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Hepiinynm

H avayxnm yio eridiég mpog to mepiPdilov mnyég evépyelag ival EmMTOKTIKN KOOMS 1) TEPLOPIGUEVT
SoBecUOTNTA OPLKTMOV KOVGIH®MY Kot ot EXPAUPElG emmTOOELS TV 0gpi®V TOV Beproknmiov 6To
nepParlov eivan mAéov gpoaveic. H dueon petatpomn g nAokng oktivofoliog 6 NAEKTPIKN UE
T xpNon ewtofortaixng (PV) texvoroylag avadeikvieTal ¢ 1 KHPLO LTOYNPLOG Y10 TNV TOPOYOYN
wpacvng evépyeloc. Tig tedevtaieg dVO OEKOETIEG, £YEl YIVEL ONUAVTIKY] TPOOTAOE Yoo TNV
npomdnon ¢ ewtofortaikng teyvoloyiag Aemtdv mueviov (thin film photovoltaics) «devtepng
vevido», m omoio. dev amoutel TN YpPNON YOVIP®OV, OKOUTTOV Kol OKPPOV KPUGTOAMK®OV
VIooTpOUdTOV TVpLTiov (Si). To nhakd KOTTaPa AETTOV VUEVIOV £XOVV TPOGEAKDGEL GNUOVTIKO
eVOLPEPOV AGY® TOV LYNADV SVVATOTHTOV TNV ardd0GT), TNG VYNANS 0vTOyfS 6TV aKkTivoforia,
mg pelmong Papovg katl g €£0KOVOUNONG YDPOL. ZVYKEKPLUEVO, TO MAKAE KOTTAPO AETTOV
vpeviov ov Pacilovral oty ymuikn Evoon yarkorvpitn Cu(In,Ga)Se2 (CIGS) éyovv Tapovoidost
avEnpéves amodooels, edtkotepa Hetd to 2014. AToddcelg pekodp mov PTdvovy Emg Kot To 23,35%

éyovv avaeepBet and tn Solar Frontier To 2019 [1].

To nAwoxo kotrapo CIGS amoteleital omd TOALL GTPOUOTO SLUPOPETIKDY VAIKMDV KoL 1) 0TOd00m
TOV KLTTAPOL emnpedleTol o€ peydio Pabud and to kabe otpodua, KOOMG Kol TNV dAANAETIOpOoN
peta&d tove. ‘Eva tomikd nitaxo kottapo CIGS pe epyastnploxy amddoon tave omd 20% Exet v
akdrovOn Sropdpemon: Yool avBpaxikod acPeotiov (soda-lime glass) wg vrdéoTpopa, LUEVIO
poivpoeviov (Mo) mg micom peToAMKN €maE] EVATOTIOEUEVO LE 10VTOPOAT, POTOOTOPPOPTTIKO
otpdpo CIGS tomov p evamotiBépevo pe Beppikn e€dyvmon moALATADY 6TadimV, EVOIAUESO CTPO LA
CdS tHmov n evanotiBépevo pe ynuikd Aovtpd, Sapavég ayd@yo mapdbvpo THToL N and EVEOYEVES
ZnO «o vromapiopévo ZnO pe adovpivio (i-Zn0O/Zn0O:Al) evamotifépeva pe 10vToporn, HETOAMKO

mAéypa vikeliov/odovpviov (Ni/AI) kot avtiovakioaotiky eniotpwon MgF: evanotiBépevo pe

Beppukn| e&dyvoon [2].

Eni tov mopdvtoc, or moAlomAég teyvikég evamobeonc (Oepukn e&dyvoon, tovtoPorr, ymuikod
A0VTPO, ceEANVIoUOS) Kot vynAég Beppokpaciec eneepyaciog (tavem amd 500°C yuo ta vuévia CIGS
VYNANG amOO0GNC) TOL XPNOLUOTOOVVTOL Yo TNV AVATTVEN TOV JOPOPETIKDY CTPOUATMOV TOV
NAMoKoy KuTTapoL KafioTohy T dadikacio KOTaoKEVTg ypovoPopa kat akpipn. Q¢ ek TovTOV, 0
EVIOTIOUOG oG eviaiog nebodov evamobeong yio TV KUTOGKEDVT TOV AEITOVPYIKOD TUNIOTOC TOL
niakov kvttdpov CIGS, mov Bo peidoel Tov ¥pdvo Kol T0 KOGTOG KUTUOKEVTC, €ival 1010itepa;
embountog. Avt M dwaktoptkny doTpiPn Katadewkvost T ypnon e pebodov evomdbeong ue
ok Aélep (pulsed laser deposition, PLD) ce pia véa S1000y1Kn S1ad1Ka.Gio. Y10 TV KOTOUOKELT
NG TOAVGTPMUATIKNG SOUNG TOL TEPLEYPAPTKE TOPOTAV®. XE QTN TNV EPYOCIM, 1) TPOETOLOTTIOL
TOL  AEITOLPYIKOL  PEPOLC Tov  MAlakod  kvttdpov  CIGS  (CIGS/CdS/i-ZnO/Zn0O:Al)
mpaypatomomonke pe ypnon PLD og pio cuveydpevn axorovbio avémtuéng kot og Oeppokpacieg

mov dev Eemepvovv Tovg 300 °C. HAaxd kottapo CIGS pe yniég amoddoelg oty meployn 14-22%



€xovv avamtuyBel pe TV ¥PNOT TOADV SOPOPETIKMY TEYVIKOV gvamdbeonc yia 1o kdbe otpdpa,
KoL pHEYPL CNPEPA OEV VITAPYEL ONUOGLELUEVT] AVOPOPA VIO TNV KATAGKELT TOL NALKOD KLTTAPOL
CIGS 610 60voAs oL pe PLD. 'Etot, auth n SumAopatikn epyacio amoTeAel pio KavoToHo EQOpHOYN

tov PLD otnv xatackevt nAakav kottdpov CIGS Aentdv vueviov.

e auT TN 180KTOPIKT EPYACIa, EYEL TPOUYUATOTOMOEL Lol GLCTNUOTIKY] SIEPEHVIOT TOV EMUEPOVS
OTPOUITOV Kol TOV OlEna@oav pHetald Tovg Yo TN Peitictomoinon Tov 1O0THTOV NG
TOAVGTPOUOTIKNG dopune. Kabe kepdlato givarl apiepmpévo otn PedticTomoinon evog GTpOUATOG,
Eexvovtag amd TNV evamdbeon Tov oTPpOUTOC 68 vooTpdpata SLG y v kotavonon g
enidpaong tov mapapétpov evandbeong PLD otic 1010TNnTEG TOV GTPOUOTOC. 2T GUVEXELN, T
PektioTomoinon TOL GTPOUOTOC UE TO TOPOKEIUEVA CTPOUOTO TPOYUOTOTOEITOL UEC® HLOG
TOPOUETPIKNG dlepebvnong g Oeppokpaciog evomdbeong Tov OvTIGTOLOV GTPOUATOS GTNV
TOAVGTPOUOTIK JOUN 7OV TPOYMOTEVETOL TO KAOe Ke@AAmio. Ot 1010TNTEG TOV EMUEPOVS
OTPOUATOV Kol Ol SIETAPES TOVG EEETACTNKAV KOL YOPAKTNPIGTNKOY XPTCLUOTOIDVTOG Lol EVPEL

TEYVIKAV Y1 VoL e£00QoMGTEL 1) OAoKANpOLEVT 0E10A0YNON TOL KAOE GTPOUATOG.

210 Kepdhato 1 mapovoidletor pia emokdmnon g exvoroyiag nitakodv kuttdpov CIGS, pali pe
T KIVNTPOL KOl TOVG GTOYXOVE GLTAG TNG O0UKTOPIKNAG daTPIPnG. £T0 KEPAAMIO 2 TopoLGIAleTaL M
Oeopic TO0 QoTOPoATAIKOD Qavouévov. Xto KepdAowo 3 meprypdoovial o1 TEYVIKEC TOV
YPNOLLOTOTOMNKOY Y10 TNV OVATTLEN Ko YOPUKTNPIGUO TOV GTPOUATOV KOl TOV NAIOK®V KOTTAPWOV.
To KepdAaio 4 acyoieitan pe ) Pertiotonoinon tov otpopotoc CIGS katl g ToAVGTPOUATIKNAG
doung CIGS/Mo/SLG. Ta kdpio evpipozo tov Kepoiaiov 4 éxovv dnpocievbel o€ emotnuovikod
apBpo [3]. To Kepdato 5 eivar apiepouévo otn Pektiotonoinon tov otpmdpotog CdS kat g doung
CdS/CIGS/Mo/SLG. Ta xbpro anoterécpoto tov Keparaiov 5 £xovv dnpocievbel o€ emotnuoviKco
apBpo [4]. To Kepdrao 6 mepirappdavel m Pektictonoinon tov otpopdtov ZnO kot ZnO:Al kot
TOV TOAMGTPOUOTIK®OV dopdv ZnO/CAS/CIGS/Mo/SLG kot ZnO:Al/ZnO/CdS/CIGS/Mo/SLG. Ot
Bértioteg mapdpeTpol evamdbeong, mov Exovv mpokOyeL and kdbe kePdAaio, Exovv ypnoioron et
Y TV Kataokevn tov nAlokev kuttdpov CIGS pe PLD oe pia cuveyduevn kot dtodoykn
evamofeon tov CIGS, CdS, ZnO ka1 ZnO:Al og vrootpdpate SLG emkaivppévo pe Mo. To
Kepdhato 7 aoyolreitor pe v KaTOoKELN Kot Tn PEATIOTONOINGT AVTOV TOV NAIK®V KLTTAPOV
CIGS pe PLD. 210 Kepdroto 8 mapovcidletal po cuvoyn Tov KOPLOV OTOTEAESUATOV TOV KAOE
Kepaiaiov Kot TéA0G, T0 Kepddaio 9 avapépel Tig peEALOVTIKEG dPAGELS Yol TN PEATIGTOTOIMGN TG

amO000NG TV NAloK®V Kuttdpwv CIGS.



Abstract

The need for environmentally friendly energy sources seems to be imperative as the limited
availability of fossil fuels and the detrimental effects of greenhouse gases on the environment are
becoming apparent. Harvesting solar energy by direct conversion of sunlight to electricity using the
photovoltaic (PV) technology is emerging as a leading contender for next-generation green power
production. Over the past two decades, there has been considerable effort in advancing thin film,
“second-generation” technologies that do not require the use of thick, rigid, and expensive crystalline
Si wafer substrates. Thin-film solar cells have attracted considerable interest due to high potential
conversion efficiencies, high radiation resistance, weight reduction, and space savings. In particular,
thin-film solar cells based on the chalcopyrite compound Cu(In,Ga)Se; (CIGS) have shown increased
efficiencies, with a steeper increase since 2014. Record efficiencies reaching up to 23.35% have been
reported by Solar Frontier in 2019 [1].

The CIGS cell consists of several layers of different materials and the cell efficiency is highly
affected by each layer, as well as the interaction between them. A typical CIGS solar cell with
laboratory efficiency over 20% has the following configuration: soda-lime glass as substrate,
sputtered Mo as back contact, multi-stage co-evaporated CIGS as p-type absorber, chemical-bath-
deposited CdS as n-type buffer layer, sputtered i-ZnO/ZnQO:Al bilayer as transparent window,

evaporated Ni/Al grid, and evaporated antireflective MgF, coating [2].

