for off-grid professional devices and supply systems (e.g. telecommunication
equipment, solar home systems) and the other is large-scale electricity generation as a
substitute for and a complement to today’s non sustainable energy processes. With
respect to the latter, the global potential of PV electricity is of key importance. Table 1.2

shows the technical and the theoretical potential of several renewable energy sources

[1.1].

Resource Current Use Technical Potential Theoretical Potential
Hydropower 9 50 147
Biomass 50 >276 2.900
Solar 0,1 >1575 3.900.000
Wind 0,12 640 6.000

*Units: E (J/year)
Table 1.2 Current use and current potentials of selected renewable sources

Nevertheless, two important conclusions may be drawn from Table 1.2: (a) solar
energy conversion, alone, could in principle produce considerably more technical energy
than is consumed today, and (b) compared to other renewable energy sources, solar
radiation is, by far, the largest. A sustainable global energy system that is strongly based

on renewable sources will, in the long run, mainly be a solar energy system.

1.1 History of Photovoltaics

The history of the photovoltaics goes back to the nineteenth century, as shown in
Table 1.3. The first functional, intentionally made PV device was by Fritts in 1883. He
melted Se into a thin shit of metal substrate and pressed an Au-leaf as the top contact. It
was nearly 30cm’ in area. He noted, “... the current, if not wanted immediately, can be
either stored where produced, in storage batteries, ... or transmitted a distance and there
used”. This man foresaw today’s PV technology and applications over a hundred years

ago.
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History of PVs

1839: Becquerel (FR) discovered photo galvanic effect in liquid electrolytes

1873: Smith (UK) discovered photoconductivity of solid Se

1883: Fritts (US) makes the first large area solar cell using Se film

1954: First 6% efficient Si and Cu,S/CdS solar cells reported

1958: NASA Vanguard satellite with Si backup solar array

1963: Sharp Corp (JP) produces first commercial Si modules

1970: First GaAs heterostructure solar cells by Alferov (USSR)

1973: Worldwide oil crisis spurs many nations to consider renewable energy
including PVs; World’s first solar powered residence built with Cu,S solar modules
(Delaware, USA)

1980: First thin-film solar cell, using Cu,S/CdS (USA)

1985: High-efficient (>20%) Si solar cells under standard sunlight

1986: First commercial thin-film power module, the a-Si G4000 from Arco Solar
(USA)

1994: GalnP/GaAs 2-terminal concentrator multijunction >30% (USA)

1995: German demonstration project “1000 roofs” to install PVs on houses

1998: Cu(InGa)Se, thin-film solar cell reaches 19% efficiency, comparable with
multicrystalline Si

1999: Cumulative worldwide installed PVs reaches 1000MW

2000: Olympics in Australia highlight wide range of PV applications

2002: Cumulative worldwide installed PVs reach 2000MW. It took 25 years to
reach the first 1000MW and only 3 years to double it!!

Table 1.3 Notable events in the history of photovoltaics

The modern era of PVs started in 1954 when researchers at Bell Labs in the USA,

accidentally, discovered that pn-junction diodes generated voltage, when the room lights

were on. Within a year, they had produced a 6% efficient Si pn-junction solar cell [1.2].

A year later, a 6% GaAs pn-junction solar cell was reported by RCA Lab in US [1.3]. By
1960, 6% efficient CdTe based thin film solar cells were produced [1.4]. By this time, the

US space program, was utilizing Si PV cells for powering satellites. In 1970, a group at
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the Ioffe Institute, in the USSR, developed a heterojunction GaAlAs/GaAs solar cell and
pointed the way to new device structures. A significant improvement in performance,
occurring in 1973, was the “violet cell” having an improved short wavelength response,
leading to a 30% relative increase in efficiency over the state-of-the-art Si cells [1.5]. In
the 1980s, the industry began to mature. Manufacturing facilities for producing PV
modules from Si wafer pn-junction solar cells were built in the USA, Japan, and Europe.
Companies attempted to scale up the thin-film PV technologies like a-Si and CulnSe,,
which had achieved efficiency greater than 10% for small area (1cm®) devices, made with
carefully controlled laboratory scale equipment. Meanwhile, the Japanese PV industry
began to take off. Production of c¢-Si modules and intensive research on thin-film
technology, led to many innovative device designs, improved materials processing, and
growing dominance in the world PV market.

Along with the maturing of the solar cell technology, many products, like
inverters (which convert the DC- to AC-power) and sun trackers needed to grow. An
early development, that helped many companies, was to sell PV cells for consumer-sized,
small-scale power applications. Another application was the rural electrification of
remote villages, in an attempt to help, roughly one third of the world’s citizens to gain
access to modern communication systems and lighting. Yet another important
development in the application of PV in the late 1990s, was building integrated PV,
where PV cells are incorporated into a standard building product, such as a window or a
roof shingle. In 2001, the success has been even bigger in Japan, where homebuilders
receive rebate from the government for about 30% of the PV system cost. Their electric
bill is determined by the utility, using the “net metering”, where the customer pays only
the net difference between what they used and what they generated. Rebates and net

metering are also available in some of the states in the USA since 2002.

1.2 Fundamental properties of semiconductors

Electronic grade semiconductors are very pure crystalline materials. Their atoms
are aligned in a regular periodic array. This periodicity, coupled with the atomic
properties of the component elements, is that gives to semiconductors their very useful

electronic properties. An abbreviated periodic table of elements is given in Table 1.4.
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Al Si P S
Cu Zn Ga Ge As Se
Ag Cd In Sn Sb Te

Table 1.4 Abbreviated periodic table of elements

When the semiconductor is in thermal equilibrium (i.e. at a constant temperature
with no external injection or generation of carriers), the Fermi function determines the

ratio of filled states to available states at each energy, and is given by Eq.(1.1) [1.6]

1
f(E)= [+ o EE /KT (1.1)

where Er is the Fermi energy, & is the Boltzmann’s constant, and T is the temperature in
Kelvin. The Fermi function depends strongly on temperature. At absolute zero, it is a step
function and all the states below Ef are filled with electrons, whereas those above Er are
completely empty. As the temperature increases, thermal excitation will leave some states
below Er empty, and the corresponding number of states above Er will be filled with the

excited electrons (Figure 1.1).
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Figure 1.1 A simplified energy band diagram at T>0 K for a direct semiconductor
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The conduction-band and valence-band effective densities of states, Nc and Ny,

respectively, are given by Eq.(1.2):

2em' kT’
m,
NC =2 T
N2 (1.2)
2 T
N, =2 m;:zhk

where m, and m, are the electron- and hole-effective mass, respectively. When the

Fermi energy is sufficiently far (>34T) from either band-edge, the carrier concentrations
can be approximated as
n, = NCe(EF—EC)/kT

p :Ne(EV—EF)/kT (13)
0 v

And the semiconductor is called nondegenerate. In nondegenerate semiconductors, the
product of the equilibrium electron and hole concentrations is independent of the location

of the Fermi energy and is just

2 E,—-E- )/ kT —-E,/kT
DPohy, =1, :NCNVe(V c) =N.N,e *

(1.4)

In intrinsic (undoped) semiconductors, in thermal equilibrium, the number of electrons, in

the conduction band, and the number of holes, in the valence band, is equal.

Ny =Py =1 (1.5)
where n; is the intrinsic carrier concentration.

The Fermi energy in an intrinsic semiconductor (£, = E,.) is given by Eq.(1.6),

which is typically very close to the middle of the band gap.

E,.:EV;ECJrszZn(%VJ (1.6)
c

The intrinsic carrier concentration is typically very small. This is the reason that
semiconductors behave as insulators. The number of electrons and holes in their
respective bands, and hence the conductivity of the semiconductor, can be controlled
through the introduction of specific impurities, or dopands, called donors and acceptors.

For example, when semiconductor Si is doped with P, one electron is donated to the
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conduction band for each atom of P introduced. From Table 1.4, it can be seen that P is
in the column V of the periodic table of elements, and thus has five valence electrons.
Four of these are used to satisfy the four covalent bonds of Si and the fifth is available to
fill an empty state in the conduction band. If Si is doped with B (tree valence electrons,
since it is in column III), each B-atom accepts an electron from the valence band, leaving
behind a hole. All impurities introduce additional localized electronic states into the band

structure, often even between Ec and Ev, as illustrated in Figure 1.2.

En
Conduction band Jr
Er
Ey i -
Valence band
Ey
Position

Figure 1.2 Donor and acceptor states in a semiconductor

The controlled production of donor and acceptor impurities into a semiconductor allows
the creation of the n-type (electrons are the primary source of electrical conduction) and
p-type (holes are the primary source of electrical conduction) semiconductors,
respectively. This is the basis for the construction of all semiconductor devices, including

solar cells.

1.3 pn - junction

At the heart of any solar cell is the pn-junction. Modeling and understanding a solar
cell is much simplified by using the pn-junction concept. When the impurity
concentration in a semiconductor changes abruptly from acceptor impurities Na (p-type)

to donor impurities Np (n-fype), as shown in Figure 1.3, one obtains an abrupt junction.
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Figure 1.3 Simple solar cell structure
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Figure 1.4 Equilibrium conditions in a solar cell:(a) energy band formation, (b) electric

field distribution, and (c) charge density distribution
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In thermal equilibrium, there is no current flow and by definition, the Fermi
energy must be independent of position. Since there is a concentration difference of holes
and electrons between the two types of semiconductors, holes diffuse from the p-type
region into the n-fype region and similarly, electrons diffuse from the n-#ype region to the
p-type region. As the carriers diffuse, the charged impurities are no longer screened by
the majority of carrier, and, subsequently, an electric field is produced, which limits the
diffusion of the holes and electrons. In thermal equilibrium, the diffusion and drift
currents for each carrier type balance, so there is no current flow. The transition region
between the n-type and the p-type semiconductors is called space-charge region. 1t is
also called depletion zone, since it is effectively depleted of both holes and electrons. The
electrostatic potential difference, resulting from the junction formation, is called the

built-in voltage (V,,). Figure 1.4 shows the equilibrium energy band diagram, electric

filed, and charge density, for a simple abrupt pn-junction silicone diode, in the vicinity of
the depletion region.

The basic solar cell structure, which has been demonstrated in Figure 1.3, is
simply a pn-junction diode, consisting of two quasi-neutral regions on either side of a
depletion region, with an electrical contact made to each quasi-neutral region. Typically,
the more heavily doped quasi-neutral region is called the emitter (the n-type region in
Figure 1.3) and the more lightly doped region is called the absorber (the p-type region in
Figure 1.3). The p-type region is referred as “the absorber”, since the emitter is usually

very thin and the most of the light absorption occurs in the p-type region.

1.4 Photovoltaic effect

The radiative energy output from the sun derives from a nuclear fusion reaction.
In every second about 6x10'" kg of H, is converted to He, with a net mass loss of about 4
x10° kg, which is corresponds to 4x10%° J. this energy is emitted primarily as
electromagnetic radiation in the ultra-violet (UV) to infra-red (IR) and radio spectral
regions (0.2 to 3pum).

Figure 1.5 shows three curves related to solar spectral irradiance (power per unit

area per unit wavelength). The upper curve is the radiation spectrum of a 5762K black
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body. The middle curve represents the solar spectrum outside the earth’s atmosphere,
where the air mass is zero (AMO). This spectrum is the relevant one for satellite and
space-vehicle applications. The AM1.5 (sun at 45° above horizon) spectrum represents a

satisfactory energy weighted average for terrestrial applications.
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Figure 1.5 The solar radiation spectrum for a black body at 5762K, an AMO spectrum,
and an AM1.5 global spectrum

The conventional solar cell (e.g. a pn-junction) has a band-gap energy abbreviated
E,. When the cell is exposed to solar radiation, a photon with energy (hv) less than the E,
makes no contribution to the cell output. A photon with energy greater than E,
contributes an energy E, to the cell output, and the excess over E, is wasted as heat.
Incident photon illumination can create electron-hole pairs in the space charge region.
Under closed circuit conditions, the minority carriers, if generated within a certain
distance of the junction (called diffusion length) can diffuse to the junction, be swept to
the other side (due to electric field in the depletion region) producing the photocurrent /;,

(Figure 1.6) in the reverse-bias direction, and be collected by appropriate contacts. The
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photocurrent /; produces voltage drop V across the resistive load R, which forward

biases the pn-junction. The forward-bias voltage V produces a forward-bias current:

I, =1,(e""*" ~1) (1.7)

Figure 1.6 A pn-junction solar cell under illumination
The net pn-junction current, in reverse-bias direction is:
V /KT
I=1-1.=1-1,(e""" -1) (1.8)
Where I is the reverse-bias diode saturation, g is the electron charge, &k is the

Boltzmann’s constant and T is the temperature. The photocurrent is always in the reverse-
bias direction and the net solar cell current is also always in the reverse hole direction.
In a short circuit condition (R=0, V=0), the current is called short-circuit current

(I4) and is equal to /,. In an open circuit condition (R—00, I=0) the voltage is called

open-circuit voltage (V. ), and is given by Eq.(1.9).

1
VOC = VT ll’l[[ +—L] (1.9)
I
where V. is the thermal voltage, given in [1.7] as:
kT
Vi=— (1.10)
g

A plot of the diode current as function of the diode voltage, known as I-V

characteristic, in the dark and under illumination is shown in Figure 1. 7. The efficiency
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of the cell can be expressed in terms of the short-circuit current (/. ) and the open-circuit

voltage (V. ) of the device, once the fill factor ff is defined [1.6]:
(1.11)

]Wl Vm
ff ="
1 Ne VOC
where I, and V, represent the current and voltage for the conditions of maximum output

power of the device (inset in Figure 1. 7)
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Figure 1. 7 I-V characteristics of a solar cell in the dark and under illumination.

The cell conversion efficiency 1, defined as the ratio of the generated power with

respect to the power of the incident radiation output (£, ), may be written as:

=P
(1.12)

ﬁ‘]SC‘VOC
P

in

For a common solar cell, the forward current can be dominated by the

recombination current in the depletion region. The efficiency, then, is generally reduced,

compared to that of an ideal diode. Furthermore, for solar cells having mixtures of

diffusion and recombination current, or containing many defects, the forward current,
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may show an exponential dependence of the forward voltage, leading also to decreased

efficiency.

1.5 Thin Film Solar Cells (TFSC)

Since the discovery of a pn-junction Si photovoltaic device, reported in 1954 (as
already shown in §1.1), the science and technology of PV devices (solar cells) and
systems, have undergone revolutionary developments. One key to the development of
any photovoltaic technology is the cost reduction. This has been evident in the case of
crystalline Si (c-Si) PVs. Today, the best single crystal Si solar cells have reached an

efficiency of 25% [1.8], compared with the theoretical maximum value of 30%.

Tinted areas:
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Figure 1.8 Cost-efficiency analysis for first- (1), second- (II), and third- (I1l) generation
PV technologies

First-generation technologies are primarily based on c-Si (including large-grain,
poly- and single-crystalline). The current technologies are rapidly evolving towards costs
of 1-2$/Wp (Wp stands for watt peak). Key issues are Si feedstock supply, losses
involved in preparing Si-wafers, and the development of lower cost/high-throughput

processing.

43



Second-generation technologies are those that have demonstrated practical
conversion efficiencies and potentially lower costs per watt, than crystalline Si, but have
no significant market penetration at present. Commercialization of these approaches is
typically in the early manufacturing face. This group represents a fairly broad base of
technologies, including thin film photovoltaics, solar concentrators, solar thermal
conversion and the emerging field of organic photovoltaics, which is the transition from
second-generation to third-generation technologies (ultimate thin film solar cell, with
high efficiency, made of abundant, non toxic, durable materials).

Thus, over the past decade, there has been considerable effort in advancing thin
film, “second-generation” technologies, that do not require the use of silicon wafer
substrates, and can, therefore, be manufactured at significantly reduced cost. Steady
progress has been made in laboratory efficiencies, as can be seen in Figure 1.9 [1.9], for

chalcopyrite-based devices (red circles).
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Figure 1.9 Progress of research —scale photovoltaic device efficiencies, under AM1.5 simulated solar illumination, for a variety of

technologies [1.9]
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1.6 Chalcopyrite-based solar cells

A very challenging technology is based on ternary compound semiconductors
CulnSe;, CuGaSe;, CulnS,;, CuGaS, and their multinary alloys Cu(In,Ga)(S,Se);
(CIGS). The first results of single crystal work on CulnSe; (CIS) [1.10] were extremely
promising, but also showed the complexity of the thin film technology and the material
itself. However, pioneering work [1.11] later on showed immediate success. It became

evident that CIS process technology is very flexible with respect to process conditions.

v A g
Structure of <
CulnGaSe; £

Solar cell MifAl contacts
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CulnGaSe,
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Glass

Figure 1.10 Typical structure of a chalcopyrite-based solar cell

In principle, a solar cell is a pn-junction, as has already been mentioned in §1.3. A
typical chalcopyrite solar cell is demonstrated in Figure 1.10. The solar cell consists of:
1. the substrate (glass/polymer, or flexible conducting substrates as Ti-foil,
which serve also as the back ohmic contact)
2. the back ohmic contact (Mo on glass substrates)
3. the absorber, which constitutes the p-type semiconductor of the junction
4. the window layer (the buffer layer: CdS or ZnSe along with the transparent
conducting oxide: ZnO)
5. the front ohmic collection grid

For every part of the solar cell, follows a brief description.
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1.6.1 The substrate

Thin film solar cell devices are configured in either substrate or superstrate
configuration (Figure 1.11) [1.12]. For substrate configuration, the substrate is metal or
metallic coating on a glass/polymer substrate, which also acts as the contact. For
superstrate configuration, the substrate is transparent and the contact is made by a
conducting oxide coating on the substrate. Substrate is a passive component in the device
and is required to be mechanically stable, matching thermal expansion coefficient with
deposited layers and inert during the device fabrication. Suitable substrates as selected in

the basis of these criteria.
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Figure 1.11 Typical TFSC structures for a single-junction: a) substrate CIGS, and b)

superstrate CdTe solar cell devices

Flexible substrates, stainless steel foils/polymer films, are suitable for roll-to-roll
deposition enabling a compact deposition system design as well as flexibility in device
handling. Electrically conductive substrates enable the fabrication of front and rear-side
conduction cells, whereas insulating substrates enable fabrication of monolithically

interconnected cells for modules.
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Both superstrate and substrate device structures are currently being pursued for
CIGS solar cell fabrication. The film growth and interdiffusion and, hence, the device
properties are dependent on the device structure. The CIGS solar cells, based on
superstrate structure is inferior to substrate structure, because of the interdiffusion of the
buffer layer (CdS or ZnSe) during high-temperature CIGS film growth. Solar cell
(CIGS/ZnO) grown on superstrate configuration reached a 10.2% efficiency [1.13],
whereas, solar cell (ZnO/CdS/CIGS) grown on substrate configuration reached
efficiencies beyond 20% [1.14]. Also, efficiencies of 19.9% have been reported for CIGS
devices with fill-factor 81.2% [1.15]. The substrate appears to play an active role in
improving the photovoltaic performance of the CIGS absorber materials.

Na, in the soda-lime glass substrate has been considered as a key prerequisite for
efficient CIGS device fabrication. Na diffuses into CIGS absorber, improves the grain
growth performance. Sodium is inherently present in soda-lime glass and in the case of

Na free substrate, Na precursors are intentionally incorporated in the device fabrication.

1.6.2 The back ohmic contact

For CIGS devices, the back contact is applied to the p-type semiconductor in both
superstrate and substrate configurations (Figure 1.11). In order to form an ohmic contact,
the metal used for contact should have a work function higher than that of the p-type
semiconductor (CIGS). This aligns the metal Fermi level with the upper valence band
edge. In the substrate configuration of CIGS solar cells, Mo is used as the contacting
material because of its inert nature during the highly corrosive CIGS deposition
conditions. Mo forms an ohmic contact via the formation of a thin intermediate MoSe;

layer, formed during CIGS deposition conditions.

1.6.3 The absorber

I-III-VI chalcopyrite materials have desirable properties for photovoltaic
applications. CulnS,, having a band-gap of 1.5eV is considered an ideal material for
photovoltaic application. The difficulties in controlling the sulfur during deposition, and
the relative rapid diffusion of metals and impurity species, even at low temperatures,
slow down the development of this material. However, devices with efficiency 11.4%

have been reported [1.16].
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On the other hand, CulnSe,, with band-gap of 1.0eV, has proved to be a leading
candidate for photovoltaic applications. Due to its rather low band-gap, a common
practice has evolved, where Ga is added to obtain a quaternary alloy Culn; xGaxSe,, with
a wider band-gap. According to the Ga concentration in the quaternary chalcopyrite, the
bang-gap of the chalcopyrite can range from 1.0 to 2.5 eV, taking full advantage of the

solar spectrum (Figure 1.12).
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Figure 1.12 Efficiency versus band-gap for the most common solar cell absorbers

1.6.4 The window layer

The window layer in a solar cell device consists of the buffer layer and the
transparent conductive oxide (TCO). The primary function of the buffer layer in a
heterojunction is to form a junction between the TCO and the absorber layer, while
admitting a maximum amount of light to the junction region and absorber layer. For high
optical throughput with minimal resistive loss, the band-gap of the window layer should
be as wide as possible to maintain low series resistance. It is also important that the band-
offset is rewarding for optimal carrier transport.

The CIGS solar cells typically use a CdS buffer layer and a transparent

conducting oxide, which both form the window layer of the device. However, buffer
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layers are being investigated to replace CdS, because of the concern about the toxicity of
Cd, and also to improve the blue response in devices.

Transparent conducting oxides (TCO) in general are n-type degenerate
semiconductors, with good electrical conductivity and high transparency in the visible
spectrum. Thus, a low-resistance contact to the device and transmission of most of the
incident light to the absorber layer is ensured. The conductivity of a TCO depends on the
carrier concentration and mobility. An increase in the carrier concentration may result in
enhanced free carrier absorption, which reduces the transparency of the TCO in the high-
wavelength region. Table 1.5 shows alternative materials used as window layers for Thin
Film Solar Cell (TFSC) applications. The most common material, used in a solar cell
device, is a ZnO layer. In particular, the transparent conductive oxide consists of two
separate layers. An intrinsic layer (undoped) deposited right after the buffer layer,
followed by an n-doped ZnO layer. Al is the most common dopant for ZnO.

Material Resistivity (X10'4Q cm) Transparency (%)
SnO, 8 80
In,03:Sn/Ga 2 85
Il’le 3 :F 2.5 85
Cd,SnOy 2 85
Zl’lz Sl’lO4 100 90
ZnO:Al 8.5 90
ZnO:In 8 85

Table 1.5 Typical resistivity and transmission (in visible)

for various TCO materials for TFSC applications[1.17], [1.18]
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2.  Material properties

The understanding of the materials used in photovoltaic devices, is of great
importance for the experimental investigation and the following inference. The present
doctoral thesis treats materials used in a thin film solar cell device:

i. the Chalcopyrite absorber
ii. the ZnSe buffer layer, and
iii. the ZnO window layer
Optical and Electrical properties of solar cell devices are also investigated.
In the following section, the structural, electrical, and optical properties of the

above mentioned materials are presented.

2.1 Chalcopyrite - Absorber

2.1.1 General

Chalcopyrite is a copper-iron-sulfite mineral, which crystallizes in the tetragonal
system, and it has the chemical composition of CuFeS,. In general, the crystal structure

of I-III-VI, (A'B™XY',) ternary compound semiconductors belongs to the non-
symmorhic space group D (eight atoms per primitive unit cell), which is a superlattice
of zinc-blende (ZB) structure 7 (two atoms per primitive unit cell), as shown in Figure

2.1. Each anion (X) is coordinated by two A- and two B-cations, whereas each cation is

tetrahedrally coordinated by four anions [2.1].
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Figure 2.1 Crystal structure of chalcopyrite (left) and zinc-blende (right) lattices

There are three significant structural differences with respect to the zinc-blende
structure. First, there are two cation sublattices rather than one, leading to the existence of
two basic near-neighbor chemical bonds A-X and B-X, with generally unequal bond
lengths R, , # R, . Second, the unit cell is tetragonally distorted with a distortion
parameter 77 =c/ 2a # 1. Third, the anions are displaced from the ideal tetrahedral site by

an amount u. The two near-neighbor bond distances are given by Eq.(2.1)

R, =alu' +(1+n°)/16]""

2.1

Ry =af(u—1/2) +(1+n°)/16]"" @D
where « is the cubic lattice constant. The bond length mismatch is hence:

a=R,, —R., =(u-1/4)a’ (2.2)

and vanishes for a zinc-blende-like undistorted anion sublattice, where u=1/4.

Chalcopyrite

CulnSe, 5.580 11.595 0.226 -0.747
CuGaSe, 5.606 11.008 0.248 -0.063
CulnS, 5.521 11.104 0.215 -1.067
CuQGaS, 5.351 10.465 0.263 0.372

Table 2.1 Chalcopyrite o. and c lattice constants, anion displacement u,
and bond length mismatch a.

As already mentioned, the crystal structure of an A'B"X"', semiconductor is

closely related to that of the zinc blende binary analogs, but with non-ideal tetragonal
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strain parameter 77 =c/2a # 1 and anion displacement parameter u # 4 reflecting the

unequal cation-anion bond length. Remarkably, however, despite this close structural
resemblance to zinc blende semiconductors, the observed optical band gaps of the

A'B"XY, semiconductors are more than 50% smaller than their binary analogs[2.2].
This difference is known as band-gap anomaly AEg [2.3], and it is the one that makes

some of the ternary chalcopyrites (e.g. CulnSe;) among the strongest known absorbers in
the solar spectrum. The band-gap anomaly is produced both by a purely electronic factor:
the repulsive p-d interactions in the valence band associated with the A-atom d-orbitals,
and by a pure structural factor: the anion distortions, reflecting the classical atomic size

mismatch in the A-X and B-X bonds.

2.1.2 Structural properties

The structural properties of chalcopyrite semiconductors have been studied by
Raman scattering [2.4], [2.5], [2.6].

There is a four-to-one relationship between the Brillouin Zone (BZ) and the
unrelaxed (n=1 and u=0.25) chalcopyrite structure compounds and the BZ of the
corresponding ZB-structure materials, because of the two types of cations and the volume
of the unit cell which is four times larger than that of ZB materials. Thus, points
X(0,0,27/ar), W(21/a,0,m/ar), and W(0,27/a,mw/0) of the ZB-structure materials are folded to
the central point I' of the BZ of the chalcopyrite-structure compounds (Figure 2.2). For
better understanding, they are often labeled by I'[X] and I'[W], and are distinguished
from I'[T"], which is the Brillouin Zone Center for both materials.

The chalcopyrite-structure compounds have eight atoms per primitive unit cell.
Therefore, 24 vibrational eigenmodes are expected: 6 zone-centered (I'-like) modes, as in

the cubic compounds, 6 I'[X] and 12 I'TW] modes:

I, +20, + 30, +4, + 7T, (2.3)

where all the I's modes are doubly degenerated [2.7]. These modes include three acoustic

modes I'4+I's and 21 optic modes 1I', +2I", +3I', +3I", +6I',. Taking off two silent
modes 2I'; and taking into account the splitting of doubly degenerated (longitudinal
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optical (LO) and transversal optical (TO) modes due to the long-range electrostatic

interaction) 31"4+61"s modes, chalcopyrite compounds have 22 Raman active modes:

14, 3B, 6B, 12E
IT, + 3T, + 3T, (LO) + 3T (TO) + 6Ty (LO) + 6T, (TO)

(2.4)

Figure 2.2 Brillouin Zone (BZ) of chalcopyrite and its relationship to that of the zinc
blende (ZB) compound. The volume of the former is four times smaller than that of the
latter. The doted polyhedra show the ZB reciprocal-space regions that fold into the
chalcopyrite BZ. Symmetry points are labeled Ap, where A and B refer to the

chalcopyrite ZB symmetries, respectively.

In Table 2.2 the vibrational frequencies of CulnSe,, CuGaSe,, CulnS,, and
CuGa$, are shown. In a Raman spectrum of A'B"X""; chalcopyrite compounds, the A,
mode is the most intensive line generally observed. This mode results from the motion of

the X" atom, with the A" and B" atoms remaining at rest [2.11]. This explains the fact,
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that the selenides (CulnSe,, CuGaSe,) have similar vibrational frequencies ( 178cm™ and

183cm™, respectively). The same behavior is observed for the sulfides too.

Modes CulnSe; CuGaSe, CulnS, CuGaS,
I, Ay 178 183 294 312
'B, 229 263 - 358

I ’B, 179 165 - 202
B, 67 76 - 99

'B, 217 252 323 368

I's (TO) ‘B, 177 187 234 258
’B, 70 98 79 95

‘B, 233 278 352 399

s (LO) °B, 200 - 266 278
‘B, 72 98 79 95

'E 217 - 321 364

;E 227 219 295 332

E 211 170 244 258

Is (TO) g 188 140 140 165
E 78 - 88 116

g 61 58 67 74

E 233 273 339 387

zE 230 243 314 348

E 216 187 260 271

Is@LO) g 188 140 140 165
g 78 - 88 116

2g 60 58 67 74

Ref. [2.6] [2.8] [2.9] [2.10]

Table 2.2 Vibrational frequencies (in cm'l) of CulnSe,, CuGaSe,, CulnS,, and CuGas,
2.1.3 Electronic properties

2.1.3.1 Band gap

The dielectric function of a semiconductor is closely linked to its electronic band
structure [2.12]. The linear response of a nonmagnetic medium to transverse
electromagnetic radiation (V-D=0,V-B=0) is completely described by the dielectric
tensor ¢ or by the conductivity tensoro =—(iw/4x)(e—1), where ® is the angular
frequency. These tensors depend, in general, on the frequency and the wave-vector of the
radiation. The causal nature of the response to an electromagnetic field imposes a

relationship between the real ¢ (@) and the imaginary (@) parts of ¢ : no response to an
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applied field can appear before the field is applied. This relationship is, in the absence of

magnetic fields:

2 _rew's(w),
Er(a))—l—;PJ-O mda) (2.5)
and its inverse:
20 > & (@ ,
Ei(a)):—Pozr(—)'de() (26)
T w —a

where P _[ designates the Cauchy principal part of the integral. Egs. (2.5) and (2.6) are

called the Kramers-Kronig relations.
For isotropic and cubic materials, & and o reduce to scalars. The propagation of a
plane electromagnetic wave is isotropic and is determined by the scalar complex

refractive index:

n=n(o)+in(w)= s(w)"? (2.7)

The real and imaginary parts of »n are related to those of ¢ by:
£, (@)= n} (@)~} (o)

(2.8)

£,() = 2n, (0)n,()

where the real part of the refractive index n,.(w) is the refractive index n(w), while the
imaginary part n () is the extinction coefficient k(). Using these notations, Egs. (2.8)
give the n(w) and k(w)[2.13]:
g, + ‘g‘ . NEZS +|8|
- = AT = . 2.9
N 2 =

The electric field E of a plane wave propagating along the x direction has the

n=

form:

- — o) )x— - o
E(x, t) _ Eoez[(nca) cp)x—ot] :Eoe (Zﬁk//l)xel(lcx t) (2.10)

The expression 2zk/A describes the attenuation of the field. Since the absorption
coefficient is usually defined by the attenuation in intensity written in the form of

Lambert’s law:
I(x)=EE*=1I¢™™ (2.11)
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one obtains for the relationship between k& and o :

_Arnk

~ (2.12)

(24

where the o' is known as the optical penetration depth [2.14].

The features observed in &(w)in the optical range are related to the inter-band

transitions originated by large or singular values of the joint valence and conduction
density of states. These points of the band structure are also known as critical points. The

behavior of the dielectric function near a critical point is given by Eq. (2.13)
s(w)=C—Ae?(w—E +iy)’ (2.13)
where A is the amplitude, ¢ the phase angle, E the energy threshold, and y the
broadening. The exponent » takes the values -2 , 0, and 2 for one- (1D), two- (2D), and
three-dimensional (3D) critical points, respectively. Discrete excitons (0D) are
represented by n= -1. Conclusions about the bands can be drown by evaluating

experimental <g(a))> spectra using Eq. (2.13) to determine critical point parameters.
Usually, fitting procedures are run on numerically calculated derivatives of <8(a))>. In

particular, fitting of the second derivative of the dielectric functions d*(£)/dw’ of the

chalcopyrite compounds give the critical-point energies.

The structure of the fundamental absorption edge of chalcopyrites is well known
[2.1], [2.15]. These crystals are semiconductors with a direct gap at the Brillouin Zone
Center I'. The three-fold valence-band maximum is composed of three nondegenerate
states, giving rise to three transitions called E,, Ey,, and E. from smaller to larger
energies. Experimental measurements of these transition energies and of their selection
rules allow us to determine the symmetry of the three valence states and to calculate the
crystal-field A.r and the spin-orbit Ay, parameters, using the quasi-cubic model. The
polarization selection rules can be understood in relationship to their well-known binary
analogues, as described in [2.2] and depicted in Figure 2.3.

Starting from a threefold-degenerate I';s state in zinc blende, the introduction of a
tetragonal crystal field gives rise to one I'y plus a twofold-degenerate I's level. The

possible dipolar interband transitions to the I'; conduction-band minimum are I's—T,
allowed in E ||c, and I's—1I"; allowed in Elc. Spin-orbit interaction further splits the
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I's levels and the selection rules are somewhat relaxed, as given in Figure 2.3. Although

only one of the transitions (I'+—1Is in the double group) has a pure E L ¢ polarization
and the other two are mixed, it is approximately true that each transition keeps its original
polarization, i.e. before introducing the spin-orbit interaction. Also, even if all three
transitions result from two simultaneous interactions, in the present compounds, where
Ac<Ay, 1t 1s useful to make a simplification. In the simplified view, E, and E; can be
regarded as a crystal-field-split gap, where each of these transitions has a different

polarization as determined by the sign of A.. The most usual situation in chalcopyrite

compounds is that A<0 and then E, is allowed in E ||c and Ey inE | c. This is the case
in CGS. However, in CIS A.>0 and the situation is reversed: E, is allowed in E lc and

Ey in E||c. In this simplified schema, the higher transition energy E. corresponds to the

spin-orbit-split gap.

ClS-like zinc blende CGS-like
g Iy Iy 'y s
.T. :- T| Tu ) ] - [ .3 5 -: LI ‘
Ea Ey E, Ep
NI ERE ] lire
= | S
(B) T; 5| iTs —
I LT (A
L ry Tis ——— 6 (A)
©) Iy I's
——— __ Ty ©
Aso Ag >0 Mgt <0 Agg

Figure 2.3 Schematic evolution of the energy states at the band gap of chalcopyrite,
starting from a zinc blende-like gap without spin—orbit coupling. Solid (dashed)

arrows represent transitions allowed by symmetry in E Lc (E // ¢) polarization,

respectively. Note that the ordering of the topmost valence bands is different in CIS
and CGS [2.2]
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Within the so-called quasi-cubic model, the energies of the I'; levels relative to

the I'4 level in the valence band of the chalcopyrite crystal, are given in [2.1]:

1/2
E,= %(Aso +A, ) i%{(% +A, )2 —gAso 'Aqf} (2.14)
where E, are the energies of the I'; valence band relative to the I'¢ conduction band in
chalcopyrite, obtained using observations from the PR-spectra. The component E; is
referred to the energy difference between B(I'7)-A(I'¢) bands, and the component E, is
referred to the energy difference C(I'7)-A(I's), as shown in Figure 2.3. Consequently, for
the CGS-like chalcopyrites E, =E,—FE,, and E, =E —E,, whereas, for the CIS-like

chalcopyrites, £, =E, —E ,and E, =E - E,.
The ratio of strengths of transitions from a given I'; valence band to the I's

conduction band for light polarized parallel and perpendicular to the optical axis,

respectively, is given by Eq. (2.15):

I EY
243 =
7 [ + A j (2.15)

1 SO

Eq. (2.14) has been used to deduce the valence band parameters of many

IR I 1 :
AB"XY', crystals from electroreflectance measurements and the results are summarized

in Table 2.3 /2.1].

Chalcopyrite Estimated

E, ¢ g . 2 . % d-like
CulnSe, 1.04 104 127 004 -0.006 048 0.23 34
CuGaSe, 1.68 1.75 196  0.03 0.090 0.44 0.23 36
CulnS, 1.53 153 153 0.05 0.005 0.17 -0.02 45
CuGaS, 243 255 255 0.12 0.120  0.13 0.00 35

Table 2.3 Valence band parameters of A'B" X", crystals [2.1]
The corresponding wave functions of the three valence bands are given by:
|4):5, T,
|B> ca,S T+a.S, 4,
|C):a.8 T +a,S, ¥
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where T and | represent spin up and down, respectively, and S;, S_, and S, are
functions defined by p-like basis functions. The admixture coefficients az and ac can

now be written [2.16]:

r P -1/2
ay =1+ 2-2F (2.16)
207 A,
r 2 -1/2
1 3
a.=|1+=|2-——E, (2.17)
207 A,

where a, +a; =1.
The corresponding interband transition strengths between the p-like valence and
the s-like conduction bands can be calculated from Eq.(2.18):
Coar Cont 1Coct 1Cou 1 Copy  Coey =1 tay = ai + 0 :2al:2a, (2.18)
The proposed [2.3] assignments and notations of the main optical transitions are

given in the generic band structure displayed in Figure 2.4.

6

ErX

3

sy | = =
% i E(TX) o) |
0F :oWw - = N
LT — P Nq

g T E(X
Is : 1
2}Ts i
T r N

Figure 2.4 Proposed assignments and notations for the transitions observed in CuB"X"",

chalcopyrites in the optical range, depicted on the generic band structure. Dashed and

solid arrows represent optical transitions allowed in E || ¢ and E L ¢, respectively[2.3].
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2.1.3.2 Temperature dependence of Semiconductor Band-gap

Semiconductors exhibit large shifts of the fundamental absorption edge with
temperature. Part of these shifts is due to the thermal expansion and the concomitant
changes in the band structure with volume, which usually accounts only for a fraction (V4
or 2) of the observed shift. The remaining temperature dependence of band-gap energies
arises from the renormalization of the band energies by electron-phonon interactions. The
electron-phonon interactions in turn are of two types: The first-order interaction
considered in second-order (self-energy term) [2.17], and b) the quadratic interaction
taken in the first-order (Debye-Waller term) [2.18].

In this thesis, the temperature dependence of the energy gap is studied using
Varshni’s empirical model, a thermodynamic model, the Einstein model, and the Péssler
model, briefly summarized below:

A. Approximating the two basic features of experimental Eq(7) curves, Varshni
[2.19] observed an almost quadratic dependence at low temperatures and a linear
dependence at high temperatures and suggested an empirical description of E,(7)
dependence according to Eq.(2.19):

al”
T+ )

where E,(0) represents the band-gap at zero temperature, -a the (7' —o0) limit of

E(T)=E,(0)- (2.19)

dE,(T)/dT , and f is a temperature parameter.

B. Using the Einstein representation of the total thermal energy of the solid, the
temperature dependence of the energy band-gap can be expressed by the Einstein model
[2.20]:

K

Z/T
e

E,(T)=E,(0)- (2.20)

where K is a temperature-independent constant, and = is the Einstein temperature.

C. The temperature dependence of the interband transitions can be described with
an equation (Eq.(2.21)) containing the Beose-Einstein occupation factor for phonons
[2.21]:
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2
Eg(T):EB_aB|:1+W} (221)

Besides the changes of the band structure by thermal expansion of the lattice, the

temperature dependence is mainly due to the electron-phonon interaction. The parameter

Op (®, =h-v/ky) describes an average frequency of both acoustic and optical phonons

involved and corresponds to the Debye Temperature, ap is the strength of the interaction,
and (Ep-ap) is the transition energy at 0K.

D. It is well known that both the thermal dilation of the lattice and the electron-
phonon interaction will contribute to the temperature variation of the band gap energy.
For many semiconductors the first component can usually be neglected due to its limited
contribution. Hence, the electron-phonon coupling is dominant and can be described by a

three-parameter thermodynamic model [2.22]:

B

E,(T)=E,(0) —S<ha)>{coth (g{ﬂ}—l} (2.22)

where E,(0) represents the band-gap at zero temperature, <ha)> is an effective phonon

energy, and S is a dimensionless constant related to the electron-phonon coupling.

E. Pdssler proposed [2.23] an analytical description of Eg in dependence of T,
within the regime of dominant electron-phonon interaction. According to his theory, the

variation can be expressed by Eq.(2.23):

ol (ary 1"
E(T)=E,0)-0> {H(a) } -1 (2.23)

where 9 is equal to the high-temperature limit of the associated entropy, O is the effective
phonon temperature, and the parameter p=n+1; the exponent n governs the shape of the
spectral function.

F. Manoogian [2.24] proposed an empirical method for separating the energy
band gab versus temperature curves of semiconductors into their constituent dilation and
vibration parts:
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V

o/T
e

E(T)=E,(0)+UT" +

(2.24)

where U, V, x are fitting parameters and ©® is the effective temperature of phonons that
interact with electrons.

Broadening parameter temperature dependence of the interband transitions is

described by the Eq.(2.25) [2.25]:

I
['(T)=T(0)+ e%/—;’ (2.25)

—1
I'(0) represents the broadening due to the temperature independent mechanisms, such as
impurities, dislocations, and surface scattering, and I'¢, the strength of the exciton-LO-
phonon coupling. Here, ®1¢ is the average frequency of the longitudinal optical phonons.
It should be noted, that the optical phonons are the main contributors to the broadening of

critical points.

2.1.3.3 Anomalous Temperature dependence of Semiconductor Band-gap

In most semiconductors, for temperature above 100K the energy band-gap
decreases with the increase of temperature. The temperature dependence of the lowest
band-gaps of some chalcopyrite compounds (AgGaS, [2.26], [2.27], [2.28], AgGaSe;
[2.27], CulnS, [2.29], [2.30], and CulnSe, [2.31], [2.32]) show anomalies in the
temperature region below 100K. In this region, the energy-gap slightly increases with the
increase of the temperature.

Shay and Kasper [2.33] have attributed these effects to the contribution of the d-
levels in the upper valence band. Jaffe and Zunger [2.34] have proposed a theory for the
band-gap anomaly: this anomaly can be analyzed in terms of a chemical factor and a
structural factor. The chemical contribution to the band-gap anomaly consists partly of a
p-d hybridization effect and partly of a cation electronegativity effect. The structural
contribution has a smaller contribution to the band-gap anomaly due to variations in the
tetragonal symmetry. Similar to the chalcopyrite compounds, anomalies have been also

observed for the cuprous halides [2.35].
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2.2 ZnSe - Buffer layer

2.2.1 General

Most of the semiconductors of interest for device applications crystallize in
diamond, zinc-blende (sphalerite), or wurzite structures. In the case of II-VI compounds,
it is very common to obtain both the cubic (zinc blende) and hexagonal (wurzite)
structures, depending on growth conditions. The zinc blende structure has two face
centered cubic (fcc) sublattices, one of which is formed by cations and the other by
anions. The dimensions of the unit cell are defined in terms of the lattice parameter a. The
wurzite structure presents similar bonding to the zinc blende. The only difference is that

the wurzite structure has a hexagonal closed pack lattice instead of the fcc.

Figure 2.5 Cubic (left) and Hexagonal (right) ZnSe crystal structure

ZnSe semiconductor crystallizes in the zinc blende structure as shown in Figure

2.5. The unit cell vectors for the ZB structure are:

b:[l,o, a (2.26)
2
c:(l,l,o a

2°2

where a is the cubic lattice constant. There are two atoms per unit cell: Zn at (O, 0,0)a

and Se at [%,%,%ja . The lattice constant for ZnSe is found [2.38] to be 5.618 A.
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2.2.2 Structural properties

The structural properties of the ZnSe semiconductor compound were studied by
Raman scattering [2.39].

The calculated [2.39] dispersion curves along some important symmetry
directions for ZnSe are shown in Figure 2.6. The symmetry points are I'(0, 0, 0), X(n/a,
0, 0), K(3n/4a, 3n/4a, 0), L(n/20, /20, ©/2a), and W(m/a, 7t/2a., 0).

At the I'(0, 0, 0) symmetry point, the lowest valence state at -13.36eV arises from
the bonding Zn(4s)-Se (4s) singlet. The top of the valence band originates from the
Zn(4p,3d)-Se(4p)-like orbitals possessing triply degenerate character in an anti-bonding
manner. The bottom of the conduction band appearing at 1.04eV is comprised of the anti-
bonding 4s states of the Zn and Se atoms.

At the X(m/a, 0, 0) point, the valence states appear either from the Zn(4s,3d)—
Se(4p)-like orbitals or from the Zn(4p,3d)-Se(4p)-like orbitals just below the valence-
band edge. The semicore Se(3d) states appear much lower, around -47.06eV. Table 2.4

shows the phonon frequencies for ZnSe.
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Figure 2.6 Dispersion curves for ZnSe [2.39]

Vibrational
Frequencies (cm'l)

T (TO) 224
X (TO) 203
X (TA) 79
X, (LA) 173
X, (LA) 158

Table 2.4 ZnSe phonon frequencies in cm’
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f ZnSe [2.40] corresponds to direct transitions

from the highest valence band to the lowest conduction band at the I" point (Flv s Ff ).
The spin orbit interaction splits the 1—~1v5 valence band into [’ ; and F; (splitting
energy Ao) and the FfS conduction band into F; and F; (splitting energy A;) ). The
corresponding optical transitions at or near k=0 are, respectively, labeled E,
[G@CO-T@D], E+a,  [LT)-TED] g
[F;(Flvs) - F; (Ffs)] , Eo +Ao [F; (Frs) — Fi (Flcs , dipole forbidden ],
Ey+ 0y | Do) > To) | and B, +A, +4, | T3 > To) |.

The spin-orbit interaction also splits the L; valence band into LZ.S and LZ , and
the L§ conduction band into LZ and Lfm. The corresponding transitions are,

respectively, labeled El [Lz.s (L§) —> LC6 (L(f)] , B +A, [L; (L;) — LZ (L(f )] , E1

[L5(L) > L) ] and By +A) [ (L) — L 5(15) ] 2.,
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Figure 2.7 Electronic energy band structure of ZnSe [2.42]
The E2 transitions are expected to take place along the [110] (¥) or near X, and

occur in ZnSe for energies between the £, (E1 +A1) and the El (E1 +A|1) critical

points. At higher energies one expects structure in the optical spectrum due to excitation

from the atomic d-levels into the conduction bands.

2.3 ZnO - Window layer

Recently, zinc oxide (ZnO) has attracted much attention within the scientific
community as a ‘future material’. The renewed interest in this material has arisen out of
the development of growth technologies for the fabrication of high quality single crystals
and epitaxial layers allowing for the realization of ZnO-based electronic and
optoelectronic devices.

With a wide bandgap of 3.4 eV and a large exciton binding energy of 60 meV at

room temperature, ZnO is important for blue and ultra-violet optical devices. Other
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favorable aspects of ZnO include its broad chemistry leading to many opportunities for
wet chemical etching, low power threshold for optical pumping, radiation hardness and
biocompatibility. Together, these properties of ZnO make it an ideal candidate for a

variety of devices

2.3.1 General

At ambient pressure and temperature, ZnO crystallizes in the wurtzite (B4 type)
structure. This is a hexagonal lattice, belonging to the space group P63mc, and is
characterized by two interconnecting sublattices of Zn>" and O*", such that each Zn ion is
surrounded by tetrahedra of O ions, and vice-versa (Figure 2.8).

This tetrahedral coordination gives rise to polar symmetry along the hexagonal
axis. This polarity is responsible for a number of the properties of ZnO, including its
piezoelectricity and spontaneous polarization, and is also a key factor in crystal growth,
etching and defect generation. The four most common face terminations of wurtzite ZnO

are the polar Zn terminated (001) and O terminated (00 1) faces (c-axis oriented), and the

non-polar (112) (a-axis) and (10 1) faces which both contain an equal number of Zn and
O atoms. The polar faces are known to posses different chemical and physical properties,
and the O-terminated face possess a slightly different electronic structure to the other

three faces.

. zinc (II) oxide

Figure 2.8 The hexagonal wurzite structure of ZnO. O atoms are shown as large red

spheres, Zn atoms as smaller grey spheres. One unit cell is outlined for clarity.
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Aside from causing the inherent polarity in the ZnO crystal, the tetrahedral
coordination of this compound is also a common indicator of sp’ covalent bonding.
However, the Zn—O bond also possesses very strong ionic character, and thus ZnO lies on
the borderline between being classed as a covalent and ionic compound, with an ionicity
of f; =0.616 on the Phillips ionicity scale [2.43]. The lattice parameters of the hexagonal
unit cell are a=3.2495A and ¢=5.2069 A, and the density is 5.605 g cm > [2.44].

In an ideal wurtzite crystal, the axial ratio c¢/a and the u parameter (which is a
measure of the amount by which each atom is displaced with respect to the next along the
c-axis) are correlated by the relationship uc/a=(3/8)1/2, where c/a=(8/3)1/2 and u=3/8 for
an ideal crystal. ZnO crystals deviate from this ideal arrangement by changing both of
these values. This deviation occurs such that the tetrahedral distances are kept roughly
constant in the lattice. Additional to the wurzite phase, ZnO is also known to crystallize

in the cubic zincblende and rocksalt (NaCl) structures.

2.3.2 Structural properties

In single crystal wurtzite ZnO, there are 4 atoms per unit cell, giving rise to 12
phonon modes. These modes are important for understanding the thermal, electrical and
optical properties of the crystal, and are as follows: one longitudinal acoustic (LA), two
transverse-acoustic (TA), three longitudinal-optical (LO) and six transverse-optical (TO)
branches.

The A; and E; branches are Raman and infrared active, while the two E,

low

branches (non-polar) are only Raman active. The E,"" mode is associated with the

vibrations of the Zn sub-lattice, whilst the Ezhigh

mode is associated with the oxygen
atoms only. The B, branches are always inactive. The phonon modes of ZnO have been
extensively studied and modeled [2.45]. Table 2.5 gives a list of the experimental values

for the most common phonon modes visible at 300 K [2.46].
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Phonon mode Value (cm_lj

Elow 101
E?}fgfr 437
TO (4) 380
LO (4)) 574
TO (E}) 591

Table 2.5 Principal phonon modes of wurzite ZnO at 300 K

2.3.3 Electronic properties

The electronic band structure of ZnO has been extensively investigated. The
results of a band structure calculation using the Local Density Approximation (LDA) and
incorporating atomic self-interaction corrected pseudopotentials (SIC-PP) to accurately

account for the Zn 3d electrons is shown in Figure 2.9 [2.47].

Energy (eV)

Figure 2.9 The band structure of bulk wurzite ZnO calculated using dominant atomic

self-interaction-corrected pseudopotentials.
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The band structure is shown along high symmetry lines in the hexagonal Brillouin
zone. Both the valence band maxima and the lowest conduction band minima occur at the
point k=0 indicating that ZnO is a direct band gap semiconductor. The bottom 10 bands
(occurring around —9 eV) correspond to Zn 3d levels. The next 6 bands from —5 eV to 0
eV correspond to O 2p bonding states. The first two conduction band states are strongly
Zn localized and correspond to empty Zn 3s levels. The band gap as determined from this

calculation is 3.44 eV.

. . ; Zn0
Zincblende Wurtzite 4
E
| L I g
EG=3‘43T5 eV
T=4.2K
[g(A) I5(B) o S
rs _g =49 me'
L - iy I (B) [y(A) AE,,~43.7 meV
A, p
. 1—? 50 . " A
—— I'7(C) I57(0)
Elc E| ¢ Elc E|c

(a) A=A, =0 (b) A =0 (¢) A,>0,4,>50 (d)A,<0.4.50

k

Figure 2.10 Valence band splitting in the zinc blende and wurzite structures due to the
interaction of the spin-orbit (4s0) and the crystal field (Acr). (b) splitting due to the spin-
orbit interaction, and (c), (d) splitting found in the wurzite crystals under the combined
interaction of spin-orbit and crystal-field effects for Aso>0 and As50<0, respectively.
Note that the E 4 transitions are dipole forbidden for E || ¢ [2.48]. Right: Band Structure

and symmetries of hexagonal ZnO[2.49]

As shown schematically in Figure 2.10, the valence band maxima of materials
with wurzite structure can be obtained from that of materials with zinc blende structure
due to the action of a small hexagonal crystal field [2.50]. The combined effect of spin-
orbit (Asp) and hexagonal crystal-field perturbations (Acr), in the wurzite lattice, splits
the I';s valence band into I'9(A), I'7(B), and I'7(C) valence bands. The hexagonal wurzite
ZnO crystal thus, exhibits three excitonic states Ega(ex), Eos(ex), and Eqc(ex), at the
fundamental band edge E,. The optical-transition selection rules suggest that the

structures of I'; symmetry (Egg and Eoc) can be observed for both £ 1 ¢ and E|lc ,
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while that of I'g symmetry (Ega) can only be observed for E||c. This is known as the

“quasi- cubic” model [2.51], [2.52]. Transition energies of ZnO are shown in Table 2.6.

Table 2.6 ZnO Transition energies [2.49]

Transition Energies (eV)

Ea 3.437
Eb 3.443
Ec 3.481
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3. Chalcopyrite Heterostructures

As already mentioned, high efficiencies have been reached for chalcopyrite
heterojunction solar cells [3.1], [3.2]. A significant part of photogeneration in a
homojunction solar cell takes place close to the surface of the emitter. Avoiding current
losses, therefore, requires a careful design of the emitter properties. In a heterojunction
solar cell, the generation maximum is shifted to the pn-junction, where the electrical field
is at its maximum and contributes to the collection of the photogenerated carriers. Due to
the high band gap window, only a few carriers are generated close to the surface, and the
influence of surface recombination can thus be neglected. In contrast to the
homojunction, the heterojunction may exhibit a high density of states at the interface.
Nevertheless, highly efficient chalcopyrite-based solar cells are dominated by bulk, rather

than interface recombination.

3.1 Band Alignment

The bucking current due to recombination at the interface has to be minimized to
achieve high open circuit voltages. The recombination rate R within the field zone of the
diode is approximated by

__ "
- (n+p)

where n and p denote the concentrations of electrons and holes, respectively, and where 7

(3.1)

is the carrier lifetime.

The current losses at the interface can be neglected if the doping is such, that the
interface is inverted. For a chalcopyrite based solar cell with a p-type absorber, this
means that the Fermi-level (Er) at the interface should be close to the conduction band.
In this case, the minority carriers collected from the bulk are majority carriers at the
interface and are not subject to significant recombination. In consequence, the
performance of a carefully designed heterojunction solar cell is almost independent from

the interface recombination.
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The situation changes if the conduction bands are not aligned at the interface. A
small spike (AE>0) can be beneficial, because it tends to increase the inversion. On the
other hand, a cliff (1Ec<0) is undesirable because it reduces the inversion and it also

opens a recombination path with decrease barrier Ey, (Figure 3.1).
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- .
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1.45

Distance from front contact (um)

Figure 3.1 Band diagrams in the vicinity of the interface

The best efficiency solar cells are realized as heterojunctions, containing a CIGS
absorber, a 50nm-thick CdS buffer layer and a ZnO window layer. However, with the
increase of the Ga content, lower solar cell efficiencies have been observed [3.3]. This
fact is attributed to the CdS buffer layer. The increase of the energy band gap changes the
band alignment in the vicinity of the interface absorber/CdS. As shown in Figure 3.2, in
the case of CulnSe,/CdS, the band offset is positive (4E >0, spike), whereas, with the
increase of the Ga content, the band offset increases. In the case of CuGaSe,/CdS, the

band offset becomes negative (4E <0, cliff).
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Figure 3.2 CulnSe,/CdS (left) and the CuGaSe,/CdS (right) band diagrams in the

vicinity of the interface
To avoid such a behavior, the buffer layer should have small band offset and/or

higher band gap. ZnSe fulfills the above conditions and, for this reason, is an ideal buffer

layer for high efficiency solar cells (Figure 3.3).
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Figure 3.3 Schematic of the calculated band lineup of the ZnSe/CulnSe, and
CdS/CulnSe; heterojunctions [3.4]

The band bending in the substrate induced by the formation of the ZnSe layer is
given by the shift in the substrate core level positions during the first deposition steps.

The valence band bends downwards from the Fermi level, while the magnitude strongly
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depends on the position of the Fermi level in the band gap, and therefore on the doping of
the substrate (Figure 2.11).

For the near-stoichiometric substrates, the band bending is (0.4%0.1)eV for the
(112) surface of CulnSe,. The valence band offset at the CulnSe,/ZnSe interface is given
by the difference of the corresponding valence band maxima, corrected by the band
bending in the substrate. When the ZnO forms, a band bending in the ZnSe layer is not
observed, which is also unlikely due to its thinness. The binding energy shift in the Zn
core levels is at least partially due to a chemical shift from ZnSe to ZnO and cannot be
used to determine the band bending in ZnO. The total valence band offset across the

heterojunction amounts to (2.15+0.2)eV in (112) surface [3.5].

(a) CulnSe,(112) ZnSe (b) CulnSe,(112) ZnSe ZnO
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Figure 2.11 Band alignment illustrations for (a) a CulnSe,(112)/ZnSe heterojunction
and (b) a CulnSe;(112)/ZnSe/ZnO heterojunction [3.5]
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3.2 Mismatch strain and thermal strain

3.2.1 Mismatch strain

In a heterostructure system, the lattice matching conditions should be satisfied in
order to obtain good quality heterostructures. The lattice mismatch introduces undesirable
lattice defects, such as misfit dislocations and internal strains in the epilayers [3.6].

With respect to the misfit parameter f,,, which represents the lattice mismatch

between the substrate and the epilayer, the mismatch strain ¢ is defined as:

e=f,=—= . (3.2)

where aq, and aep; are the lattice constants of the substrate and the epilayer, respectively.

According to Hooke’s law, the strain ¢ is related to the stress o [3.7] by:

where the constants C;; represent the elastic stiffness of the material.
Mismatch strain is usually generated by a planar stress defined [3.8] as:
o,=0,=0, 0,=0

_ _ . 3.4)
ny - O-yz =0, = 0

For materials of cubic symmetry, the strain tensor ¢ due to an in-plane biaxial
stress with two equal components (a so called bisotropic stress, oy=0,,=0) has the
following elements:

Eg =&y =&,

2, . _ 2C, (3.5)

&
7z XX
C11 C11
In this case, the strain ¢ and the stress o are related to one another as follows:

2C;,

O = Cu +C12 -

& (3.6)
11
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3.2.2 Strain/Stress Analysis by X-ray Diffraction

Once the lattice spacing d is obtained, according to Braggs’ law (d =nA/2sin ),
from the position of the diffraction peak 6 for a given reflection kkl, the strain along z
may be obtained from the formula [3.10]:
e = d—d,

dO

(3.7)

where d is the unstressed lattice spacing.
Uniform stress ¢ results in uniform lattice strain &, which causes angular peak
displacement, while non-uniform stress distorts peak shape as well. If the stress tensor

existing in the irradiated layers is biaxial:

o, 0 0
0 o, 0
0 0 O

then a simplified x-ray residual stress equation can be derived:

d-d, 1 : .
d—‘):i(o-m cos’ p+o,, sin’ ¢)51n21//—%(0'm+aw) (3.8)
0
where £ and v are the Young’s modulus and Poisson’s ratio, respectively, ¢ is the angle
of a given direction of incidence relative to the surface of the specimen and i the angle
between the normal to the surface and the normal to the /4l planes.
For a bisotropic stress (¢ =o..=0,y,), Eq. (3.8) yields:

d=dy 14V oy Voo (3.9)
d, E E

If the epilayer is known to be coherent and is grown on a surface that is parallel to
the symmetry plane (usually (001)), as in case of the epitaxial on GaAs(001) grown
chalcopyrite layers [3.11] studied in this work, then =0 and Eq.(3.9) is rewritten as:
d—d,

d,

|4
=——20 3.10
Z (3.10)

For_materials of cubic symmetry, Young’s modulus and Poisson’s ratio are

expressed in terms of the elastic stiffness components Cj; as follows:

E:(C11+2C12)(C11_C12) (3 11)
C11+C12 |
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C12

V=—-" (3.12)
C111 + C12
Inserting Egs. (3.11) and (3.12) into (3.10), the latter becomes:
2
U:l 2C]2—C”—& £ (3.13)
2 C,

3.2.3 Strain/Stress Analysis by Photoreflectance Spectroscopy

In the ternary chalcopyrites [3.9], the upper valence band is split into three sub-
bands labeled E,, Ey, and E. due to the combined effects of the non-cubic crystal-field
and the spin-orbit interaction. Stresses induce additional shifts of the three split valence
bands resulting in significant changes of the energy band structure.

The crystallographic orientation of chalcopyrite heteroepitaxial layers is strongly
depended on substrate type. Ternary chalcopyrites on GaAs(001) substrates are grown
highly orientated with their c-axis normal-to-the-plane of growth [3.11]. Under the
application of a bisotropic stress parallel to the [100] and [010] crystallographic
directions, the calculated energy-shift of the two upper-most valence bands at k=0,

designated AE, and AE}, is given, in the quasi-cubic approximation, by [3.12], [3.13]:

AE =| 2« GGy +b C, +2C, c
a ] C, C, | 7z
AE, =| 2 M -b C, +2C, e (3.14)
L C, C, |
where, in case of the strain-free and strained epilayers,
AE, = E:ulk _ E:trained layer
(3.15)

AEb — EEulk _ Esbtrained layer

E™* and EP* represent the transition energies of the strain-free lattice, EStrained layer o4

E,Strained laver are the band energies of the strained layer. €,, is the normal-to-the-plane

component of elastic strain. C;;, Cj, are the elastic stiffness constants and o, b are the

hydrostatic and shear deformation potentials of the chalcopyrite, respectively.
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Combining Egs.(3.14) and (3.15), the strain normal-to-the-plane of growth is
calculated from the energy shift of the strained compared to the strain-free chalcopyrite,

using both, E, and E,, transition energies, according to:

AE — AEb _ AEa — (Elgulk _ E:ulk)— (Eitrained layer E:trained layer) —

— _2b [M}g (3.16)

11

split

Taking into account the relationship between ¢.. and ¢..=¢,, in Eq.(3.5), Eq.(3.16)
is equivalent to Eq. (3.13), previously derived.

3.2.4 Thermal strain

With the temperature varying, the misfit parameter includes changes of the lattice
constants induced by thermal effects. Two different models have been used for the
temperature change of the epilayer and the substrate lattice constants [3.14]:

I* model

This model assumes pseudomorphic growth, in which the epilayer has lattice
constant a, equal to that of the substrate. In this case, the thermal expansion coefficient of
the lattice constants of both the epilayer and the substrate can be given by:

ar =ap (l+a,- AT) (3.17)
Where agr is the lattice constant at room temperature (RT), a, is the linear expansion
coefficient of the material, and AT is the difference between the temperature of the
measurement and RT.

2" model

This model assumes the development of thermal stresses after growth; strain is
fully relaxed at the growth temperature and the epilayer is elastically strained during
cooling due to mismatch in the thermal expansion coefficients between the epilayer and

the substrate. In this case, changes in the lattice constant of the epilayer at RT are given

by:
1—-a? . AT
RT
A%m:awiT:j%Z¥_l (3.18)
su
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where aepiRT is the lattice constant of the epilayer at RT, a“,,; is the thermal expansion
coefficient of the epilayer, a,, is the thermal expansion coefficient of the substrate, and

AT is the difference between the growth temperature and the RT.
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4. Growth techniques

The ternary CulnS,, CulnSe,, CuGaS,, and CuGaSe, bulk (single-crystal)
chalcopyrites studied in this thesis were provided by Priv. Doz. Dr. Udo Pohl at the
Technical University of Berlin. The ternary CulnS,, CulnSe,, CuGaS,, and CuGaSe,;
and quaternary Culn;<GaxSe, epitaxial chalcopyrite layers were provided by Prof. Dr.
M.-Ch. Lux-Steiner and her work-group at the Helmholtz-Centre Berlin for Materials and
Energy (HZB). The ZnSe films were deposited on glass and chalcopyrite substrates using
e-beam Evaporation (EBE) and Chemical Bath Deposition (CBD) techniques of the
laboratory for Material Growth and Optical Characterization of Assist Prof. Dr. D.
Papadimitriou at the National Technical University (NTUA) of Athens. Au/Al contacts
and In:ZnO/i-ZnO layers were deposited by Pulsed Laser Deposition (PLD) in the
laboratory of Dr. M. Kompitsas at the National Hellenic Research Foundation (NHRF).
Antireflective Coatings (ARCs) of ZnO nanorods were provided by Prof. Dr. M.-Ch.
Lux-Steiner and her work-group at the Helmholtz-Centre Berlin for Materials and Energy

(HZB).

4.1 Ternary Single Crystal Chalcopyrites grown by CVT

The ternary CulnS,;, CulnSe,, CuGaS,, and CuGaSe; bulk (single-crystal)
chalcopyrites were grown by Chemical Vapor Transport (CVT) with iodine [4.1].
Crystals were grown from presynthesized chalcopyrite source material that was solidified
from stoichiometric melt. Source material and crystallized iodine were placed in one end
of a cleaned quartz ampoule. The end was immersed in liquid nitrogen as the ampoule
was evacuated and fused for sealing. The sealed ampoule was placed in a furnace and
was subjected to a time temperature program. The growth zone was kept hotter than the
source zone during heat-up. Afterwards, the temperatures were reversed to initiate

growth.
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4.2 Ternary Epitaxial Chalcopyrites grown on GaAs by MOVPE

The ternary CulnS,, CulnSe,, and CuGaSe, epitaxial layers were grown on GaAs
(001) substrates by Metal-Organic Vapor Phase Epitaxy (MOVPE) in a horizontal
quartz reactor (AIX 200 SC), see Figure 4.1 [4.2] - [4.4]. The precursors were CpCuCNtB
(CsHsCuCNC(CH3)3), TEGa (Ga(C,Hs)3), and DTBSe (((CH3);C),Se), which were
transferred into the reactor chamber by the hydrogen carrier gas. These molecules
decompose at 570°C substrate temperature and 50 mbar reactor pressure. The metals (Cu,
Ga/In) and Se/S are deposited on the substrate and contribute to the chalcopyrite film
growth, while the rest organics are removed by an exhaust cleaner.

MOVPE offers the possibility of highly controlled composition variation by
changing the input molar flow ratio of the precursors. Aiming to a controlled variation of
the chemical composition of the epilayers, two different approaches were chosen: a) In a
series of MOVPE experiments the input molar flow ratio CpCuCNtB/TEGa (p; /pm-
ratio) was varied at an excess of DTBSe(pvi), while the pyi/(pi+pmr)-ratio was kept
constant [4.5]. These growth experiments were performed with the substrate rotating. b)
Without the substrate rotation and at fixed p; /pm and pvi /(pitpm) ratio, a gradient
composition sample was obtained in one single run due to the depletion of the Cu
precursor in the gas phase.

By the heteroepitaxial growth on GaAs-(001), the chalcopyrite CuGaSe;-layers
are grown highly oriented with their c-axis in the direction of the surface-normal of the

GaAs-substrate [4.2].
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Figure 4.1 The MOVPE set-up for ternary epitaxial layer growth[4.2], [4.3].

4.3 Ternary Polycrystalline Chalcopyrites grown on Mo/glass by PVD

The Physical Vapor Deposition (PVD) system for CuGaSe, thin-film preparation
was equipped with two thermally stable effusion cells filled with Cu and Ga. Se was
evaporated from a tungsten boat, and the Se-flux was regulated by a quartz crystal
monitor controlling the power supplied to the source. The base pressure in the
evaporation chamber was below 10 mbar; during the growth process, the pressure was
below 5x10° mbar. A 10 kW halogen heater system was used for fast heating ramps of
the soda-lime-glass (SLG) substrates. For preparing homogeneous films, the substrate
holder was rotated. 16 homogeneous 2.5x2.5 cm’ samples can be prepared in one
evaporation process. CuGaSe, absorber layers were deposited on SLG/Mo for solar cell

devices.
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4.4 Quaternary Epitaxial Chalcopyrites grown on GaAs by MOVPE

The quaternary Culn;,GaSe, epitaxial layers were grown by Metal-Organic
Vapor Phase Epitaxy (MOVPE) on GaAs (001) substrates [4.5]. The EPICHEM
metalorganic precursors were: TriMethyl Gallium, ((CH3);Ga, TMGa), TriMethyl
Indium ((CH3)3;In, TMI), Di-TertiaryButyl-Selenium ((C4Hy),Se, DTBSe) and
Cyclopentadienyl Copper TriEthyl Phosphine (CsHsCuP(C,Hs)3;, CpCuTEP). During the
process 5 I/min Pd-purified H, was used as a carrier gas at a pressure of 30mbar. The
growth temperature was 500 °C or 570 °C. The amount of deposited material was
controlled by the flux of H, through the precursors and by their vapor pressure. Due to its
low vapor pressure, CpCuTEP has to be heated to 60°C. The other precursors may be
used at room temperature or below. The Cu-precursor was kept at maximum output and
the Se-precursor was provided at 10 times the concentration of the other precursors. The
composition of the films was controlled by the ratio of the Ga and In fluxes,
[Ga]/([Ga]+[In]). The deposition time was 4 h. There is a linear dependence between the
[Ga]/([Ga]+[In]) flux ratio during the process and the EDX measured [Ga]/([Ga]+[In])
ratio, x, in the film. Changes of temperature do not affect this dependence much. The
EDX measurements were performed in an Oxford IMCA system within a LEO440 SEM.
An electron beam at 7 keV was used to avoid signals from the underlying GaAs, since the
CIGS layers are only 250-450 nm thick (see Table 4.1.1). No As signal was detected at
this excitation energy. The measurements were calibrated with a polycrystalline
Cu(In,Ga)Se, standard from NREL. The error is about 1 %.