Currently, multiple deposition techniques (thermal evaporation, sputtering, chemical bath deposition,
selenization) and high processing temperatures (higher than 500°C for the highest efficiency CIGS
films) are being used to grow the different layers in the stack, which makes the fabrication process
time consuming and expensive. Therefore, identifying a single growth method for the fabrication of
the functional part of the CIGS cell, which will reduce the fabrication time and cost, is highly
desirable. This PhD thesis demonstrates the utilization of pulsed laser deposition in a novel sequential
process for the fabrication of the multi-layer structure described above. In this work, the preparation
of the functional part of the CIGS solar cell (CIGS/CdS/i-ZnO/ZnO:Al) was carried out by using
PLD in one growth sequence and at temperatures lower than 300 °C. While several different growth
procedures have been exploited for each constituent layer in developing CIGS solar cells with
efficiencies in the range of 14-22%, up to now, no published report exists of using PLD for
fabricating a CIGS cell in its entirety. Thus, this work constitutes an innovative application of PLD

to the fabrication of thin-film CIGS solar cells.

In this work, a systematic investigation of the individual layers and the interfaces between the
dissimilar materials has been carried out to optimize the properties of the multi-layer structure. Each
of the chapters 4,5 and 6 is dedicated to the optimization of each layer of the stack, starting from
depositing each layer on bare SLG substrates to understand the impact of the PLD deposition

parameters on the properties of the layer. The optimization of each layer with its adjacent layers is
v



then performed through a parametric investigation of the deposition temperature of the corresponding
layer on the multi-layer structure that each chapter deals with. The properties of the individual layers
and their interfaces were examined in detail using a variety of techniques to ensure the

comprehensive assessment of each layer.

An overview of CIGS solar cell technology is presented in Chapter 1, along with the motivation and
objectives of this PhD thesis. Chapter 2 presents the theory of the photovoltaic effect. Chapter 3
describes the techniques used to grow and characterize the layers and solar cells. Chapter 4 deals
with the optimization of the CIGS layer and the CIGS/Mo/SLG multi-layer structure. The main
findings of Chapter 4 are reported in a scientific publication [3]. Chapter 5 is dedicated to the
optimization of the CdS layer and the CdS/CIGS/Mo/SLG stack. The results of Chapter 5 are
reported in a scientific publication [4]. Chapter 6 involves the optimization of the ZnO and ZnO:Al
layers and the ZnO/CdS/CIGS/Mo/SLG and ZnO:Al/ZnO/CdS/CIGS/Mo/SLG multi-layer
structures. The optimum deposition parameters, which have been derived from the work reported in
each chapter, have been used to fabricate the PLD-grown CIGS solar cells in a sequential deposition
of CIGS, CdS, ZnO and ZnO:Al on Mo-coated SLG substrates. Chapter 7 deals with the fabrication
and optimization of the PLD-grown CIGS solar cells. In Chapter 8, a summary of the main results of
each chapter is presented and finally, Chapter 9 refers to the future actions for the optimization of

the performance of CIGS solar cells.

Vi
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Chapter 1 - Introduction

1.1 The energy problem and the role of photovoltaics

With the universal acknowledgement of the limited availability of fossil fuels and the
detrimental effects of greenhouse gases on the environment, the need for environmentally friendly
energy sources seems to be imperative. More specifically, the European Commission has initiated
the Renewable Energy Directive, which establishes an overall policy for the production and
promotion of energy from renewable sources in the European Union (EU). The directive has set a
common target — currently set at 32% and recently proposed to be increased to 45% — for the amount
of renewable energy in the EU’s overall energy consumption by 2030 [5]. On a global level,
international treaties on climate change, such as the Kyoto protocol and more recently the Paris
agreement, commit their parties to significantly reduce their greenhouse gas emissions [6, 7]. These
driving forces have steered the scientific community, in recent years, to direct its efforts towards

renewable energy sources and, especially, solar energy.

Harvesting solar energy by direct conversion of sunlight to electricity using photovoltaic
(PV) technology is emerging as a leading contender for next-generation green power production.
Solar power is now being increasingly recognized by leading policy makers as the preferred technical
solution to fight climate change, as well as a stable-priced energy source. PV cells are small, require
much less maintenance and are more reliable in comparison with other alternative energy sources,
like wind turbines, which are more disruptive and more prone to noise pollution. Also, some of the
major solar thermal energy projects in the globe have been converted into solar PV installations due
to the high cost of such projects. The installation of solar thermal plants is usually implemented in
deserts because of the necessity for large areas. Having moving parts and massive arrays of mirrors
raises concerns about the impact on the desert wildlife. In addition, the usage of large quantities of

water in the desert is a significant problem.

Converting solar energy directly into electricity using semiconducting materials has become
the current trend for green power production and PV modules based on crystalline silicon (including
both large-grain polycrystalline and single-crystalline materials) represent 94% of the market [8].
These Si wafer-based “first-generation” single junction cells have a maximum theoretical conversion
efficiency of ~31% under direct AM1.5 solar spectrum (limited by thermodynamic considerations -
Shockley and Queisser limit [9]); however, they also have a high cost especially in the case of high-
efficiency cells based on single-crystalline Si. Hence, the development of new PV technologies based
on “second” and “third generation” cells is important in making the electricity production cost of
solar cells commercially competitive by reducing the cell fabrication costs and elevating the

efficiencies approaching the Shockley and Queisser limit.



1.2 CIGS thin film solar cells

1.2.1 Introduction

Over the past two decades, there has been devoted effort in advancing thin-film, “second-
generation” technologies that do not require the use of thick, rigid, and expensive crystalline Si wafer
substrates. Thin-film solar cells have attracted considerable interest due to high potential conversion
efficiencies, high radiation resistance, weight reduction, and space savings. In particular, thin-film
solar cells based on the chalcopyrite compound Cu(In,Ga)Se, (CIGS) have shown promising
laboratory efficiencies. A tremendous enhancement in the efficiency of CIGS solar cells has been
reported through the years with a steeper increase since 2014, reaching record efficiencies of 23.35%
achieved by SolarFrontier in 2019 [10] and 22.6% by Jackson et al. in laboratory conditions in 2016
[11], exceeding that of multi-crystalline Si-based cells. The recent improvement in cell efficiency
paves the way for progress in module efficiencies up to 18% over the next few years [12]. The total
world-wide CIGS production capacity is about 2 GWp/a with production costs of 0.048 EUR/kWh
which are already comparable to that of crystalline Si (0.051 EUR/KWHh) [12]. Improved productivity
by next-generation equipment and new infrastructure, combined with enhanced module efficiency -
up to 18% - and reduced material costs, hold the potential of yielding a total cost of 0.25 USD/Wp
at production capacities of 1000 MWp/a [12]. Fulfilling this potential is contingent on the ability to

perform deposition and processing on larger substrates and accelerated production lines.

A typical CIGS solar cell (Figure 1.1) with laboratory efficiency over 20% has the following
configuration: soda-lime glass (SLG) as substrate, sputtered Mo as back contact, multi-stage co-
evaporated CIGS as p-type absorber, chemical-bath-deposited CdS as n-type buffer layer, sputtered
i-Zn0/ZnO:Al bilayer as transparent window, Ni/Al grid, and antireflective MgF, coating [2]. The
key feature of CIGS solar cells is their remarkable stability [13-16]. Outdoor tests at elevated
temperatures have established that no light-induced degradation occurs for periods up to eight years
[17]. The stability of CIGS solar cells sets CIGS technology in an advantageous position in
comparison with other PV technologies, like perovskites [18, 19]. Furthermore, CIGS solar cells are
considered to be the most suitable candidate for space applications due their superior radiation
hardness [20, 21].
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Figure 1.1 Schematic representation of the multi-layer structure of CIGS solar cell.

The CIGS cell consists of several layers of different materials and the cell efficiency is highly
affected by each layer, as well as the interaction between them. A variety of methods has been used
to prepare each layer of CIGS solar cells, with the most common being thermal evaporation,
sputtering, chemical bath deposition (CBD), and selenization. Despite significant improvements in
CIGS solar cell efficiency, several factors related to both device fabrication and cell efficiency
hamper their development. The industry norm of using multiple deposition techniques and high
processing temperatures (higher than 500°C for the highest efficiency CIGS films) for different
layers in the stack adds time and cost to the fabrication process. The deposition methods used for

each layer and the challenges of CIGS solar cells are thoroughly presented in the next section.

1.2.2 State of the art

Remarkably high efficiencies have been obtained throughout the efforts of the research
community in advancing thin-film solar cells based on Cu(In,Ga)Se2 (CIGS). Currently, the record
value of 22.6%. is achieved by Jackson et al. by applying a post-deposition alkali treatment on CIGS
layer. This record efficiency exceeds the best-performing multi-crystalline Si-based solar cells up to
this day [11]. Moreover, record efficiency of up to 16.5 % on 1.09 m? fully integrated CIGS thin film
solar modules on glass substrate have been achieved by TSMC solar [22]. Although, the highest
efficiency (22.6%) reported for CIGS solar cells has been attained on glass substrates, the use of
flexible substrates offers new possibilities for the application of solar cells on flexible and uneven
surfaces. Chirila et al. have developed the most efficient (18.7%) CIGS solar cell to date on flexible
polymer surfaces by adjusting the band gap grading of the CIGS absorber. This breakthrough was
found to be of crucial importance for reducing recombination losses and ensuring highly efficient

charge carrier collection [23, 24].



A literature review of CIGS solar cells reveals various aspects that deem further
investigation. Therefore, issues concerning the different parts of the CIGS solar cell structure are

being addressed and hereby presented, starting with the Mo back contact and proceeding up the stack.

Focusing on the back contact, several metals, such as W, Cr, Ta, Nb, Pt, Au, Ag, Cu and Mo,
have been investigated [25-27]. A Mo layer, 0.5-1 um thick and usually deposited by magnetron
sputtering [28, 29], is typically chosen for the back contact for multiple reasons. Primarily, the Mo
back contact enables the diffusion of Na* ions from the SLG substrate into the absorber CIGS layer
resulting in an improvement of the photovoltaic properties [30, 31]. Also, it has been reported that
the formation of the MoSe; layer at the interface of CIGS/Mo provides a nearly ideal ohmic contact
between Mo and CIGS [32-34]. On the other hand, delamination issues are typically correlated with
the interface between the Mo back contact layer and the absorber CIGS layer, and specifically, with
the orientation and thickness of the MoSe; interfacial layer [35, 36].

A variety of methods have been employed to deposit CIGS films. These methods belong to
two general approaches. The first approach is a single-step growth process. In this process, all the
constituent elements (Cu, In, Ga, Se) are being co-evaporated and deposited on a substrate heated at
400-600°C, with four different sequences (with variation in fluxes and substrate temperature over
time) resulting in a cell efficiency greater than 16% [37, 38]. The second approach is a two-step
process. In this process, the metals are deposited at low temperatures and then the resulting film is
annealed in H,Se atmosphere [39] or in Se vapor [40] in the range of 400-600°C. The grain
microstructure of CIGS films is dictated by the deposition method used, with large grain sizes

resulting in more efficient devices [41].

N-type CdS is widely used as buffer layer in CIGS solar cells because it has continuously
yielded high efficiency cells, with the highest efficiency values obtained when CdS layers are grown
by chemical bath deposition (CBD) [42, 43]. However, CBD is incompatible with in-line vacuum-
based fabrication. The CdS contact layer also functions as a window for solar radiation. Because CdS
absorbs in the blue wavelength range, it is important that this layer be thin. When the layer is too
thin, however, pinholes between the transparent conducting oxide (TCO) contact, that is ZnO:All,
and the absorber CIGS layer create short circuits. In recent years, the research community has
directed its efforts towards Cd-free cells in order to avoid the toxicity of Cd. The substitution of CdS
buffer layer with non-toxic materials will make the production environment safer, while also making
module recycling feasible. Zn-based compounds are the current promising candidates as alternatives
to CdS [44-46].

The functional part of the solar cell is completed by the front contact. This layer should
exhibit sufficient optical transparency and high electrical conductivity. Based on these requirements,
TCOs are the most suitable candidates for use as front contacts. Today, Sn-doped In,O3 (ITO) and
aluminum-doped ZnO (ZnO:Al) deposited by RF-sputtering are the most widely used TCOs [47, 48].
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The inclusion of a thin layer between the TCO and the CdS, such as a highly-resistive transparent
oxide, that is intrinsic ZnO (i-ZnQ), improves the efficiency [49, 50]. The exact role of this additional
layer, whether it just introduces resistance into short circuits and/or changes the interfacial energetics,

is not well understood. The optimization of this interface is, therefore, a critical need [51].

The films discussed above are the necessary layers for a CIGS solar cell to operate but are
not adequate to obtain high-efficiency devices. An antireflective (AR) coating is required to reduce
reflection losses and thus improve the efficiency of the device. The most widely used material as
AR coating in CIGS solar cells is magnesium fluoride (MgF2). MgF. has two important
characteristics: low refractive index and the ability of forming high quality films. The thickness of
the AR coating is the key feature that must be optimized to optically enhance the performance of the
device. Modeling together with experimental results can be jointly used to investigate the effect of
the AR coating thickness to the performance of the cell, as Rajan et al. have realized, reporting an

increase of 5% in device efficiency [52].

Finally, the goal of fabricating a solar cell is for it to be incorporated into an external circuit
so that the generated current can flow through a load. Collecting the current accumulating on the
transparent conductive contact in an effective way is a challenge that researchers still face. A highly
conductive metal grid deposited at the front contact is a good solution to reduce the high resistive
losses along the front contact. The design of the metal grid has a variety of parameters, such as grid
finger height, grid finger width and grid finger spacing, which must be optimized to present a
significant gain to the efficiency. The effects of the metal grid parameters have been studied through
modeling and simulations and a quantitative analysis have been reported for CIGS solar cells [53]
and modules [54, 55].

As discussed herein, remarkable progress has been made over the past years in the
development of high efficiency CIGS solar cells, but there is potential for more improvement. The
thin-film solar cell industry needs to design its own unique process equipment, integrating simplified
deposition methods in an in-line sequential process with low deposition temperatures (<450 °C) to
reduce manufacturing time and cost. In light of the above, a promising technique for the deposition
of CIGS absorber films has to be defined in order to achieve a single-step, low-cost and high-
deposition-rate growth with thickness uniformity and stoichiometry over large areas. In this study,
the overarching goal is to demonstrate the suitability of PLD as a growth method to fabricate the
functional part of the complicated multilayer structure of the CIGS solar cell, at temperatures lower
than 450 °C. A systematic investigation has been carried out for further understanding, controlling,

and optimizing the layers and interfaces between the dissimilar materials.
1.3 Motivation, objectives and thesis overview

Currently, multiple deposition techniques and high processing temperatures are being used

to grow the different layers in the stack which makes the fabrication process time consuming and
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expensive. Therefore, identifying a single growth method for the fabrication of the functional part of
the CIGS cell, which will reduce the fabrication time and cost, is highly desirable. This PhD thesis
demonstrates the utilization of pulsed laser deposition (PLD) in a novel sequential process for the
fabrication of the multi-layer structure described above. In this work, the preparation of the
functional part of the CIGS solar cell (CIGS/CdS/i-ZnO/ZnO:Al) was carried out by using
PLD in one growth sequence and at temperatures lower than 450 °C. While several different
growth procedures have been exploited for each constituent layer in developing CIGS solar cells
with efficiencies in the range of 14-22%, up to now, no published report exists of using PLD for
fabricating a CIGS cell in its entirety. Thus, this work constitutes an innovative application of PLD

to the fabrication of thin-film CIGS solar cells.

PLD is considered to be an excellent lab-scale research tool, because it can produce multi-
layered structures of thin films from different bulk targets without interrupting the fabrication
procedure. In addition, PLD is a suitable method to fabricate small-area (1 cm?) CIGS solar cells
because of the stoichiometric transfer of materials from the target to the film [56], the lower
deposition temperature (non-equilibrium process), the high deposition rates, and the reduction in pin
holes in very thin layers (highly compact films). With these features, PLD offers a variety of
advantages over other methods of physical vapor deposition (PVD). Moreover, PLD has recently
reached the potential of large-area deposition with thickness uniformity. State-of-the-art PLD
systems, that are now commercially available, enable for the deposition of high-quality thin films on
various substrates, up to wafer sizes of 200 mm [57]. The thickness uniformity is achieved by the
rotation of the substrate along with laser beam scanning across the target surface. The recent
development on the scalability of PLD systems will enable the utilization of PLD in the fabrication

of CIGS mini modules.

More specific, the high deposition rate and the stoichiometric transfer of complex materials
that occurs using PLD is ideal for depositing the “thick” absorber layer of CIGS; CIGS layer
thickness of ~2um is essential for sufficient absorption. Also, high quality polycrystalline CIGS films
can be obtained by PLD due to the precise control of deposition parameters which define the growth
process. In regard to CdS layer, it has been recently reported that CdS films deposited by PLD are
more compact and uniform than those grown by CBD and sputtering [58]. Thus, PLD may allow the
realization of high quality and possibly thinner CdS layers without the creation of short circuit
pinholes between the TCO and the absorber layer [8]. Concerning the ZnO layers, it is also well

known that PLD is the most suitable method to grow high quality oxide thin films [59].

The primary objectives of this PhD thesis for implementing the concept described above are

the following:

Objective 1: Optimization of individual layers of the CIGS solar cell and their adjacent interfaces




e Systematic investigation of PLD growth parameters of each individual layer (CIGS, CdS,
intrinsic ZnO and Al-doped ZnQO) along with the exploration of multi-layer stacks
(CIGS/Mo, CdS/CIGS/Mo, ZnO/CdS/CIGS/Mo, ZnO:Al/ZnO/CdS/CIGS/Mo).

e ldentification of the optimum PLD growth parameters for each layer through an overall
assessment of crystal structure, morphology, chemical composition, electrical and optical

properties and interface characterization.

Objective 2: Fabrication of the CIGS solar cell and optimization of the fabrication process

e Fabrication of PLD-grown CIGS solar cells through the sequential deposition of CIGS, CdS,
Zn0 and ZnO:Al layers using the optimum growth conditions of each layer. The structure
of the PLD-grown CIGS solar cells was based on the state-of-the-art CIGS solar cells derived
from bibliography, which is SLG/Mo/CIGS/CdS/Zn0O/ZnO:Al and Ni/Al grid on the top.

e A systematic investigation of the effect of CdS layer on the efficiency of the PLD-grown
CIGS solar cells .

e The evalutation of PLD-grown CIGS solar cells through material characterization, electrical
measurements and efficiency tests and optimization of the fabrication process using the
shadow masked PLD method.

The thesis overview is given below with a short description of the following chapters:

Chapter 2 introduces the fundamental physics and theoretical background of a pn-junction,
which constitutes the main functional part of a solar cell, where the photovoltaic effect takes place.
The governing equations of the pn-junction in equilibrium, biased and under illumination conditions
are being extracted. Furthermore, the key characteristics that define the quality of a solar cell are

being discussed in this chapter.

Chapter 3 discusses the experimental methods and laboratory equipment used to carry out
this study. The deposition techniques, material characterization, electrical and optical measurements

of the films along with characterization and evaluation of the solar cells are described in this chapter.

Chapter 4 concerns the optimization of the PLD growth parameters of the CIGS layer. A
systematic investigation of the effect of PLD growth parameters on the properties of CulngsGagsSe
thin films deposited on SLG (CIGS/SLG) and on Mo-coated SLG (CIGS/Mo/SLG) substrates is
presented. The optimum PLD parameters for the deposition of the CIGS layer are being derived from
an overall assesment of crystal structure, morphology, chemical composition, electrical and optical

properties and interface characterization.

Chapter 5 deals with the optimization of the PLD growth parameters of the CdS layer. The
deposition of CdS thin films on SLG substrates (CdS/SLG) in order to investigate the influence of



the PLD growth parameters on the properties of CdS thin films is initially discussed. The optimum
PLD growth conditions of CdS layer are derived through a complete structural, compositional,
morphological and optical characterization. Moreover, the sequential deposition of CIGS and CdS
layers on Mo-coated SLG (CdS/CIGS/Mo/SLG) using PLD without interrupting the deposition
process is examined. In addtion, the evaluation of the quality of CdS/CIGS junction based on

electrical measurements and calculations is presented in this chapter.

Chapter 6 involves the optimization of the PLD growth parameters of the ZnO and ZnO:Al
layers. The investigation of PLD parameters of the deposition of ZnO thin films on SLG substrates
(ZnO/SLG) is initially discussed. A thorough structural, morphological and optical characterization
of ZnO films is examined for the identification of the optimum PLD growth conditions of ZnO layer.
Moreover, the sequential deposition of CIGS, CdS and ZnO layers on Mo-coated SLG
(ZnO/CdS/CIGS/Mo/SLG) using PLD without interrupting the deposition process is discussed,
along with the evaluation of ZnO/CdS/CIGS junction based on electrical measurements and
calculations. Similar methodology and investigation is presented for ZnO:Al on glass and
Zn0:Al/ZnO/CdS/CIGS/Mo/glass structure in this chapter.

In Chapter 7 the fabrication of the PLD-grown CIGS solar cells with sequential deposition
of CIGS, CdS, ZnO and ZnO:Al layers on Mo-coated SLG substrates is presented. The efficiency
and characterization of the PLD-grown CIGS solar cells with varying CdS thickness are examined
in this chapter. Moreover, the optimization of the fabrication process has been explored to improve
the performance of the PLD-grown CIGS solar cells through the elimination of particulates on the
CIGS layer using the shadow masked PLD method.

Chapter 8 summarises the main findings of this study concerning the deposition of the

individual layers and multi-layer structures and the fabrication of the CIGS solar cells using PLD.

Chapter 9 presents suggestions for future work regarding the enhancement of the
performance of the PLD-grown CIGS solar cells. With further improvement of the multi-layer
structure and optimization of the fabrication process, a greater efficiency of the PLD-grown CIGS

solar cells will be achieved.



Chapter 2 — Theoretical background

2.1 Introduction

The photovoltaic effect is the direct conversion of light into usable electrical energy, through
photovoltaic devices or solar cells. The first report of this effect is attributed to Edmund Bequerel in
1839 [60], who observed the generation of an electric current when a silver coated platinum electrode
immersed in electrolyte was exposed to light. The experimental efforts continued from the research
community, but the results were not well received, until the introduction of quantum mechanics.
However, the efficiency of the solar cells in the 1930’s was too low (1%) to be considered as a
practical power source. Further research on photovoltaics along with the beginning of silicon in
microchip technology in the 1950’s, led to the increase of the efficiency to 15% on silicon based
solar cells. When the space race began, the need for non-expendable and lightweight power sources
for satellites brought the interest of the researchers on photovoltaic technology back. Nowadays,
silicon solar cell industry dominates the market of photovoltaics with a wide range of applications,

including integrated terrestrial and space systems [61].