The optimizing of the growth process of Culn;GaySe, started with the
parameter set known for CuGaSe,, which is grown in high quality at 570 °C. High
quality CulnSe; can be grown at 500 °C without measurable Ga diffusion from the
substrate. Therefore, various growth temperatures were used to obtain CIGS with
different Ga contents: low temperatures (500 °C) for low Ga (x<0.3) and high
temperatures (570 °C) for high Ga (x>0.3) content. Each sample is grown in such
conditions to establish slightly Cu-rich CIGS layers with a ratio of
[Cu]/([Ga]/+[In])=1.0-1.1.
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4.5 ZnSe grown on glass and chalcopyrite substrates by EBE

Even though, the best efficiency of 19.9% for CIGS solar cells has been achieved
with CdS as a buffer layer prepared by CBD, concerns with small amounts of cadmium
have lead towards the investigation of Cd-free buffer layers [4.6], [4.7]. ZnSe is one of
the materials alternately used. ZnSe is deposited by Physical Vapor Deposition (PVD) in
the e-beam evaporation (EBE) technique on PVD grown Ga-rich CuGaSe,
polycrystalline films. The absorber films were deposited on molybdenum coated soda
lime glass substrates and on CuGaSe, chalcopyrite absorbers. The ZnSe deposition takes

place in a Veeco VE-770 Chamber (Figure 4.2) equipped with a quartz crystal monitor-
detector for controlling the deposition rate. The substrate can be heated up to 1200 OC,
while the temperature is electronically controlled with an accuracy of 0.1 °C. In our case,

the substrate temperature was 400 °C, while the e-beam power was 11 KW. The
deposition process is followed by annealing at 250 °C for 30 min. The quartz crystal
frequency deviation during the growth process was 1 KHz, corresponding to a layer

thickness in the order of 100 nm.
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Figure 4.2 The e-beam evaporation (EBE) chamber.

For the CIS, CIGS solar cell technology, the thickness of the buffer layer is of
great importance, and should not exceed the critical value of 50nm. The control of the
thickness is performed insitu with a crystal monitor detector. The eigenfrequency of the
quartz crystal is modulated according to the material deposited on its surface. Thus the
quartz crystal is placed beside the substrate, the quantity of ZnSe deposited on the crystal
is indicative of that deposited on the substrate. The configuration is calibrated such as
change of 1 Hz in the frequency corresponds to 1 A thickness. The relationship between
the layer thickness and the quartz crystal frequency is given by Eq. (4.1):
m_of
A4k

where ¢ is the layer thickness, m is the layer mass, 4 is the layer surface, Jf is the

gt 4.1)

frequency difference, and k = 0.474 x 10® Hz cm?/g is a constant given by Eq. (4.2):

k=12 4

RF;:Z (4.2)
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where f'is the quartz crystal frequency, 4’ is the deposition surface, 4 is the quartz crystal
surface, N is a frequency constant, and g, is the quartz crystal density.

Initially, the deposition rate is low (10-20 Hz/s), corresponding to 10-20 A/s.
Thereafter, the deposition rate increases rapidly reaching the 300 Hz/s, a fact that needs
to be taken into account in order to stop the procedure on time and achieve the desirable

thickness of 30-40nm.

It should be noted, that for the solar cell with EBE grown ZnSe studied in the
present work, the ZnO window layer was deposited by PLD at 300 °C temperature and
0.2mbar O, (gas carrier) pressure, as described in section 3.7. The Al front ohmic

contacts were also deposited by PLD with the use of a proper mask.

4.6 ZnSe grown on glass and chalcopyrite substrates by CBD

High efficiency solar cells are known from the literature to be fabricated using
CdS buffer layers. However, since cadmium is a toxic material, other, more
environmentally friendly Cd-free buffer layers have been processed. ZnSe is an important
semiconductor material with a large bandgap (2.7eV), which has vast potential use in thin
film solar cells. A very attractive method for producing ZnSe thin films, due to the
possibility of large area deposition at low cost, is the Chemical Bath Deposition (CBD)
method.
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Figure 4.3 Schematic diagram of the Chemical Bath Deposition Apparatus

The CBD apparatus (Figure 4.3) consists of: a) a beaker in which the solution is
inserted, b) a magnetic stirrer (with PVC magnet) to keep the solution under stirring
during the deposition, ¢) a hotplate to moderate the desired temperature, d) a water bath
to maintain the temperature of the solution homogenous, ¢) a temperature detector, and f)
a holder for the substrate. The pH was measured during deposition with a pH-meter.

The procedure followed for CBD growth of ZnSe thin films starts with a 0,4M
Zn"? (ZnS0y4) solution with 25% ammonia (NH3) and 25% Hydrazine (NH,NH;) as
complexing agents, to which are added: 0,08M selenourea (SeC(NH;),) as selenide
precursor and 0,08M sodium sulfite (Na,SO3) as an antioxidant, to initiate the CBD
reaction. At the same time, the substrate is immersed in the bath. The bath is maintained
at a constant temperature (70°C) [4.8] and is kept under stirring with a magnet. Substrates
are previously cleaned in an ultrasonic bath with ethanol for 30min.

Specifically, for chalcogenide deposition (CdS, ZnSe, ZnS, etc) at least two
different mechanisms are present, which yield different compositions and morphology of
the films. A heterogeneous mechanism occurs due to the reaction of cation precursors
adsorbed on the substrate surface. This mechanism proceeds through the formation of an

adsorbed intermediate complex of the type Me(OH) (NH,), [4.9]-[4.10], which reacts

with the chalcogenide precursor. A side-reaction to the chalcogen-film growth is the
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deposition of Me(OH),, which explains the amount of oxide and hydroxide encountered

some times.

On the other hand, a homogeneous mechanism occurs due to the deposition of

colloid aggregates formed in the bulk of the solution, which yields more stoichiometric

and porous films.
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Figure 4.4 Scheme of the two main reaction mechanisms present in the chemical bath:

a) heterogeneous mechanism, and b) homogeneous mechanism

Both mechanisms, as shown in Figure 4.4, coexist in the bath, but the

predominance of the one or the other may be induced, to some extent, by the

experimental conditions. Moreover, the predominant mechanism changes during the

CBD process, heterogeneous deposition being more important at the beginning but with

increasing influence of homogeneous deposition with the time upon exhaustion of

reactants and growth of colloids [4.9], [4.11].
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4.6.1 Homogeneous process

The determining species for this process are selenourea (SeC(NH;),), ammonia
(NH3), and ZnSOy,. During the induction, the reaction of selenourea with ammonia and

hydroxide, must occur to generate the selenide ions:
NH,CSeNH,+OH™ — NH,C(O)NH, + HSe” (4.3)
Zn+ cations participate in two main equilibria, with ammonia and hydroxide

Zn** +4NH, <> Zn(NH,);" (4.4)

Zn™ +40H™ <> ZnOH; +2H,0 (4.5)
Zn(NH,);" being predominant at the ammonia concentrations used in the bath. Once
biselenide species are formed after Reaction (4.3), they may react with SO;~ (Reactions

(4.6) and (4.7)) and with Zn(NH,);" (Reaction (4.8)):

HSe™ + % 0, —> Se+OH" (4.6)
Se+SO; — SeSO;~ (4.7)
Zn(NH,);" + HSe” + OH~ — ZnSe +4NH, + H,0 (4.8)

where in red are the solid compounds that contribute to the growth of the film. Reaction
(4.8) is favored by the high insolubility of ZnSe and is responsible for the appearance of
the first solid ZnSe particles.

4.6.2 Heterogeneous chemical growth

This mechanism is observed after 20 — 25 min deposition [4.12]. The predominant
selenide precursor in solution is selenosulphate, formed after reactions (4.6) and (4.7),

while hydrolysis liberates the biselenide anions:
SeSO;” +[OH |, — SO; +[HSe |, 4.9)
Zn(NH,)." +[HSe |, +[OH ], — ZnSe+4NH, + H,O (4.10)

The adsorbed species are tentatively introduced to account for the heterogeneous

character of this mechanism. The overall reaction is:

Zn(NH,);" +SeSO;” +2[OH |, — 4NH, + H,0+ SO;” + ZnSe (4.11)

92



4.7 Au/AlVIn:Zn0/i-ZnO grown on ZnSe/CuGaSe,/Mo/glass by PLD

The ZnO window layer and the Al front ohmic contact were deposited using the
method of Pulsed Laser Deposition (PLD). This method is particularly flexible, mostly
because the laser used in the layer deposition is placed outside the deposition chamber
and may be applied in both, vacuum and carrier gas environment. Additionally, the

pulsed laser technique allows the growth of multilayer structures.

Layer growth in the presence of carrier gas can lead to controlled material
properties, such as composition, optical and magnetic properties. A typical PLD

configuration is shown in Figure 4.5.

Laser beam

~ Port with
quartz window

Target

carrousel Heatable

sample stage

Substrate

y

Laser plume

Rotating target Vacuum chamber

Figure 4.5 PLD deposition configuration.

The window of the solar cell consists of two layers. An ultra thin (50nm) intrinsic
ZnO (i-ZnO) layer and an Indium doped ZnO (In:ZnO) layer with 3% In, with
approximately 700 — 1000nm thickness.

The deposition conditions remained the same during the preparation of all solar
cell samples: The chamber was under 20Pa O, (gas carrier) pressure. Substrate

temperature was set to 300°C and measured with a thermocouple. Two different targets
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were used for the two different layers: a ceramic ZnO and a 3% ceramic In:ZnO target,
mounted at a carousel. During deposition, the ablated targets were in continuous
movement, to avoid target penetration. For the excitation of the targets an excimer laser
at 248nm with pulse frequency of 10Hz was used. The fluence of the laser was 2.4J/cm’.
The Al-front ohmic contact is deposited in vacuum using an Al foil as target. The

substrate is not heated for this procedure. Additionally, an Au-thin film is deposited on

top of Al to avoid oxidation.

Figure 4.6 The PLD chamber (left) and the plasma generated during deposition (right)

4.8 ZnO grown on ZnSe/Cu(In,Ga)Se,/Mo/glass by ECD

ZnO thin films were deposited by Electrochemical Deposition (ECD), initially on
Mo  coated glass  substrate  (Control = Experiments), and then on
ZnSe/Cu(In,Ga)Se,/Mo/glass under potentiostatic cathodic conditions in a zinc nitrate
solution. The electrochemical cell (Figure 4.7) has a standard three electrode geometry
with substrate (working electrode), pure Zn (counter electrode), and a KCl saturated

calomel electrode (reference electrode).
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Figure 4.7 Schematic representation of an electrochemical cell

Prior to ZnO deposition, the Mo coated glass substrates were cleaned in an
ultrasonic ethanol bath and a cyclic voltammogram (Figure 4.8) was recorded to obtain
the optimum cathodic potential E,= -650mV.

The ZnO films were recorded in the potentiostatic mode under magnetic stirring
(100cycles/min) in a 0.05M Zn(NOj3), solution at 80°C. After deposition, the samples
were rinsed with deionised water and dried in air.

The general scheme of ZnO electroprecipitation from nitrate baths is assumed to
occur according to the following Reaction sequence:

Zn(NO,), — Zn* +2NO; (4.12)

Electroreduction of nitrate ions generates hydroxide ions at the cathode:

NO; +H,0+2e” — NO, +20H" (4.13)

Zinc ions interact with the hydroxyl anions producing zinc hydroxyl. From this,
ZnO and H,O are formed:

Zn"* +20H" — Zn(OH), — ZnO + H,0 (4.14)

The overall reaction results in the formation of ZnO:

Zn? + NO; +2¢” — ZnO+ NO; (4.15)
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Figure 4.8 Cyclic Voltamperogram of ZnO on Mo-glass substrate

4.9 ZnO Nanorod ARCs grown on glass substrate by ECD

Alternatively to PLD deposited ZnO window layer, another configuration of the
window layer is also investigated. ZnO-nanorods serve not only as the window layer but
also as an Anti-Reflective Coating (ARC), making them perfect candidates for solar cells
devices.

The ZnO-nanorods were grown by Electro-Chemical Deposition (ECD)
Techniques on intrinsic 1-ZnO films (40-50nm) electrodeposited on fluorine doped
Sn0,-coated glass (named: FTO glass). The substrates are cut into small 2.5x2.0 cm®
rectangles and then cleaned in an ultrasonic bath of acetone and ethanol with subsequent
rinsing in distilled water. The ZnO-nanorods/i-ZnO samples are deposited in a three-
electrode electrochemical cell with Pt counter and pseudoreference electrodes. The
electrodeposition was carried out at potential —1.35 V versus Pt. The electrochemical cell
was placed in a thermoregulated bath and the deposition temperature was adjusted to 75
°C. An aqueous solution of Zn(NO3), with molarity 7 mM was used. The solution was
stirred during the deposition process. Typical deposition current densities were 0.3—0.5
mA/cm’. The deposition time was 3000-3600s in the potentiostatic mode. The deposited

samples were washed with distilled water to remove any residual salt.
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ZnO formation takes place on the cathode side. The possible chemical reactions
can be described as follows [4.13]:

Zn(NOy), <> Zn** +2NO;

NO; +H,0+2e” — NO,” +20H"

Zn™* + OH™ <> Zn(OH),

Zn(OH), > ZnO+ H,0

(4.16)

In the present work, three different kinds of samples have been studied:

a) 0719-1: ZnO nanorods prepared in a 7mM Zn(NOs), bath,

b) 0719-2: ZnO nanorods prepared in a 7mM Zn(NO3), and 70mM HNOs bath.
The nitrate ions served as an oxidant for the preparation of ZnO. The HNOj3 decreases the
pH value of the solution which leads to a significant decrease of the defect emission
[4.14], and

¢) 0719-3: ZnO nanorods prepared in 7mM Zn(NO3), and SmM NH4NOj; bath.
The use of NH4NOj3 leads to an increase of the vertical growth rate of the ZnO nanorods
[4.15].

Two different substrates, i.e., solar thermal absorber substrates provided by the
Almeco-TINOX GmbH (TiNOX substrate) and copper indium gallium (di)selenide
(CIGS) solar cells, were used. The dimensions of the deposited ZnO-nanorods (NRs,
Figure 4.9) were: D=40-50nm, Dy=150-180nm, H=500nm, and L=200-220nm which

corresponds to a surface packing density in the order of 10° NRs/cm”.
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Figure 4.9 Schematic drawing of : a) a ZnO NR Array, b) a single ZnO NR, and c)

cross-section of a ZnO NR
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5. Characterization techniques

5.1 Structural characterization (XRD, SEM, AFM, RAMAN)
5.1.1 X-Ray Diffraction (XRD)

5.1.1.1 General

X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals
detailed information about the chemical composition and crystallographic structure of
natural and manufactured materials.

When a monochromatic X-ray beam with wavelength 4 is projected onto a
crystalline material at an angle 0, part of the beam is reflected, while the rest is scattered
by the crystal structure [5.1]. Diffraction occurs only when the optical distance traveled

by the reflected rays differs by a complete number # of wavelengths (4B + BC = nA).

Figure 5.1 X-Ray reflection geometry.

As shown in Figure 5.1, the reflection geometry results in:
AB+ BC =2AB =2d sin6
nd =2dsin6 G-
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The latter relationship is called Bragg’s law.

5.1.1.2 Experimental set-up
In the present thesis, the XRD analysis is performed by an XRD DS type Focus

Bruker instrument with Cu filter, like the one shown in Figure 5.2.

Figure 5.2 The XRD instrument used in the present thesis.

5.1.2 Scanning Electron Microscopy (SEM)

5.1.2.1 General

The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons in a raster

scan pattern. The electrons interact with the atoms that make up the sample producing
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signals that contain information about the sample's surface topography, composition and
other properties such as electrical conductivity.

In a typical SEM (Figure 5.3), an electron beam is thermionically emitted from an
electron gun fitted with a tungsten filament cathode. Tungsten is normally used in
thermionic electron guns because it has the highest melting point and lowest vapor
pressure of all metals, thereby allowing it to be heated for electron emission. The electron
beam, which typically has an energy ranging from a few hundred eV to 40 keV, is
focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. The
beam passes through pairs of scanning coils or pairs of deflector plates in the electron
column, typically in the final lens, which deflect the beam in the x and y axes so that it

scans in a raster fashion over a rectangular area of the sample surface.

Electron Electron Gun

T Y Anod
node

‘ H‘ Magnetic
a1 [ [[{I[T13 I4—Lens

To TV
scanner

Scanning

Electron

Secondary
Electron
Detector

Sage Specimen
Figure 5.3 Schematic diagram of a typical SEM chamber

When the primary electron beam interacts with the sample, the electrons lose
energy by repeated random scattering and absorption within a teardrop-shaped volume of
the specimen known as the interaction volume, which extends from less than 100 nm to
around 5 pm into the surface. The size of the interaction volume depends on the

electron's landing energy, the atomic number of the specimen and the specimen's density.
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The energy exchange between the electron beam and the sample results in the reflection
of high-energy electrons by elastic scattering, emission of secondary electrons by
inelastic scattering and the emission of electromagnetic radiation, each of which can be
detected by specialized detectors. The beam current absorbed by the specimen can also be
detected and used to create images of the distribution of specimen current. Electronic
amplifiers of various types are used to amplify the signals which are displayed as
variations in brightness on a cathode ray tube. The raster scanning of the CRT display is
synchronized with that of the beam on the specimen in the microscope, and the resulting
image is, therefore, a distribution map of the intensity of the signal being emitted from
the scanned area of the specimen. The image is digitally captured and displayed on a

computer monitor.

5.1.2.2 Experimental set-up
In the present thesis, the SEM-images were taken by a JEOL JSM 6380-LV

Scanning Electron Microscope, like the one shown in Figure 5.4.

Figure 5.4 The Scanning Electron Microscope (SEM) setup (left) and chamber (right)

used in the present thesis.
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5.1.3 Atomic Force Microscopy (AFM)

5.1.3.1 General

Atomic force microscopy (AFM) is a method of measuring surface topography on
a scale from angstroms to 100 microns. The AFM consists of a microscale cantilever with
a sharp tip (probe) at its end that is used to scan the specimen surface. The cantilever is
typically silicon or silicon nitride with a tip radius of curvature on the order of
nanometers. When the tip is brought into proximity of a sample surface, forces between
the tip and the sample lead to a deflection of the cantilever according to Hooke's law.
Depending on the situation, forces that are measured in AFM include mechanical contact
force, Van der Waals forces, chemical bonding, electrostatic forces, magnetic forces, etc.
As well as force, additional quantities may simultaneously be measured through the use
of specialized types of probe. Typically, the deflection is measured using a laser spot

reflected from the top surface of the cantilever into an array of photodiodes.
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Figure 5.5 Operation principle of an Atomic Force Microscope (AFM).

5.1.3.2 Experimental set-up
In the present thesis, the AFM-images were taken with a DME Dualscope DS95

Atomic Force Microscope, like the one shown in Figure 5.6.
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Figure 5.6 The Atomic Force Microscope (AFM) used in the present thesis.
5.1.4 Raman Scattering Spectroscopy (RAMAN)

5.1.4.1 General

Raman spectroscopy (RAMAN) is a spectroscopic technique used to study
vibrational, rotational, and other low-frequency modes in a system [5.2]. It relies on
inelastic scattering, or Raman scattering, of monochromatic light, usually from a laser in
the visible, near infrared, or near ultraviolet range. The laser light interacts with phonons
or other excitations in the system, resulting in the energy of the laser photons being
shifted. The shift in energy gives information about the phonon modes in the system.

Infrared spectroscopy (IR) yields similar, but complementary, information.

5.1.4.2 Theory of Raman scattering in molecules

The classical theory of Raman scattering is based on the idea that, in a diatomic
molecule, the electromagnetic field E = E, cosw,t of the incident light induces a time
dependent dipole moment P =aFE, where a is the electronic polarizability which

depends on the electric charge distribution of the dipole. For sufficiently small

displacements of nuclei from their equilibrium position, & changes linearly with the
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normal coordinate Q:\/;(uz—ul) (u: reduced mass, u,, u,: displacements of

molecules) and can be expanded in Taylor’s series as:

0 1( o? 5
CZ—O(O-I-[%]OQ-FE(aQZZJOQ +... (5.2)

The first-order Raman Effect is determined by the term linear in Q. If the

molecule vibrates with the frequency g, thenQ = Q,cosw,t. In this case, the total

dipole moment has the form:

f’(a))z a, +(8_aJ Q,coswt E,cosw,t (5.3)
o0 ),

With the application of trigonometric sum rules, the above relation yields:
— ~ 1 da =
P(a)) =a,E,cosw,t+—| — | O)E, [cos(a)L + oy )t + cos(a)L -y )t]
2\ 00 0
(5.4)

This equation shows that the induced dipole moment P vibrates not only at the

frequency , , but also at the frequencies @, + w;.
The intensity of scattered light per unit solid angle /(¢) is given by:
1(e)=4lP(e)’

= AE02[1c02 cos’ , t + k> cos’* (@, —wg )t +k,” cos’ (o, + o )t] (5.5)

+ cross terms
s s s . 1{0a) ., . , 1{oaY ., .
where k,” =a,"®,", k =Z(®jo 0 (0, —wy) , and k, ZZ(@]O 0, (o, +ay) .
The first term in Eq. (5.5) is known as Rayleigh scattering, the second and third terms
represent Raman scattering at the Stokes (@, — @y ) and anti-Stokes frequency (o, + wy),

respectively [5.3].
The first-order Raman scattering process can be virtually decomposed into three

electronic transitions: The interaction with an incident photon (7, ) results in the
simultaneous excitation of a phonon (%w,) and the inelastic scattering of the photon
(hoy. at frequency wg. =m, T @) as shown in Figure 5.7. The Stokes and anti-Stokes
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scattering can be described by Feynman graphs indicating that in the Stokes process, a

phonon is created, while in the antiStokes process, the phonon is annihilated.

T T T
_ _. _ _ _ _ _virtual
il il Rt iy sl Tl level
hao, hog,.  ho, hog,. ho, haoy,
2 2 n=2
\ _
1 n=1
\ 0 'T‘ha)s 0 ( ‘Lhws n=0

a) Rayleigh scattering  b) Stokes scattering  c¢) antiStokes scattering
Figure 5.7 Transitions for a) Rayleigh scatting,

b) first-order Stokes scatting and c) first-order antiStokes scatting [5.3]

In Stokes scattering, excitation starts at the ground state, while, in antiStokes

scattering, an excited state is the starting state (Figure 5.7 b) and c)). For optical phonons

and not too high temperatures, the population of the ground vibrational level (|0>) is

much greater than that of excited vibrational levels (|1> ).

5.1.4.3 Raman tensor in solids
In case of crystals, the susceptibility tensor y, is used rather than the scalar

polarizability «. The susceptibility can be expanded in analogy to « in Eq. (5.6)
according to [5.2]:

aﬂ(ﬂ 827('1
20 =\;), + 0,+2 | = 19,9.+, 5.6
Jl ( Jl)o ; aQq . q ; aQanm . q (5.6)

where the sum runs over all normal coordinates. dy , /00, is a component of the derived

polarizability tensor, which is known as the Raman tensor and written as (;(_/., )q, or

X g OF X j1,- The components of the tensor have three indices. j and / extend over the

coordinates 1 to 3 and ¢ runs over the 3N-3 normal coordinates for the vibrations, where
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N is the number of atoms in the unit cell. In other words, ¢ runs over all optical modes
with wave vector A=0. Thus, the Raman tensor which refers to all zone-center vibrations
has rank three. For an individual mode, this tensor is given by a matrix with three rows
and three columns determined from the derived susceptibilities. This quantity is called
the Raman tensor of a particular mode with its distinct symmetry.

The scattering geometry can be described by the Porto notation as: a(bc)d, where
the letters refer to Cartesian coordinates x,y,z. a and d give the directions of the incident
and scattered light wavevector, respectively, b and c¢ give the directions of the
corresponding polarizations[5.2]. In Table 5.5.1, the Raman tensors and their symmetries
A, B, E are given for the point group Dyq in the orthogonal system O: [100], [010], [001]
[5.4].

When the energy of photons used to excite Raman scattering in a medium is
resonant with some electronic transitions of the medium, one expects in general the
Raman cross sections to be enhanced. This phenomenon is known as Resonance Raman

scattering (RRS) [5.5].

Table 5. 1 Raman tensors and their symmetries for the point group D, ( 42m )

in the orthogonal system O : [100], [010], [001] [5.3].

A, B, Ba(z) E(y) E(x)
a 0 0 c 0 O 0 d O 0 0 e 0O 0 O
0 a O 0 —-c O d 00 0 0O 0 0 e
0 0 Db 0O 0 O 0 0O e 0O 0 e O

5.1.4.4 Experimental set-up

In the present thesis, the Raman spectra were taken with a Renishaw RM1000
Confocal Raman Instrument. The excitation source was a 632.8nm He-Ne laser beam,
and the detection was performed with a Charged Couple Device (CCD). The system was

also equipped with a Leica optical microscope.
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Figure 5.8 The RAMAN Scattering Microscope used in the present thesis.

5.2 Optical Characterization (SE, PR)

5.2.1 Spectroscopic Ellipsometry (SE)

5.2.1.1 General

Ellipsometry is a versatile and powerful optical technique for the investigation of
the dielectric properties (complex refractive index or dielectric function) of thin films.
Upon the analysis of the change of polarization of light upon reflection on a sample,
ellipsometry can yield information about layers that are thinner than the wavelength of
the probing light itself, even down to a single atomic layer. Ellipsometry can probe the
complex refractive index or dielectric function tensor, which gives access to fundamental
physical parameters and is related to a variety of sample properties, including
morphology, crystal quality, chemical composition, or electrical conductivity. It is
commonly used to characterize film thickness for single layers or complex multilayer
stacks ranging from a few angstroms or tenths of a nanometer to several micrometers
with an excellent accuracy.

In the most common experimental configuration for Spectroscopic Ellipsometry
(SE), linearly polarized light is incident on a surface and the polarization state of the

reflected light, which is in general elliptically polarized (Figure 5.9) is analyzed.
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Knowing the polarization states, the Fresnel coefficients ratio -the p- (parallel) and s-

(senkrecht, perpendicular) complex reflectances r, and r, , respectively- can be derived:

g iA
p=—=tan¥e" (5.7)
7
S
since the polarization is determined by the ratio of the components of the electric field
vector. The parameter ¥ corresponds to the ratio of the magnitude of the total reflection
coefficient and 4 is the phase shift in p- and s- waves due to the reflection. ¥ and 4 are

known as the Ellipsometry parameters [5.6].

Using the Fresnel equations, p can be directly translated into a complex
dielectric function &(Z®w) . Depending on the photon energy E = /%@ of the incident light,
g(hw) is the bulk dielectric function of the material under study provided the sample is
homogeneous. However, the presence of surface layers or roughness results in inaccurate
values for the bulk dielectric function and care has to be taken in the preparation of the
samples. In case of inhomogeneity in the samples, £(fi®)is an average over the region
penetrated by the incident light and is then a so-called pseudodielectric function or
effective dielectric function, written as < &(Z®) >. From this effective dielectric function
< &(hw) > and appropriate models, layer properties, such as thickness or layer dielectric
functions, can be derived. Using this analysis two experimental parameters-the real and
imaginary part of < & > - (per photon energy) are determined [5.7].

Elliptically polarized light

1. relative phase shift, A=35,-§,
2. relative attenuation, tan'¥' = Ir l/Ir,|

0 90 180 270 360

a
I(A)/ I, = 1+ asin(2A;) + fcos(2A;) Analyser angle, A, (")
e(m) = &4(w) + i g5(m) = e(w, a, B, p, P)

Figure 5.9 Principle of ellipsometric measurements
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Since Ellipsometry is measuring the ratio (or difference) of two values (rather
than the absolute value of either), according to Eq.(5.7), it is very robust, accurate, and
reproducible. For instance, it is relatively insensitive to scatter and fluctuations, and
requires no standard sample or reference beam.

An ellipsometer consists of a light source, a polarizer to fix the polarization of the
incident light, an analyzer to measure the polarization state of the reflected light and a
detector. With these basic components, the ellipsometer can be configured in a large

number of modes: null, rotation analyzer, rotation polarizer and polarization modulation.

5.2.1.2 Null-Ellipsometry

In null-ellipsometry, the polarization state of the incident and the reflected light
can be accessed by varying the angles of two of the three elements, polarizer (P),
compensator (C), and analyzer (A) until the intensity measured by the detector is
minimized [5.7]. The Fresnel ratio p can then be calculated according to:
tan Aftan Q + p_ tan(P - Q)]
B p.tan Q tan(P-Q) -1

p. =T e T.=1, A;=90°

(5.8)

The experimental setup used for null-ellipsometric measurements is a Rudolph

Instruments PCSA-439 (Figure 5. 10), at 546 nm.

Figure 5. 10 Null-ellipsometer
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5.2.2 Modulation spectroscopy: Photoreflectance(PR) — Electroreflectance(ER)

5.2.2.1 General

Modulation spectroscopy is a powerful and versatile optical technique for
obtaining valuable information about a large variety of semiconductor systems, including
bulk and thin films, surfaces, the effects of growth/processing, as well as the
characterization of actual device structures.

Modulation spectroscopy is an analog method for taking the derivative of the
optical spectrum (reflectance or transmittance) of a material by periodically modifying
the measurement conditions. The basic principle of this optical technique is as follows:
by applying a repetitive perturbation, such as an electric field (photo-/electromodulation),
heat pulse (thermomodulation), or stress (piezomodulation), some property of the
measuring system is also periodically varied and the corresponding normalized change in
the reflectance R is determined.

The periodic variation of the measurement conditions gives rise to sharp,
differential-like spectra in the region of interband (intersubband) transitions. Therefore,
modulation spectroscopy emphasizes relevant spectral features and suppresses
uninteresting background effects. It is possible to account for the line shapes to yield
accurate values of important parameters such as the energies and broadening functions of
interband (intersubband) transitions. Even at 300 K the energy of a particular feature can

be obtained to within a few meV.
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Figure 5.11 (a) Schematic diagram of the change in the imaginary part of the dielectric

function expected for a first-derivative modulation process, where lattice periodicity is

preserved. (b) Similar diagram for electric field modulation, where lattice periodicity is
not preserved. The effect of the perturbation on the energy band structure and optical

transition is shown at the left side in each case [5.8].

Modulation spectroscopy can be also employed to investigate the effects of static
perturbations such as electric and magnetic fields, hydrostatic pressure, stress/strain

(external and/or internal), temperature, composition, etc.

5.2.2.2 Modulation spectra and the dielectric function

The perturbation induced change AR in the reflectance R produces a change in
the intensity reflected by the sample as: Al/I=AR/R. The experimental modulation
spectra show AR/ R as a function of energy.

In a two-phase system (material-ambient), the relationship between R and the

dielectric function of the material ¢ = ¢, +ig; is:
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RoI"T

n+n,

: (5.9)

2 2
n=¢g n =g,

a

where n is the (real part of the) refractive index of the material, n, and &, are the (real

parts of the) refractive index and the dielectric function of the ambient, respectively.
The differential changes in reflectance are related to the perturbation of the

complex dielectric function in a simple manner, expressed as [5.9]:

4R _ R{L}
R n(g -&, )
= Re[(a — i,B)Ag] (5.10)
=ade, + pAs,

where Ade¢, and Ag; are the modulation induced changes in the complex dielectric
function ¢=¢, +is;; a and f are the Seraphin coefficients, which depend on the

unperturbed dielectric function. The quantities Ae, and Ag, are related by a Kramers-

. . . AR .
Kronig inversion. Near the fundamental gap of bulk materials #~0 and = = ade, 18

the only important term. However, in multilayer structures, interference effects may play
a significant role, so both A¢, and Ae; have to be considered. The functional form of
Ag, and Aeg; can be calculated for a given perturbation provided that the dielectric
function and critical points are known [5.10], [5.11].

The general expression for ¢ is:

L Amieth e s e . L w2 A[E—E, (k)+il]t
8(E’F)_1+W.[Bz d kjo dt|e-pcv| xexpj_t/zdt 5

(5.11)

where E is the photon energy, /~ is a phenomenological broadening parameter, BZ is the
abbreviation of the Brillouin Zone, ¢ and v denote conduction (empty) and valence

(filled) bands, respectively, e is the unit polarization vector of the photon electric field,;

the momentum matrix element P is independent of the wave vector k;

cv

E. (k)=E . (lg) -k, (l;) is the interband energy.
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The physical mechanism responsible for electric field modulation is the coupling

of the field to the electrons, causing them to accelerate through the lattice. Under the
application of the electric field F, the complex dielectric function &(E,F,I”) is usually
written as a sum of the dielectric constant £(E,0, /") without a field and the change of the
dielectric constant As(E,F,I") due to the electric field. The dielectric function under
the application of an electric field F' becomes [5.12]:

e(E,F, [N =¢(E,0,+As(E,F,I")

(E-E, +ilt+iQ1 /3| (512

=1+%’sz d%j:dtexp

h
' 47Z'€Zhé'l_5w2 3 222 2 3 . .
where A4'= 5 , (nQ) =e’n’F?/8u=(n6) /4, hO is the electro-optical
m
) . 1 1 1
energy, and p is the effective mass, defined as —=—+— (m, and m, are the

H m, m,

electron and hole mass, respectively).

The resulting line shapes vary according to the applied electric fields. Generally,
two distinct regions of field strength exist:

1) the high-field region where the Franz-Keldysh effect is observed and

2) the low-field region where broadening effects dominate.

In the first case, the electromodulation (EM) spectrum exhibits, above the band-
gap, oscillatory features called Franz-Keldysh oscillations (FKOs), which are a direct
measure of the relevant electric field (built-in and/or applied) [5.10]. The second case

will be discussed in detail right below.

5.2.2.3 Photoreflectance-spectra in the low-field regime
In the low-field regime, the homogenous broadening I~ is large, i.e., I't >> Q2.

In this case, we expand exp(i£2¢° /3h)~1+iQ ¢’ /3h in Eq.(5.12), which results in the

Aspnes’ low-field limit expression [5.10]:

oA N it i(E-E, +il)t
g(E,F,F)_1+FJBZ d kjo dt(l+ v Jexp{ - (5.13)

Integrating the above equation yields the final form:
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sEF =1+ gL 2 [ a%k (a2
E*%z " "E—E +il E* % " (E—E, +il)

(5.14)

In the low-field regime, the modulated PR lineshape is related to the third-
derivative of the unperturbed dielectric function.
The structures observed in the PR spectra are attributed to interband critical points

(CPs), which can be analyzed in terms of standard analytic line shapes [5.11]:

¢(E,M)= AT "e*(E~E, +il")", (5.15)
which depends upon 5 parameters: amplitude 4, phase projection factor ¢, threshold
(bandgap) energy E,, broadening parameter /~, and exponent n. It is useful to define the
overall amplitude A7 ™" rather than 4, so that the coefficient 4 is independent of the
broadening parameter. For undifferentiated spectra the exponent n has the value of —1/2
for one-dimensional (/D), 0 for 2D, and 1/2 for 3D critical points. Discrete excitons can
be included if we allow n to take the value (-/). Thus only one functional form covers
everything.