The need for photovoltaic devices with high power-to-weight ratio for space applications
steered the development of thin-film solar cells in the 1970s. Today, the driving force for
development of thin-film solar cells are mainly their potential high efficiency, the reduced
manufacturing cost and material utilization. The earliest thin-film cells were based on Cu,S/CdS and
suffered from poor stability due to the high diffusivity of Cu. Amorphous hydrogenated silicon (a-
Si:H) cells entered the PV market in the 1980s, but today are increasingly challenged by CdTe and
Cu(In,Ga)Se; based cells due to their remarkable stability [17]. The stability of Cu(In,Ga)Se 2 solar
cells is also superior to other thin-film PV technologies, such as perovskite solar cells [18, 19].
However, the thin-film materials used in CdTe and Cu(In,Ga)Se; based cells are not used elsewhere

in the electronics industry, therefore, there is comparatively little expertise about them [62].
2.2 The photovoltaic effect

Solar energy is converted into electrical energy when light is absorbed by a photovoltaic
device. The absorption of photons by a photovoltaic device excites electrons into higher energy
states, which are quickly separated by a built-in electric field before they can relax. The result from
this process is the generation of a potential difference at the ends of the solar cell that drives the
electrons through a load in an external circuit. This chapter deals with the fundamental physics of a
pn-junction which constitutes the main functional part of a photovoltaic cell where the phenomenon

described above takes place.



2.2.1 pn-junction at equilibrium

A pn-junction consists of two separate regions of p- and n-type semiconductors that are
joined together to form a junction (Figure 2.1). This is not the experimental way of fabricating the
junction, but it happens through various processes that spatially change the doping concentration
from n-type to p-type [63]. The n-type semiconductor has a large concentration of electrons coming
from the impurity atoms (donors, Ng) that have one additional valence electron, which contribute to
the carrier concentration of the material. The p-type semiconductor has a large concentration of holes
coming from the impurity atoms (acceptors, Na) that have one less valence electron, which can accept
a neighboring electron creating a hole that contributes to the carrier concentration of the material.
The majority carriers of the n-type and p-type material are electrons and holes, respectively. A
thorough discussion on the nature of p- and n-type semiconductors, can be found in Streetman and
Banerjee [63].

p n

& Metallurgical

junction
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Hole ——
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Figure 2.1 (a) simplified geometry of a pn-junction and (b) doping profiles of p and n regions of an
ideal pn-junction [64].

When the two regions are in contact, diffusion of the majority carriers takes place in each
side because of the large concentration gradients at the junction. Electrons diffuse from n side to p
side, where they recombine with holes, leaving behind uncompensated donors (Ng) in the n material
near the junction. Conversely, holes diffuse from p to n side, where they recombine with electrons,

leaving behind uncompensated acceptors (Na) in the p material near the junction (Figure 2.2a).
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Figure 2.2 (a) The space charge region, the electric field and the forces acting on the carriers [64]

and (b) particle and current flow at the junction [63].

The diffusion of the carriers results in the development of a depleted region of positive charge in the
n region and negative charge in the p region near the junction. This region is known as
depletion/transition region and is also called as space charge region because it contains only
uncompensated charged ions and no free carriers. The ions in the depletion region create an electric
field with direction from n side to p side. The density gradient produces a “diffusion force” that acts
on the majority carriers at the edges of the space charge region, as shown in the Figure 2.2a. The
electric field in the space charge region produces another force on the electrons and holes, which is
in the opposite direction to the diffusion force for each type of particle. Therefore, the electric field
generates a drift component of current that opposes the diffusion current (Figure 2.2b). As the
diffusion current increases, more ions remain uncovered and the depletion region gets wider, thus
the electric field is enhanced and consequently the drift current increases. These two competing
currents cancel each out when equilibrium is reached (the diffusion force and the E-field force exactly
balance each other), thus the depletion region limits to a certain size.

_ av(x)
dx '

According to the relation E (x) = a gradient in electrostatic potential is established

in the space charge region (-x, < X < X»), when equilibrium is reached. Assuming that the electric
field is zero in the neutral regions, the electric potential in the p and n neutral regions must be constant
but not equal. The potential difference at the edges of depletion region is called contact or built-in
potential, V,,;, as shown in Figure 2.3a. The built-in potential maintains equilibrium between majority
carrier electrons in the n region and minority carrier electrons in the p region, and between majority
carrier holes in the p region and minority carrier holes in the n region. This potential difference across
the junction cannot be measured with a voltmeter because new potential barriers will be formed
between the probes and the semiconductor that will cancel V,;. The potential V,; maintains

equilibrium, so no current is produced by this voltage.
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(a)

Figure 2.3 (a) electric potential through the space charge region and (b) energy band diagram of the
pn-junction in thermal equilibrium [64].

The energy band diagram of the pn-junction in thermal equilibrium is shown in Figure 2.3b.
At equilibrium, the Fermi level must be constant throughout the device (no spatial variation); as a
result, the valence and conduction bands on the p side are separated from the n side by an amount of
energy equal to eV;. Electrons in the conduction band of the n region must overcome the built-in
potential barrier eV},; to move into the conduction band of the p region. The built-in potential V;,; can
be determined as the difference between the intrinsic Fermi levels in the p and n regions, V;,; =

|<PFp| + |@pn|, leading to the equation 2.1

Vpi = ";—Tln Nzgd, Equation 2.1

where, Ng and N, denote the net donor and acceptor concentrations in the individual n and p

regions, respectively.
2.2.2 Forward and reverse biased junctions

In this section, a qualitative examination of the important features of a junction like the built-
in potential, electric field and components of current is presented in the presence of an applied bias
at the pn-junction. In addition, the diode equation and the I-V characteristic of a pn-junction are

derived.

In the case of an external voltage being applied at the pn-junction with the positive terminal
on the p side relative to the n side, then the junction is forward biased and the applied voltage V is
considered to be positive. The vice versa applies for the reverse bias. The voltage drop in the neutral
regions is small due to the small resistance (large carrier concentration and the length of each region
is small compared to its area) of these regions and can be neglected. Therefore, it is valid to assume

that the external applied voltage appears intact across the depletion region [63].

The impact of biasing on the potential barrier of the pn-junction is shown in Figure 2.4. The
electrostatic potential barrier on a forward biased junction is lowered from the equilibrium built-in

potential to the value Vii-Va, Where Va is the forward applied voltage. This lowering of the barrier
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occurs because a forward bias raises the potential on p side and lowers the potential on n side. On a
reverse biased junction (-Vg) the potential on p side is lowered relative to the n side and the potential

barrier at the junction becomes larger, equal to Vpi+Vr.

A

T \ Vbi+Vr
Vpi-V,
Vbi bi~Va

\" _i_/

P

Figure 2.4 The electric potential barrier of a pn-junction (a) at equilibrium, (b) under reverse bias

and (c) under forward bias [65].

Figure 2.5 illustrates the changes that occur on the electric field, the width of the depletion
region and the energy band diagram under bias in relation to the junction in thermal equilibrium. The
electric field within the depletion region decreases at forward bias since the applied electric field
opposes to the equilibrium field. At reverse bias, the opposite occurs; the electric field increases

because the applied field is at the same direction as the equilibrium field. Another way to deduct the

av(x)

o which

electric field is from the slope of the potential barrier through the relation E(x) = —

agrees with the above description.

The width of the depletion region W changes since it depends on the electric field at the
junction. Under forward bias, the electric field is smaller, thus fewer ions are being uncompensated
therefore the width W becomes smaller. The same reasoning facilitates that the width of the depletion

region becomes larger under reverse bias.

The separation of the energy bands also changes since it depends on the potential barrier at
the junction. Thus, the separation of the band becomes narrower under forward bias related to the
separation at equilibrium, at an energy amount of g(Vui-Va). Under reverse bias, the separation
becomes wider at an energy amount of q(Vei+Vr). The Fermi level deep inside each neutral region
must be at the equilibrium level, therefore the shift of the energy bands implies a discontinuity of the
Fermi level within the depletion region. The Fermi levels in the two neutral regions differ by an
energy amount equal to the applied voltage times the charge of electron g. Thus, the energy difference

is Ep, — Epp, = qVg under reverse bias and Eg, — Ep, =qV, under forward bias.
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Figure 2.5 pn-junction (a) at equilibrium, (b) under forward and (c) under reverse bias; effects on
depletion region width, electric field, and energy band diagram.

The particle and current flows are presented in Figure 2.6 for the pn-junction in equilibrium
and under bias. The diffusion current is attributed to the flow of majority carriers on each side that
surpass the potential energy barrier to diffuse to the other side of the junction. Some electrons on the
conduction band of the n side have enough energy to overcome the barrier and diffuse from nto p at
equilibrium. However, under forward bias, the potential barrier is lowered (Vpi-Va) and the population
of electrons in the n side conduction band which have sufficient energy to pass the barrier increases,
thus electron diffusion current can be quite large. Similarly, more holes in the p side valence band
can diffuse to n side due to lowering of the barrier, thus the diffusion current increases under forward
bias. Under reverse bias, the potential barrier becomes larger (Vpi+Vg) and is too high for electrons
in the conduction band of the n side to surpass and diffuse to the p side. Therefore, very few or no
electrons and holes have enough energy to overcome the barrier and diffuse on either side, thus the

diffusion current is negligible at reverse bias.

The drift current is attributed to the flow of minority carriers which have wandered near or
into the depletion region and swept down the barrier by the electric field. The drift current is relatively
independent to the height of the potential barrier (and therefore the applied voltage), because the
limitations of drift current are related on how often the carriers are swept down the barrier and not
on how fast. In other words, every electron on p side which has wandered into the depletion region
will be swept down the potential barrier, whether the height is large or small. For example, the
electron drift current, which arises from the minority electrons on p side that have been drifted to the
n side by the electric field, does not depend on how fast electrons are swept from p to n, but rather

on how many electrons are swept per second. Similarly, the same reasoning applies to the hole drift
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current that drives the holes from n to p side of the junction. This implication leads to the

approximation that the electron and hole drift currents are independent of the applied voltage.

The drift current, as discussed above, mainly depends on the concentration of minority
carriers near or into the depletion region. Therefore, the drift current is low in both cases of bias,
because of the low concentration of minority carriers that give rise to the current. The minority
carriers on each side are generated by thermal excitation of electron-hole pairs (EHPs). If an EHP is
generated within a diffusion length L, near the depletion region on the p side, this electron can reach
the depletion region by diffusion and be swept by the electric field to the n side. This generation of
EHPs near the junction can be greatly enhanced by optical excitation, as occurs in a solar cell. The
drift current is also called the generation current since its magnitude depends on the rate of
generation of EHPS.

(a) (b) ()

Particle | Current Particle | Current Particle | Current
flow flow flow

1. — — > > > >

2. «— - - - - -

3, «- — -« - «—— - -———>

4. —» - - <— - -

1. Hole diffusion 2. Hole drift 3. Electron diffusion 4. Electron drift

Figure 2.6 Particle and current flow at the pn-junction (a) in equilibrium, (b) under reverse bias and

(c) under forward bias.

The total current passing through the junction is derived from the sum of diffusion and drift
current. The diffusion current of both types of carriers is directed from p to n side and the drift current
is directed from n to p side. At equilibrium (V=0), the net current through the junction is zero, since

the drift and diffusion currents cancel for each type of carrier:

[ = I(diff.) —|I(gen.)| =0 forV =0, Equation 2.2

It is noted that the positive direction of the current is taken from p to n and the applied voltage
is positive when the positive terminal is attached to p material. Under forward bias (V>0), the
diffusion current increases due to the low potential barrier and the generation current remains
constant and relatively small. The applied forward bias, V=V, increases the probability of a carrier

to diffuse across the junction by a factor of e(@a/kT) Thus, the diffusion current under forward bias

is given by its equilibrium value multiplied by e@a/kT)_ Since the equilibrium diffusion current is
equal to the absolute value of generation current, the diffusion current at forward bias is written as
shown in equation 2.3. Therefore, the total current under forward bias is equal to the diffusion current

minus the absolute value of the generation current (Equation 2.4).
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Va
1(diff.) = [1(gen)|e\F) forv >0, Equation 2.3
aVa
[ =|I(gen)| [e(W) - 1] forV >0, Equation 2.4

Under reverse bias (V<0), the reverse bias, V=V, reduces the probability of the diffusion by
the factor of e(“4Vr/KT) and the diffusion current for both types of carriers is negligible due to the
large potential barrier at the junction. The diffusion current under reverse bias is shown in equation
2.5. Thus, the only current passing through the junction is the relatively small (and voltage
independent) generation current from n to p (Equation 2.6). The negative generation current on

reverse bias is also called the reverse saturation or leakage current.

qVr
1(diff.) = |1(gen)|e"%) ~ 0 forv <o, Equation 2.5
I = —|I(gen.)| forV <0, Equation 2.6

The equation 2.4 can be revised to a more general expression that is applicable for both forward

and reverse bias:
I=1I(e@/kD — 1), Equation 2.7

The IV characteristic of a pn-junction that derives from equation 2.7 summarizes the
alteration of the total current crossing the junction under forward or reverse bias and is illustrated in
Figure 2.7. The significant feature emerging from the IV curve is the nonlinear dependence of the
current as function of the applied voltage. In forward bias the current flows relatively freely,

conversely to reverse bias in which there is almost no current flow.

When V is positive (forward bias) and significantly greater than kT/q, the exponential term
becomes much greater than the unity and the total current increases exponentially with V. When V is
negative (reverse bias), the exponential term approaches zero and the total current is equal to leakage
current, -l,. The leakage current is voltage-independent until a critical reverse bias is reached
(breakdown voltage), for which the reverse current sharply increases. This phenomenon is called the
reverse breakdown, where a small increase in the reverse voltage can drive large currents to flow
through the device. In this case, the junction can be damaged by the excessive reverse current that
overheats the device. Reverse breakdown can occur by two mechanisms: Zener effect that occurs at

low voltages and avalanche breakdown that occurs at higher voltages.
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Figure 2.7 IV characteristic curve of an ideal pn-junction.

By calculating the diffusion currents at the edges of the depletion region through the excess

minority carrier distributions, equation 2.7 can be written as
I=qA (IZ—an + S—:np) (el@V/kD) — 1) = [, (e@V/kT) — 1), Equation 2.8.

Equation 2.8 is called the diode equation and describes the total current through the diode for either
forward or reverse bias, at every position x in the device (the derivation of the diode equation can be
found in [63].

2.3 pn-junction under illumination

In this section, the operation of a pn-junction as a solar cell will be discussed. When a pn-
junction is exposed to light, the generation of EHPs is enhanced by the absorption of photons and as
a result, a potential difference appears at the ends of the solar cell (Figure 2.8). In this case, the pn-
junction operates as a photovoltaic device that converts optical energy into electrical energy.

E-field

I

Figure 2.8 Illumination of a pn-junction in an electrical circuit [64].
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The illumination of a pn-junction results to an additional generation rate of EHPS, gop
[EHP/cm?®-s], that participates in the drift current of minority carriers across the junction. Thus, if
the junction is uniformly exposed to light with photon energy hv>Eg, the minority carriers can be
generated via thermal or optical excitation. The minority carriers which are generated within a
diffusion length at each side of the junction, can diffuse to the depletion region and drift to other side
by the electric field. The number of holes created per second within a diffusion length L, on the n
side is ALpgop and similarly, the number of electrons created per second within a diffusion length L,
on the p side is ALngop. In addition, the number of carriers AWgq, which are generated within the
depletion region W contribute to the current, thus, the current that arises from the collection of these

optically generated carriers by the junction can be written as:
I, = qAgop(Ly + L + W), Equation 2.9 [63].

Since I is directed from n to p, the total reverse current of an illuminated diode is the sum of the
current described by the diode equation and the current due to optical generation, as shown in
equation 2.10.

D. D
I=1g—1, =1,/ —1) -, =A (ipn + L—:np) (e@V/*¥D) — 1) — qAgop(Ly + Ly + W),

Equation 2.10

Therefore, the IV characteristic curve shifts to lower values of current, as shown in Figure 2.9. The
amount of the shift is proportional to the generation rate go, Which is proportional to the intensity of
light (number of photons per unit time) [63].

2" quadrant I 1%t quadrant

/

l f_{i”l“ ________ illuminated

!SE

3" quadrant 4 quadrant

Figure 2.9 IV characteristic curve of an illuminated junction [66].

In the case of a short circuit (V=0), the only current flowing through the device is —I_ with
direction from n to p, which is called the short circuit current, lsc. The short circuit current is
proportional to the optical generation of EHPs, therefore the short circuit current is proportional to

the intensity of light. Thus, solar cells that absorb photons with energies lying on the high intensity
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region of the solar spectrum can yield higher efficiencies, because of the larger absolute values of

short circuit current that can be obtained [63].

In the case of the device being in an open circuit (I=0), the potential difference that appears
at the ends of the device is called the open circuit voltage, Vo.. The open circuit voltage can be
obtained by setting the total current equal to zero and Dy, ,, = Lf,/n/Tp/n in equation 2.10:

Lp+Ln+W
p)Pn+(Ln/To)np

N P I
Voo = qln[ +1]—qln[(Lp/T

I Jop t 1], Equation 2.11

where T,/ is the lifetime of an EHP before recombination occurs.

The Vo has an upper limit value that is equal to the equilibrium built-in potential V,, since the built-
in potential is the maximum forward bias that can appear across a junction. One can say that
increasing the generation rate gop, the Voc can increase to infinity, but as the minority carrier

concentration is increased by the optical generation of EHPs, the lifetime 7,, ,, becomes shorter and

the Vo confines to a maximum value [63].

The energy band diagram of a junction at equilibrium and of an illuminated junction in an
open circuit is shown in the Figure 2.10a and 2.10b, respectively. At thermal equilibrium, the Fermi
level is constant through the device and the separation of the conduction bands is equal to qVyi. When
the device is illuminated, the appearance of a forward voltage across the junction causes a
discontinuity to the Fermi levels. The Fermi levels in the two neutral regions differ by an energy
equal to Er,, — Epp = qV),, as it happens to the forward biased junction discussed in the previous

section [63].
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I | qu/ ‘[\l—
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Figure 2.10 Energy band diagrams of a junction (a) at equilibrium and (b) under illumination in an

open circuit [63].

The IV curve of the illuminated junction can be divided into four quadrants as shown in
Figure 2.9. Regarding to the intended application, the device can operate in the third or fourth

quadrant. Considering the power equation, P=I1.V, when the current and the applied voltage are both
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positive or negative, the power is positive (P>0). First and third quadrant belong to the case of P>0
in which power is delivered to the device from the external circuit. The operation in the third quadrant
corresponds in applications which the device is used as a photodetector. In the fourth quadrant, the
current is negative, and the internal junction voltage is positive, thus the power is negative (P<0). In
this case, the power is delivered from the device to the external circuit and the device operates as a
solar cell. The junction’s operation in the fourth quadrant can be considered as of a battery because
the current flows from the negative terminal to the positive terminal of the junction. The appearance
of a forward voltage across an illuminated junction results in a reverse current that can flow through
a load in an external circuit, thus power is given to the load from the device and electrical work is
done. In other words, solar energy is converted into electrical energy and this is known as the
photovoltaic effect [63].

2.4 Solar cell in an electrical circuit

Integrating a solar cell into a simple electrical circuit can result in the production of usable
power, as shown in Figure 2.11. When the solar cell is exposed to light, a voltage drop appears across
the front and back contact and current flows through a given load resistance. A voltmeter and

ammeter can be used to measure the voltage drop and current, respectively.

photons

(n )~
N\

metal contact

n-type semiconductor

Load

depletion region

p-type semiconductor

n

Current

metal contact

Figure 2.11 Solar cell in a simple electrical circuit; solar energy converts to electrical energy at the

load resistance.

The potential difference, which develops between the terminals of the cell when a load is
present in a circuit, generates a current flowing in the opposite direction of the photocurrent I.. This
current is called the dark current and is equal to the current which flows across the device under an
applied voltage V in the dark [67]. For an ideal diode, the net current of an illuminated diode is given

by the equation 2.12:
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qVv
I=1ggr— 1, =1, (eﬁ - 1) -1, Equation 2.12

Having the intensity of the incoming light is fixed, T., the current depends only on the load
resistance. With the load varying, the values of the current and voltage change in such a way that the
relation R=V/I is always true. The two extreme conditions are the open circuit and the short circuit

condition.

In the open circuit condition, the resistance is infinite, and the current is zero. The voltage
difference created by the separation of the photon generated EHPs by the internal electric field on
either side of the cell is called open circuit voltage, Vq.. For a given intensity of light, the open circuit
voltage remains constant with time, even though photons are continually absorbed. The reason of Voc
remaining constant is the recombination of EHPs that occurs at a certain rate. Based on the latter, V.
can be considered as a quality measure of a solar cell because it indicates how efficient is a cell in
converting photons into electrical energy [67].

In the short circuit condition, the resistance is zero and the voltage drop is also zero. Under
a given intensity of light, the current generated by the solar cell will be at its maximum value and is
known as the short circuit current, Isc. The short circuit current is proportional to the intensity of light
(as discussed in the previous section), but is limited by the recombination rate of the material, thus it
is considered to be a quality measure of a solar cell, as Vo [67].

A close look to the short circuit current dependence with incident light gives rise to the
guantity known as quantum efficiency, QE. Quantum efficiency is defined as the probability of an
incident photon of energy E to deliver one electron to the external circuit. The relation of the density

of short circuit current, Js., with the quantum efficiency is shown in the following equation:
Jse =q f bs(E) QE(E) dE, Equation 2.13

where b is the incident spectral photon flux density (number of photons of energy in the interval (E,
E+dE) per unit incident area in unit time) and g is the electronic charge. Js is obtained by integrating
the product of the photon flux density and quantum efficiency over photon energy of the solar
spectrum. High values of Js can arise by having high QE at wavelengths where solar flux density is
high (Figure 2.12). QE depends on the absorption coefficient of the solar cell material, the efficiency
of the charge separation and the efficiency of the charge collection in the device. It is independent
on the incident spectrum; thus, it can be considered as a key quantity in describing solar cell

performance under different conditions of the incident light [67].
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Figure 2.12 Photon flux density for the air mass 1.5 spectrum (black curve), external quantum
efficiency of a CdTe solar cell (red curve), and the short-circuit current density (area under blue
curve) [68].