In the low-field regime, the broadening parameter /° is larger than the electro-
optical energy 760 (I >>h6@ or I">>hf2). In this case, only the peak at £, remains; all
other oscillations should be largely washed out. The PR line-shape for band-to-band

3
transitions is related to the third derivative of & according to Ae = (h-Q )

OE’
In this case, the experimental modulation spectra of AR/ R can be given as:
2
AR _ Re| —¢ g
R i n(e —-&, )
B 3
2n ;0 (eE?)
=Re| —*—(hQ2) ——*
n(g—ga)( ) 0E* |, (5.16)
—Re[ar"e(E—E, +ir)"]

where m=2.5 for 3D critical points. This equation is the well-known Aspnes’ Third

Derivative Functional Form (TDFF) [5.11].
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5.2.2.4 Experimental set-up of PR

The experimental set-up of the PR (Figure 5.12) consists of a spectral lamp
(XBO, 100 W or Tungsten/halogen lamp 75 or 100 W), a single diffraction grating
monochromator (CVI, 1200/grate, 0.25 m), set in the path of the incident light beam,
several mirrors and lenses to guide the incident and reflected light, and a semiconductor
detector (Si- or InGaAs-diode). The modulation source is an Ar - or Kr'-laser chopped
by a mechanical chopper at a frequency of 10 Hz. Laser light scattered on the sample is
spectrally separated by a second monochromator (SPEX 1704, 1600/grate, 1 m) set in the
path of the reflected light. The detected light is amplified by lock-in techniques. For scans
in the energy region above 1.5 eV, the XBO lamp and the Si-detector may be used.
Below 1.5 eV, the halogen lamp and the InGaAs detector should be used instead. For low

temperature measurements, samples are cooled down to 10 K in a closed-cycle He-

cryostat.
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Figure 5.12 Schematic diagram of the PR- set-up.

electrical
connections

Depending on the absorption properties of the investigated samples, PR spectra
were excited by the irradiation of a tungsten-halogen or a Xe spectral-lamp. The sample
properties were modulated by the 488nm line of Ar'-laser or the 356.4nm line of Kr'-
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laser at chopping frequencies in the range 10-30 Hz. The incident light beam and the laser
beam were focused on the same spot of the sample surface. The reflected light was
spectrally analyzed by a single-grating monochromator and detected by a Si-diode

detector. Alternately, an InGaAs-detector was used.

\
= x \J
) ..'i.'.

Figure 5.13 The PR- set-up used in the present thesis.

5.2.2.5 Experimental set-up of ER

The experimental set-up for ER is the same as for PR operation. The main
difference in this method is the excitation source, which is an electric pulse, generated by
a pulse voltage generator. Electroreflectance (ER) measurements were performed on thin
film solar cells, in particular on a ZnO/CdS/CuGaSe,/Mo/glass solar cell in dependence
of the temperature. The voltage pulse was applied on the front ohmic contact of the solar
cell, whereas the back ohmic contact was connected to the ground electrode. The output
of the pulse generator was set to 10Hz, with the amplitudes in the range from 0 to +1.5V.

A schematic diagram of the ER set-up is shown in Figure 5.14.
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Figure 5.14 Schematic diagram of the ER- set-up.

5.3 Electrical characterization

The electrical properties of the solar cells (I-V characteristics, efficiency #, and Fill
Factor FF) were measured with a Sun Simulator at the Center for Renewable Energy

Sources and Saving (CRES).
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Figure 5.15 Sun simulator at the Center for Renewable Energy Sources and Saving

(CRES)
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6. Results and Discussion

In the present thesis, a systematic study of the chalcopyrite structural and optical
properties is realized. Knowing the properties of ternary chalcopyrite absorbers is of great
importance, not only because the photogeneration in solar cells takes place in the
absorber, but also because ternary chalcopyrites are used, in this work, to develop Cd-free
chalcopyrite based thin film solar cells with ZnSe buffer. In fact, ZnSe buffer layers are
processed by vacuum (EBE) as well as low low-cost chemical (CBD) techniques and
conclusive results are extracted referred to the quality of the deposited layers.

Besides ternary, quaternary chalcopyrites are also studied. From the physical
point of view, these extended studies aim to generalization of the results for chalcopyrite
semiconductors, while from the technological point of view, ternary CIS and quaternary
CIGS chalcopyrites are the most promising candidates for efficient solar cell devices

applications.

In the following sections, the structural properties of CuGaSe, ternary
chalcopyrites, studied by X-Ray Diffraction (XRD) and Raman Spectroscopy, are
presented. A systematic study of the optical properties of both, bulk- and epitaxial
chalcopyrite absorbers, is included. The optical properties are investigated by Modulation
Spectroscopy (Photoreflectance) and Spectroscopic Ellipsometry.

Once the structural and optical properties of the chalcopyrite layers are exactly
known, the layers are selected for ZnSe buffer-layer growth.

For growth control, ZnSe was initially deposited on glass substrates and the
thickness of the deposited layers was calibrated. Following this, ZnSe was deposited on a
CuGaSe; chalcopyrite absorber by Electron-Beam Evaporation Techniques (EBE). The
structural and optical properties of the buffer layer were studied using a variety of
experimental techniques, such as XRD, SEM, AFM, Raman, and PR.

Following ZnSe deposition, ZnO was deposited on ZnSe/CuGaSe,/Mo/glass by
Pulsed Laser Deposition Techniques (PLD).
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After the solar cell was readied by depositing a ZnO window-layer and Al-front
ohmic contacts, its electrical properties were studied using a Sun Simulator. In particular,

the I-V characteristics and the efficiency # of the solar cell were measured.

A.  PROPERTIES STUDIES

6.1 Structural properties of chalcopyrite absorbers

Structural characterization of the chalcopyrite absorbers before buffer-layer
deposition is of great importance, since the orientation and the crystal quality of the
deposited film depend strongly on the underlying absorber properties. Therefore, several
chalcopyrite absorbers grown by different methods and with different compositions
([Cu]/[Ga] or [Cu]/[In]) have been processed. The techniques applied in chalcopyrite
growth have already been described in § 4.2 and § 4.3.

6.1.1 Epitaxial and polycrystalline CuGaSe,

6.1.1.1 XRD measurements

For the XRD measurements, the Cu-K,; (A=1.5406 A) line was used. All XRD-
spectra were fitted with Lorenzians. Indicative, Figure 6.1 shows a fitted XRD-spectrum

of a ternary polycrystalline CuGaSe; chalcopyrite on Mo/glass.

122



T T T T T T T
2500 -
—~ 2000 | -
3
8
>
1500 - ‘ .
C
9]
S
1000 -
500 | J -
J LJL L .
0 [ \ ] \ ] ) ] ! ] \ L]
20 30 40 50 60 70
20 (degrees)

Figure 6.1 Indicative fitting of an XRD-spectrum

In Figure 6.2, the XRD-spectra of CuGaSe, epitaxial layers with compositions
[Cu)/[Ga] = 0.96, 1.10, 1.12, 1.13, and 1.180 are shown. The sharp lines, in the spectra,
are related to both, the CuGaSe, absorber and the GaAs substrate. The XRD data show
that the chalcopyrite grows with the same orientation as GaAs. The most intense peak at
260 = 68.33° is Bragg-reflection at the (008) crystallographic plane, whereas the less
intense peak at 26 = 32.64° originates from the (004) crystallographic plane. For GaAs
substrate, the peaks for (002) and (004) Bragg-reflections appear at 20 = 31.66° and
65.99°, respectively.

Noteworthy is that, for Cu-rich chalcopyrite layers, secondary microcrystalline
Cu-Se phases are formed preferentially on the chalcopyrite surface. These phases are
initially observed on the CuGaSe, layer with [Cu]/[Ga]=1.12 and become distinct for
layers with [Cu]/[Ga]=1.8. In particular, the XRD-peaks at 26 = 29.23° and 65.83° are
assigned, according to XRD-data known from the literature, to the (101)- and (004)-
reflection peaks of CujzSe,; and Cuj;xSe (0.1<x<0.4) microcrystalline phases,

respectively.
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Figure 6.2 XRD-spectra of CuGaSe; epitaxial layers
with compositions [Cu]/[Ga] = 0.96, 1.10, 1.12, 1.13, and 1.80.

In Figure 6.3, the XRD-spectra of CuGaSe, polycrystalline layers with
compositions [Cu]/[Ga] = 0.89, 1.00, and 1.13, are shown. The sharp peaks observed are
assigned to the CuGaSe, layer and the back ohmic contact Mo. The most intense
chalcopyrite peak at 20 = 27.67° is Bragg-reflection at the (112) crystallographic plane.
Reflections from the (220)-, (204)-, (312)-, and (116)-crystallographic planes are
observed at 20 = 45.63°, 46.13°, 54.21°, and 55.08°, respectively. The peak at 20 =
40.51° is (110)-reflection peak of the Mo substrate.

The presence of one intense and four less intense peaks in the XRD-spectra is
indicative of the oriented polycrystalline structure of the PVD-grown chalcopyrite layers.
The studied polycrystalline chalcopyrites are mainly (=85%) orientated along the [112]

crystallographic direction.

124



CuGaSe, Polycrystalline layers

uGaSe

[

L

ol

,(112)

[Cu)[Ga]=1.13

L[Cui/[Ga]=0.89 IJ

Mo (110)

t [CuliGal=1.00 )/

CuGaSe, (220)

CuGaSe, (204)

, (116)]

CuGaSe, (312)
CuGaSe

25

30

35 40
20 (degrees)

45

50

1
55

Figure 6.3 XRD-spectra of CuGaSe; polycrystalline layers

with compositions [Cu]/[Ga] = 0.89, 1.00, and 1.13.

The fitted parameters of the above XRD-spectra, in particular, the Bragg angle 260,
the Full Width at Half Maximum (FWHM), and the intensity of the peak, have been
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entered in the collective diagrams, shown in Figure 6.4. As mentioned above, the
preferential orientation of the CuGaSe,; epitaxial layers is the [008] and appears at 26 =
65.83°, whereas that of the CuGaSe, polycrystalline layers is the [112] and appears at 26
= 27.67°. The orientation of both, the epitaxial and the polycrystalline layers, does not
depend significantly on the Ga fraction. Furthermore, the epitaxial layers with [Cu]/[Ga]
near stoichiometry are of better quality as indicated by the decrease of the FWHM and

the increase of the intensity of the XRD-spectra in Figure 6.4. For very Cu-rich
chalcopyrites, the crystal quality is drastically reduced.



Observations similar to prior ones imply that the crystal quality of polycrystalline
CuGaSe; chalcopyrites is reduced with the increase of the Ga-fraction and is low for Ga-
rich absorbers. Generally, Ga-rich chalcopyrites exhibit extensive defects in the crystal
structure as demonstrated in Ref. [6.1].
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Figure 6.4 Bragg angle, FWHM, and Intensity drawn from fitting the XRD-spectra:
(Red circles designate epitaxial layers, blue triangles, polycrystalline ones)

6.1.1.2 Micro-Raman measurements

Structural characterization of CuGaSe, epitaxial and polycrystalline layers has
also been performed by micro-Raman spectroscopy. Micro-Raman spectra were fitted

with Lorentzians. An indicative fitting is shown in Figure 6.5.
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Figure 6.5 Indicative fitting of a micro-Raman spectrum

As already mentioned in § 2.1.2, the tetragonal distorted chalcopyrite absorbers
have 22 Raman-active vibrational modes. For the investigation of structural properties of
epitaxial (Figure 6.6) and polycrystalline (Figure 6.7) CuGaSe; films, the most intense
Raman modes, A; at 183.85 cm™ and E,(LO) at 272.76 cm’", are used as indicators. The
A mode corresponds to phonon excitation from the I'; Brillouin-zone-center and the E;
longitudinal optical (LO) mode corresponds to phonon excitation from the I's point of the
Brillouin-zone. In all the micro-Raman spectra, the second order of the A;-mode is also

observed. The identification of the peaks has been performed according to [6.2].
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Figure 6.6 micro-Raman -spectra of CuGaSe; epitaxial layers

with compositions [Cu]/[Ga] = 0.95, 1.10, 1.12, 1.13, and 1.80.
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Figure 6.7 micro-Raman -spectra of CuGaSe, polycrystalline layers

with compositions [Cu]/[Ga] = 0.89, 1.00, and 1.13.
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Figure 6.8 Raman-Shift, FWHM, and Intensity, of both A; and E; Raman modes, for
epitaxial (blue triangles) and polycrystalline (red circles) chalcopyrite layers.

With increasing the Ga content, the A;-mode frequency, intensity and band-width
of epitaxial grown samples remain almost unchanged as demonstrated in Figure 6.8. The
same observation is made for both, A;- and E;-modes. Contrary to the epitaxial, with
increasing the Ga content, in the polycrystalline CuGaSe, absorbers, the Raman-shift is
almost the same. The width of both, A;- and E;-modes, is increased for Ga-rich
absorbers, whereas the intensity is decreased. This behavior indicates that Ga-rich
CuGaSe; absorbers exhibit reduced crystal quality.

The results of the Raman and XRD measurements are in total agreement.

6.2 Optical properties of chalcopyrite absorbers

The optical properties of chalcopyrites have been studied with two complementary
techniques, Photoreflectance and Ellipsometry, both of which have been already
described in § 5.2.
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6.2.1 Comparison of bulk and epitaxial absorbers

Systematic comparative studies of chalcopyrite single crystals grown by Chemical
Vapor Transport (CVT, § 4.1) and monocrystalline epitaxial layers grown by Metal-
Organic Vapor Phase Epitaxy (MOVPE, § 4.2) are presented. Photoreflectance
spectroscopy (PR) is applied at room and low temperatures to investigate the structural
and optical properties of ternary (CuGaSe,, CulnSe,, CuGaS,, CulnS;,) and quaternary
(Culn;xGaSe,) chalcopyrite absorbers with applications in solar-cell device technology.

By applying PR spectroscopy, strain/stress effects can be quantified, structural
changes due to anion/cation replacement in ternary and quaternary chalcopyrites can be
identified, and light polarization effects promoting the chalcopyrite ability to absorb solar
radiation can be sensed. In accordance, the observed changes of (optical) transition
energies due to strain, anion/cation replacement, and temperature, and the selection rules
for optical transitions as a result of light polarization are used to identify and, so far it is
possible, to quantify these effects. Apart from this, the results of strain quantification by
PR are compared with the results obtained independently by application of standard strain
characterization X-ray Diffraction (XRD) Techniques.

i) The effect of elastic strain on the crystal quality of chalcopyrite
heterostructures. It is demonstrated that mismatch and thermal strain can be quantified
by using the energy shift of the PR-bands of epitaxial layers with respect to the PR-bands
of the bulk at room (RT) and lower temperatures (20K). The results of strain analysis by
PR techniques are consistent with those indicated by XRD analysis of strain. Moreover,
optical modulation techniques have been recently shown to provide higher-resolution
compared to Raman analysis of strain in the respective structures [6.3]. It should be
noted, that Raman spectroscopy, a well established experimental tool, is based on the
detection of strain induced phonon frequency shifts [6.4]. Optical Modulation techniques,
such as piezoreflectance spectroscopy and piezoelectroreflectance, on the other hand, are
applied to investigate the effect of strain on the electronic bands [6.5].

ii) The effect of cation- and/or anion-replacement, temperature, and
polarization of the incident light beam on the chalcopyrite optical properties. There are
three types of replacement, that directly affect interband transitions in the vicinity of the

chalcopyrite optical gap: 1) cation-replacement in CulnSe, (or CulnS,) absorbers, with
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In cations replaced by Ga to form CuGaSe, (or CuGaS,), 2) anion-replacement in
CuGaSe; (or CulnSe,) absorbers, with Se-anions replaced by S to form CuGaS, (or
CulnS;), and 3) partial cation-replacement, with part of the In-atoms in CulnSe;
absorbers substituted by Ga to form quaternary Culn;.xGasSe, chalcopyrites (x
represents the Ga-fraction). Substitution induced band energy shifts are found to be in
agreement with theoretical predictions [6.6] and semi-empirical calculations [6.7].
Agreement between theory and experiment is also found in the temperature dependence
of energy bands. At moderate temperatures, light absorption is governed by E, and E,
transitions. At lower temperatures, transitions are facilitated due to the lack of
interferences and the E. transition emerges. Apart from this, it is demonstrated, that the
efficiency of interband transitions depends directly on the polarization state of the
incident light-beam and that orientation effects influence significantly the interaction of
light with the chalcopyrite absorber.

As far as chalcopyrite material properties are investigated, though there have been
already a lot of literature reports on this topic, the most significant ones referred in [6.5]-
[6.9], the present analysis is the first one that directly links the properties of
monocrystalline (epitaxial) layers of several ternary and quaternary chalcopyrites with

those of chalcopyrite bulk crystals.
6.2.1.1 Strain-Stress by XRD-analysis Techniques (T=300K).

a) CuGaSe, with [Cu]/[Ga]=1.00.

The XRD-diffractograms of a stoichiometric ([Cu]/[Ga]=1.00) CuGaSe, single
crystal and an epitaxial layer of equal stoichiometry are shown in Figure 6.9. In the XRD-
diffractogram of the CuGaSe, single crystal, the peak at 26=32.61° is assigned to the
Bragg reflection on the CuGaSe, (004) crystallographic plane. In the XRD-
diffractogram of the epitaxial layer, the peaks at 260=68.33° and 32.64° are assigned to the
(008) and (004) Bragg reflections, respectively. For the GaAs substrate, the peaks at
20=31.66° and 65.99° are (002) and (004) reflections, respectively. The mismatch strain
normal-to-the-plane (e..) was calculated according to Eq.(3.7) using Bragg’s law (with d
spacing of the single crystal (unstrained) and d spacing of the epitaxial layer (strained)),

and the (004) Bragg reflections of single crystal and epitaxial layer. The calculation
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yields ¢.. = -0.0009. The corresponding in-plane stress was calculated to ¢ =+76MPa by
inserting the elastic stiffness components of CuGaSe,: C;;=112.2GPa and C,,=66.4GPa
[6.10] in Eq.(3.13). The positive sign depicts tensile stress.

b)  CuGaSe, with [Cu]/[Ga]=1.10.

a) CuGaSe, single-crystals b) CuGaSe, epitaxial layers
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Figure 6.9 XRD-spectra of single-crystal (a) and epitaxial (b) CuGaSe, with [Cu]/[Ga]=1.00

The XRD-diffractograms of a slightly Cu-rich ([Cu]/[Ga]=1.10) CuGaSe, single
crystal and an epitaxial layer with the same composition have also been measured. Bragg
peaks appear at 32.57° ((004) reflection of the CuGaSe; bulk crystal) and at 32.64° and
68.33° ((004) and (008) reflections of the CuGaSe, epitaxial layer, respectively). Similar
to the above, the normal-to-the-plane strain and the corresponding planar stress were

calculated to €., = -0.002 and ¢ = +176MPa.

6.2.1.2 Strain-Stress by Optical Modulation Techniques at Low Temperatures
(T=20K).
a) CuGaSe, with [Cu]/[Ga]=1.00.

In Figure 6.10, the PR-spectra of both, a CuGaSe, single crystal a) and an
epitaxial layer b) with [Cu]/[Ga]=1.00 are shown. The PR-spectra were fitted using a
Third Derivative Functional Form (TDFF) derived by Aspnes [6.11]. The fitting results
are represented by dashed-lines in the experimental spectra. Referred to fundamental-gap

energies of chalcopyrite single crystals, the E, transition energy of the epitaxial layer, in
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the PR-spectra, is shifted. The Photoluminescence (PL) spectra of epitaxial layers appear
also shifted compared to the PL-spectra of the bulk [6.12]. The energy shift of both, PR-
and PL-spectra, is mostly due to mismatch strain effects.

A common observation is the line broadening of the PR-spectra of Cu-rich
samples compared to the spectra of stoichiometric samples. The line-width of the PR-
spectra of ternary and quaternary chalcopyrites can be explained as originated by
compositional effects and limitations in structural ordering. It has been found [6.13]-
[6.14], that the broadening parameter I" in the PR-spectra of CuGaSe, depends strongly
on the [Cu]/[Ga] ratio in the material, while transition energies are not significantly
affected. On the other hand, transition energies are always shifted by elastic strain, while
line broadening occurs only in the presence of large amounts of strain. In accordance
with these observations, it is assumed that the line-width of the single crystals and
epitaxial layers studied depends on compositional effects and effects of structural
disorder, while band-energy shifts are generated by elastic-strain effects. Based on this
assumption, the experimentally measured values of the E, and E,, transitions are used, in
the following, to quantify the effects of mismatch strain in epitaxial grown layers of

ternary chalcopyrites.
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Figure 6.10 PR-spectra of stoichiometric ([Cu]/[Ga]=1.00) single-crystal (a) and
epitaxial (b) CuGaSe; at 20K.

The mismatch strain (ex) in the stoichiometric ([Cu]/[Ga]=1.00) epitaxial
CuGaSe; layer, at low temperatures (T=20K), was calculated with Eq.(3.5) via Eq.(3.16)
using the values of the optical transitions E, and E, determined from fitting the PR
spectra and the shear deformation potential of CuGaSe, (b=-2.7eV [6.15]). The
component of mismatch strain normal-to-the-plain (g,,), calculated from the energy-shift
of the PR-spectra of CuGaSe; (Eq.(3.16)), is &,, = -0.0043 and that of the strain parallel
to-the-plane (exx), exx = 10.0037 (Eq.(3.5)). The in-plane stress calculated with Eq.(3.6) is

o =+366MPa. The positive sign depicts tensile stress.

b)  CuGaSe; with [Cu]/[Ga]=1.10.
For Cu-rich ([Cu]/[Ga]=1.10) CuGaSe,, the components of mismatch strain normal-
and parallel-to-the-plain (g,,), calculated from the energy-shift of the PR-spectra, are ¢,,
=-0.0058 and ¢&,,= +0.0049. The in-plane stress is ¢ = +488MPa.
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Evaluation of strain at 20K by inserting the lattice constants of the GaAs substrate
and the CuGaSe; epilayer known from the literature (Table 6.1) directly in Eq.(3.2),
under consideration of Eq.(3.17), and calculating the corresponding stress with Eq.(3.6)
(or alternately Eq.(3.13)) results in 6= +1035MPa, in case of stoichiometric CuGaSe,.

The value obtained by optical modulation techniques on the stoichiometric
CuGaSe; sample (¢ = +366MPa) seems to be almost by factor 3 (2.8) underestimated
from the calculated one. Divergences to this extend could be possibly explained by
adaption of quasi-cubic model in the description of initially tetragonally distorted
chalcopyrite lattice and the disregard of the temperature dependence of the thermal
expansion coefficients of CuGaSe, and GaAs in Eq.(3.17).

It should be noted, that for another member of the chalcopyrite-type ternary
semiconductors, CulnSe;, the linear thermal expansion coefficient a, [6.16] decreases up
to 116% in the range from 300 to 40K. Assuming that the thermal expansion coefficient
of CuGaSe, follows a similar trend, thus being a,= -2.15 10° K at 40K, the in-plane
strain calculated with Eq.(3.2), under consideration of Eq.(3.17), is €= +0.0059. The
stress calculated to c=+594MPa deviates by factor less than 2 (1.7) from the stress
obtained by means of Optical Modulation Techniques. This deviation can be further
reduced by the use of the thermal expansion coefficient at T=20K instead of 40K,

provided that adequate data are given in the literature.
Table 6.1 Lattice constants argr referred in the literature at room temperature,
lattice constants a"" at low temperature (LT), and thermal expansion coefficients o,

of both CuGaSe; epilayer and GaAs substrate at 300K.

Compound ager (A) a” (A) a, (10° K™
CuGaSe, 5.607 [6.17] 5.586 13.45 [6.19]
GaAs 5.653 [6.18] 5.644 5.87 [6.18]

6.2.1.3 Strain-Stress by Optical Modulation Techniques at Room Temperature
(T=300K).
a) CuGaSe; with [Cu]/[Ga]=1.10.
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It was possible to obtain PR-spectra of Cu-rich bulk and epitaxial chalcopyrites
also at room temperature (300 K). The components of mismatch strain normal- and
parallel-to-the-plain (e,,), calculated from the energy-shift of the PR-spectra, are ¢,, = -
0.0014 and &,= +0.0012. The in-plane stress is ¢ = +122MPa. With the increase of
temperature, stresses decrease and are expected to diminish at growth temperatures. The
epitaxial layer is grown free of strain at elevated temperatures and becomes elastically
strained during cooling because of the mismatch in the thermal expansion coefficients

between epilayer and substrate [6.20].

6.2.1.4 Comparison of Strain-Stress by Optical Modulation and XRD Techniques.

By comparison, the strain/stress analysis results obtained at 300K by application
of Optical Modulation (¢ = +122MPa) and XRD (¢ = +176MPa) Techniques on Cu-rich
CuGaSe; samples with [Cu]/[Ga]=1.10 differ by factor 1.4 (30%) only; this difference is
tentatively attributed to simplifications adapted in the evaluation of residual stress by
using Eq.(3.10) instead of Eq.(3.9) for standard XRD analysis as well as experimental

and fitting errors.

6.2.1.5 Anion- and/or Cation-Replacement

The effects of full or partial replacement of the In-cation by Ga and the S-anion
by Se are analyzed in the following sections. The PR-spectra of both single-crystals and
epitaxial layers are shown in Figure 6.11 and Figure 6.12, at 20 and 300K respectively.
The optical transition energies determined for each chalcopyrite material by PR analysis

are summarized in Table 6.2.
Table 6.2 Band gap energies of ternary chalcopyrite absorbers

obtained from the PR-spectra shown in Figure 6.11 and Figure 6.12

Compound (f";) Ep (eV) E. (eV) T(K)
CuGaSe, 1.73 1.81 2.02
single crystals CulnSe, 1.04 1.05 1.26 20
CulnS, 1.53 1.56 1.57
CuGaSe,/GaAs 1.68 1.77 1.96
epitaxial CulnSe, /GaAs 1.02 1.04 - 300
layers CuGaS, /GaAs 2.47 2.58 -

CuIno,glGao_wSez/GaAs 1.12 1.16 -

137



Cation Replacement
In the ternary chalcopyrites, cation replacement affects significantly the absorber

energy-gap. As demonstrated in Figure 6.11, for the single-crystals at 20K, and in Figure
6.12, for the epitaxial layers at 300K, in CulnSe,, the transition energies E,, and E}, are
lower than the energies in CuGaSe,, which can be explained as originating from the
energy dependence of the Cu d-character in the upper valence band [6.6]. According to J.
E. Jaffe [6.6], the Cu centered d-contribution to the density of states reaches its maximum
at 3-4 eV below the valence band maximum (VBM), has a double-structure peak, and the
distance between this peak and the VBM increases in the sequence Ga — In. The
electronic structure of the upper valence band is dominated by the Cu d — Se p
interactions, with the strongest interaction for gallium compounds. This is the most
significant difference between the structure of the upper valence band of the binary and
ternary semiconductors.

Another issue emerging is the splitting of E, and E; bands. In CulnSe,, the E,
and E, bands are so close that band separation is almost impossible (Figure 6.11a, and
Figure 6.12a), whereas in CuGaSe,, the two bands are clearly separated (Figure 6.11c,
and Figure 6.12b). This fact can be also explained [6.21] as originated by the evolution of
the energy states at the band-gap of the chalcopyrites. With the introduction of the

tetragonal crystal field and the spin orbit interaction, the threefold-degenerate I',; state in

zinc blende splits in three levels (2I'7+1¢). The ordering of the topmost valence bands,
along with the distance between I'¢ and the upper I'; band, are different in CulnSe, and

CuGaSe; (Figure 2.3).
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Figure 6.11 PR-spectra of single-crystal chalcopyrite absorbers at 20K, (a) and (b)

indicative of anion replacement, and (a) and (c) indicative of cation replacement
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Figure 6.12 PR-spectra of epitaxial chalcopyrite absorbers at 300K, (a) and (b)

indicative of cation replacement, and (b) and (c) indicative of anion replacement
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Anion Replacement
Anion replacement in chalcopyrite absorbers is also of great significance [6.6]. The

existence of the Cu d-character in the upper valence band has an immense consequence
for the optical band-gaps. The I'ys d-like combinations of the d-orbitals interact with the
I';s p-like combinations of the anion p-orbitals at the VBM. The strength of this
interaction depends inversely on the energy separation between the Cu d- and the anion
p-orbitals. It is expected hence to be stronger for the sulfides than for the selenides, which
accounts for the higher energy gap of CulnS, compared to the gap of CulnSe, (Figure
6.11a and b) in the chalcopyrite single crystals and for the higher energy gap of CuGaS,
compared to the gap of CuGaSe, (Figure 6.12b and c) in the epitaxial chalcopyrite layers.

6.2.1.6 Partial Cation Replacement

Since CulnSe; has band-gap energy of only ~1eV, which is lower than the ideal
value for photovoltaic energy conversion, it has been suggested, that Ga addition to
CulnSe; (partial replacement of the cation In by Ga) to form the Culn; GaxSe, alloy
would raise the band-gap energy.

The compositional dependence of band gap energies of Culn;GaySe, alloys at
300 and 20 K has been discussed extensively in one of our previous publications [6.22].
In the present work, the room temperature PR spectra of an epitaxial quaternary Culn;.
xGaxSe, layer, with Ga fraction x= 0.19, and the spectra of the ternary end-members of
the series, with x= 0.00 and 1.00, are presented (Figure 6.13). With the increase of Ga-
content, the E, and E;, band energies of the ternary compounds shift to higher energies,
varying from E,=1.02eV and Ey=1.04eV for CulnSe, (x=0.00) to E,=1.68eV and
E,=1.77e¢V for CuGaSe, (x =1.00). The E, and E;, band energies of the quaternary,
E,=1.12eV and Ey=1.16eV, lay in between, as expected. Apart from this, with the
increase of the Ga-fraction, the PR-spectra show band broadening as a result of
increasing disorder.

The band-gap E, of Culn;..Ga,Se; alloys can often be described by an empirical
relationship utilized in Eq. (6.1) [6.7]:

E,(x)=(1-x)E,(CIS) + XE, (CGS) — bx(1 - x) 6.1)
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where b is an optical bowing parameter. The E, and E, transition energies for the
quaternary Culn;,GasSe, with Ga fraction x=0.19 were calculated to E,=1.11eV and
Ep=1.15eV by inserting in Eq. (6.1) the experimentally measured values of the E, and E,,
gaps for CulnSe, and CuGaSe,, and the bowing parameter given in [6.7]. The
experimental values for Culn; GaxSe, (x=0.19), E,=1.12eV and Ey=1.16eV, differ from
the calculated ones only by 1%.
CuIn“_X)GaXSe2
epitaxia}I Iayers, T='300K' '
o |Ea=1.68eV |
Ep=1.77eV]
Ec=1.96eV

i Eg=1.12eV
\Eb=1.16ev

x=0.19 F x2

AR/R

Tga=] 026V, Ep=1.04eV

1
1.00 1.25 1.50 1.75 2.00

Energy (eV)

Figure 6.13 Compositional dependence of the PR-spectra of Culn;.Ga,Se; epitaxial
layers at 300K (x = 0.00, 0.19, and 1.00) indicative of the band energy-shift with partial

anion replacement.

6.2.1.7 Temperature Dependence

The temperature dependence of the semiconductor band-gap has been described
by an empirical formula (Eq.(2.19)) derived by Varshni [6.23], as described in §2.1.3.2.
In Figure 6.11c and Figure 6.12b, the temperature dependence of the CuGaSe, single
crystals and epitaxial layers at room- (300K) and low- (20K) temperatures is

demonstrated. Using Eq.(2.19) and values of a=3 10eV/K and b=277K published for
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CuGaSe; [6.24], the calculated value of the band-gap energy at 300K is E,““=1.66eV.
Though the energy band-gap of CuGaSe,, for temperatures below 100K, tends to acquire
a constant value [6.25], for consistency reasons, instead of £, at 0K, the corresponding
value at 20K has been used for the calculation. The measured band-gap energy of both,
the epitaxial layer and the single-crystal, at 300K (E,=1.68¢V) deviates from the
calculated one by 0.6% only.

6.2.1.8 Anion/Cation Replacement & Temperature Dependence

As already stated, cation replacement shifts the E,, E,, and E. transitions to
higher energies. Comparing the PR-spectra of CulnSe; and CuGaSe, at 20K (Figure
6.11a and c) and 300K (Figure 6.12a and b), it is obvious that the E, and Ej transition
energies for CulnSe, are lower than the transition energies for CuGaSe,. Besides, at
lower temperatures, where degrees of freedom are frozen and interferences are being
radically reduced, the E. transition of CulnSe, is also observed (Figure 6.11a).
Nevertheless, the decrease of temperature did not result in separation of the E, and E,
bands in CulnSe,.

Similar holds for the PR-spectra of CulnSe; and CulnS, absorbers at 20K (Figure
6.11a and b). As already stated, anion replacement shifts the E,, Ey,, and E. transitions to
higher energies. This is due to the interaction between the Cu d- and the anion p-orbitals.
At low temperatures, the E, and E; bands of sulfides are fully separated in contrast to
those of selenides, which, even at the lowest temperature of 20K, overlap. However, the
Ey, and E. bands of sulfides are not separated even at the lowest temperature of 20K,
which is in agreement with the results of both, Photoreflectance Spectroscopy
measurements [6.26] published in the past and recent Spectroscopic Ellipsometry

measurements [6.27].

6.2.1.9 Light Polarization

The selection rules of light polarization referred in section § 2.1.3 are of great
significance for interband transitions. It has been experimentally observed [6.28], that in

CGS-like materials light polarization parallel to the optical axis ¢ (E||¢) favors the E,
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transition, contrary to light polarization perpendicular to the optical axis ¢ (£ L ¢ ), which
allows occasionally a rather weak E, transition.

In Figure 6.14, the PR-spectra of a CuGaSe, epitaxial layer at 300K, for incident
light without polarization and light with vertical- and horizontal-polarization orientation
are presented.

For a non-polarized light beam, the E, transition appears to be slightly more
intense than the Ey, transition.

When the light beam is polarized vertically, the electric field £ is perpendicular
to the optical axis of the sample (£ L ¢), leading to a slightly dominant Ey, transition and
a weak E, transition.