Between the two extreme conditions (open circuit and short circuit), the resistance has a
finite value and the current and voltage drop exhibit values less than their maximum values. Figure
2.13 represents the fourth quadrant of a solar cell characteristic curve with the current plotted upward
for convenience of illustration. The voltage drop and the current in the circuit vary as the load
resistance changes for a given amount of intensity of light, as shown in Figure 2.13. The power that
is supplied to the load is the product of current and voltage (P=1.V). The curve of the output power
shown in blue color indicates that there is a maximum power point that corresponds to a specific load
resistance. The maximum power point corresponds to a certain value of current, I, and voltage, Vip.
Therefore, the optimum load resistance is the one that maximize the output power (Pm= Imp.Vimp) in a
solar cell circuit and it is selected during the design of the circuit [67].

[ 3

IV curve VMP IMP
Isc ~_
The short circuit current, Isc
5]
2
c
=1 Power from
o the solar cell
5 P=VxlI
(6]

The open circuit voltage,Vge

Voltage Voc

Figure 2.13 1V characteristic (green) and output power (blue) curves of an illuminated solar cell

[69].

A variable known as the fill factor is a useful measurand to characterize the squareness of
the 1V curve. Fill factor is defined as the ratio of the maximum output power to the product of the

open circuit voltage and the short circuit current:
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FF = Zmolmp Equation 2.14.

VOCISC '
As the fill factor approaches the unity, the maximum output power increases [67].

The efficiency of the solar cell is defined as the ratio of the maximum electrical output
power to the power of the incident light:

_ Viplmp .
=" Equation 2.15

where T, is the intensity of light in [%] and A is the solar cell area in [cm?].

Efficiency is also related to FF, Voc, Isc, as shown in the equation 2.16. Thus, the four quantities FF,
Voc, Isc and 7 are the key features characterizing a solar cell under specific illumination conditions.

__ FFVyclsc

oy Equation 2.16 [67]

The IV curve of the solar cell can be obtained by measurements of a circuit consisting with
a voltage source, an ammeter and a solar cell. Varying the voltage and measuring the current is the
equivalent of varying the load resistance from zero to infinity. The goal is to maximize the efficiency
of a solar cell as this leads to the enhancement of the output power for a given intensity of light.

2.5 Losses in a solar cell

The maximum theoretical limit of the efficiency of a solar cell is close to 30%, however even
the most efficient cells that currently exist have lower efficiencies. This fact indicates that part of the
energy of light that reaches the cell is lost before it can be converted into electricity. The cell
efficiency is limited by several physical processes, some of these are inherent and cannot be avoided
and the rest can be improved by proper design. This section addresses the major phenomena which

are responsible for the losses that limit the efficiency of a solar cell.

Reflection from the cell’s surface: The solar cell surface reflects part of the incident
sunlight during the illumination. For example, untreated silicon reflects about 36% of the sunlight
that impinges on the surface. This could have a detrimental effect on the efficiency, but fortunately
there are several ways of treating the surface to decrease reflection. The most widely method is the
deposition of an antireflective coating on the surface of the cell. An antireflective coating can

decrease the surface reflection down to 5% [70].

Energy of photons: The sunlight that reaches the earth surface is characterized by the large
fluctuations of intensity at a broad spectrum of wavelengths. Losses associated with the energy of
light results from the interaction of light with the material of a solar cell at different wavelengths.
When the light enters a solar cell, it can be absorbed or transmitted. In the case of absorption, if the

energy of photons is lower than the cell’s energy gap (hv<Eg), the absorbed energy generates heat in

23



the form of atomic vibrations. The generation of an EHP can be achieved only when the energy of
photons is equal or larger than the cell’s energy gap. When a photon with energy hv>E, is absorbed,
an EHP is created and the electron is excited into the empty states of the conduction band. The excess
of energy which the excited electron initially carries is delivered to the lattice as heat via scattering
events, until it reaches the bottom of the conduction band. The perfect mechanism of transforming
light energy into electricity is the generation of an EHP by optical absorption of photon with energy
hv=E, since no heat is produced. Figure 2.14 represents the efficiency of a solar cell as function of
the semiconductor band gap under AM1.5. A band gap energy lying around 1.5 eV under AM 1.5 is

the optimum for producing maximum output [70].
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Figure 2.14 Power conversion efficiency as a function of semiconductor band gap. Asterisks show

the best confirmed solar cell efficiencies under AM 1.5 illumination [71].

Recombination of electron-hole pairs: The recombination of optical generated EHPs
before they separated by the electric field, is an inadvertent loss mechanism but can be eliminated by
proper design. There are two types of recombination depending on the way is taking place, the direct

and indirect recombination.

Direct recombination is defined as the event in which an electron randomly encounters a hole and
the energy is given as photon. Thus, an electron in the conduction band spontaneously falls to an
empty state (hole) in the valence band and a photon is emitted. Direct recombination is relatively
rare, and the radiation is very weak. It usually takes place before the separation of EHPs by the
electric field. When an EHP is generated on the p side, the electron must quickly sweep to the n side
by the junction’s electric field to avoid recombination with holes at the p side. Therefore, solar cells
must be designed to minimize the time that electrons spend on the p side before they move to the n
side [70].
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Indirect recombination is defined as the event in which an electron encounters a hole through several
actions and the energy lost by the recombination is given up to the lattice as heat. Experiments have
shown that indirect recombination occurs in about a hundredth of a second while calculations have
shown that direct recombination can occur in about one second. Thus, indirect recombination is the
dominant recombination mechanism, causing a hundredfold increase in the recombination rate and a
detrimental consequence to the efficiency of a solar cell. This kind of recombination occurs via
recombination levels within the bandgap coming from impurity or lattice defects, which are capable
in receiving electrons and holes. The surface of a solar cell is a region where indirect recombination
is prevalent. Small paths on the cell’s surface provide to the carriers an effective way to avoid
junction’s electric field. In addition, the increased scattering of carriers and the existence of dangling
bonds at the surface make the carriers more prone to recombine. Regions where scattering is more
pronounced can result to carriers having low mobility and therefore the probability to recombine is
increased [70].

Self-shading: The electrical grid is composed from narrow contact lines of conductive
material that is usually opaque. The metallic lines are spreading over the front surface of the cell and
shade part of the cell’s active surface where the light is hindered to enter the cell. The losses of self-

shading are ranging from 3% up to 20%, with a typical shading loss percentage of 8% [70].

Operation temperature: The efficiency of a solar cell is altered with the operation
temperature. In Figure 2.15, the decrease in solar cell’s efficiency with increasing temperature is
shown for various materials. A performance degradation also occurs at low temperatures for each
material, although is not displayed in Figure 2.15. There is an optimum operation temperature which
depends on the material properties of the cell and results in maximum efficiency. The choice of the
material is based on the intended application and operation temperature. For example, solar cells that
orbit around earth operate at low temperatures while solar cells for terrestrial use operate at moderate

temperatures. High temperatures occur on applications that utilize concentrated solar cells [70].
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Figure 2.15 Solar cell efficiency as function of temperature for various semiconductors [72].
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High temperature losses: The performance degradation of solar cells at high temperatures is
attributed to two predominate effects. As the temperature increases, the lattice vibrations become
more intense and the mean free path of the carriers decreases and therefore their mobility decreases

[70] as shown in Figure 2.16.
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Figure 2.16 Carrier mobility of n-type silicon doped at two different donor concentrations as
function of the operation temperature [72].

At the same time, the junction diminishes, and the electric field has no longer the ability to
separate the optically generated EHPs. A close look to the temperature dependence of electron
concentration of an n-type semiconductor presented in Figure 2.17 can explain this effect. At very
low temperatures, all donor electrons are bound to their donor atoms and negligible intrinsic EHPs
exist. As the temperature increases, the donor electrons gain energy and become loosely bonded,
donating to the conduction of the material (freeze-out region). When all donor atoms are ionized,
every available extrinsic electron has been transferred to the conduction band (ns=Ng), thus the
electron carrier concentration becomes constant with temperature (extrinsic region) [63]. Further
increase of the temperature results to an increase of intrinsic EHPs that contribute to the overall
carrier concentration. The concentration of intrinsic EHPs n; becomes comparable to that of the

extrinsic carriers and the carrier concentration is no longer constant.
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Figure 2.17 Carrier concentration as function of temperature for silicon doped with 10%°

donors/cm? [73].

At high temperatures, the concentration of intrinsic carriers originates from the thermally generated
EHPs become much greater than the concentration of donor electrons, ni>>Ng, and the intrinsic
carrier concentration is dominant (no=ni). Therefore, the n-type nature of the semiconductor is lost
(intrinsic region). A solar cell operating at high temperatures exhibits the effect described above; the
p-type and n-type character of each side of the junction diminish and the junction does no longer
exist resulting to the drop of the efficiency nearly to zero [70].

Low temperature losses: These losses are important mainly for deep-space applications and are more
complex and less understood. However, the two effects described below can be responsible for the
performance degradation of a solar cell. First, at very low temperatures, electrons and holes are
strongly bounded to their donor and acceptor atoms respectively, and the thermally generated EHPs
are negligible, thus the carrier concentration on each side of the junction is very low (Figure 2.17).
Since the n and p materials no longer exhibit their doped character, the junction disappears. Second,
the ionized atoms are not screened by the clouds of the charge carriers, since the carrier concentration
is low, thus the scattering of the carriers with the atoms is increased. As a result, the mobility of the

carriers decreases rapidly at very low temperatures (Figure 2.16) [70].

Parasitic resistances: The collection of the carriers at the edges of a solar cell by an external
circuit is hindered by various resistances that appear at their flow. The equivalent electrical circuit of
a solar cell with parasitic resistances is illustrated in Figure 2.18 with two parasitic resistances, one

in series (Rs) and one in parallel (Rsh) with the cell [67].
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Figure 2.18 Equivalent electrical circuit of a solar cell with parasitic resistances [74].

The series resistance represents the resistance of the bulk material of the cell, the resistance of the
front and back surfaces to the metal contacts, the resistance at the interfaces and the resistance of the
metal contacts. The parallel or also called shunt resistance represents the leakage current that returns
across the junction, around the edges of the device and between the contacts of different polarity.
These parasitic resistances reduce the fill factor and affect the rectangular shape of the IV curve [67],

as shown in Figure 2.19.
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Figure 2.19 Effect of (a) increasing series resistance and (b) decreasing shunt resistance in the IV
curve of a solar cell. The area of the maximum power rectangle is reduced compared to lsc X V. In
each case, the outer curve corresponds to (2) Rs =0 and (b) Rsh = o0 [67].

For an ideal diode, shunt resistance must be infinite (no current could return across the junction) and
series resistance must be zero (no resistance to current flow). Taking into consideration the parasitic

resistances, the equation of the total current of a solar cell under illumination becomes:

qV+IRg
1=1, (e nkT — 1) + V;IRS -1, Equation 2.17
where n is the ideality factor [67].

Design: The proper design of a solar cell in multiple extends can result to the enhancement
of the efficiency. However, many compromises must be made for the design of a solar cell to achieve

the best performance due to the interdependence of the solar cell properties. First, the voltage
28



difference at the edges of a cell is restricted to values less than the built-in potential, which in turn
cannot be greater that the bandgap voltage Ey/g. In order to have large photovoltage, large built-in
potential is required. Therefore, heavy doping can result in increasing the built-in potential, but at
the same time the lifetime of the carriers is shorten due to higher recombination and the open circuit
voltage is reduced. Photocurrent on the other hand depends on the illuminated area, thus large area
junction must be located near the surface of the device. In addition, the thickness of the n type
material should be less than L, to allow holes generated near the surface to diffuse to the junction
before they recombine. Similarly, the thickness of p type material should benefit as many as possible
electrons to reach the junction, and at the same time as many as possible photons to be absorbed.
Therefore, the thickness of the p material can be optimized by taking into account the electron
diffusion length L, and the mean optical penetration depth 1/« (« is the absorption coefficient of the
material). Finally, the metallic grid of the cell requires careful design in order to reduce the series
resistance and shading but maintain the performance of the cell. Small contact fingers must be
distributed over the surface of the cell in such a way that the maximum collection of carriers can be
achieved without considerably interfering with the incoming light [67].

2.6 Heterojunction solar cells

A heterojunction is formed between two semiconductors with different bandgap energies. A
typical energy-band diagram of a heterojunction in thermal equilibrium is shown in Figure 2.20 with
the n-type semiconductor as the wide-bandgap material (Egn) and the p-type semiconductor as the
narrow-bandgap material (Egp). Assume that photons are incident on the wide-bandgap material.
Photons with energy between Ege and Egn will pass through the wide-bandgap material and will be
absorbed in the narrow bandgap material. The EHPs created in the depletion region and within a
diffusion length near the junction will be separated by the electric field of the junction and will
contribute to the photocurrent. Photons with an energy greater than Egn will be absorbed in the wide-

bandgap material, and EHPs generated within one diffusion length near the junction will be collected.

Figure 2.20 The energy band diagram of a pn heterojunction in thermal equilibrium [64].
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The operation of the CIGS solar cells is based on the heterojunctions that are formed in
accordance with their structure. The SEM cross-section of a typical CIGS-based solar cell is shown
in Figure 2.21. The solar cell is built on a soda-lime glass substrate. The substrate is coated with a
layer of Mo of about 1 um thickness which serves as the back contact of the solar cell. On top of the
Mo layer, the p-type CIGS absorber layer of about 1.6 pm thickness is deposited. The CdS buffer
layer is placed on top of the CIGS layer with a thickness of only 50 nm. After the buffer layer, a
bilayer of intrinsic and Al-doped ZnO is located with a thickness of approximately 1 um [75]
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Figure 2.21 The structure of a typical CIGS solar cell taken by SEM in a cross-section configuration
[75].

The energy band diagram of the heterojunction ZnO/CdS/CIGS solar cell is presented in
Figure 2.22. A conduction band offset (CBO) of about 0.4 eV is located in the conduction band close
to the interface of i-ZnO/CdS [75]. In addition, a difference between the conduction band minima of
Cds and CIGS exists, giving rise to a conduction band offset at the CdS/CIGS interface. The E. of
CdS is higher than that of CIGS and an energy barrier is formed at the interface. The discontinuity
in the conduction band in the CdS/CIGS interface varies from -0.4eV for CulnSe; to +0.3eV for
CuGaSe; depending on the concentration of Ga [76]. The conduction electrons in the CIGS region
must overcome the energy barrier at the CdS/CIGS interface to move towards the CdS region. The
optimum CBO value is in the range of 0.3 - 0.4 eV [77] for which the open-circuit voltage (Vo) of
the CIGS solar cell is enhanced [77, 78]. However, the short-circuit current (Jsc) can be reduced by
the CBO in the CdS/CIGS interface. Therefore, a thin CdS layer is introduced in the solar cell and

its thickness is precisely controlled to maximize the fill factor [79, 80].
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Figure 2.22 The energy band diagram of a CIGS solar cell [77].
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Chapter 3 — Experimental methods

3.1 Deposition methods

3.1.1 Pulsed Laser Deposition (PLD)

PLD is a deposition technique that is widely used for thin-film growth. This idea has been
known practically from the early days of the first ruby laser in the 1960s. However, PLD has been
extensively used to produce thin films since 1980, after the growth of superconducting thin films
with superior properties using the PLD method [81].

In a PLD system, the surface of a target material is irradiated by an intense pulsed laser beam.
When the high-energy laser is focused on a rotating target, the ejection of material from the target
takes place through various processes, leading to the formation of a visible “plume”. The plume
consisting of high energy species (electrons, atoms, diatomic species, and/or aggregates), expands in
the direction perpendicular to the target [81]. Species from the plume adsorb onto a substrate placed
in the direction of the plume expansion. The species then diffuse on the surface of the substrate and
nucleate in islands. A continuous film is created as the islands grow and merge by the continuous
arrival of the plume species. Substrates are usually heated to enhance the sticking and diffusion of
the species on the substrate surface [82]. Figure 3.1 shows a schematic diagram of a pulsed laser
deposition system. Prior the deposition, high vacuum is required to reduce impurities from being
incorporated in the film. The deposition can be conducted in either high vacuum or in the presence
of a high purity background gas (usually oxygen, nitrogen or argon), depending on the application
and the desired stoichiometry of the film [82].
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Figure 3.1 Schematic diagram of a pulsed laser deposition system [81].

The deposition process of a PLD-grown film can be described in five stages [83-85]. The
first stage involves the absorption of the photons from the pulsed laser in the target material. Several
mechanisms take place by the interaction of the laser light and the target, such as thermal, electronic,
exfoliation and hydrodynamic sputtering [86]. At this stage, the strong energy of the laser absorbed
in the solid leads to high temperature electron and atoms in the solid. An explosive evaporation of
ions, electrons and neutral atoms follows, and the ablation process starts. For a typical PLD process
many layers are ablated during one pulse [83, 87]. The ablation yield of the elements in a target is
determined by the cohesive energy which is the energy required to release an atom from a solid [56].
The material ejected will have the same chemical composition as that in the target if the intensity of
laser beam over the beam spot is uniform and the fluence is essentially high for ablating the target
material without evaporation taking place [88]. Moreover, particulates, also called droplets, are
generated in some cases. Their sizes, chemistry, and microstructure depend upon the processing

conditions and the target material [81].

The second stage involves the generation of the initial state of the plume which is formed
very close to the target surface. At this point, the laser light interacts with both the plume species and
the solid behind the plume. Within the duration of a laser pulse, the plume plasma continues to absorb
light and the ionization of the plasma occurs which results to the formation of a partly ionized plasma
plume. The composition of the plume plasma does not deviate much from the original one. and the
plume is strongly luminescent from excited neutrals and ions [84, 89-92]. During the laser irradiation,
the plume expansion of the ablated material takes place with the plume front propagating 30—100 um
after the termination of the laser pulse [56]. The initial conditions of the plume are the high
temperature (T = 10,000 K) and the high pressure (more than 5-10 bars) [93, 94] which drives the

expansion into the vacuum or the background gas.

At the third stage, the expansion of the plume changes from the initial one-dimensional to
the three-dimensional expansion. The high pressure of the initial plume is strongly directing the
plume expansion in forward motion [83, 84, 95-97]. In the case of the expansion taking place in
vacuum, the plume expands adiabatically in a forward direction. Eventually the plume particles will
perform a free motion with constant velocity and the propagation of the plume species is mass

dependent. In stage three, the flow is largely stoichiometric at fluences typical for PLD [56].

The fourth stage involves the expansion of the plume in the presence of a background gas.
The initial high pressure of the plume provides the ablated atoms with sufficient kinetic energy to
move away from the target in a free expansion towards the background gas. Eventually, the pressure
of the plume is significantly decreased, and the plume is slowed down by the background gas [56].
The plume is moving into the background gas with a confined structure [90-92] and stops within tens

of microsecond. Then, the plume atoms diffuse out of the confinement while mixing with the
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background gas and migrate to the substrate [98-101]. The propagation dynamics and the angular
distribution of the plume is influenced by the total mass of the plume, as well as the mass density of
the background gas [97, 99, 102, 103]. Moreover, experimental studies have demonstrated that a
large number of collisions between the plume species and the background gas occurs while the plume
expands in the presence of a background gas. These collisions reduce both the ion fraction of the
plume and the kinetic energy of the species [104]. In addition, a preferential propagation of the heavy
atoms along the normal has been found [105]. Nevertheless, the flow of the plume species diffusing

towards the substrate, once the plume has stopped, behaves strongly non-stoichiometric [56].

Stage five concerns the collection of the ablated atoms on a substrate and the subsequent
film growth [56]. The growth of a film on a substrate surface is a very complicated process [106] and
different growth modes can occur, depending on the energetics of the atoms and aggregates on the
surface, as well as their arrival energy [107]. The arriving atoms or aggregates typically possess
sufficient kinetic energy to diffuse on the substrate’s surface until they form stable and energetically
favor bonds with the other atoms of the film [56]. The nucleation and growth of the film on the
substrate involve several mechanisms in which the atoms/ions undergo once they arrive at the surface
of the substrate. These mechanisms include the diffusion of atoms over the substrate or cluster
surface, encounter of between mobile film atoms to form mobile or stationary clusters, attachment
to preexisting film-atom clusters, re-evaporation from the substrate or from a cluster and dissociation

from a cluster [108].

The detailed description of the mechanisms involved in the PLD process is beyond the scope
of this chapter. A thorough presentation of the PLD method, the mechanisms involved in each stage
of the process and many other information can be found in [108] and in published works that

summarize the fundamental mechanisms of PLD [56, 87, 109-112].

PLD offers a variety of deposition parameters which can be investigated and adjusted in a
way that a desired film is obtained. The experimental parameters can be categorized into two groups:
the parameters regarding the laser source and the parameters regarding the deposition chamber. The
laser source parameters include the laser fluence, pulse duration, wavelength and repetition rate and
the chamber parameters include the background gas and pressure, substrate temperature and target-
to-substrate distance. These main deposition parameters have a major impact on the film’s growth
and can be exploited and optimized in order to obtain the desired film properties. In this thesis, the
deposition of Culng:GaosSez, CdS, ZnO and ZnO:Al films was carried out using the PLD method.
A systematic investigation of the effect of PLD growth parameters on the properties of the films had

led to the optimization of the PLD growth parameters for each layer and their interfaces.

The PLD system used for the depositions of this thesis consisted of a Krypton Fluoride (KrF)
excimer laser, a vacuum chamber and an arrangement of optics, as shown in Figure 3.2. A Coherent

COMPexPro 201 KrF laser with wavelength of 248 nm, maximum pulse energy of 700mJ, pulse
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duration of 25 ns and repetition rate range of 1-10 Hz was used as the laser source for the PLD
depositions of this study. The vacuum chamber was purchased from SURFACE systems + technology
GmbH + Co KG included a heating station for the substrate with maximum temperature of 1000°C,
a rotating/rastering four-target carrousel, two different inlets for background gas and three turbo
pumps with base pressure of 6.10® Torr. The laser beam was directed into the deposition chamber
through an arrangement of mirrors and focused on the target surface by a focus lens and a window
glass. The substrate was mounted on a sample holder with the use of mechanical pins. A thermal
conductive silver paint was applied between the sample holder and the substrate to ensure the uniform

conduction of heating across the surface of the substrate.