When the light beam is polarized horizontally, the electric field £ has both,
parallel (E|/¢) and perpendicular (£ L¢) components, leading to a slightly dominant E,
transition, in the same manner as for a non-polarized light beam. As indicated in Figure
2.3, this should be expected for a CGS-like absorber, in the presence of large Aso: the E,
and E. transitions are for both polarization orientations, £ L ¢ and E||¢, allowed. The E,

transition is absent only in case of a pure parallel to the optical axis polarized light beam

(ENE).
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Figure 6.14 PR-spectra of CuGaSe; epitaxial layer at 300K for incident light without
polarization and light with vertical- (E 1 ¢) and horizontal-polarization (E L¢ and

E|lc)
6.2.2 Temperature dependence of CuGaSe; chalcopyrite absorbers

The PR-spectra recorded, in the temperature range 10 — 300K, on a bulk- and an
epitaxial [6.13] CuGaSe, chalcopyrite absorber, are shown in Figure 6.15a) and b),
respectively. With the increase of temperature, the spectral bands appear less intense, red
shifted and broadened, which, at temperatures up to 150K, is attributed to electron
scattering on phonons. Generally, it is contributed by the thermal lattice expansion and

the dependence of mismatch stain on temperature.
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a) CuGaSe, Single Crystal b) CuGaSe, Epitaxial Layer
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Figure 6.15 Photoreflectance spectra of CuGaSe;: a) single crystal and b) epitaxial layer
recorded in the temperature range 10 - 300K

The temperature dependence of all three (E,, Ep, and E.) transition energies of
both, the bulk- and epitaxial-chalcopyrites, is shown in Figure 6.16. Transition energies

have been extracted by TDFF fitting of the recorded PR-spectra.
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Figure 6.16 CuGaSe, temperature dependence of the E,, Ey, and E.-bands.

Transition energies (E,, Ep, and E) in dependence of temperature, for CuGaSe,
single crystal and epitaxial layer, are shown in Figure 6.17-Figure 6.19, and each one can
be fitted with the models presented in § 2.1.3.2. From the fitting results, several

parameters, e.g. the transition energy at OK, the strength of the interaction and the

Temperature (K)

effective energy, have been quantified and are listed in Table 6.3.

In the temperature range 0 - 240K (Figure 6.17), the E,-valence band of the
epitaxial layer appears slightly red-shifted with respect to the E,-band of the single
crystal, while the Ey, and E. bands appear blue-shifted compared to the respective bands
of the bulk. This effect indicates strain development in epitaxial CuGaSe,. Bearing in
mind, that the band-gap is narrowed (widened-up) in the presence of tensile

(compressive) strain-stress, the red-shift (blue-shift) is indicative of tensile (compressive)

strain.
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Figure 6.17 CuGaSe; E, transition energy in dependence of the temperature.
The experimental data of both single crystal and epitaxial layer were fitted with five
different models

The temperature dependence of the Ey, transition energy of CuGaSe; is shown in
Figure 6.18. The line-shape of the PR-spectra, assigned to the E; transition of the
epitaxial layer, is more complex than that of the single crystal. In particular, two spectral
functions (TDFF) were needed to fit the PR-bands below 240K. The contribution of two
different functional terms is more apparent at intermediate temperatures, between 100
and 240K. These two functions are designated in both, Figure 6.16 and Figure 6.18, as
Ey; and Eyy. The two contributions are tentatively explained as originating from the two
different sources of mismatch strain, e.g. the strain between the CuGaSe;-epitaxial layer
and the GaAs-substrate and the strain between the CuGaSe,-epitaxial layer and the
CuySe-crystallites dispersed on the film surface. The line-shape, at each temperature, is
modified, in the same way as the band energy, by the electron-phonon interaction and the

thermal strain.
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Figure 6.18 CuGaSe; E}, transition energy in dependence of the temperature.

The experimental data of both single crystal and epitaxial layer were fitted with five
different models
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Figure 6.19 CuGaSe; E. transition energy in dependence of the temperature. The

experimental data of both single crystal and epitaxial layer were fitted with five different
models
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The temperature dependence of the E.-energy band of both single crystal and
epitaxial CuGaSe, is shown in Figure 6.19.

The results of the bandgap dependence on temperature are discussed in the frame
of the five models used for the fitting of data in Figure 6.17-Figure 6.19. The effective
phonon temperature (Z: obtained by Einstein model (Eq.(2.20)), ®p: obtained by Bose-
Einstein model (Eq.(2.21)), ®: obtained by the Péssler model (Eq.(2.23))), is expected to
be smaller (©=20p/3 [6.29]) than the Debye temperature. The Debye temperature for
CuGaSe; calculated by various techniques ranges from 195 to 288K [6.30] and is
consequently higher than the average obtained effective phonon temperature ® listed in
Table 6.3.

The electron-phonon coupling parameter S, obtained by Eq.(2.22), ranges from
1.29 to 2.22 for bulk and from 1.23 to 1.91 for the epitaxial CuGaSe; and its lower value
is in accordance with the parameter S (=1.29) reported elsewhere [6.31] for
monocrystalline CuGaSe,. It can be concluded that the interaction between band-edge
states and the phonon system is stronger in the bulk than in the epitaxial CuGaSe,.

Further, from Eq. (2.20) or (2.22), it can be extracted:
ig, s ((no)) 1

=- 6.2
dT 2k, T? sinh’((hw)/2k,T) (2

At high temperatures k,7T > <ha)>, the slope of the E4(T) curve approaches its

limit value [6.31]:

dE,
-| = =25k, (6.3)

Comparing the above given 7 — o of Eq. (2.20) or (2.22) with its counterpart due

to Eq. (2.23), the following correlations between different model parameters are found:

B
28k, = § =0 for the magnitude of the limiting slope and <k—w> =E=0=0, for the

= B
effective phonon temperature. Comparing the parameter values listed in Table 6.3, it is

concluded that these theoretical relations are fulfilled within deviations of max. 5%.

149



Table 6.3 Fitting parameters of the E,, Ep, and E.-bands of both bulk and epitaxial CuGaSe,, with five different models: Varshni,

Einstein, Bose-Einstein, Thermodynamic, and Pdssler.

Varshni Einstein Bose-Einstein Thermodynamic Passler

dr

7|:(1Eg} <Tla)>

k

2 K (n- ) 3 (meV/K) | (K)

(meV/K) (meV) (o) (meV/K)

E, | 1.724 | 0227 |396 | 1.722 | 101 | 381 | 1.814 92 381 | 1.722 | 1.722 | 2.220 32.8 1.724 | 0.274 | 380 | 2.15 0.380 381

2 3
@ 2 E, | 1.805| 0278 | 251 | 1.803 72 | 230 | 1.885 81 230 | 1.804 | 1.803 | 2.196 19.8 1.803 | 0.292 | 227 | 2.74 0.378 230
- - (™
©w oo
E. | 2.012 | 0260 | 145 | 2.011 33 150 | 2.028 17 150 | 2.011 | 2.011 | 1.283 12.9 2.012 | 0224 | 152 | 2.50 0.221 150
E, | 1.720 | 0.256 | 271 | 1.719 67 316 | 1.752 | 34 | 316 | 1.718 | 1.719 | 1.233 273 1.718 | 0.205 | 311 | 2.66 0.213 318

Ey | 1.817 | 0.278 | 213 | 1.815 66 249 | 1.848 33 249 | 1.815 | 1.815 | 1.524 21.5 1.815 | 0.239 | 243 | 2.72 0.263 249

Ey | 1.827 | 0240 | 337 1826 | 114 | 377 | 1.917 91 377 | 1.826 | 1.825 | 1.913 32.6 1.825 | 0.309 | 398 | 2.44 0.330 378

Epitaxial layer

E. | 2.026 | 0.247 187 | 2.024 | 41 170 | 2.044 21 170 | 2.023 | 2.024 | 1.316 13.5 2.024 | 0.229 168 | 2.72 0.244 157
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The calculated value of -(dEy/dT)max 1s also listed in Table 6.3 and is close to the
parameters a obtained by the Varshni model and 6 obtained by the Pissler model.

Assuming that mobility p is determined by lattice scattering, its value can be expressed

by Eq.(6.4) [6.32]:

13 12 2
ﬂ:ﬁ(ij (Zj ks (6.4)
9r\4r) \2) Q" (m") " (k,T)"" (dE, /dT)
where Q is the volume of the unit cell and m* is the effective mass.

The hole mobility was calculated at Room Temperature (T=300K) assuming that
m, =1.2-m, [6.33]. The calculated hole mobility, by applying results from Varshni,

Einstein, Thermodynamic, and Passler models, is listed in Table 6.4.

Table 6.4 Hole mobility calculated from parameters of four different models (Varshni,

Einstein, Thermodynamic, and Pdssler)

Varshni Einstein Thermodynamic Passler

a K/E S kg Hp d Ha
(meV/K) (cm?/V s) (meV/K) (meV/K) | (cm*/V s) | (meV/K) (cm?/V s)

E, 0.227 43.0 0.265 36.9 0.380 25.7 0.274 357

E’J :% E, 0.278 35.1 0.313 31.2 0.378 25.8 0.292 33.5
e E. 0.260 37.6 0.220 444 0.221 44.4 0.224 43.6
5 E, 0.256 38.1 0.212 46.1 0.213 45.9 0.205 47.7
% Ep 0.278 35.1 0.265 36.9 0.263 37.2 0.239 40.9
g Ey | 0340 28.7 0.302 323 0.330 26.6 0.309 31.6
= E. 0.247 39.6 0.241 40.5 0.244 40.0 0.229 42.7

The hole mobility of single crystal CuGaSe, are close to previously reported data
(1h=20-30cm?/Vs) [6.33] for the room temperature Hall mobility obtained on similar
grown CVT single crystals. The hole mobility of the epitaxial CuGaSe; layers are closer
to the values of the single crystal than those reported [6.34] (1,=100-170cm®/Vs) on
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epitaxially grown CuGaSe;, which demonstrates the high crystal quality of the epitaxial
layers used in the present work.

At room temperature, nine optical phonon modes in CuGaSe; have been reported
[6.35] by means of Raman spectroscopy. The frequencies of these modes vary from the
lowest value at 60cm ' (7meV) up to the highest value at 273cm ' (34meV). Using
infrared reflectivity spectroscopic data, Bodnar et al [6.36] have reported on eight optical
phonon modes in CuGaSe;.The frequencies of these modes vary from the lowest value at

170cm ™' (21meV) to the highest value at 278cm”' (34meV). From fitting with the Péssler

model, effective phonon energies <ha)> have been calculated and range from 12.9 to

32.8meV for the single crystal, and from 13.5 to 32.6meV for the epitaxial CuGaSe;
layer (Table 6.3). These effective phonon energies are closer to the highest frequency
modes observed in the Raman and IR spectra, and the difference is within the accuracy of
the data. Further, the phonon energy originating from the E, band of the single crystal is
close to the experimentally determined energy separation of the observed LO-phonon
replica of the DA transition (34+2meV). In CuGaSe,, the 193cm ™ (24meV) and 199cm '
(25meV) modes appear to be much more intense in epitaxially grown samples [6.37]. For
this reason, in the epitaxial CuGaSe, layer, phonons interacting with electrons in the E,,
and Ep; bands have energies in this region. The phonon energy 32.6meV, associated with
the Ey, band, can be assigned to the 263cm™(33meV) mode of the Cu,Se crystallites
[6.38].

Temperature dependence of the width (Full Width at Half Maximum = FWHM)
of all three transition energies in both single crystal and epitaxial CuGaSe, is shown in
Figure 6.20. Each diagram has been fitted with Eq.(2.25). It is noted [6.39] that the
optical phonons are the main contributors to the broadening of critical points. This leads
to a higher average phonon effective energy (Figure 6.5) obtained by the broadening
parameters than the values obtained for the electron-phonon contribution to the energy
band shifts with temperature. The values calculated for the effective phonon energies,
though close to the ones calculated from fitting the band energies, appear lower than
those. On the contrary, the phonon energy associated with the Ey, band energy of the
epitaxial CuGaSe, layer is almost zero, which may be indicative of TO-phonon

contribution.
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Figure 6.20 CuGaSe, temperature dependence of band width (FWHM) for all three
transition energies.
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By using the values (Table 6.3) extracted from the PR-spectra shown in Figure

6.16, the spin orbit interaction Agp and the non-cubic crystal field Ay of both, the single

crystal and the epitaxial layer, have been quantified as a function of the temperature

according to Eq.(2.14). The results are shown in Figure 6.21. For the Ey-band, which is

decomposed into two sub-bands attributed to the CuGaSe,/GaAs-strain and the

CuGaSe,/CuxSe-strain, the band energy of the lowest energy side of the overall band was

used in the calculations. The spin orbit interaction, in single crystal CuGaSe,, at Room

Temperature (RT), is Asp=294meV; it tends to increase at lower temperatures with a rate

of 25x10°V/K. In the epitaxial layer, the spin orbit interaction at RT is Ago=287meV

and increases at lower temperatures with a rate of 54x10°eV/K. The calculated spin orbit

interaction, in this work, is close to values (Aso=227meV) reported elsewhere [6.40].
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Figure 6.21 Temperature dependence of the spin-orbit interaction (4so) and the non-

cubic crystal field (Acr) of a CuGaSe; single crystal and an epitaxial layer

(lines serve as guide to the eye)

For compounds of I-III-VI, group, it is suggested [6.41] that the p-d hybridization

influence on the spin-orbit splitting is determined by [6.42]:

Agp =al, +(1-a)h,
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where a is the fractional admixture of p-levels and (1-a) is the fractional admixture of d-
levels in the uppermost valence bands. Artus et al. [6.43] have proposed a method to
determine the A, splitting of the p-orbitals for I-1II-VI, compounds using the expression:

29(

A . 0.2A,(II1)+0.8A, (V1)) (6.6)

P

where A,(III), and A,(VI) are the spin orbit splittings for III and VI atoms, respectively.
In CuGaSe, compounds, using A,(Ga)=0.12 [6.44] and A,(Se)=0.29 [6.45], the splitting
of the p-orbitals via Eq.(6.6) is found to be A, =0.37e¢V. Based on this along with
Az=-0.13eV [6.46], the p-orbital contributions for both, single-crystal and epitaxial
CuGaSe,, are calculated with Eq.(6.5) and are found to be a,=84.8% and 0..,~83.4% for
the single crystal and the epitaxial layer, respectively. These values are in agreement with
the value 80.1% reported in [6.45]. Consequently, the d-level contribution is (1-
05 )=15.2% and (1-0.,)=16.6% for the single crystal and the epitaxial layer, respectively.
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Figure 6.22 Temperature dependence of the admixture coefficients ap and ac

of a CuGaSe; single crystal and an epitaxial layer (lines serve as guide to the eye)

The admixture coefficients ag and ac for both, single crystal and epitaxial
CuGaSe;, have been calculated via Eq.(2.16) and Eq.(2.17), respectively, using the spin
orbit interaction Ago experimentally obtained. The dependence of the admixture
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coefficients ag and ac on temperature is shown in Figure 6.22. The values obtained at RT
for the single crystal CuGaSe, are ag=0.454 and ac=0.929, whereas for the epitaxial
CuGaSe; layer, are ap=0.441 and ac=0.942. Those values are close to previously
reported ap=0.442 and ac=0.897 [6.47].

The crystal field interaction in single crystal CuGaSe;, at RT, is also determined
to Acp=-162meV. The absolute value of Acp, at low temperatures, is increased with a rate
of 34x10° eV/K. In epitaxial CuGaSe,, the crystal field interaction, at RT, is
Acr=-173meV and its absolute value increases, at lower temperatures, with a rate of
93x10° eV/K. The crystal field values of the single crystal are lower than those of the
epitaxial layer, which may be attributed to the fact that single crystals are strain-free in
comparison to the strained epitaxial layers; a strain field may overlapp to the non-cubic
crystal field, in the latter case.

The value of the crystal field is calculated by Eq.(6.7) [6.9]:

3 c
Ao =Eb(2—;j (6.7)

where a and c are the crystal lattice constants and b is the shear deformation potential of
the lattice. For the shear deformation potential b of all I-III-VI, compounds, appropriate
values have been reported [6.45]:
b,=(-0810.2)eV

6.8
b, =(-4.3+1.5)eV (68)

where b, and by are the deformation potentials associated with the p- and d-orbitals,
respectively. These two deformation potentials can be combined in Eq.(6.9) [6.48]:

b=ab, +(1-a)b, (6.9)

where a is the fractional admixture of p-levels and (1-a) is the fractional admixture of d-
levels in the uppermost valence bands.

Having already estimated the p-orbital contribution o,=84.8% and 0.,=83.4%
for the single crystal and the epitaxial layer, respectively, the shear deformation potentials
obtained by Eq.(6.9) are: by,=-1.33¢V, for the single crystal, and b.,=-1.38¢V, for the
epitaxial CuGaSe;. It is known from literature, that for I-III-VI, compounds, the shear

deformation potential is close to -1eV [6.42].
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Taking into consideration that, for CuGaSe,, c/a=1.960 (a=5.607A, and
c=10.990A [6.49]), then the crystal field interactions, calculated from Eq.(6.7) via
Eq.(6.8) and Eq.(6.9), are Acr=-79.8meV, for the single crystal, and Acr=-82.8meV, for
the epitaxial layer. The calculated values of the crystal field interaction are in agreement
with values reported by Shay et all [6.50]. However, the values obtained experimentally
by Eq.(2.14) and calculated by Eq.(6.7) deviate by factor 2 for both, single crystal and

epitaxial layer.
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Figure 6.23 Stress o, strains ey, and &, of the epitaxial CuGaSe;

as a function of the temperature

Strain effects on CuGaSe; epitaxial layer were studied with reference to the
strain-free CuGaSe, single crystal. Based on the cubic approximation, the strain &, can
be calculated from the energy-shift of the PR-spectra (Eq.(3.16)). Strain g4 can be
quantified via Eq.(3.5) and stress o« via Eq.(3.6). In the aforementioned calculations, the
shear deformation potential of the epitaxial layer b,;=-1.38¢V obtained in this work and
the elastic stiffness components C;;=112.2GPa and C;,=66.4GPa [6.10] of CuGaSe,
have been used. The quantification of strain effects, in the films studied, is expected to be

most important for photovoltaic device development. Figure 6.23 demonstrates the
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temperature dependence of oy stress and ey, €4, strains for an epitaxial grown CuGaSe;
layer. The stress values vary from 6xx =+205MPa (T=10K) to cyx =+91MPa (T=300K).
The positive sign depicts tensile stress, as initially suggested with respect to the red
energy-shift of the E, electronic band experimentally observed in section 6.2.2. The neto-
strain effect is assumed to be a result of electronic band deformation and band shift under
the application of tensile stress. This effect is manifested by the down-shift of the E,
energy band (fundamental band-gap) of the epitaxial CuGaSe, layer, in Figures 6.16 and
6.17, as expected under the application of tensile stress. The Ey, and E. energy bands of
the epitaxial layer, however, lie energetically higher than the respective bands of the bulk
(Figures 6.16, 6.18, and 6.19). Since the overall band-shift is contributed by three factors,
e.g. 1) band-gap renormalization due to the electron-phonon interaction, 2) spin-orbit
splitting, and 3) strain/stress effects, it is presumably the renormalization or the
combination of both, renormalization and spin-orbit interaction (Fig. 6.21), which
counterbalance the effect of tensile stress and make the E,- and E.- bands finally appear
up-shifted.

The strains &y, €, and the stress oy show almost linear dependence on the
temperature. The linear equations that have been fitted to the experimental data are:
£, =-3.45-10°T +0.002
£.=+4.08-10°T +0.002 (6.10)
o, =-345107T+194.7

With the increase of temperature, stresses decrease and are expected to diminish
at growth temperatures. The epitaxial layer is grown free of strain at elevated
temperatures and becomes elastically strained during cooling because of the mismatch in
the thermal expansion coefficients between epilayer and substrate [6.51]. Therefore, the
temperature at which the epitaxial layer is stress-free is assumed to be the growth
temperature. Using Eq.(6.10), the CuGaSe; epitaxial layer appears to be free of stresses
at almost 565K, which is in total agreement (error < 1%) with the growth temperature

(570K) of the CuGaSe; epitaxial layer reported in [6.52].
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6.2.3 Temperature dependence of CulnSe, chalcopyrite absorbers

The PR-spectra of single crystal and epitaxial CulnSe, chalcopyrite absorber as a
function of the temperature are presented in Figure 6.24. In the epitaxial CulnSe, layer, it
is evident that the separation energy of E, and E bands is decreasing with the increase of
the temperature. The increase in the split energy is assumed to be due to the increase of
the biaxial compressive strain owing to the mismatch of the thermal expansion

coefficients of the CulnSe, layer and the GaAs substrate.
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Figure 6.24 Photoreflectance spectra of CulnSe ;. a) single crystal in the

temperature range 10 — 180K, and b) epitaxial layer in the temperature range

10 - 260K
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The intensity of both, the bulk and the epitaxial layer decreases with the increase
of the temperature. The PR-spectra were fitted with TDFFs and the gap energies were
obtained for each temperature. The result of the fittings is shown in Figure 6.25. It must
be noted, that, for the single crystal, the E. transition was also recorded and is projected
in Figure 6.25. It is obvious, that both, E, and E,, transitions, increase slightly with the
increase of the temperature, in the low temperature regime, and reach a maximum value
at 100K; from 120 to 260K, transition energies decrease continuously with the
temperature. This behavior is in agreement with the results obtained from piezoelectric-
opticoacoustic (PPA) measurements [6.53], and the results of photoluminescence [6.54]

and optical absorption measurements [6.55].

Such anomalous temperature behavior of the energy band gap can originate from
the combined effect of the lattice thermal expansion and the electron—phonon interaction.
In [6.55], it has been associated with the temperature variation of the thermal expansion
coefficient of CulnSe,, which in [6.56] was found to be negative below 80 K. In [6.57],
the model used to describe the anomalous temperature dependence of the band gap, in the
copper halides, has dealt with the effects of both, temperature and mass changes as being
the result of the change in lattice constant and the renormalization of the band-gap by
electron—phonon interaction. Two oscillators with opposite values of electron—phonon
coupling coefficients A4;, for the i-oscillator, were drawn to describe changes in the gap
energies. The anomalous positive slope for T<100K has been assigned to copper
vibrations (4¢,>0), whereas the decrease in slope for T>100K has been assigned to

vibrations of the halogen, which have negative values of 4.
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Figure 6.25 CulnSe, temperature dependence of the E,, Ep, and E .-bands

Taking into account this anomalous temperature dependence of CulnSe,, the
experimental data of the E,, Ey, and E. transition energies of both, the single crystal and
the epitaxial CulnSe,, were fitted preferentially with the Manoogian model (Eq.(2.24)),
instead of being fitted with the six models used for CuGaSe,. The results of the fitting are

shown in Figure 6.26-Figure 6.28 and are summarized in Table 6.6.
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The experimental data of both, single crystal and epitaxial layer, were fitted with the
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The experimental data of both, single crystal and epitaxial layer, were fitted with the

Manoogian model
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The experimental data of both, single crystal and epitaxial layer, were fitted with the

Manoogian model

Table 6.6 Fitting of the E,, E», and E.-bands of the bulk and E,, and E,-bands of the

epitaxial CulnSe; with the Manoogian model revealed the phonon effective energy

Manoogian

E. 1.035 0.001 0.83 -0.10 351 30.3
2 g
@ = E, 1.049 | 0.001 0.34 -0.02 157 13.5
& &

E. 1.259 | 0.003 0.34 -0.04 337 29.1
= E. 1.039 | 0.001 0.37 -0.05 330 28.5
< 5
s =
o= [}
m‘-‘- = E, 1.048 0.002 | 0.25 -0.01 119 10.3
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At room temperature, optical phonon modes in CulnSe; have been reported [6.58]
by means of Raman spectroscopy. The frequencies of these modes vary from the lowest
value at 58cm ' (7meV) up to the highest value at 233cm™' (29meV). At low temperature
(T=100K), Tanino et. al. [6.58] have reported on more optical phonon modes in CulnSe,.

From fitting with the Manoogian model, effective phonon energies <ha)> = 0Ok, have

been calculated and range from 13.5 to 30.3meV, for the single crystal, and from 10.3 to
28.5meV, for the epitaxial CulnSe; layer (Table 6.6). These effective phonon energies
are close to the frequency modes observed in the Raman spectra and any difference is
within the accuracy of the data. Further, the phonon energy originating from the E, and
E. bands of the single crystal is close to the experimentally determined energy separation

of the observed LO-phonon replica of the DA transition (29+2meV).
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As it can be seen in Figure 6.29, except from the transition energies, the FWHM
of energy bands in CulnSe, also appears to have anomalous temperature dependence.
The FWHM decreases in the temperature range 10-80K. This anomaly is rather obvious
in the single crystal CulnSe, and refers to all three energy bands. Due to this anomalous
behavior, Eq.(2.25) is not suitable for the fitting of the width.

By using the results of the PR-spectra shown in Figure 6.25, the spin orbit
interaction Ago and the non-cubic crystal field Acr of the CulnSe, single-crystal have
been quantified as a function of the temperature according to Eq.(2.14). The calculation
of Aso and Acr could only be performed for the single crystal CulnSe, since the
E.-transition energy is necessary for this calculation (Eq. (2.14)). The spin orbit
interaction obtained experimentally at T=180K is Aso=239meV. The variation rate of the
spin orbit interaction is 26x10°eV/K; it is increased at lower temperatures, as shown in
Figure 6.30, and calculated to be Agp=237meV at RT, which is in total agreement with
previously reported values (235meV) [6.40], [6.54]. The absolute value of the crystal
field interaction decreases with increased temperature, which is in agreement with the

behavior of the CuGaSe, semiconductors discussed above.
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Figure 6.30 Temperature dependence of the spin-orbit interaction (4sp) and the non-

cubic crystal field (A cr) of a CulnSe; single crystal.
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The p-orbital contribution in CulnSe, can be obtained via Eq.(6.6). Using
A,(In)=0.27 [6.44] and A,(Se)=0.29 [6.45], the A, splitting is found to be 0.41eV. Based
on this and along with A;=-0.13eV [6.46], the p-orbital contribution for single-crystal
CulnSe; is calculated with Eq.(6.5) to a,=68.3%. This value is in agreement with the
value 74.5% reported in [6.45]. Consequently, the d-level contribution in CulnSe; is (1-
a5.)=31.7%. The d-level contribution in CulnSe, is twice as large as the contribution in
CuGaSe;,, which accounts for the anomalous temperature dependence of the energy band
gap in CulnSe;.

The admixture coefficients ag and ac, for the single crystal CulnSe, compound,
can be calculated via Eq.(2.16) and Eq.(2.17), respectively, using the spin orbit
interaction Agp. The dependence of the admixture coefficients ag and ac on temperature
is shown in Figure 6.31. Thus, the calculated values at T=180K are: ag=0.606 and
ac=0.849; they increase at lower temperatures with rates of 7x10”/K and 3x107/K,
respectively. Therefore, the admixture coefficients are expected to be ag=0.596 and
ac=0.843, at RT, and are close to previously reported ag=0.587 and ac=0.807 at RT
[6.47]; the rather small deviation is attributed to differences in the ambient temperature

(RT: nominal 300 K) at which the measurements have been performed.
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The crystal field interaction obtained at T=180K is A¢r =-31meV and its absolute
value increases at lower temperatures (Figure 6.30) with a rate approaching 78x10°eV/K,
thus it is expected to be Acr =-21meV at RT. The crystal field interaction is expected to
be positive in CIS-like compounds, however, negative values of crystal field interaction
(Acr=-20meV) for CulnSe, chalcopyrite have been previously reported in [6.59] and are
in absolute agreement with the experimentally obtained values in the present work.

The crystal field interaction Acr can also be calculated via Eq.(6.7). Having
estimated the p-orbital contribution o,,=68.3% for the single crystal CulnSe,, the shear
deformation potential obtained by Eq.(6.9) is by =-1.91eV. Taking, also, into
consideration that, for CulnSe,, ¢/a=2.001 (a=5.773A, and c=11.550A [6.49]), the
calculated value is Acr=+3meV. The calculated value of the crystal field interaction is in
agreement with theoretical values reported by Shay et all [6.50]. However, the values
obtained experimentally with Eq.(2.14) and those calculated with Eq.(6.7) deviate
strongly, for both single crystal and epitaxial layer, probably because other effects than
the p-orbital character dominate Acr.

Strain effects on CulnSe; epitaxial layer were studied with reference to the strain-
free CulnSe, single-crystal. As already mentioned, the strain €., can be calculated from
the energy-shift of the PR-spectra (Eq. (3.16)). Strain gy can be quantified via Eq.(3.5)
and stress oy, via Eq.(3.6). In the above mentioned calculations, the shear deformation
potential b=-1.91eV and the elastic stiffness components C;;=96.8GPa, C;,=60.9GPa
[6.10] of CulnSe; have been used. The quantification of strain effects in the studied films
is expected to be most important for photovoltaic device development.

Figure 6.32 demonstrates the temperature dependence of oy stress and &xy, €.,
strains for an epitaxial grown CulnSe, layer. The stress values vary from o4 =-58MPa
(T=20K) to oxx =-35MPa (T=180K). The negative sign depicts compressive stress. Under
the influence of compressive stress, the band-gap is widened-up as demonstrated by the
up-shift of the (fundamental) energy-gap E, of the epitaxial layer with respect to the E,
gap of the bulk, in Figures 6.25 and 6.26. This shift is counterbalanced in case of the
higher gaps, as has been already pointed out in the previously discussed case of CuGaSe,
(CGS compound), and the E, band of the layer appears in case of CulnSe, (CIS
compound) down-shifted with respect to the Ey, band of the bulk. The Ey, gap narrowing
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of the epitaxial layer is tentatively attributed to the dominating character of band-gap
renormalization by the electron-phonon interaction and the spin-orbit splitting.

The strains &4, €,, and the stress oxx show almost linear dependence on the
temperature. The linear equations that have been fitted to the experimental data are:
£, =+1.46-10°T-7.11-10"*
e.=-18410°T+8.96-107* (6.11)
o, =+113410°T-57.14-10"

Using Eq.(6.11), the CulnSe, epitaxial layer appears to be free of stresses at
almost T=504K which is in total agreement with the reported [6.60] growth temperature
500K.
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Figure 6.32 Stress o,, strains ey, and .. of the epitaxial CulnSe;

as a function of the temperature

6.2.4 Compositional Dependence of CuGaSe, chalcopyrite absorbers

Figure 6.33 shows the compositional dependence of the PR spectra of MOVPE
CuGaSe,; layers at 20K, with [Cu]/[Ga] varying from 0.95 to 1.18. With increasing
[Cu]/[Ga] ratio, the red energy-shift of the three valence-split bands, E,, Ey, and E., and
the band broadening increase. Both effects are considered to be due to a secondary
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microcrystalline CuySe-phase formed from the Cu-excess on the CuGaSe; layer surface
of Cu-rich modifications. Similar results were reported in [6.62] for the dependence of

band energies on strain.

The three valence band splitting can be only weakly observed in the PR spectra of
Ga-rich layers at 20 K. The low spectral intensity of the Ga-rich modifications, even at
20K, is a result of “shifting and mixing” of the three valence-split bands because of
potential fluctuations [6.61] and increasing disorder.

The three valence-split bands, E,, Ey and E., were fitted with TDFF functions.

The fitting results are presented in Figure 6.34.
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Figure 6.33 Composition dependent PR-spectra of MOVPE grown CuGaSe; at 20K

169



CuGaSe, epiltaylgial lalyers

T T
2.05 |-

ol ® X3
1.85_— A A éé é_

1.75 -

1.70 -

Transition Energies (eV)

[
1651 @
1ol A o1

A
[

1.55 |- b2 .

mm m m
|

1.50 I R R SR B
0.90 0.95 1.00 1.05 1.10 1.15 1.20

[Cu)/[Ga]
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MOVPE grown CuGaSe; at 20K

6.2.5 Compositional Dependence of Culn;,Ga,Se, chalcopyrite absorbers

The compositional dependence of the quaternary Culn;,GasSe2 chalcopyrite
absorbers is studied in this section. The study of the quaternary chalcopyrites is not
terminus for the present doctoral thesis; it gives though complementary information on
the chalcopyrite absorbers.

In Figure 6.35, the room (300 K) PR spectra of Culn;1GaxSe, (CIGS) epitaxial
layers with different Ga fractions (x=0.00-1.00) are presented [6.22]. In the room
temperature (RT) spectra of the CIGS layers with x<0.80, only the E, transition is
observed. With the increase of the Ga fraction, the E, band energy shifts to higher
energies, varying from 1.02eV (for CulnSe;) to 1.68eV (for CuGaSe;) in agreement with
the Ellipsometry results on CIGS reported in [6.21]. With the decrease of temperature,
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band broadening is reduced, both the E, and E,, transitions are shifted to higher energies,
and the E, transition is clearly resolved probably because of the different temperature

dependence of the E, and E, gaps [6.22]. The band energies were fitted using TDFFs.

The E,-gap energies at 300 in dependence of Ga content are listed in Table 6.7.

0.00 450 1.021

0.08 0.08 440 1.083 1.42

0.19 0.19 440 1.141 1.48
0.22

0.33 0.53 360 1.152 1.82

0.50 0.50 390 1.301 1.57
0.55

0.60 075 290 1.369 2.06

0.82 0.82 250 1.514 2.78

1.00 450 1.684

Table 6.7 Fundamental gap-energies E, at 300 K, thickness d, and

absorption coefficient o. of CIGS epitaxial layers.

It should be noted, that the values of the Ga-fractions (x=[Ga]/([Ga]+[In])
published in Ref. [6.21] have been corrected here in accordance with the XRD- [6.63]
and PL-results on the same films. For comparison, both the x-values measured by EDX,
labeled xgpx [6.22], and the corrected x-values (x) are given in Table 6.7.

The E, and E, transition energies calculated for the chalcopyrite absorbers from
the PR spectra at 300K depend much upon the penetration depth of the modulating laser
beam. In particular, according to ellipsometric data of CIGS quaternary compounds
[6.64], the beam of 488 nm-Ar" laser penetrates only the upper region of the CIGS layers
up to a depth of 75 nm. Bearing in mind that, in CIGS films, gallium segregates at the
backside of the layer, close to the CIGS/GaAs interface, the obtained gap energies of
CIGS films with eventually two phases (films with xgpx=0.33 and 0.60, Table 6.7) are

representative of the phase with the lower Ga-content. The corrected Ga-fractions
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(labeled x in Figure 6.35 and Table 6.7) will be thus used for the CIGS films from now

on. The thickness of the films is also given in Table 6.7.

172



CuIn Ga Se EpltaXIal layers

T

AR/R

O 50
0.22

0.19

0.08]
x0.5 _

o _x0.00

1 . 1 . 1 . 1
1.00 1.25 1.50 1.75 2.00

Energy (eV)
2.0 T Y T Y T Y T " T
Culn |
Culn, Ga Se, .
18 | P 5
&
[1}] ’,
T UK 4 -
LLI s
o
g _ %
> 14 | -~ 4
=2 T @
- P
u Ll |
12 | : I .
* e
10 9 -
0.00 0.25 0.50 0.75 1.00

Ga-fraction

Figure 6.35 Compositional dependence of the PR-spectra of Culn;.Ga,Se; (CIGS)
epitaxial layers at 300 K

173



B. GROWTH & CHARACTERIZATION STUDIES

6.3 CBD ZnSe grown on Amorphous Glass substrate

For controlling the conditions of growth, ZnSe thin films were initially deposited
on amorphous glass substrates by Chemical Bath Deposition (CBD).

Glass substrates are previously placed in an ultrasonic bath with ethanol for 15
minutes and rinsed with distilled water. The conditions of the ZnSe deposition are
analytically presented in §4.6. Deposition time varied from 1 to 6 hours. No film
formation on amorphous glass substrate was observed with deposition time less than an
hour. The film formation did not take place at room temperature, although the solution
was kept for a long time. This is because, at low temperatures, most of the Zn”" ions are
in bound state due to strong Zn—amine complex formation. Therefore, bath solution was
mechanically stirred with magnetic stirrer and thermostatized at 70°C. After deposition,
the substrates were taken out of the bath, rinsed with double distilled water, dried in air
and preserved in an airtight plastic container. The as-grown films were homogeneous and

appeared to have a yellow-golden color.

6.3.1 Structural properties

Zinc selenide thin films can be grown with metastable sphalerite cubic (zinc
blende type) or stable wurzite (hexagonal type) structure [6.65]. Previous reports on
chemically deposited ZnSe thin films showed that the films can form either cubic zinc
blende or hexagonal wurzite type structure. Hence, in order to determine the crystal
structure of as-grown and annealed ZnSe films, the XRD patterns of the films were
analyzed.

Figure 6.36 shows the XRD patterns of as-grown and annealed films onto
amorphous glass substrates. The as-grown films appear amorphous as indicated by the
XRD measurements. In the as-grown samples, only the broad hump attributed to the
amorphous glass substrate and possibly due to some amorphous phase in Zn-Se bonding
is present. For this reason, annealing of the samples was mandatory. Crystallization of the

films first appeared at 300°C annealing temperature. The duration of annealing is also a
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crucial parameter for the resulting ZnSe layers. Each sample was cut into pieces and each
piece was annealed in an open air furnace.

Time of annealing for each ZnSe sample was in the range of 1 to 4 hours, and the
X-Ray diffractograms are shown in Figure 6.36. Annealing for 1h did not result in the
formation of crystalline ZnSe. The first peaks in the X-Ray diffractograms appeared for
annealing time 2h at 300°C. After annealing in atmospheric air ambient, the amorphous
Zn-Se phase transformed into stable polycrystalline hexagonal phase [6.66]. In the X-Ray
diffractograms, the dominant peak observed at bragg angle 29.335° is assigned to the
(101) reflection of the wurzite (hexagonal) type ZnSe and is designated in Figure 6.36 as
WZ(101). In some of the diffractograms the zinc-blende (cubic) ZnSe (111) reflection is
also present at 27.3° [6.66], and it is designated as ZB(111).
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The X-Ray diffractograms were further analyzed and the WZ(101) peaks were
fitted with Lorentzians. Parameters, such as Bragg-angle, Full Width at Half Maximum
(FWHM), and Intensity, resulting from the fitting, are presented in Figure 6.37.
Increasing of deposition and annealing time affects significantly the deposited ZnSe
layers. In particular, as time of deposition increases, the Bragg-angle approaches the
angle of bulk hexagonal ZnSe (101) reflection. As the annealing time increases, a
tendency for the peaks to shift towards lower 20 values has been observed indicating an
increase in interplanar distances. Furthermore, the width (FWHM) of the peaks appears to

be narrower, which accounts for improved crystal quality of the layers.
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Figure 6.37 XRD parameters (Bragg-angle, FWHM, and Intensity) of the CBD ZnSe on

glass substrate in dependence of deposition and annealing time
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Strain/stress effects of the deposited ZnSe films have been analysed using
Eqgs.(3.7) and (3.13). The elastic stiffnesses of ZnSe are C;,=95.9GPa, C,,=53.6GPa and
are given in [6.68]. In the calculation, the Bragg-angle 20=29.335° [6.66] of the bulk
(strain free) ZnSe was used. The results of strain/stress evaluation in dependence of
deposition time of annealed ZnSe films are shown in Figure 6.38. Compressive stresses
in-the-plane of the surface developing in ZnSe films on amorphous glass substrates are in
the range o= - (323 — 8) MPa after 2h of annealing, o= - (395 — 61) MPa after 3h of
annealing, and o= - (308 — 53) MPa after 4h of annealing. The stress appears to relax with
the increase of deposition time and, in particular, after Sh of deposition, which accounts

for thicker films. ZnSe films annealed at 300°C for 2h appear to be already overall less

stressed.
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ZnSe on glass substrate, annealed at 300°C for 4h
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Figure 6.38 Strain/Stress in dependence of deposition time of

ZnSe layers on amorphous glass substrate

annealed at 300°C for 2h (red circles), 3h (blue triangles), and 4h (green rhombus)

XRD peak width varies inversely with crystallite size, according to Eq.(6.12). A
mean crystallite size can be obtained by using the Scherrer formula [6.67]:

he 09 A (6.12)
Bcos 0

In Eq.(6.12), A is the x-ray wavelength in A and 0 is the Bragg-angle in radians,
for a particular reflection. B represents the extra peak-width at half peak-height indicating
the line-broadening with respect to a suitable standard.

Using the fitting parameters of the XRD measurements (Figure 6.37) and
assuming spherical crystallite formation, the crystallite size has been calculated and is
shown in dependence of deposition time in Figure 6.39. As indicated in the figure, the
size of the crystallites is increased as the deposition time increases. In particular, the
crystallite size for 1h deposition time is in the range of 20-40nm. By agglomeration of
smaller size crystallites to crystallite of larger sizes, it reaches a maximum size of 110nm
at Sh deposition time. Larger crystallite sizes implicate long range order and
improvement of film quality. However, nucleation of large size particles on the substrate
surface during film deposition leads to increased surface roughness of the deposited

films.
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Furthermore, comparison of ZnSe films, after annealing in ambient atmosphere
for 2h and 3h, indicates that the creation of larger crystallites reaches a maximum, when
deposition time has been 5h. On the other hand, for deposition times more than 5Sh,
agglomeration effects seems to be already saturated and crystallites maintain sizes around
100nm, while annealing for more than 3 h leads to reduction of crystallite sizes
independently of the duration of deposition (1-6h) and consequently to reduced film
quality probably because of film aging under long-time thermal treatment. This behavior
can possibly be conveyed to more effective crystallite formation mechanisms in the
chemical bath compared to mechanisms activated by annealing in ambient atmosphere.

Crystallite sizes of ZnSe films with deposition time 3h and subsequent annealing
for 4h are comparable with the sizes of crystallites of films with equal deposition time of
3h and subsequent annealing for 2h, whereas ZnSe films deposited and annealed for more
than 4h exhibit systematically smaller crystallite sizes. This tendency can also be
associated with the lower content of Se-atoms in the ZnSe film deposited for more than
4h as indicated by EDS measurements in the following section. The phenomenon is
further intensified by the fact that annealing for more than 3h results also in reduced Se
content of the ZnSe films.
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Figure 6.39 Crystallite sizes of the ZnSe films on amorphous glass substrate in

dependence of deposition and annealing time
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The CBD deposited ZnSe films (ZnSe: 144.35g/mol, Zn (65.39g/mol): 45.3%, Se
(78.96 g/mol): 54.7%) are non-stoichiometric. Because of the Se solubility and volatility,
Zn is in excess.

Energy Dispersive Spectroscopy (EDS) measurements (Figure 6.40) of the
samples showed that for 1-5h deposition time the [Zn]/[Se] ratio remains the same. With
further increase of the deposition time part of the Se is dissolved in the solution.

Although annealing for 1-3h at 300°C does not significantly affect the [Zn]/[Se] ratio, for

181



annealing times above 3h, Se vaporizes from the film due to the formation of SeT, and

Se0, T [6.66], according to the following reactions:

ZnSe+lO2 — Zn0+Se T
2 (6.13)

ZnSe +%02 — Zn0+Se0, T (T 2400°C)

Hence, due to appreciable amount of Se lost (melting point 221°C [6.67]),
“quality degradation” of the sample takes place. A similar type of Se loss at and above
400°C for CBD ZnSe films has also been reported by Chaparro et al. [6.70].

For all the above reasons, annealing temperature 300°C and annealing time 2h
were chosen for the thermal treatment of CBD grown ZnSe films.

The results of the dependence of the [Zn]/[Se] ratio on the film deposition and
annealing time are presented in Figure 6.41. As can be seen, annealing leads to an
increase of the [Zn]/[Se] content in the resulting ZnSe films pushing the films further
beyond stoichiometry. In fact, the [Zn]/[Se] ratio is significantly increased when ZnSe
undergoes annealing at 4h. Also, significant increase in the [Zn]/[Se] ratio takes place
when the sample remains in the chemical bath for 5h or more, which is in agreement with
previously published data [6.69].
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Figure 6.41 [Zn]/[Se] ratio of ZnSe films on amorphous glass substrates in dependence

of deposition and annealing time.
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Figure 6.42 shows a Scanning Electron Microscopy image of an as-grown ZnSe
layer, after one hour of deposition. The image is captured in the region of the sample,
where both substrate and deposited layer are apparent. From the image, homogeneous

coverage of the glass substrate is concluded.

glass substrate

ZnSe layer

s &8 =0

Figure 6.42 SEM-image of 1h CBD deposited ZnSe-layer showing homogeneous

coverage of the glass substrate

Figure 6.43 shows scanning electron micrographs of as-deposited ZnSe film at
2000x magnification. The films are uniform and cover uniformly the surface of the glass
substrate. In addition, two more observations are made with respect to the film growth
mechanism: 1) the films seem to be composed of densely packed grains. Hence, it seems
that the growth of ZnSe films by CBD takes place via cluster by cluster deposition, i.e.
aggregation of colloidal particles formed in the solution rather than ion by ion deposition
on the surface of the glass substrate, which agrees well with the results previously
reported [6.71], [6.72], and [6.73]. It is worth to mention that, in the literature, there is no
evidence for ion by ion growth of ZnSe. By increasing the duration of deposition from 1
to 6h, the size of the grains appears larger leading to increase of the surface roughness of

the deposited layers.
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Figure 6.43 SEM images of as-grown ZnSe films with 1 - 6 h deposition time
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Figure 6.44 shows the SEM images of ZnSe thin films annealed at 300°C with
annealing duration of 1, 3, and 5h (4000x magnification). As-grown ZnSe layers exhibit
pinholes scattered in their structure and on surface. Annealing improves the quality of the
layers. Pinholes disappear after 2h of annealing. However, after 4h annealing of less thick
layers, with deposition time 1h, cracks appear on the surface. This disadvantage is not
observed in thicker layers with deposition times 3 and 5h. From the SEM images, it is
concluded that, the films exhibit significant quality improvement after annealing at 300°C

for 2h.
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Film thickness of ZnSe is a critical parameter in the solar cell development
procedure. The thickness of ZnSe films deposited by Chemical Bath Deposition depends
strongly on the deposition time. Using a profilometer and scanning along a line from the
glass substrate to the ZnSe thin film, the thickness of the layers was obtained. The
thickness in dependence of deposition time for CBD ZnSe on glass substrate is shown in
Figure 6.45. Initially, the film thickness increases linearly and reaches a maximum value
(330nm) for 5h deposition time. For longer deposition times, the film thickness shows a
slight decrease, as it has already been observed elsewhere [6.66]. Such a phenomenon can
be explained by considering the two competing processes in the deposition bath: one
process includes the heterogeneous precipitation and homogeneous precipitation of ZnSe,
which leads to the film growth, and the other one involves desorption and/or dissolution
of the pre-formed ZnSe film, which results into decrease of film thickness. In the initial
state of film deposition, the source materials are sufficient and the solution has a high
degree of super-saturation, the process of homogenous precipitation (ion-by-ion
nucleation and growth mechanism) or aggregation of colloidal particles (cluster by
cluster nucleation and growth mechanism) in the solution plays a more important role
than the dissolution process, which leads to an increase of ZnSe film thickness. With the
deposition time being prolonged, the source material becomes less and less and therefore,
after a certain deposition time, the dissolution process predominates over the
heterogeneous precipitation on the film and in the solution, resulting into decrease of the

ZnSe film thickness.
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Figure 6.45 Film thickness of ZnSe thin films on amorphous glass substrates in

dependence of deposition time

6.3.2 Optical properties

The optical properties of the CBD ZnSe thin films on amorphous glass substrates
have been investigated by Optical Absorbance (A). The absorption coefficient, a, is
defined by the Beer-Lambert law and is related to the absorbance, in a first

approximation, according to:
A
a=23— 6.14
y (6.14)

where d is the thickness of the film.
In order to obtain the (optical) band gap, the Tauc model is considered. The main
assumption, in this model, is that the edges of the conduction band and valence band are

parabolic [6.74] and can be described as:
(ahv)=B(hv—E,)" (6.15)
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where E, is the optical band-gap, B is an energy-independent constant between 107 and
10 m™, and m is an index which characterizes the optical absorption process and is
theoretically equal to 2 and 0.5 for indirect and direct allowed transitions, respectively.

Figure 6.46 (a) — (f) below shows (ohv)® vs. photon energy (tauc-plot) for the
ZnSe films on amorphous glass substrates, with deposition times 1-6h and annealing
times 1-4h depending on the growth parameters selected for each film. The tauc-plots
have been obtained by absorbance measurements using Eq.(6.15) via Eq.(6.14) and data
from Figure 6.45 for the film thickness d (in Eq.(6.14)). The variation of (ohv)® vs. hv is
linear at the absorption edge, which confirms the direct band gap transition in ZnSe. The
values of the direct optical band-gap E, are obtained from the intercept of (ohv)* vs. hy
curves plotted and are shown in the inset of the graphs.

The band gap energy, E,, of the ZnSe thin films ranges from 2.68 to 2.98eV.
Most films exhibit a slight ‘blue- shift’ in their energy band gap with respect to the
standard bulk energy gap (Eg = 2.7 eV) [6.75], which can be attributed to the

compressive stress present in the grown ZnSe films [6.76].
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Figure 6.46  Plot of (ahv)’ versus photon energy (hv) of the ZnSe thin films on
amorphous glass substrates, with deposition time (taep) (a) taep=1h, (b) tsey=2h, (c)
tiop=3h, (d) taep=4h, () tie,=5h, and (f) tse,=6h, and for annealing time (tunnea) that

varies from 1 to 4h.
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6.4 CBD ZnSe on Epitaxial Chalcopyrite Absorbers

After deposition of ZnSe on glass substrate, chemical bath deposition of ZnSe was

also performed on epitaxial chalcopyrites. ZnSe is used as a buffer layer between the

chalcopyrite absorber and the ZnO window layer. In substrate configuration of solar cell

devices, ZnSe is deposited on polycrystalline chalcopyrite absorber. Deposition on

epitaxial chalcopyrite absorber aims to clarify the influence of the underlying absorber

layer on nucleation and thickness of the deposited ZnSe epilayer.

6.4.1 Structural properties

Figure 6.47 shows the XRD patterns of a) epitaxial CuGaSe, layer grown on

GaAs (100), b) as-grown ZnSe deposited by Chemical Bath Deposition onto epitaxial

CuGaSe; substrate, and ¢) annealed ZnSe layer on CuGaSe, substrate.
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Figure 6.47 XRD patterns of: a) CuGaSe; epitaxial chalcopyrite on GaAs, b) as-grown

CBD ZnSe on epitaxial CuGaSe; chalcopyrite substrate, and c) CBD ZnSe on epitaxial

CuGaSe; chalcopyrite substrate, annealed at 300°C for 2h.
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In this case, formation of ZnSe has been registered for deposition time less than
1h. The highly ordered structure of the epitaxial chalcopyrite seems to assist the fast and
ordered growth of the ZnSe layer. When deposited on epitaxial CuGaSe,, the ZnSe layers
grow already along the (101) plane, as indicated by the reflection observed at Bragg-
angle 29.335°. For deposition time greater than 1h (60min), the reflection from the cubic
ZnSe (111) crystallographic plane is also observed at 27.3° [6.66]. The as-grown samples
have been annealed in order to improve further the crystal quality of the layers. The
conditions of annealing were chosen according to the results of the control experiments
of ZnSe growth on amorphous glass substrate. In particular, the annealing temperature
was 300°C and the duration of annealing was 2h.

The X-Ray diffractograms were fitted with Lorentzians. Parameters, such as
Bragg-angle, Full Width at Half Maximum (FWHM), and Intensity resulting from the
fitting, are presented in Figure 6.48. The deposition time affects the thickness of the
resulting ZnSe layers. In particular, as the time of deposition increases, the Bragg-angle
of as-grown ZnSe layers approaches the angle of the bulk indicating relief of mismatch
strain by formation of dislocations [6.77]. On the other hand, in the annealed films, the
Bragg-angle appears almost equal to the angle of the bulk, which implies that high
temperature treatment of the films results in strain/stress relaxation. Furthermore,
comparing the FWHM of the XRD peaks, the annealed films exhibit narrower peaks with
reference to the as-grown ones, which is indicative of the improved crystal quality of the

films after subsequent annealing.
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Figure 6.48 XRD parameters (Bragg-angle, FWHM, and Intensity) of the CBD ZnSe on
epitaxial CuGaSe; of as-grown (black bullets) and annealed (red circles) films

Strains/stresses of the CBD ZnSe films on chalcopyrites have been calculated
using Egs.(3.7), (3.13), the elastic stiffnesses of ZnSe C;,=95.9GPa, C,=53.6GPa given
in [6.68], and the Bragg-angle 20=29.335° [6.66] of the bulk (strain free). The results of
strain/stress evaluation in dependence of deposition time of as-grown and annealed ZnSe
films on epitaxial chalcopyrites are shown in Figure 6.49. Compressive, in-plane stresses
developing in as-grown films are between -398 and -185MPa. The stress is partially
relaxed with increasing the deposition time, which is a result of the increasing film
thickness. After 2h of annealing, the stress relaxes, as expected; its value is between -132
and OMPa. It seems, that, after 75min deposition followed by 2h annealing at 300°C, the
ZnSe layer is fully relaxed through relief of mismatch strain. Such a relief of the lattice
strain is acquired through the formation and propagation of dislocations far away from

the heterointerface.
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Figure 6.49 Strain/Stress in dependence of deposition time of
a) as-grown (black circles) and b) annealed at 300°C /2h (red triangles)

ZnSe layers on epitaxial chalcopyrites

XRD peak width varies inversely with crystallite size according to Eq.(6.12).
Using the fitting parameters of the XRD measurements (Figure 6.48) and assuming
spherical crystal formation, the crystallite size has been calculated and is shown in Figure
6.50. As indicated in the figure, the size of the crystallites is increased as the deposition
time increases. In particular, crystallite sizes of as-grown ZnSe films are in the range of
91-141nm and reach a maximum after 60min deposition time.

Furthermore, comparison of crystallite sizes of as-grown and annealed films
indicates, that, after annealing, crystallite sizes are slightly reduced independently of
deposition time, thus the good crystal quality of the deposited films may be possibly

affected, though the surface roughness is reduced.
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Figure 6.51 SEM-images of as-grown (left) and annealed (right) ZnSe-layer on epitaxial
chalcopyrite
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Figure 6.52 SEM images of annealed ZnSe on epitaxial CuGaSe; for deposition time
7-90 min
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Figure 6.51 shows SEM images of as-grown and annealed ZnSe layer on epitaxial
CuGaSe;. Annealing affects slightly grain sizes and most probable induces “material
fatigue” in the highly oriented ZnSe layers grown on epitaxial chalcopyrites.

Figure 6.52 shows SEM images of annealed ZnSe layers with deposition times
varying from 7 to 90min. From the images, it is obvious, that the morphology of the ZnSe
layers is strongly related to the epitaxial nature of the underlying chalcopyrite layer. The
thickness of the deposited layer depends on the duration of deposition. At deposition time
of 7min, a thin homogeneous layer is grown on the CuGaSe, surface. By increasing the
deposition time, the ZnSe layer covering the chalcopyrite surface becomes thicker; in
addition, larger ZnSe grains are formed, among them some even larger sparsely spread on

the surface. Those larger grains become more compact as deposition time increases.
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Figure 6.53 Elemental composition of ZnSe layers on epitaxial CuGaSe,/GaAs

EDS measurements were performed on annealed ZnSe layers deposited on

epitaxial CuGaSe,/GaAs chalcopyrites. In Figure 6.53, the % atomic weight of elements:
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Zn, Se, Cu, Ga, As are presented for samples with different deposition times. In
particular, the % atomic weight of Zn and Se are growing with the increase of deposition
time. This effect is attributed to the growing thickness of the layers in accordance with
deposition time. The same conclusion can be drawn from the decreased atomic weight of
Ga in dependence of deposition time. The presence of As in the EDS measurement
indicates that the electron beam penetrates both ZnSe and CuGaSe, layers and reaches
the GaAs substrate of CuGaSe,. Deconvolution of the atomic weight % originating from
the three different (ZnSe, CuGaSe,, and GaAs) layers is not feasible, mostly because Ga
is part of both, CuGaSe, and GaAs, and Se, part of both, ZnSe and CuGaSe, layers.
Moreover, the slightly growing tendency of Cu can be explained by the [Cu]/[Ga] ratio of
the CuGaSe,; layers. In particular, the epitaxial chalcopyrites used to deposit ZnSe with
deposition times 45, 60, 75, and 90min are Cu-rich, with [Cu]/[Ga]=1.10, 1.12, 1.13, and
1.10, respectively. The circled data points, in Figure 6.53, have been excluded from the
analysis, since the CuGaSe; layer used for 30min deposition was Cu-poor, with
[Cu]/[Ga]=0.96. The [Cu]/[Ga] ratio can explain the low value of the Cu atomic weight
%, and the high value of the Ga atomic weight %.

The thickness of the ZnSe layers is a critical parameter in the development of thin
film chalcopyrite solar cells. Thickness calibration was performed also on ZnSe layers on
epitaxial chalcopyrites. Thickness, in this case, could not be measured with a
profilometer due to the small size of the samples. Instead, Scanning Electron Microscopy
(SEM) on the crossection of the samples was employed. In Figure 6.54, SEM images of

the sample cross-section used to determine the layer thickness are presented.
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Figure 6.54 SEM images of the crossection of ZnSe on CuGaSe,/GaAs.
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Figure 6.55 Film thickness of ZnSe on epitaxial CuGaSe,/GaAs in dependence of

deposition time. The thickness of ZnSe on glass substrate is also presented.

The results of thickness measurements of ZnSe on chalcopyrite by SEM are

presented in Figure 6.55 along with the results of the thickness measurements of ZnSe on
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amorphous glass substrate by profilometry. Initially, film thickness is increasing linearly
and reaches a maximum of 560nm after 75min deposition time. For longer deposition
tines, the film thickness shows a decrease, as it has already been observed and explained
in case of ZnSe on glass substrate (§6.3.2).

ZnSe films grown on epitaxial CuGaSe, exhibit high growth rates compared to
those grown on amorphous glass substrate. This behavior can be partially attributed to the
epitaxial nature of the underlying chalcopyrite layer which reinforces the deposition
process. In particular, the formation time of the first precipitate in the solution and the
growth rate are substrate dependent. In Figure 6.56, growth rates corresponding to
chemical bath deposition of ZnSe on three substrates with different conductivity are
presented by Chaparro et. al.[6.78]. The curve with number 1 corresponds to unpolished
metal substrate, the curve number 2 corresponds to polished metal substrate, whereas, the
curve number 3 to an isolator substrate. It is evident that roughness and conductivity of
the substrate have a positive effect on the growth rate. From Figure 6.56 it is obvious,
that, on conductive substrates, ZnSe nuclates with tremendously higher rates compared to

growth rates on isolating substrates.

-
v/ nm min

t / min

Figure 6.56 Growth rate corresponding to chemical deposition of ZnSe on three
substrates with different conductivity [6.78]
In our case, ZnSe on amorphous glass (isolator) substrate has a growth rate of

72nm/h (=1.2nm/min) calculated from the slop of the linear part of Figure 6.45. This
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growth rate is comparable to the first peak observed in curve number 3 of Figure 6.56.
For the semi-conductive epitaxial CuGaSe; layer, the growth rate of ZnSe is 6.4nm/min
calculated from slop of the linear part of Figure 6.55. In the case of ZnSe deposition on
polycrystalline CuGaSe;, the Mo coating of the glass substrate facilitates the ZnSe
growth improving growth rates. This is the main reason, that the thickness of ZnSe on

polycrystalline chalcopyrite is launched for deposition time of only 15min.

6.5 CBD ZnSe on Polycrystalline Chalcopyrite Absorbers

Having examined growth of ZnSe on epitaxial chalcopyrites, growth of ZnSe was
attempted on polycrystalline chalcopyrite substrates. The aim is to complete the process
(ZnSe-buffer layer, ZnO-window layer, and Al-front ohmic contact) in order to achieve a
prototype solar cell with the n-type part of the p-n junction processed by low-cost, low-

temperature, non-polluting chemical and electrochemical techniques.

6.5.1 Structural properties

For the deposition of ZnSe on polycrystalline chalcopyrite, four different
chalcopyrite layers were used, among them one quaternary and three ternary layers, as
follows:

a) polycrystalline CuGaSe, chalcopyrite absorber with [Cu]/[Ga]=1.00,

b) polycrystalline CuGaSe, chalcopyrite absorber with [Cu]/[Ga]=1.13,

¢) polycrystalline CulnS, chalcopyrite absorber with [Cu]/[In]=1.10, and

d) polycrystalline Culn;<GaxSe, chalcopyrite absorber with x=0.04

The polycrystalline chalcopyrites are deposited on Mo-coated glass, which in an
integrated solar cell serves as the back ohmic contact. Furthermore, Cu-rich absorbers
have been chosen, since Cu excess is beneficial to electrical characteristics of the
resulting solar cell. Absorbers prepared without Cu excess are generally semi-insulating
which is assumed to be due to a high concentration of sulphur vacancies acting as
compensating donors [6.79].

Before deposition of ZnSe, etching of the substrates was mandatory to remove

oxides and CuSe or CuS phases from the chalcopyrite surface. It has been reported, that
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after KCN treatment of the chalcopyrite absorber surface, the efficiency of the solar cell
can be tremendously increased [6.80]. The procedure of chemical etching is described in

detail in Appendix A.

annealed ZnSe/CuGaSe,/Mo-glass
—— as-grown ZnSe/CuGaSe,/Mo-glass

—— CuGaSe,/Mo-glass
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Figure 6.57 XRD-patterns of bare polycrystalline CuGaSe; absorber (black), as-grown
ZnSe on the absorber (red), and annealed ZnSe on the absorber (blue), with
[Cu]/[Ga]=1.00

Immediately after KCN etching, the absorbers were submerged in chemical
solution for ZnSe deposition. CuGaSe, chalcopyrite with [Cu]/[Ga]=1.00 remained in the
solution for 15min. XRD-patterns of bare polycrystalline CuGaSe, absorber (black), as-
grown ZnSe on the absorber (red), and annealed ZnSe on the absorber (blue), with
[Cu]/[Ga]=1.00, are demonstrated above. As observed in Figure 6.57, as-grown ZnSe on

CuGaSe; ([Cu]/[Ga]=1.00) was formed during CBD processing and crystallized after
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annealing of the sample at 300°C for 2h. Reflection from the (101)-plane of the
hexagonal ZnSe was observed at 26=29.18° with FWHM=0.14°, which corresponds to
crystallite size of 103nm.

The thickness of the ZnSe film was measured by Scanning Electron Microscopy
on the crossection of the sample, in a later step of the process to integrate a solar cell. The

ZnSe layer is denoted with green colour in Figure 6.58.

7Zn0/ZnSe/CuGaSe,/Mo-glass

Figure 6.58 SEM-image of the cross-section of ZnO/ZnSe/CuGaSe,/Mo-glass
heterostructure. The image was captured in a later step of the solar cell process, where a
Zn0 layer has been also deposited on top of ZnSe. The ZnSe layer after 15min deposition

is indicated with green color.

The thickness of the ZnSe layer was calculated to 290+ 75nm. The thickness of
this ZnSe layer deposited on polycrystalline CuGaSe; is somewhat higher than the ZnSe
layer with deposition time 15min on epitaxial CuGaSe,. Assuming that ZnSe on
polycrystalline CuGaSe, would have a faster growth rate (due to the Mo sheet at the back
of the CuGaSe, layer) compared to the ZnSe growth rate on epitaxial CuGaSe,, the
deposition time for further processing of ZnSe layers on polycrystalline chalcopyrite
substrates were chosen accordingly.

After etching, the polycrystalline CulnS, chalcopyrite with [Cu]/[In]=1.10
remained in the solution for 7min, the polycrystalline CuGaSe, chalcopyrite with
[Cu]/[Ga]=1.13 remained in the solution for 4min, and the quaternary Culn;cGayS, with

x=4% remained in the solution for 2.5min. Reports of ZnSe on CulnS, show complete
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coverage of the chalcopyrite substrate after deposition of 2-3min [6.81]. Figure 6.59
shows, on the left: the XRD-patterns of bare polycrystalline CulnS, (black) with
[Cu]/[In]=1.10 and annealed ZnSe on the CulnS, absorber, and on the right: the XRD-
patterns of bare CuGaSe, absorber (black) with [Cu]/[Ga]=1.00, as-grown ZnSe on the
CuGaSe; absorber (red), and annealed ZnSe on the same absorber (blue). ZnSe crystallite

size is 92.9nm and 99.6nm on CulnS, and CuGaSe, chalcopyrites, respectively.

annealed ZnSe/CuGaSe,/Mo-glass
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—— Culn§,/Mo-glass —— CuGaSe,/Mo-glass
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Figure 6.59 On the left: XRD-patterns of bare polycrystalline CulnSe, absorber (black)
and annealed ZnSe on the absorber (blue) with [Cu]/[In]=1.10

On the right: XRD-patterns of bare polycrystalline CuGaSe; absorber (black), as-grown
ZnSe on the absorber (red), and annealed ZnSe on the absorber (blue) with
[Cu]/[Ga]=1.13

Film thickness measurements on the other two samples, CuGaSe, with

[Cu)/[Ga]=1.13 and Culn;xGaSe, with x=0.04, by SEM, on the crossection of the
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sample, could not been performed. Also, measurement of film thickness with an optical
method such as null-ellipsometry could not be carried out without exact modeling of the
heterostructure, because ellipsometry measures an effective film thickness including
both, the chalcopyrite and the ZnSe layers. To overcome this difficulty, the film thickness
of very thin layers (<100nm) was measured by Atomic Force Microscopy (AFM). In
particular, after scanning the surface from the chalcopyrite to the ZnSe layer, a profile

image was taken to calculate the film thickness as shown in Figure 6.60 and Figure 6.61.
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Figure 6.60 Profile Image (AFM) scanning from the CuGaSe;

to the ZnSe layer (deposition time 4m).
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Figure 6.61 Profile Image (AFM) scanning from the Culn; .Ga.Se,

to the ZnSe layer (deposition time 2.5m).

The thickness of the two layers were calculated to 105nm and 55nm for deposition

times 4 and 2.5 minutes, respectively. The results of the ZnSe film thickness on
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polycrystalline chalcopyrites along with the results of the thickness of ZnSe on epitaxial

chalcopyrites are presented in Figure 6.62.
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Figure 6.62 Film thickness of ZnSe on polycrystalline CuGaSe; after 15min deposition
time. Also, in the diagram, thickness of ZnSe on epitaxial CuGaSe;.

AFM images of the chalcopyrite and the ZnSe layer are shown in Figure 6.63. It
is obvious, that the morphology of the surface of the thinner layer (ZnSe on
Culn; xGaxS,, deposition time 2.5min) is similar to that of the underlying chalcopyrite,
whereas the thicker one (ZnSe on CuGaSe,, deposition time 4min) has a different surface

morphology than the chalcopyrite.
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Figure 6.63 AFM images of the chalcopyrite (a and b) and the ZnSe layer (c and d)

6.6 COMPARISON of EBE ZnSe on Chalcopyrite with CBD ZnSe on
Chalcopyrite

(The EBE ZnSe is a topic of a PhD-Thesis of Semiconductor Thin Film
Technology by Dipl. Chem. Ing., Dipl. Phys. G. Roupakas, -the thesis is still processing).

SEM and AFM images of ZnSe deposited on glass/Mo/CuGaSe, substrates are
shown in Figure 6.64. The SEM micrograph (Figure 6.64, left) reveals that the ZnSe film
is polycrystalline, highly homogenous, and covers uniformly the underlying chalcopyrite

absorber. Mapping of the film surface with AFM (Figure 6.64, right) indicates that
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surface roughness is limited to 80 nm; the mean surface roughness is 80 nm, which along
with the results of SEM microscopy supports the assessment of good film quality.
In Figure 6.65, the x-ray diffractogram of a ZnSe thin film deposited on a
CuGaSe,/Mo/glass substrate at 400 °C is shown. A highly intensive narrow peak at 27.23
degrees Bragg-angle is assigned to the reflection at the (111) crystallographic plane of
cubic ZnSe. It is followed by two additional, rather weak peaks at higher Bragg angles of
45.41 and 53.73 degrees assigned to the reflection at the (220) and (311) crystallographic
planes, respectively. The peak at 27.66 degrees, next to the (111)-peak of ZnSe,
originates from the chalcopyrite absorber; it is assigned to the (112) reflection of
CuGaSe;. Further reflection peaks of CuGaSe, appear as doublets at Bragg-angles of
45.75 and 46.20 degrees, the (220)- and (204)-peaks, and at 54.29 and 55.17 degrees, the
(312)- and (116)-peaks. The plane spacing d calculated from the (111)- reflection peak
according to Eq.(5.1), with 0 =27.23 degrees, and A=1.5406 A, is d=3.273 A. The
corresponding lattice constant for a material of cubic symmetry defined upon reflection
on a (hkl)-plane [6.82] is given by Eq(6.16):

diz = hzﬁLj# (6.16)

The calculated value is 0=5.669 A and it is almost equal to the value of bulk ZnSe
a(ZnSe) =5.6687 A referred in the literature [6.83]. However, for a thin polycrystalline
film deposited on a polycrystalline substrate, this value is influenced by grain sizes and
stress, two effects that may be of competitive nature and cancel each other. The lattice
constant of bulk CuGaSe, is o(CuGaSe,) =5.614 A. The lattice mismatch between ZnSe

and CuGaSe; is 0.96%; the ZnSe layer is compressively strained.
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Figure 6.64 SEM (left) and AFM (right) images of ZnSe on CuGaSe;

ZnSe on CuGaSe, chalcopyrite substrate
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Figure 6.65 X-ray diffractogram of EBE ZnSe on CuGaSe,

The energy band gap of the deposited films has been measured directly by room
temperature photoreflectance (PR) spectroscopy. A representative PR-spectrum of the
deposited ZnSe films is shown in Figure 6.66. The spectrum was fitted with TDFF.
According to the fitting results, a mean value of the (fundamental) energy band gap of
Eq,=2.69 eV has been determined. Apart from this, the application of the otherwise only

at low temperatures useful PR spectroscopy already at room temperature supports the
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results of XRD, SEM, AFM, and Raman studies underlining the very good crystal quality

of the deposited films.
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Figure 6.66 PR spectrum of EBE ZnSe on CuGaSe;

6.7 PLD AlIn:Zn0/i-ZnO on  ZnSe/Polycrystalline-Chalcopyrite

Absorbers

Having deposited ZnSe on polycrystalline chalcopyrites, ZnO should be grown on
top of ZnSe, and an Al contact should also be deposited on ZnO to obtain an integrated
solar cell. The ZnO layers and the Al ohmic contact were grown by Pulsed Laser
Deposition (PLD), with conditions established to be ideal elsewhere [6.84], as described
in §4.7.
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ZnO layer has in Thin Film Solar Cells a double role; it is the window layer
transmitting the incident light generating photocarriers in the absorber and it is also a

contact layer enabling collection of the charge.

Al — collector

I um In:ZnO — front ohmic contact & window layer
50 nm 1-Zn0
>50 nm ZnSe — buffer layer
1—-2um Chalcopyrite — absorber
04—1pm [N Mo - back ohmic contact
2 mm (ilass — substrate

Figure 6.67 Schematic design of a chalcopyrite thin film solar cell

As shown in Figure 6.67, before the deposition of a doped ZnO layer (n-ZnO), the
deposition of a thin layer of intrinsic ZnO (i-ZnO) is required. This i-ZnO layer increases
the open circuit voltage and is a standard step in the solar cell growth procedure.

In the XRD patterns (Figure 6.68 and Figure 6.69) of two solar cells, reflections
from the Mo back ohmic contact and from the (112), (220), (204), (312), and (116)
planes of the CuGaSe, and CulnGaSe, chalcopyrite, respectively, are present. Also, the
(101) plane reflection of ZnSe and the (002) plane reflection of the ZnO are apparent in
both patterns. The ZnSe layer on CuGaSe, was deposited for 15min, whereas, the ZnSe

layer on CulnGaSe, was deposited for only 4min.
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7Zn0/ZnSe/CuGaSe,/Mo-glass

Figure 6.70 SEM-image on the crossection of ZnSe/CuGaSe,/Mo-glass sample after 15min

deposition

In the Scanning Electron Microscopy image (Figure 6.70) of the crossection of the
sample, all the different layers are apparent: the glass substrate, the Mo coating, the
CuGaSe; absorber, the ZnSe buffer layer, and the ZnO window layer. The thickness of
all different layers was be estimated from the image as follows: Mo 100£25nm,
CuGaSe, 750+ 75nm, ZnSe 290+ 75nm, i-ZnO and In:ZnO 1170+ 75 nm.

In Figure 6.71, a real photograph of the solar cell with Cu(In,Ga)Se, chalcopyrite
absorber is shown. SEM images of the surface of the different layers are demonstrated in
Figure 6.72, Figure 6.73, and Figure 6.74. The surface morphology of the ZnSe layer on
polycrystalline chalcopyrite is totally different from the morphology of ZnSe on glass
substrates and epitaxial chalcopyrites. It is concluded, that the nature of the substrate
greatly affects the morphology of the deposited layer [6.85]. In particular, the ZnSe layer
on polycrystalline Cu(In,Ga)Se, chalcopyrite is homogeneous and highly compact.
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Figure 6.71 Photograph of the In:ZnO/i-ZnO/ZnSe/Cu(In,Ga)Se/Mo/glass solar cell
(down) and schematic drawing of the sub-layers of the heterostructure used for cell

development (up).
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Figure 6.72 SEM images with x2000 and x4000 magnifications of the surface of ZnSe-
layer on Cu(In,Ga)Se,/Mo/glass
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Figure 6.73 SEM images with x2000, x4000, and x8000 magnifications of the surface of
In:Zn0O layer on i-ZnO/ZnSe/CulnGaSe/Mo/glass
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Figure 6.74 SEM image of the interface of In:ZnO and the Au/Al collector (up).
Image from the compositional mode of SEM (down)
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The In:ZnO layer has large grains densely packed. EDS measurements of the
doped ZnO layer showed 3% In content. While scanning the surface of the solar cell and
moving from the In:ZnO to the Au/Al collector, no difference in surface morphology is
observed (upper part of Figure 6.74). However, using the COMPO mode of the Scanning
Electron Microscope, which is used to color areas of the sample with different
composition, the two regions have been clearly detected, as seen in the lower part of
Figure 6.74. The bottom left region consists of the elements In, Zn and O, which
constitute the In-doped ZnO layer, whereas the top right region consists of the elements
Au and Al, which constitute the Au/Al carrier collector. Au is deposited on top of Al to

prevent oxidation of the Al, as previously mentioned.
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Figure 6.75 AFM images of the surface of a) the CuGaSe, chalcopyrite absorber, b) the
ZnSe buffer layer, and c) the ZnO window layer
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The surface morphology can also be investigated with Atomic Force Microscopy.
The roughness of each layer (chalcopyrite/ZnSe/ZnO) is calculated from the AFM
images shown in Figure 6.75. The surface roughness of the chalcopyrite CuGaSe,
absorber is 91.1nm, the ZnSe buffer layer is 118nm, and the ZnO window layer is
152nm. Increased roughness of the top ZnO layer (actually, controlled modification of
the cell surface for light capture) is desired to prevent reflection and boost absorption of

the incident sunlight.

6.8 ECD ZnO grown on ZnSe/Polycrystalline-Chalcopyrite Absorbers

ZnO was electrochemically deposited, initially on Mo-coated glass, and then on
ZnSe buffer on CIGS polycrystalline chalcopyrite on Mo coated glass substrate. The
deposition time was chosen lhour. XRD peaks of the ZnO on Mo-coated glass appeared
only after 2h annealing at 250°C with three different orientations (100), (002), and (101)
of the hexagonal system. Contrary to that, ZnO deposited electrochemically on
ZnSe/Cu(In,Ga)Se,/Mo-glass has a single orientation along the (101) crystallographic

plane in coherency with the orientation of the ZnSe.
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Figure 6.76 Left: XRD pattern of ZnO on Mo-glass (black) and ZnO on
ZnSe/Cu(In,Ga)Se,/Mo-glass (red);
Right: Photograph of the i-ZnO/ /ZnSe/Cu(In,Ga)Se,/Mo-glass solar cell
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6.9 ECD ZnO Nanorods on glass Substrates

Alternatively to PLD ZnO, ZnO nanorods have recently been employed as front
ohmic contact and window layer in thin film solar cells. ZnO nanostructures have gained
ground in their use as antireflecting coatings in solar cell device applications, because of
their high transparency in the solar energy range. Besides large exciton binding energy of
60meV [6.86], ZnO single crystal nanorods (NRs) have less deep defects than their
respective thin-film structures. They can be grown with high crystal quality by low-cost
techniques, for example electrodeposition [6.87], and exhibit excellent crystalline

properties without the need of further annealing.

An AntiReflecting Coating (ARC) is an essential part of a solar cell and is
employed to reduce reflection. Thickness and refractive index are key issues of an ARC.
Most solar cells are provided with a conventional ARC made by a quarter wavelength
thickness dielectric layer, e.g., MgF2, SiN, TiO2, or ZnS. It reduces the reflectivity in a
certain wavelength range via destructive interference of waves reflected from the top and
the bottom of the ARC [6.88]. The wavelength sensitivity can be reduced by the use of a
gradient refractive index layer [6.89], multiple layers [6.90], or trapping the incident light
by structuring the surface of a solar cell using the moth-eye effect. Inspired by nature,
researchers have developed an alternative to thin film ARCs via subwavelength-
structured arrays (Figure 6.77). The surfaces of cornea of some night-flying moths are
covered with arrays of subwavelength structures which confer an antireflective effect
[6.91], known as the Moth-Eye effect. Incident light cannot resolve the individual
features on the surface and so the patterns exhibit an effective refractive index dependent
on the ratio of the corneal material to air. The shape of the features causes this ratio to
gradually increase from air into the cornea, leading to a gradual increase in effective
refractive index. This eliminates the discontinuity in refractive index at the interface and
so minimizes reflection. Studies show that these surfaces exhibit low reflectivity over
broad ranges of wavelength and angle of incidence [6.92] and so can be more effective

than thin film ARCs in reducing reflection.
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Figure 6.77 ARCs with subwavelength-structured arrays

When vertically deposited on an absorber, ZnO nanorods lead to continuously varying
refractive index profiles resulting in broadband suppression of reflection via a
subwavelength structure resembling the Moth-Eye effect [6.93]. Vertically deposited
ZnO nanorods are, therefore, a promising antireflective coating for both substrate and
superstrate solar cell configurations.

In this work, the optical properties of ZnO nanorods prepared by electrochemical

deposition using three different solutions as described in 4.8.

6.9.1 Low Dimensional Systems

In treating low-dimensional systems, three categories are usually considered: the
so-called two-dimensional (2D) systems which include thin films, layer structures,
quantum wells and superlattices, the one-dimensional (1D) systems such as
semiconductor wires and rods, and zero-dimensional (0D) systems such as clusters,
quantum dots and colloids.

In the regime of strong confinement, the electrons and holes can be thought as
confined independent particles. Excitons are not formed and separate size quantization of
the electron and hole is the dominant factor. The optical spectra should then consist of a
series of lines due to transitions between subbands. The shift in energy as a function of

nanostructure size is given by Eq. (6.17) [6.94], [6.95]:
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AE = 5
2uD

(6.17)

where 7 1s Plank’s constant, D the characteristic dimension of the nanostructure, and yu is

the reduced effective mass given by:

i_t,1 (6.18)

*

*
/Ll me mh

m. and m, are the effective electron and hole mass, respectively.

6.9.2 Structural Properties

The results of the structural analysis by XRD, SEM, and AFM imply very good
crystal quality of the grown samples, which is also correlated and further discussed with

their optical properties in section 6.9.3 Optical Properties.

6.9.2.1 X-Ray Diffraction (XRD)
Figure 6.78 shows the XRD Diffractogram of ZnO NRs typical of the grown

samples. The most intense reflection-peaks originate from the (002) plane of the wurzite
structure, less intense peaks appear from the (101), (102), and (103) planes. Peaks
originating from the glass substrate are assigned to SnO,. The reflections from the (002)
plane are strong and narrow. It is concluded, that high quality hexagonal single crystal

ZnO NRs are formed as demonstrated in the SEM image inserted in Figure 6.78.
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Figure 6.78 XRD pattern of as-grown ZnO NRs electrodeposited at 75 °C on a ZnO
coated FTO glass in solution of a) Zn(NO3),, sample 0719-1, b) Zn(NO3), and HNOj3,
sample 0719-2, and c) Zn(NO3), and NH,/NO3, sample 0719-3. Indices of the respective
Bragg-reflections are specified above the peaks. A SEM image, in the inset, shows an

enlarged single-crystal ZnO-nanorod.

6.9.2.2 Scanning Electron Microscopy (SEM)

SEM images confirm the presence of high-quality hexagonal ZnO nanorods with

a high aspect ratio (length/in-plane dimension).

- |
A%\
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Figure 6.79 SEM images of as-grown ZnO NRs (in the inset, an enlarged image of a

nanorod)

6.9.2.3 Atomic Force Microscopy (AFM)

Figure 6.80 a), b), and c) show the AFM images of the ZnO nanorod surface for
the three different kinds of samples. The colour pallet, in all three images, is in the same
scale 0-400nm. The surface roughness (Root Mean Square, RMS) ranges from 31 to 46
nm. Sample 0719-2 with the greatest density of summits (2.60 per pm?), as indicated
inTable 6.8, is also the one with the highest roughness. The nanorods of sample 0719-3
appear broader than those in the other two samples, probably because the NH4NO3

solution has an impact on both, vertical and lateral growth rates [6.96].
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Figure 6.80 AFM images of the ZnO-nanorod samples studied a) 0719-1 b) 0719-2, and c)
0719-3

Table 6.8 Results from the AFM analysis of ZnO-nanorod samples: 0719-1, 0719-2, and
0719-3.
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6.9.3 Optical Properties

6.9.3.1 Transmittance

The transmittance and reflectance spectra of the ZnO NRs were measured in the
range 0.5-5.0 eV (250-2500 nm), as shown in Figure 6.81. The three kinds of the grown
samples become transparent in the energy region 0.5-3.4 eV, which is ideal for solar cell
device applications. The transmittance, in the critical visible- and ultra-violet-range, is
over 70%. The reflectance, in the same spectral range, is only 5%. Sample 0719-3
exhibits a higher reflectance than the other two samples, which can be attributed to its

smaller surface roughness of only 21.6 nm.
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Figure 6.81 Transmittance and Reflectance spectra of samples 0719-1, 0719-2, and
0719-3

Analysis of the dependence of absorption coefficient on photon energy was

carried out in order to determine the energy band-gap. The optical gap of the samples was
obtained from Eq.(6.19) [6.97]:

(ahv)=B(hv-E,)" (6.19)
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where E, is the optical band-gap, B is an energy-independent constant between 10" and
10* m”', and m is an index that characterizes the optical absorption process and is
theoretically equal to 2 and 0.5 for indirect and direct allowed transitions, respectively.

The absorption coefficient a is calculated from the transmittance spectra with Eq.
(6.20), [6.98] :

1
a=— —InT 6.20
7 (6.20)

where d is the sample thickness and T is the normalized transmittance.

In ZnO NRs, the direct transitions are optical transitions that occur in crystalline
semiconductors. It is well known, that direct transitions across the band gap are feasible
between the valence and the conduction band edges in k space. In this transition process,
the total energy and momentum of the electron—photon system must be conserved.

Figure 6.82 shows the plot of (ahv)” vs. photon energy (tauc-plot). The values of
the direct optical band-gap E, of the ZnO NRs were obtained from the intercept of (ohv)?
vs. hv curves plotted. E, values and B constants are given in Table 6.9. As can be seen,
the energy band gaps vary from 3.32 eV (sample 0719-1) to 3.75 eV (sample 0719-3).
The widening of the optical gap is tentatively attributed to the different growth

conditions, e.g. the different chemical solutions of the electrodeposited ZnO NRs.

Table 6.9 Optical gap E, and constant B of ZnO NRs calculated from the plot of (ahv)’

versus (hv)

B-10' (m")  Eg(eV)

0719-1 9.45 3.32
0719-2 10.87 3.34
0719-3 8.45 3.75
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Figure 6.82 Plot of (ahv)’ versus photon energy (hv) of the ZnO nanorods

6.9.3.2 Photoreflectance Spectroscopy

Photoreflectance (PR) spectra have been measured at room temperature (RT) for
the three different kinds of samples. The PR-spectra were fitted with two different Third
Derivative Functional Forms (TDFFs), one with lower and one with higher energy,
corresponding to the E, and the E,, transition energies of the wurzite type ZnO-nanorods,
respectively.

In addition, spatially resolved PR spectra have been measured at three different
spots of each sample. The three different spots were selected vertically with their distance

from the solution surface being 0.25, 0.75, and 1.25 cm, as shown in Figure 6.83.
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Figure 6.83 Beam spots on the samples in Photoreflectance

measurements
On each sample spot, a pair of transitions originating from the ZnO NRs was observed at
lower and higher energies (Table 6.10) and was assigned to the excitonic transition
energies Egg(ex) and Ega(ex), respectively. In a PR experimental configuration with non-
polarized light beam at an angle of incidence 45°, the contribution of the electric field
component parallel to the c-axis of the sample, which in this case coincides with the
vertically grown ZnO-nanorods, is not significant. In accordance with that, transition
energy Eoc, mostly excited with parallel polarized light, has not been observed.

The ground state exciton energy is enhanced compared to the free exciton energy
of 3.30 eV in the bulk. Potential reasons for this enhancement are the 1D-confinement,
[6.99] the grain size, the aspect-ratio, and the strain/stress distribution during deposition.

Apart from this, the energy band gap of sample 0719-1 increases with increasing
the distance from the surface of the solution during deposition (Figure 6.84). The two
energy peaks appear almost unresolved in the spectrum recorded at the upper part of the
sample, close to the top of the chemical bath, and clearly resolved while approaching the
lower part of the sample, at the bottom of the bath. The spectra, at y=0.25 and 0.75cm
from the top, consist of two excitonic gap-energies: (y=0.25cm, Eop(ex)=3.306eV and
Eoa(ex)=3.320eV), (y=0.75cm Egg(ex)=3.392eV and Eoa(ex)=3.400eV), respectively.
The spectrum at y=1.25cm is more complicated. Two different pairs of excitonic gap-
energies were fitted using four TDFFs (y=1.25cm, E'og(ex)=3.437¢V,
E'oa(ex)=3.441eV, E?ip(ex)=3.455e¢V, E%a(ex)=3.466e¢V) indicative of possible
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inhomogenities in size and/or shape of the deposited nanorods at the respective sample

spot where the incident light beam has been focused.
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Figure 6.84 PR Spectra in dependence of the distance from the solution surface (left), and diagram of
the fitted band gap energies (vight) for sample 0719-1

The in-plane dimension of the ZnO-nanorods can be calculated from the energy
up-shift of the gap of the nanorods EZ"*™ (as experimentally measured) with respect to
the gap of the bulk E™**"°(as known from the literature [6.100]) using Eqgs. (6.17) and
(6.18). The energy up-shift is defined as [6.95]:

AE = fnO-NRs _ phulk-ZnO (6.21)
The effective electron and hole masses of bulk ZnO used in the calculation are:

m. =0.24m, and m, =0.59 m_, respectively [6.101]. The in-plane dimension is in the

range of 3.71 — 19.17nm. This corresponds to the dimension of the upper segment of the
NRs, as viewed by SEM, which means that the reflected light stems from the upper most
part of the sample. This is expected, since light propagating in the direction top-to-bottom
is trapped due to the nanostructure. This can be also a reason for the absence of i-ZnO
bands in the spectra; another one could be the very small thickness (40 nm) of the 1-ZnO
layer. The transition energies Eoa and Eop show a strong dependence on the in-plane
dimension of the NRs, as expected. In particular, the energy gap of sample 0719-1, grown
in Zn(NO3), solution, is widened as the in-plane dimension of the NRs decreases (Figure

6.85). The PR spectrum, at a distance of y=1.25cm from the top, may be interpreted as
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originating from the superposition of the PR spectra of nanorods with in-plane dimension

of D=3.71 and 4.23nm.
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Figure 6.85 Dependence of Ey4 and Eop gap energies on the in-plane dimension D of the
ZnO NRs of sample 0719-1

A similar dependence of the PR spectra was observed on sample 0719-2. The
spectra at y=0.75 and 1.25cm distance from the solution surface consist of two excitonic
gap-energies: (y=0.75, Eos(ex)=3.373eV and Eoa(ex)=3.444eV) and (y=1.25,
Eos(ex)=3.338¢V and Ega(ex)=3.342eV). The spectrum at y=0.25cm consists of four
excitonic gap-energies: (y=0.25, E'os(ex)=3.463¢V, E'oa(ex)=3.482¢V,
E?os(ex)=3.472¢eV, E*A(ex)=3.483¢V) attributed to inhomogenities in size and/or shape
of the deposited nanorods similar to the case of sample 0719-1. In case of sample 0719-2,
however, opposite to the case of sample 0719-1, the exciton transition energies decrease

while increasing the distance from the solution surface (Figure 6.86).
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Figure 6.86 PR spectra in dependence of the distance from the solution surface (left), and diagram

of the fitted band gap energies (right) for sample 0719-2

Similar to the previous case, the in-plane dimension of the NRs has been

calculated in the range 3.46 — 8.87nm. The PR spectrum, at a distance of y=0.25c¢m from

the top, is a superimposition of the PR-spectra of ZnO NRs with D=3.46 and 3.61nm.
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Figure 6.87 Dependence of Ey4 and E g gap energies on the in-plane dimension D of the
ZnO NRs of sample 0719-2
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In both, 0719-1 and 0719-2 samples, a significant dependence of the energy gap
on the distance from the solution surface has been observed. Since this energy
dependence is different in the two samples studied, it is tentatively associated with a
concentration gradient in the solution, during deposition, rather than a temperature
gradient. A temperature gradient is expected to have the same influence on both samples.
On the contrary, a concentration gradient in solutions with different precursors, e.g.
(Zn(NO3), for deposition of sample 0719-1 and Zn(NO3),+HNOj3) for deposition of
sample 0719-2, may lead to different growth modes and is, therefore, a more plausible

explanation.
Table 6.10 Band-gap energies calculated from a) the transmittance spectra and
b) the photoreflectance spatially resolved spectra

of samples 0719-1, 0719-2, and 0719-3.

Based on the measured energy shifts, the strengths of interband transitions can be
calculated from Eq.(2.18) via Egs.(2.16) and (2.17). Using the transition energies listed in
Table 6.10, and the value of Aso=-19meV referred in the literature [6.100], the transition

strengths, in each sample, have been calculated and are given in Table 6.11.
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Table 6.11 Transition Strengths at Ey4, Eop, and Egc gaps

|

0719-2

Photoreflectance measurements could not be performed on sample 0719-3. As
indicated by the transmittance measurements, the band gap energy (E,=3.75¢eV) is higher
than the laser energy of 3.67 eV (337.5nm) used for excitation. According to the above
mentioned observations, the addition of NH4NO3 in the solution has an impact, not only
on the growth rate, but on the size of the ZnO nanorods as well. The in-plane dimension
of the NRs is reduced leading to an up-shift of the energy gap with the consequence that
the photoreflectance, excited only by pumping with equal or above band-gap light, cannot
be recorded in case of sample 0719-3.

By comparison of the gap energies calculated from the Transmittance spectra
(indirect method) and the gap energies obtained by fitting the PR spectra (direct method),
it is apparent, that PR spectroscopy is a high resolution method due to its derivative-like
nature. Besides, by using PR, it has been easy to identify the spatial dependence of gap
energies originated by spatially different conditions of growth, since, in PR experiments,
the light beam diameter on the sample is 1-2mm. On the contrary, in Transmittance
experiments, only an approximate value of gap energy can be calculated from the slope
of the absorption edge and that averaged over a larger sample area because of the
significantly larger beam diameter of 8-10 mm.

From the energy shift AE (Eq.(6.21)), the carrier concentration can also be

calculated. The total number of carriers is given by [6.102]:
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where p is the reduced effective mass and h is the Plank’s constant. A mean carrier

concentration, calculated for both samples with Eq.(6.22), was found to be:
~2.28-10190m'3, for sample 0719-1, and ~2.52-10190m'3, for 0719-2. This slight

increase in the carrier concentration of sample 0719-2 may result from the n-type doping
of the samples with nitrogen [6.87]. Since the solution used for the growth of sample
0719-2 contains both, Zn(NO3), and HNOj3, there might be a slight increase in carrier
population supplied by nitrogen doping.

6.9.4 Electrical Properties

Figure 6.88 shows the EQE of a CIGS solar cell without ARC and with Al-doped
ZnO nanorod arrays (Zn(NO3), / HNO; bath), respectively. This coating leads to a
decrease of the weighted global reflectance of the solar cells from 8.6 to 3.5%. The
bumps in quantum efficiency, which are related to the interference fringes printed in the
figure, were improved by the use of Al-doped ZNAs which leads to a 5.8% increase in
short circuit current without significant effect on their open-circuit voltage and fill factor
(FF), which is comparable to that of a conventional solar cell with an optimized single
layer MgF, antireflective coating.. The performance improvement in CIGS solar cell by
the use of Al-doped V-ZNAs ARC is comparable to the CIGS solar cell provided with an
undoped V-ZNAs ARCs [6.103]. Since the spectral reflectance in the range of 350-1150
nm is similar for the two different V-ZNAs on CIGS solar cells, their performances for
enhancing the EQE by quashing the surface reflection via a subwavelength structure are

commensurate.
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Figure 6.88 External quantum efficiency of a CIGS solar cell without (dot line) and with

(solid line) Al-doped ZnO NRs.

6.10 Chalcopyrite based Thin Film Solar Cells

6.10.1 I-V Characteristics of Solar Cells

6.10.1.1 with PVD ZnSe/CuGaSe,/Mo/glass

On the ZnSe/CuGaSe,/Mo/glass heterostructure, a ZnO (window layer) and an Al
grid (front ohmic contact) were deposited to complete a prime CGS-solar cell. The I-V
characteristic of the heterostructure is shown in Figure 6.89.

The measured current density as a function of the applied voltage (forward bias)
is very slim. This fact is attributed to the relatively thick (=80 nm) ZnSe buffer layer. As
already mentioned, the buffer layer thickness is of great importance for the current
transport, and, for solar cells with CdS buffer layer, it is chosen to be 30 to 50nm.

On the other hand, without a buffer layer, the band alignment (§ 3.1) is not

possible and the solar cell cannot operate.
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Figure 6.89 I-V characteristic of a CGS-solar cell with PVD ZnSe buffer layer

6.10.1.2 with CBD ZnSe/CuGaSe,/Mo/glass

Thin film solar cells with ZnSe buffer layer grown on polycrystalline substrates,
as described in §6.5 have been electrically characterized using a sun simulator (§5.3) at
the Center of Renewable Energy Sources and Saving (CRES). To record the
characteristic I-V curve, the set-up used in the measurement of commercial solar cells
was used.

After several attempts aiming to improve the design of the solar cell and
especially to minimize the thickness of the buffer layer, a characteristic I-V in the dark
was successfully recorded on two of the solar cells:

a) on the Au/Al/In:Zn0O/i-ZnO/ZnSe/CuGaSe,/Mo/glass solar cell, and
b) on the Au/Al/In:Zn0O/i-ZnO/ZnSe/Cu(In,Ga)Se,/Mo/glass solar cell
In both cases, the ZnSe buffer layer was grown by Chemical Bath Deposition on

polycrystalline chalcopyrites, CuGaSe, and Cu(In,Ga)Se;, for 4 min.

236



Solar Cell:
AU/Al/In:Zn0O/i-ZnO/ZnSe/CuGaSe,/Mo/glass

0.003 -In Dark & -

0.002 -

0.001 -

I (A)

-0.001

-0.002

-0.003 -

-0.004

04 03 02 -1 00 01 02 03 04
V (V)

Figure 6.90 I-V Characteristic of Au/Al/In:ZnO/i-ZnO/ZnSe/CuGaSe ;/Mo/glass with
ZnSe grown for 4min by Chemical Bath Deposition
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Figure 6.91 I-V Characteristic of Au/Al/In:ZnO/i-ZnO/ZnSe/Cu(In,Ga)Se ,/Mo/glass with
ZnSe grown for 4min by Chemical Bath Deposition
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The dark current of forward biased solar cell can be expressed by Eq.:

q(V-R,I) q(V-RI)

ol =1 V-RI

I=1e " +1,e 7 + S
R
p

(6.23)

where Iy, and Iy, stand for recombination and diffusion saturation currents, Rg is the
series resistance, R, is the shunt resistance. The series resistance of large-area solar cells
is small and can be negligible.

Eq.(6.23) can be simulated by the circuit depicted in Figure 6.92. V and I are the
external voltage and currents which are measured, V; and I; being the junction voltage-

and junction current-drop, respectively.
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Figure 6.92 Equivalent circuit for solar cell

From Eq.(6.23) the four principal mechanisms which determine the I-V
characteristics of a solar cell can be identified.

e The series resistance Ry limits the current I for a particular voltage V or
alternatively adds an extra voltage, proportional to the current I, to the junction
voltage drop. The Ry effect becomes more important as the current increases.

e The shunt resistance R, adds an extra path for the current. The shunt current is

added to the junction current. This current increases linearly with the voltage,
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while the junction current increases exponentially. Consequently, the shunt
current should be considered only for low voltage values.
e The recombination current Ir and diffusion current Ip are the intrinsic

mechanisms in the junction.

To overcome process incompatibility between the growth methods of the layers,
electrodeposition was applied to grow the ZnO window layer. A thin layer of i-ZnO was
deposited on a ZnSe/Cu(In,Ga)Se,/Mo-glass heterostructure. On top, three points Pt
serving as collectors were deposited. I-V characteristics were successfully recorded in
dark (Figure 6.93) and under illumination (Figure 6.94) with low intensity radiation in the
order of 100 W/m® under STM (Standard Test Measurement) conditions of AM 1.5. The
fillfactor of the cell of ca. lcm” active area is:

LV,  1x107°4x05V

= - =52.5%
IV, 14x107°4x0.68V

ff=

which yields efficiency of:

This is an absolutely satisfactory value for cells with n-type buffer- and window-
layer processed by low cost chemical and electrochemical techniques.
Operation of the cell under high illumination intensity requires adequate dimensioning of
the ZnO layer thickness, which will be aquired at a next step of the Low Cost — Best
Efficiency CIS/CIGS Thin Film Solar Cell Technology Development.
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Figure 6.93 I-V Characteristic in dark of Pt/i-ZnO/ZnSe/Cu(In,Ga)Se,/Mo/glass with
ZnSe grown for 2.5min by Chemical Bath Deposition and ZnO grown for 1h by

Electrochemical Deposition.
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Figure 6.94 I-V Characteristic illumination of Pt/i-ZnO/ZnSe/Cu(In,Ga)Se,/Mo/glass
with ZnSe grown for 2.5min by Chemical Bath Deposition and ZnO grown for 1h by

Electrochemical Deposition.

It should be noted, that in the series of measurements of the I-V characteristics,
several difficulties have been encountered in the use of the sun simulator set-up. The
most crucial one was the contact for the front solar cell collector. To contact the front
collector, the standard set-up uses 3-point crown spring probes like the one shown in
Figure 6.95. Unfortunately, that kind of probes is not suitable for the prototype thin films
solar cells under development and result very often in scratching the solar cell. Scratching

results in a short-cut of front and back contact and the cell is irreparably damaged.
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To overcome this problem, a more suitable device needed to be constructed. The
self-constructed device uses for the front collector, a rounded two-part spring probe.
Controlled by two springs, it smoothly touches the surface of the front collector and can

be adapted to cells with different collector design.

\

J

Figure 6.95 3-point crown spring probes used for the electrical

connection of commercial solar cells

Figure 6.96 Self-constructed device with rounded spring probe used for recording the I-V

characteristics
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6.10.2 Electroreflectance(ER)of Al/Zn0O/CdS/Culn;,Ga.Se,/Mo/glass Solar
Cell

ElectroReflectance (ER) measurements are used to characterize solar cells. This
method is a good tool to measure optical properties like band gap energy of absorber,
buffer, and window layers, possible secondary phases in the vicinity of the
heterojunction, and defects in the semiconductors.

Thin film ElectroAbsorption (EA) which is the relative change of the transmission
AT/T occurs as a parallel process to ER as the modulated transmitted light is reflected at
the back surface of the sample. Its origin gives rise to a peak of up to 50 meV below the
ER signal of the band gap depending on the sample thickness. This EA signal, many
times, makes an exact analysis of ER spectra impossible because of the overlap of the
two structures. The line shape of interband EA signals can be calculated for a well-known
single crystal semiconductor like GaAs prepared with planar surfaces and with known
field distribution in the space-charge region [6.104], but not for the presented
ZnO/CdS/Cu(In,Ga)S,/Mo/glass thin film solar cell with rough surfaces. ER can only be
discriminated from EA by variation of the angle of incidence [6.105]. The EA signal
disappears for high angles of incidence relative to the plane normal due to the exponential
dependence of the absorption on optical path length. Another effect is, that, by varying
the angle of incidence, the ER signal changes in symmetry, which is caused by
interference effects at the ZnO and CdS window layers of the solar cell [6.106]

Acceptor to donor transitions also appear as an EA peak below the band gap
energy since the photocurrent and, therefore, the population of the acceptor states is
modulated by V,. (ac-voltage applied to the solar cell). This model is introduced by
Glembocki et al. [6.107]. The result is an absorption change below the band gap energy

corresponding to the energetic levels of donors and acceptors.

In the present work, the optical and structural properties of a Thin Film Solar Cell
are being investigated. The design of the solar cell is shown in Figure 6.97. The ER
measurements were performed in a temperature range from 10 — 300K, using a closed-

cycle He-cryostat. The experimental set-up of the ER is detailed described in §5.2.2.5.
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Figure 6.97 Schematic drawing of a Chalcopyrite Thin Film Solar Cell design

The ER spectra recorded at each temperature show sharp intense peaks
corresponding to the transition energies of the absorber (Culn; GayS,), the buffer layer
(CdS), and the front ohmic contact-window layer (ZnO), as shown in Figure 6.98
(T=300K) and Figure 6.99 (T=10K).
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Figure 6.98 ElectroReflectance (ER) spectrum of a ZnO/CdS/Culn ;. Ga,S, at Room

Temperature
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Figure 6.99 ElectroReflectance (ER) spectrum of a ZnO/CdS/Culn;..Ga,S, at Low
Temperature (T=10K)

6.10.2.1 The Culn;..Ga.S> absorber

The scope of the present paragraph is to determine the band-gap energies, and
thus the spectral range for optical absorption of Culn;xGasS, (CIGS) polycrystalline
films and CIGS-based solar cells and to analyse the effects of the substitution of In by Ga
for composition (x=[Ga]/([In]+[Ga] = 0.04) of the absorber film.

The chalcopyrite band diagram is described in detail in §2.1.3.1. The energy band
gap of the quaternary Culn;xGaxS, is expected to lie within the band gap of the ternary
end members, CulnS, and CuGaS,. On CulnS,, at 300 K, three split valence bands have
never been observed. In particular, only one polarization independent spectrum was
observed at 300 K, while, at low temperatures, the band-gap of CulnS, was found to be a
polarization-independent doublet split by 19meV [6.50], [6.108]. In the case of the other

ternary end member, CuGaS,, there is strong polarization dependence with the E,
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transition predominant for light polarization parallel to the optical axis and the Ej
transition polarized perpendicular to the optical axis [6.108]. The polarization
dependence is indicative of a crystal field splitting, which, for CuGaS,, has been
calculated to be 120meV (300 K) from the evaluation of the corresponding ER spectra
[6.42]. According to the above, with the Ga addition to the ternary CulnS,, the
quaternary Culn;4GaxS; at 300 K is expected to give ER spectra indicative of a gradual
increase of the crystal field splitting from 0 (for CulnS,) to 120meV (for CuGaS,).

ER spectra in the energy region of the Culn;GaxS, absorber consist of: (a) a
peak below the energy band gap, either originating from the EA or a DA transition, and
(b) two peaks with third derivative line shapes attributed to the E, and Ej transition
energies of the quaternary compound. The energy separation between those two
transitions is 50meV at RT and 65meV at 10K. The energy separation may be
additionally increased in the presence of elastic strain. The energy gaps of Culn; GaxS,
films known from the literature [6.50] range from 1.53 to 2.40 eV, which are the band
gap energies of the ternary CulnS, and CuGaS,, respectively. The E, and E, band gap

energies in dependence of temperature are shown in Figure 6.100.

Solar Cell
/ZnOICdS/Culn,_Ga S,/\olglass, x=4%

I I I Y I ¥ 1 I

1.60 |- -
158 F 50888 i
L L s s “‘_O"_““-é:___qq__ 3 : .
1.56 - ! HH;':“_'&H;:_ =
154 |- "q‘*‘*a»é__\__\& il
S ol b ]
© 152 | S5 5 5 W ¥ -
> i L LL T Hhﬁ.h_,_- T 1
el S e, T -
P Ml . o |
146 | ----- Varshni i
jig [ S Eansteln_ ‘ Jl
Bose-Einstein |
142 |~ Thermodynamic -
1.40 [ | P: aSSller 1 i | i 1 i | l

0 50 100 150 200 250 300

Temperature (K)
Figure 6.100 E, and E;, band gap energies in dependence of temperature of Culn .
+Ga,S> quaternary polycrystalline absorber
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The results of the bandgap dependence on temperature are discussed in the frame
of the five models used for the fitting. The effective phonon temperature (Z: obtained by
Einstein model (Eq.(2.20)), ®Op: obtained by Bose-Einstein model (Eq.(2.21)), ©:
obtained by the Pissler model (Eq.(2.23))), is calculated to be 248K. Varshni parameters
a and b are very close to those (a=4.3 10™ eV/K, and b=231.54K) published elsewhere
[6.109] for CulnS,.

The electron-phonon coupling parameter S, obtained by Eq.(2.22), ranges from

dE
1.131 to 1.257. Further, from Eq.(6.3) the ratio —{ P 7“:} can be calculated and

compared to the parameters K/=Z and 0, for the magnitude of the limiting slope and

@25 =0®=0, for the effective phonon temperature. Comparing the parameter
B
values listed in Table 6.12, it is concluded that within deviations of max. 3%, the
theoretical relations are fulfilled.
The calculated value of -(dE,/dT)max is also listed in Table 6.12 and is close to the
parameter & obtained by the Pissler model. Assuming that mobility p is determined by
lattice scattering, its value can be expressed by Eq.(6.4).

The hole mobility was calculated at Room Temperature (T=300K). In the
calculation the effective hole mass of the ternary CulnS; m, =1.3-m, [6.110] was used.
The hole mobility was calculated in the range from 37.96 to 43.79 cm?/Vs.

At room temperature, six optical phonon modes in Culn;GayS,, with x=0.04,
have been reported [6.111] by means of Raman spectroscopy. The frequencies of these
modes vary: for CuGaS,, from the lowest value at 95cm! (12meV) referring to the Eto
mode up to the highest value at 355cm™' (44meV), whereas for CulnS,, from 63cm
(8meV) to 292cm ' (36meV). From fitting with the Pdssler model, effective phonon

energies <h a)> have been calculated to be 21.4 and 15meV.
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Varshni Einstein Bose-Einstein Thermodynamic Passler

dE,
(l T max

a ag <h c C!)> E4(0) d (meV/K)

(meV/K) (meV) ) V) | (meV/K)

E, | 1.514 | 0.428 | 690 | 1.513 48 248 | 1.537 24 | 248 | 1513 | 1.513 | 1.131 214 1.514 | 0.201 248 | 2.35 0.195 248

Culn 1_xGax82

E, | 1.578 | 0.438 | 475 | 1.578 39 174 | 1.597 19 174 | 1.578 | 1.578 | 1.257 15.0 1.578 | 0.225 178 | 2.25 0.217 174

CdS

E, | 2542 | 0.184 | 217 | 2.541 35 227 | 2.559 18 228 | 2.541 | 2.541 | 1.548 19.1 2.541 | 0.156 | 242 | 1.95 0.267 222

ZnO

E, | 3.422 1.048 544 | 3.415 89 538 | 3.698 | 0.283 | 538 | 3.415 | 3.415 | 6.118 46.5 3417 | 1.139 | 537 | 2.69 1.054 539

Table 6.12 Fitting parameters of the E,, and E, bandgap energies of the Culn;  Ga,S, absorber (x=0.04), the CdS buffer layer and the

ZnO window layer with five different models: Varshni, Einstein, Bose-Einstein, Thermodynamic, and Pdssler
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The number of holes N or density of states can be calculated using Eq. (6.24)
[6.112]:

87 242

3

AE
N=[dn= m 2 AEY? (6.24)
0

* *
. . 3 * m,m

where n is the number of free electrons in cm™, m,. =—"—
m, +m
h e

1s the reduced effective

mass of an electron with effective mass m, and a hole with effective mass m, , AE is the

shift of the energy band edge. In this expression, the electron-defect and electron-electron
interaction are neglected.

Considering only the lower energy gap E, of the quaternary Culn;.<GayS, (CIGS)
compound, AE represents the energy shift between the band edge of the quaternary and
the edge of the ternary CulnS, (CIS) compound,

AE=AE, =E“" —E" (6.25)
In the calculation of the carrier concentration, the effective masses of electrons and holes
of CuInS,, m, =0.03m, [6.113] and m, =1.3m, [6.110], respectively, were used, since the

electron and hole effective masses of the quaternary compound are not known. The E,
band gap of CulnS; is known to be 1.5eV [6.6]. Starting with Eq.(6.24) via Eq.(6.25), a
carrier concentration N=1.52 10'%/cm’ was calculated.

Ga addition in the absorber layer followed by Ga accumulation at the interface to
the Mo/glass substrate [6.114] as well as lattice mismatch between the different layers, in
the thin film solar cell, could lead to strain development in the quaternary chalcopyrite
Culn;«GayS, absorber. Strain/stress evaluation is accomplished according to the
relationships described in §3.2.3. Strain g, is obtained by Eq.(3.16), using the
experimentally obtained values of E, and Ej of the quaternary Culn;GayS, (strained
layer) and the values of E, and E, band gap energies of the bulk CulnS, (unstrained)
reported in [6.6]. In the calculation, also the elastic stiffnesses of CulnS, C;;=83.7GPa
and C,=54.4GPa [6.115] were used, because those of the quaternary compound are not
reported in the literature. In addition, for the shear deformation potentials b of all I-III-
VI, compounds and alloys, appropriate values have been reported according to Egs.(6.8)

and (6.9). Shay and Tell have estimated, for CulnS,, a 45% d-character in the p-d
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hybridization, which, according to Egs.(6.8) and (6.9), yields a shear deformation
potential of b=-2.375¢V.
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Figure 6.101 Temperature dependence of the strains €., and ¢.., and stress oy, of a thin

film solar cell with quaternary Culn;.Ga,S, absorber compound with x=0.04.

Strains &4 and &,, along with stress 64 in dependence of temperature are shown
in Figure 6.101. The stress varies from 236MPa at RT to 304MPa at 10K. The positive
sign depicts tensile stress. Stress seems to decrease with the increase of temperature with
a rate of 0.2MPa/K. According to previously mentioned theoretical models, the
chalcopyrite compound should appear to be strain/stress free at growth temperature.
However, this is not the case here. A possible reason is the origin of the stress that
develops in the absorber layer. The stress can be partially attributed to the lattice
mismatch between the substrate (Mo) and the chalcopyrite and partially to the additional
Ga in the CulnS, structure.

Depending on the growth mechanism, regions within the chalcopyrite compound
exhibit differences in the distribution of gallium across the film. This has been confirmed
by energy dispersive x-ray fluorescence (EDX) and x-ray diffraction (XRD) studies of
the same films reported elsewhere [6.116]. The Culn; 4 GaxS, compound with x = 0.04,
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grown from the Cu-free precursor, though it exhibits good film properties, has inevitably
a strong gradient in the Ga distribution perpendicular to the substrate.

The study of the kinetics of film formation in a two-step process shows that the
gallium concentration is high close to the back contact and decreases towards the film
surface [6.116]. This leads to differently distribution of Ga which can be can be split to a
‘Ga-rich’ and a ‘Ga-poor’ region of the absorber layers. The Ga distribution in the
absorber layer, forming a ‘Ga-rich’ and a ‘Ga-poor’ region, could lead to additional strain

due to the lattice mismatch between the two sub-regions.

6.10.2.2 The CdS buffer layer

The band gap energy of the buffer layer of the solar cell was also recorded using
ER. Evaluation of the band gap was not possible at all temperatures, mostly because, the
peak corresponding to the band gap of CdS was shadowed by the intense peak of ZnO.
However, the CdS band gap could be evaluated at low (10, 20, 30, 40, 50, and 70K) and
near room temperature (250 and 300K). The results of the evaluation are presented in

Figure 6.102.
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Figure 6.102 CdS band gap of a ZnO/CdS/CulnGaS,/Mo/glass solar cell heterostructure

in dependence of temperature

The band gap energy of the CdS-buffer layer, at RT, as measured by ER, was
2.508eV, which is lower than the reported value 2.517eV [6.117]. The shift of the CdS
band gap to lower energy reveals that the buffer layers deposited on top of the absorber
layer is strained. The lattice constant of CdS (acqs = 4.14 A° [6.118]) is much smaller
than the lattice constant of the Culn;.(Ga,S2 absorber studied (aCIGs=5.5094A for x =
0.04 [6.119]). CdS layer exhibits, therefore, tensile stress. It is well known that under the

influence of tensile stress, the band-gap is narrowed [6.120].

6.10.2.3 The ZnO Window layer

The band gap energy of the ZnO window layer was also determined using ER.
The energy gap in dependence of the temperature is shown in Figure 6.103. The
experimental data were fitted with the five different models, described in §2.1.3.2. The
results of the fitting are demonstrated in Table 6.12.
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Figure 6.103 ZnO band gap of a ZnO/CdS/CulnGasS,/Mo/glass solar cell in dependence
of temperature
At room temperature, four optical phonon modes in ZnO have been reported
[6.86] by means of Raman spectroscopy. The frequencies of these modes vary from the

lowest value at 380cm ™' (47meV) referring to the A;(TO) mode up to the highest value at

587cm ' (72meV). From fitting with Pissler model, effective phonon energy <ha)> has

been calculated to be 46.5meV and is in total agreement with the A;(TO) mode of ZnO
reported elsewhere [6.86].
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7. Conclusions

This PhD thesis focuses on:
A. the investigation of the structural and optical properties of chalcopyrite
semiconductors used as absorbers in the photovoltaic technology
B. the growth and investigation of structural and optical properties of ZnSe

buffer layers used alternatively instead of the toxic CdS

The single crystal chalcopyrite absorbers were grown by Chemical Vapor
Transport (CVT) and were provided by the Technical University of Berlin. The epitaxial
chalcopyrite layers were grown by Metal-Organic Vapor Phase Epitaxy (MOVPE) and
the polycrystalline chalcopyrite thin films by Physical Vapor Deposition (PVD), at the
Helmholtz-Centre Berlin for Materials and Energy.

The polycrystalline ZnSe buffer layers were grown by CBD, at the National

Technical University of Athens, in the frame of the present work.

The structural properties of the ternary chalcopyrites were investigated by X-Ray
Diffraction (XRD) and micro-Raman Spectroscopy. The dominant orientation of the
CuGaSe, epitaxial layers is the [008] and appears at 20 = 65.83°, whereas for the
CuGaSe, polycrystalline layers is the [112] and appears at 260 = 27.67°. It has been
observed that the orientation of both, the epitaxial and the polycrystalline layers, does not
depend on the Ga fraction. Furthermore, the epitaxial layers with [Cu]/[Ga] near
stoichiometry are of better quality, a fact that is depicted by the decrease of FWHM and
the intensity increase of both, the XRD- and the Raman-spectra. For very Cu-rich
chalcopyrites, the crystal quality decreases drastically. Analog to the previous, it is found
that the crystal quality of the polycrystalline CuGaSe, chalcopyrites decreases for Ga-

rich absorbers.

255



The structural and optical properties of ternary (CuGaSe,, CulnSe,, CuGaS,,
CulnS,) and quaternary (Culn;.xGaxSe;) chalcopyrite single crystals and epitaxial layers
were analyzed in detail by Modulated Reflectance Spectroscopy. Mismatch strains in the
epitaxial layers have been quantified. Energy shifts due to anion and/or cation
replacement and to the temperature dependence of transition energies in the ternary and
quaternary alloys have been exploited. Light polarization has been used to reinforce the

selection rules of the optical transitions.

The band gap of ternary chalcopyrite semiconductors, bulk and epitaxially grown
selenides CulnSe; and CuGaSe;, has been studied over a wide temperature range, from
room temperature (300K) down to 10K. Energies and widths of the E,, Ey, and E. bands
have been determined. The non-cubic crystal field and the spin-orbit interaction have
been calculated. The results indicate s-shaped temperature dependence below 100K, most
pronounced in CuGaSe,; epitaxial layers, and anomalous temperature dependence below
50K, in CulnSe,. Based on the calculation of admixture coefficients, the latter is
attributed to the predominant d-character of p-d hybridization of the upper valence band.
Besides, the results of the present study point to significantly different temperature
dependence of the E,, Ey, and E. bands of single crystals and epitaxial layers, which is
attributed to structural differences inclusive the incorporation of defects and symmetry
breaking. They also point to significantly different temperature dependence of the E,, Ey,
and E. bands within one and the same kind of material with respect to its bulk or layered
structure, which is associated with different electron-phonon coupling mechanisms
dominating electronic transitions at temperatures below 100 K, differences in the spin-
orbit interaction, and evolution of strain fields in the layers. The experimental results are
fitted with 6 different models and important transport properties are calculated, among
them minority carrier (hole) mobility. Average phonon frequencies are obtained within
the frame of the Varshni, Bose-Einstein, Einstein, thermodynamic, and the Manoogian
models and phonon mode assignment is attempted based on the results of this study and
also the results of Photoluminescence and Raman studies known from the literature. For
the epitaxially on GaAs(001) grown CulnSe, and CuGaSe, layers, the shear deformation
potential is calculated. Strain/stress effects originating from mismatch- and thermal-strain

between substrate and epilayer are quantified and are discussed extensively. A
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temperature for full strain relaxation is calculated, which is in total agreement with the

temperature of epitaxial layer growth.

The compositional dependence of the optical properties (transition energies) of
ternary chalcopyrite absorbers was studied. Complementary to this work, the
compositional dependence of quaternary Culn; Ga,Se, chalcopyrite absorbers was also
studied. The optical functions and the energies of the fundamental band-gaps of
Culn;«GaSe, (CIGS) epitaxial layers for solar energy conversion applications have

been determined in a wide compositional range (x=0.00-1.00).

Polycrystalline ZnSe buffer layers grown by EBE, in the frame of a PhD-thesis
within the work-group of Assist. Prof. Dr. Dimitra Papadimitriou, Supervisor of the
present thesis, are reviewed for comparison reasons. The layers were deposited initially
on glass, to control the growth procedure and the critical parameter of the layer thickness.
Afterwards, ZnSe buffer layers were deposited on chalcopyrite substrate. The solar cell
was completed by deposition of ZnO window layer and Al front ohmic contact. Structural
and optical characterization of both, ZnSe/glass and ZnSe/CuGaSe,/Mo/glass, was
performed by XRD, SEM, AFM, Raman, PR, and null-ellipsometry.

EBE ZnSe on glass: According to the results of structural analysis, the films are

polycrystalline, cubic with (111) faces. Films deposited at higher temperatures show
improved crystal quality: they consist of larger size crystallites, have better homogeneity,
smoother surfaces, and cover uniformly the underlying glass substrate. According to the
results of optical analysis, there might be a certain degree of contamination at the film-
substrate interface through incorporation of particles from the glass substrate at higher
temperatures.

EBE ZnSe on CuGaSe,;/Mo/glass: According to the results of the structural

investigation, the films are polycrystalline with (111) oriented smooth surfaces, highly
homogenous, and cover uniformly the underlying chalcopyrite layer. The films exhibit
moderate stresses lower than 1 GPa that can be reduced by optimization of the deposition
process. The optical film properties as determined by Null-Ellipsometry and PR

spectroscopy yield n=2.580, the refractive index, a=6.2x10° cm™, the absorption
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coefficient, and E,=2.69 eV, the energy band gap. The film thickness measured in-situ by

crystal monitor detector and ex-situ by Null-Ellipsometry is in the range 75-85 nm.

Polycrystalline ZnSe buffer layers were grown, in the frame of the present PhD-
thesis, by low-cost, large-area, fast deposition-rate CBD. The layers were deposited
initially on glass, to control the growth procedure and the critical parameter of the layer
thickness. Afterwards, ZnSe buffer layers were deposited on both, epitaxial and
polycrystalline chalcopyrite substrates. The cells were completed by deposition of ZnO
window layer and Al front ohmic contact.

CBD ZnSe on glass: According to the results of structural analysis, the films are

polycrystalline, hexagonal with (101) faces. After deposition, subsequent annealing of the
samples was necessary to improve crystal quality. The annealed layers consist of larger
size crystallites. According to optical measurements, the band gap of the layers is not
significantly affected by deposition time and/or annealing temperature. Film thickness
calibration on deposition time has been successfully performed.

CBD ZnSe on epitaxial-CuGaSe,/GaAs: After deposition and subsequent

annealing of the samples to improve crystal quality, structural analysis of the ZnSe layers
was performed. The layers are non-stoichiometric, polycrystalline, hexagonal with (101)
faces. Stoichiometry and crystallite sizes depend strongly on deposition and annealing
time. Annealing at 300 °C for 2 h was found to meet the requirements of best film
quality. A film thickness calibration curve was established for ZnSe on epitaxial
chalcopyrite.

CBD ZnSe on polycrystalline-chalcopyrite/Mo/glass: The same procedure as

described above has been followed to deposit ZnSe on polycrystalline chalcopyrite
substrates. A thickness calibration curve was established for ZnSe on polycrystalline
chalcopyrite.

PLD ZnO on ZnSe/polycrystalline-chalcopyrite/Mo/glass: ZnO was deposited

on ZnSe/polycrystalline-chalcopyrite/Mo/glass by Pulsed Laser Deposition (PLD) to
obtain an integrated solar cell. The deposited ZnO is polycrystalline, hexagonal, oriented

along (002).
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ECD Z7ZnO on ZnSe/polyvcrystalline-chalcopyrite/Mo/glass: 7ZnO was

electrochemically deposited on ZnSe/CIGS-polycrystalline-chalcopyrite on Mo coated
glass substrate. Prior to deposition on ZnSe/CIGS, ZnO was deposited by ECD on
Mo/glass substrates to control the deposition parameters. The ECD ZnO on
ZnSe/Cu(In,Ga)Se,/Mo-glass is grown oriented along the (101) crystallographic plane in
coherency with the underlying ZnSe-buffer.

ZnO NRs: Vertical high quality ZnO nanorods (NRs) have been deposited from
an aqueous solution of Zn(NO3), and HNOj3; or NH4NOj3, at 75°C, on glass substrates
coated by TCO layer and ZnO window-layer of solar cells. The structural properties of
the ZnO NRs have been studied by X-ray Diffraction (XRD) and microscopy techniques
(SEM and AFM). The optical properties have been investigated by Transmittance and
Optical Modulation (Photoreflectance) Spectroscopy. The energy band gap of the
structures has been determined directly from the PR-spectra. The decrease of the global
reflectance of the solar cells has been achieved by using ZnO nanorods as an
antireflective coating (ARC) based on the moth-eye effect. The ZnO NRs ARC boosts the
solar cells short-circuit current without significant effect on their open-circuit voltage and

fill factor. Variation of the band-gap by varying the conditions of growth is foreseen.

Electrical Characterization: On the above mentioned thin film solar cells,

electrical measurements were performed (i.e. I-V characteristics) using the Sun Simulator
at the Center for Renewable Energy Sources and Saving (CRES).

For Al/In:Zn0O/i-ZnO/ZnSe/Chalcopyrite/Mo/glass heterocells, with ZnSe buffer-
and ZnO window-layer processed by CBD and PLD techniques, the I-V characteristics of
the p-n junctions were systematically recorded.

A solar cell based on PVD grown ternary chalcopyrite absorber Culng.osGag04Ses
with CBD ZnSe buffer-layer and ECD ZnO window-layer processed by low-cost, large-
area, fast-rate chemical and electrochemical deposition techniques yielded conversion
efficiency n=5% (ff=52.5%) which makes low cost — best efficiency TFSCs quite
attractive for further development inclusive ECD processing of the chalcopyrite absorber.

Chalcopyrite TFSCs were also characterised by Electroreflectance Spectroscopy
techniques in dependence of temperature. The energy gaps of absorber-, buffer-, and

window-layer have been measured and strain/stress effects have been quantified.
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9. Appendix A

Chemical etching procedure

For the chemical etsching of the polycrystalline chalcopyrite, two solutions need
to be prepared:

S1: 10% KCN solution (25gr KCN in 230ml double distilled H,0), and

S2: IM KOH solution (5.6gr KOH in 100ml double distilled H,O)

The pH of S1 is being adjusted between 10 and 12 by addition of S2.

At room temperature, the chalcopyrite is submerged in S1 for exactly 3min.

After chemical etching the chalcopyrite needs to be washed out first with S2
(pH>10) and then with double distilled H,O.

In the end, the chalcopyrite needs to be dried out in inert atmosphere (usually N»).

ATTENTION!

The KCN solution should for no reason be exposed to air, since the atmospheric
CO; 1is being dissolved in the solution, the pH becomes acidic, and HCN is being

released. HCN, if inhaled, can become extremely toxic and therefore fatal!

275



276



10. CURRICULUM VITAE

Personal Information

First Name: Konstantina

Last Name: Anestou

Date of Birth: 01/02/1982

Place of Birth: Athens

Address: Lakonias 43

G-17342, Athens

Phone number: 0030-210-9936645, (mobile) 0030-6949 08 27 34
e-mail: kwnstanes@yahoo.gr

Studies

-2006: PhD in Materials Science and Technology at the National Technical
University of Athens

2006-2005: Master of Science in the Interdisciplinary Postgraduate Program* of the

National Technical University of Athens: “Materials Science and Technology”
2005-1999: Diploma in Applied Physics* at the National Technical University of Athens

06-07/2002: Research studies on solid phases by XRF at the National Center of Scientific

Research “Demokritos”

277



-01/06: PhD Thesis on the “Development and Characterization of Chalcopyrite
based Thin Film Solar Cells for Photovoltaic Technology Applications”, at the National

Technical University of Athens, supervised by Assist. Prof. Dr. Dimitra Papadimitriou

10/05-06/06: Master-Thesis on the “Comparative Studies of Monocrystalline
Chalcopyrites for the Photovoltaic Technology”, at the National Technical University of

Athens, under the supervision of Assist. Prof. Dr. Dimitra Papadimitriou

10/04-07/05: Diploma-Thesis on the “Optimization of Mechanical Properties of Porous
Silicon for Micromechanical Applications”, at the National Technical University of
Athens and the National Center of Scientific Research “Demokritos”, under the

supervision of Assist. Prof. Dr. Dimitra Papadimitriou

Distinctions/prizes

Thomaidion prize for the publications:

K. Anestou, D. Papadimitriou, C. Tsamis and A. Nassiopoulou, “Stress

Characteristics of Suspended Porous Silicon Microstructures on Silicon”, J. Phys.:
Conf. Ser. 10 (2005) 309-312.

Foreign Languages

English (Proficiency of Cambridge)
German (Zertifikat Deutsch)

List of Publications

1. K. Anestou, D. Papadimitriou “Optical modulation techniques applied in the
analysis of chalcopyrite semiconductor heterostructures”, J. Phys. D: Appl. Phys.
(revised).

278



. K. Anestou, D. Papadimitriou, Y.Tang, J. Chen, M.-Ch. Lux-Steiner “Innovative

Anti-Reflective ZnO Coating for improved Solar Cell performance”, E-MRS 2011
Conference Series (2011) (submitted).

S. Theodoropoulou, D. Papadimitriou, K. Anestou, Ch. Cobet, and N. Esser
“Optical Properties of Culn;,Ga,Se; Quaternary Alloys for Thin Film
Photovoltaic Technology”, Semicond. Sci. Technol. 24 (2009) 015014

D. Papadimitriou, G. Karras, Ch. Cobet, S. Theodoropoulou, K. Anestou, G.
Roupakas, W. Richter “Development of Optomechanical Constructions -
Application in the Characterization of Thin Film Solar Cells”, Proc. of the
PYTHAGORAS Conference on the Scientific Research at the National Technical
University of Athens, Plomari Lesbos (2007), 513-519.

. K. Anestou, D. Papadimitriou, C. Tsamis and A. Nassiopoulou, “Stress

Characteristics of Suspended Porous Silicon Microstructures on Silicon”, J.

Phys.: Conf. Ser. 10 (2005) 309-312.

List of Conferences

1.

K. Anestou, D. Papadimitriou, Y.Tang, J. Chen, M.-Ch. Lux-Steiner “Innovative
Anti-Reflective ZnO Coating for improved Solar Cell performance”, E-MRS
2011 Spring Meeting IUMRS ICAM 2011 & E-MRS / MRS Bilateral Conference
on Energy, Nice, May 2011.

K. Anestou, D. Papadimitriou, Ch. N. Panagopoulos, D. Yfantis, “CIS/CIGS Thin
Film Photovoltaic Technology: Chemical and Electrochemical Growth of ZnSe
buffer layer” RENES 2010 — 4™ National Conference: The Application of
Renewable Energy Sources towards an Ambitious and Credible National Action
Program”, Athens, May 2010.

K. Anestou, D. Papadimitriou, C. D. Yfantis, Th. Schedel-Niedrig, M. Ch. Lux-
Steiner, U. W. Pohl “Optical Modulation Techniques Applied in the Analysis of
Bulk Semiconductors and Semiconductor Heterostructures” 6th International
Conference on Instrumental Methods of Analysis, Athens, October 2009.

D. Papadimitriou and K. Anestou “dApplication of Raman Spectroscopic
Techniques in the Characterization of Nanostructured Semiconductors and
Semiconductor Microstructures” 72" DPG International Conference on Solid
State Physics and Condensed Matter, Berlin, February 2008.

279



5. S. Theodoropoulou, D. Papadimitriou, K. Anestou, Ch. Cobet, and N. Esser

“Optical Properties of Culn; Ga,Se; Quaternary Alloys for Thin Film
Photovoltaic Technology”, XXIII National Conference of Solid State Physics and
Materials Science, Athens, September 2007.

D. Papadimitriou, G. Karras, Ch. Cobet, S. Theodoropoulou, K. Anestou, G.
Roupakas, W. Richter “Development of Optomechanical Constructions -
Application in the Characterization of Thin Film Solar Cells”, PYTHAGORAS
Conference on the Scientific Research at the National Technical University of
Athens, Plomari Lesbos, July 2007.

K. Anestou, D. Papadimitriou, C. Tsamis and A. Nassiopoulou, “Stress
Characteristics of Suspended Porous Silicon Microstructures on Silicon”, 2nd
Int. Conference on Microelectronics, Microsystems, Nanotechnology, MMN
2004, Athens, November 2004.

List of talks

Review of Hollography principles and methods.

Academic Experience

1.

Supervision of the advanced student-laboratory “Study of Optical Properties with
Null Ellipsometry” for MSc.-courses in Optical Characterization Methods within
the frame of the Interdisciplinary Postgraduate Program of the National Technical
University of Athens: “Materials Science and Technology”, SS 2007, SS2008,
SS2010

Supervision of the advanced student-laboratory “Advanced Optical Spectroscopic
Techniques” for courses in Optical Characterization Techniques within the frame
of the School Of Applied Mathematical and Physical Sciences of the National
Technical University of Athens, SS 2009.

280



Seminars

1.

“Photovoltaics: Technology Development and Market Trends”, organized by
National Technical University of Athens, Center of Renewable Energy Sources,
German-Greek Chamber of Industry and Commerce, and Hellenic Association of

Photovoltaic Companies, NTUA, Athens, October 2010.
“New Researchers Seminars PENED 2003: Methodology and Practice in

Research, Technology and Innovation management”, organized by the General

Secretariat for Research and Technology, NTUA, Athens, 2008.

281



282



	1. Introduction
	1.1 History of Photovoltaics
	1.2 Fundamental properties of semiconductors
	1.3 pn - junction
	1.4 Photovoltaic effect
	1.5 Thin Film Solar Cells (TFSC)
	1.6 Chalcopyrite-based solar cells
	1.6.1  The substrate
	1.6.2 The back ohmic contact
	1.6.3 The absorber
	1.6.4 The window layer


	2. Material properties
	2.1 Chalcopyrite - Absorber
	2.1.1 General
	2.1.2 Structural properties
	2.1.3 Electronic properties
	2.1.3.1 Band gap
	2.1.3.2 Temperature dependence of Semiconductor Band-gap
	2.1.3.3 Anomalous Temperature dependence of Semiconductor Band-gap


	2.2 ZnSe - Buffer layer
	2.2.1 General 
	2.2.2 Structural properties
	2.2.3 Electronic properties 

	2.3 ZnO - Window layer
	2.3.1 General 
	2.3.2 Structural properties
	2.3.3 Electronic properties 


	3. Chalcopyrite Heterostructures
	3.1 Band Alignment 
	3.2 Mismatch strain and thermal strain 
	3.2.1 Mismatch strain
	3.2.2 Strain/Stress Analysis by X-ray Diffraction
	3.2.3 Strain/Stress Analysis by Photoreflectance Spectroscopy
	3.2.4 Thermal strain


	4. Growth techniques
	4.1 Ternary Single Crystal Chalcopyrites grown by CVT
	4.2 Ternary Epitaxial Chalcopyrites grown on GaAs by MOVPE  
	4.3 Ternary Polycrystalline Chalcopyrites grown on Mo/glass by PVD
	4.4 Quaternary Epitaxial Chalcopyrites grown on GaAs by MOVPE
	4.5 ZnSe grown on glass and chalcopyrite substrates by EBE
	4.6 ZnSe grown on glass and chalcopyrite substrates by CBD
	4.6.1 Homogeneous process
	4.6.2 Heterogeneous chemical growth

	4.7 Au/Al/In:ZnO/i-ZnO grown on ZnSe/CuGaSe2/Mo/glass by PLD
	4.8 ZnO grown on ZnSe/Cu(In,Ga)Se2/Mo/glass by ECD
	4.9 ZnO Nanorod ARCs grown on glass substrate by ECD

	5. Characterization techniques
	5.1 Structural characterization (XRD, SEM, AFM, RAMAN)
	5.1.1 X-Ray Diffraction (XRD)
	5.1.1.1 General
	5.1.1.2 Experimental set-up

	5.1.2 Scanning Electron Microscopy (SEM)
	5.1.2.1 General
	5.1.2.2 Experimental set-up

	5.1.3 Atomic Force Microscopy (AFM)
	5.1.3.1 General
	5.1.3.2 Experimental set-up

	5.1.4 Raman Scattering Spectroscopy (RAMAN)
	5.1.4.1 General
	5.1.4.2 Theory of Raman scattering in molecules
	5.1.4.3 Raman tensor in solids
	5.1.4.4 Experimental set-up


	5.2 Optical Characterization (SE, PR)
	5.2.1 Spectroscopic Ellipsometry (SE)
	5.2.1.1 General
	5.2.1.2 Null-Ellipsometry

	5.2.2 Modulation spectroscopy: Photoreflectance(PR) – Electroreflectance(ER)
	5.2.2.1 General
	5.2.2.2 Modulation spectra and the dielectric function
	5.2.2.3 Photoreflectance-spectra in the low-field regime
	5.2.2.4 Experimental set-up of PR
	5.2.2.5 Experimental set-up of ER


	5.3 Electrical characterization

	6. Results and Discussion
	A. PROPERTIES STUDIES 
	6.1 Structural properties of chalcopyrite absorbers
	6.1.1 Epitaxial and polycrystalline CuGaSe2
	6.1.1.1 XRD measurements
	6.1.1.2 Micro-Raman measurements


	6.2 Optical properties of chalcopyrite absorbers
	6.2.1 Comparison of bulk and epitaxial absorbers
	6.2.1.1 Strain-Stress by XRD-analysis Techniques (T=300K). 
	a) CuGaSe2 with [Cu]/[Ga]=1.00. 
	6.2.1.2  Strain-Stress by Optical Modulation Techniques at Low Temperatures (T=20K). 
	6.2.1.3 Strain-Stress by Optical Modulation Techniques at Room Temperature (T=300K). 
	6.2.1.4 Comparison of Strain-Stress by Optical Modulation and XRD Techniques. 
	6.2.1.5 Anion- and/or Cation-Replacement
	Cation Replacement
	Anion Replacement 

	6.2.1.6 Partial Cation Replacement
	6.2.1.7 Temperature Dependence
	6.2.1.8 Anion/Cation Replacement & Temperature Dependence
	6.2.1.9 Light Polarization

	6.2.2 Temperature dependence of CuGaSe2 chalcopyrite absorbers
	6.2.3 Temperature dependence of CuInSe2 chalcopyrite absorbers
	6.2.4 Compositional Dependence of CuGaSe2 chalcopyrite absorbers
	6.2.5 Compositional Dependence of CuIn1-xGaxSe2 chalcopyrite absorbers

	B. GROWTH & CHARACTERIZATION STUDIES 
	6.3 CBD ZnSe grown on Amorphous Glass substrate
	6.3.1 Structural properties
	6.3.2 Optical properties

	6.4 CBD ZnSe on Epitaxial Chalcopyrite Absorbers
	6.4.1 Structural properties 

	6.5 CBD ZnSe on Polycrystalline Chalcopyrite Absorbers
	6.5.1 Structural properties

	6.6 COMPARISON of EBE ZnSe on Chalcopyrite with CBD ZnSe on Chalcopyrite
	6.7 PLD Al/In:ZnO/i-ZnO on ZnSe/Polycrystalline-Chalcopyrite Absorbers
	6.8 ECD ZnO grown on ZnSe/Polycrystalline-Chalcopyrite Absorbers
	6.9 ECD ZnO Nanorods on glass Substrates 
	6.9.1 Low Dimensional Systems
	6.9.2 Structural Properties
	6.9.2.1 X-Ray Diffraction (XRD)
	6.9.2.2 Scanning Electron Microscopy (SEM)
	6.9.2.3 Atomic Force Microscopy (AFM)

	6.9.3 Optical Properties
	6.9.3.1 Transmittance
	6.9.3.2 Photoreflectance Spectroscopy

	6.9.4 Electrical Properties

	6.10 Chalcopyrite based Thin Film Solar Cells
	6.10.1 I-V Characteristics of  Solar Cells
	6.10.1.1 with PVD ZnSe/CuGaSe2/Mo/glass
	6.10.1.2 with CBD ZnSe/CuGaSe2/Mo/glass 

	6.10.2 Electroreflectance(ER)of Al/ZnO/CdS/CuIn1-xGaxSe2/Mo/glass Solar Cell
	6.10.2.1 The CuIn1-xGaxS2 absorber
	6.10.2.2 The CdS buffer layer
	6.10.2.3 The ZnO Window layer



	7. Conclusions
	8. References
	8.1 Chapter 1
	8.2 Chapter 2
	8.3 Chapter 3
	8.4 Chapter 4
	8.5 Chapter 5
	8.6 Chapter 6 

	9. Appendix A
	10. CURRICULUM VITAE
	Personal Information 
	Studies 
	Distinctions/prizes
	Foreign Languages
	List of Publications
	List of Conferences
	List of talks
	Academic Experience
	Seminars