—
f:

Vacuum chamber

Figure 3.2 Picture of our PLD system.
3.1.2 Magnetron Sputtering

Magnetron sputtering is a physical vapor deposition (PVD) vacuum coating technique that
allows the deposition of a thin film onto a substrate. A wide variety of target materials and substrates
can be used in the sputtering process. DC power is used for depositing pure metals and either RF
power or pulsed DC is required for the deposition of semiconductors and isolators. The sputtering
process requires also the presence of a background gas, either non-reactive (inert gas only) or reactive
(inert and reactive gas) [113, 114].

The sputtering process involves the bombardment of a target’s surface by high-energy
particles that results to the ejection of atoms or molecules from the target, as shown in Figure 3.3.
The working principle is based on the supply of electrical power to the magnetron system with a
negative voltage (typically -300V or more) applied to the target. The positive ions of the background

gas which are present in the vacuum chamber are attracted by the negative voltage of the target and
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accelerate towards the target. By the time the positive ions reach the surface of the target, they possess
a large kinetic energy. Collisions between the positive ions and the atoms of the target’s surface
occurs and the kinetic energy of the ions is transferred to the atoms. If the energy transferred on a
direction normal to the surface is larger than about three times the surface binding energy
(approximately equal to the heat of sublimation), then sputtering occurs and the atoms are liberated
from the target [113, 114]. The atoms can be ejected from the target by binary collisions either with
the positive ion (direct knock-on) or with other target atoms that receive their kinetic energy through

a sequence of collisions (collision cascade) originating from the positive ion [115].

Except from the sputtering process, ion bombardment of the target results to the emission of
secondary electrons from the target surface. In magnetron sputtering, a magnetic field is used to
confine these electrons close to the sputtered target resulting to a sustained glow discharge close to
the target surface [116]. The sputtered atoms from the target material travel through the vacuum

chamber and deposit onto a substrate to form a thin film.
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Figure 3.3 Schematic representation of the sputtering process [117].

In this thesis, the sputtering process was used to deposit a 100nm Ni patterned film on the
surface of ZnO:Al layer of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG multi-layer structure. The Ni layer
constitutes the first layer of the Ni/Al metallic grid which serves as a front contact for the collection
of the photo-generated electrons of the PV device. A stainless-steel patterned shadow mask was fixed
on the top of the multi-layer structure in order to obtain the desirable pattern of the metallic grid.
More details about the Ni/Al metallic grid and the design of the pattern can be found in Chapter 7. A
DC magnetron system was used for the deposition of Ni film. The setup is a commercial system from
BAL-TEC equipped with a vacuum chamber, a quartz thickness monitor and a turbo pump with base

pressure of 10 Torr.
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3.1.3 Thermal Evaporation

Thermal evaporation is a simple physical vapor deposition technique which is widely used
for the deposition of metals such as aluminum, silver, nickel and many other metals. During the
process, a bulk material (target) is placed in a resistive boat or filament which is heated using Joule
effect by passing current through it. When the source material is heated to an appropriate temperature
at which there is an appreciable vapor pressure, atoms and molecules are removed in the form of a
vapor flux [118]. The vaporized molecules then travel from the target to the substrate where they
nucleate together and form a continuous thin film. Figure 3.4 presents a schematic representation of

an evaporation system.
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Figure 3.4 Schematic of a typical thermal evaporation system [118].

The evaporation process takes place in a high-vacuum chamber to avoid both the
contamination of the growing film with residual background gas and the collisions of the vapor
molecules with the gas molecules. Typically, the resistive heated container is made from refractory
elements such as carbon, molybdenum, tantalum, and tungsten [119] and comes in many
configurations including basket, boat, crucible and filament. The rate of material evaporation is
achieved by adjusting the current supply passing through the resistive container [120]. Thermal
evaporation is not suitable for depositing multicomponent thin films, since the components of the

target can have different melting points and vapor pressures.

In this thesis, the thermal evaporation process was used to deposit “Lum Al patterned on top
of the Ni patterned film which was deposited on the surface of ZnO:Al layer of the
Zn0O:Al/ZnO/CdS/CIGS/Mo/SLG multi-layer structure. The Al layer constitutes the second layer of
the Ni/Al metallic grid and therefore the deposition of Al film took place immediately after the
deposition of Ni film, without moving the stainless-steel patterned shadow mask that was fixed on

the top of the multi-layer structure for obtaining the desirable pattern of the metallic grid. More
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details about the Ni/Al metallic grid and the design of the pattern can be found in Chapter 7. The
deposition of Al patterned film was carried out using a thermal evaporation commercial system from
BAL-TEC equipped with a vacuum chamber, a quartz thickness monitor and a turbo pump with base

pressure of 10 Torr.
3.2 Film characterization

3.2.1 X-ray Diffraction (XRD)

XRD one of the primary characterizations used for crystalline materials such as powders,
thin films and bulk materials. The structural properties like crystal structure, crystallite size, lattice
parameters and strain can be determined from the XRD characterization of a material. In addition,

XRD offer a qualitative and quantitative identification of multi-phase materials.

X-ray diffraction is based on the constructive interference between the reflected waves
produced from the interaction of the incident monochromatic X-rays waves with a crystalline sample.
Consider a set of crystallographic lattice planes with distances dna and a monochromatic X-ray plane
wave impinging on the lattice planes at an angle 0, as shown in Figure 3.5. The X-ray wave is
reflected from the lattice planes at an equal angle 6 and a path difference between two plane waves
is created due to the difference in the travelling distance. Constructive interference for the reflected
waves, however, can only be achieved when the path difference which is equal to 2dsin6 is a multiple
of the wavelength. Therefore, 2dsinf = nA, which is called the Bragg’s law, is the condition that must
be satisfied for diffraction to occur where a maximum intensity of the transmitted waves is obtained

[121]. More specific, the Bragg law is written as:
ZdhleingB = n/l, Equation 3.1

where dy,,; is the interplanar spacing of the hkl planes, 85 is the incident angle of the X-

rays on the sample surface, n is the order of reflection and A is the wavelength of the X-rays.

XRD measurement involves the generation of X-rays in a cathode tube, the
monochromatization, collimation and direction of the X-rays at the sample, and the collection of the
diffracted rays from a detector. X-rays are generated in a cathode ray tube by the bombardment of a
target material with electrons that are produced by heating a filament and accelerated towards the
target by applying a voltage. A continuous X-ray spectrum is produced when the electrons transfer
their energy by collisions with the atoms of the target via multiple events. Characteristic wavelengths
are present in the continuous spectrum and their wavelength depends on the target material (Cu, Fe,
Mo, Cr). Copper is the most common target material for single-crystal diffraction, with CuKa
radiation equals to 1.5418A. Crystal monochromators and filters are required to isolate the
characteristic wavelength and produce monochromatic X-rays needed for diffraction. The
monochromatic X-rays are then collimated through various slits and collimators and directed toward

the sample. As the sample and detector are rotated (or the generator and the detector are rotated), the
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intensity of the reflected X-rays is recorded from the detector. When the geometry between the
incident and the reflected X-rays satisfies the Bragg law, constructive interference occurs, and the
intensity is maximized. A detector records and converts this X-ray signal to a count rate which is
then presented as an X-ray diffraction pattern [122].
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Figure 3.5 Bragg’s law [123].

The conventional geometry of an X-ray diffractometer is such that the sample or the X-ray
generator rotates at an angle 6 while the arm of the X-ray detector rotates at an angle of 20, as shown
in Figure 3.6a. This type of measurement is called 6/26 scan and it is typically used for powders.
However, the 6/26 scanning method is not generally used for the X-ray diffraction measurements of
thin films (1-1000 nm) as it produces a week signal from the film and an intense signal from the
substrate, if the substrate is a crystalline material. The intense signal from the substrate can be
avoided by performing a 20 scan in which the X-ray generator and the sample are fixed through the
measurement and the detector rotates at an angle of 20, while the angle of the incident X-rays is small
and fixed. This type of measurement is popularly known as grazing incidence XRD (GIXRD) (Figure
3.6b). This geometry provides a strong signal from the film and avoids the intense signal from the
substrate as the penetration depth of the X-rays is limited at the film’s surface. The fixed angle is

generally chosen to be slightly above the critical angle for total reflection of the film material [124].
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Figure 3.6 Principal geometry of (a) 6/20 and (b) grazing incidence XRD measurements.
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In this thesis, the structural characterization of the individual CIGS, CdS, ZnO and ZnO:Al
layers as well as the multi-layer structures gradually fabricated up to the final device structure
(ZnO:Al/ZnO/CdS/CIGS/Mo/SLG with the Ni/Al grid) has been performed using the high-resolution
SmartLab Rigaku X-ray diffractometer with a 9 kW Cu rotating anode.

3.2.2 Scanning Electron Microscopy (SEM)

SEM is a multipurpose instrument used to observe the surface phenomena of the materials
with high resolution. A detailed visual image of a material with high-quality and spatial resolution
of 1 nm can be achieved using SEM [125, 126]. Topography, morphology, composition and
crystallographic information of a specimen can be provided by SEM examination. More specific, the
surface features and texture, shape, size and arrangement of the particles on the sample’s surface can
be examined and analyzed. In addition, the presence of secondary phases within a matrix and their
relative ratios can also be provided. The arrangement of atoms in a single crystal and their degree of

order can be observed with high resolution SEM [127].

The principle of SEM imaging is based on the interaction of the primary electrons released
from a source (electron gun) with the specimen surface. A variety of signals due to the interaction of
incoming electrons with specimen nucleus and electrons (both elastically and inelastically
scattering), such as secondary electrons, backscattered electrons, X-rays and visible light
(cathodoluminescence) are emitted [128, 129]. An image is then formed by the collection these

secondary electrons from each point of the specimen.

Figure 3.7 shows a schematic diagram of a SEM apparatus. The primary electrons are
produced from the electron gun accelerated by a high voltage. Then, the primary electron travel
through magnetic field lenses and metal slits within a vacuum column to be focused and confined to
a monochromatic beam. The sample surface is scanned by the confined primary electron using
scanning coils [127, 128]. The impinging electrons accelerated towards the sample surface interact
with the atoms of the sample and several signals are generated through multiple mechanisms [130].
The electron detectors receive the signals and the required image is formed after the process of the
signals. Two different images can be provided about the sample, according to the detected signal
(secondary electrons or backscattered electrons) [127]. Secondary electrons are used to build the
visual image of the sample surface providing insights about the surface morphology and topography.
Backscattered electrons are used to demonstrate the contrast between the phases of a multiphase

sample.
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Figure 3.7 Schematic diagram of SEM apparatus [131].

The operation of SEM is performed under vacuum to avoid interaction of the emitted
electrons with the gas molecules. The basic requirement of SEM process to obtain high quality
images is that the samples must be electrically conductive to avoid overcharging on the surface. Thus,
non-conductive samples are usually sputter coated [127] with a thin layer of carbon [128] or metal

to provide a conductive surface for electrons [127, 129].

In this thesis, the surface of the individual CIGS, CdS, ZnO and ZnO:Al layers, as well as
the surface of the multi-layer solar cells (ZnO:Al/ZnO/CdS/CIGS/Mo/SLG with the Ni/Al grid) have
been investigated through SEM characterization, using the SEM Tescan Vega LSU scanning electron

microscope.
3.2.3 Energy Dispersive Spectroscopy (EDS)

EDS analysis, also known as energy dispersive X-ray (EDX) analysis, it is a quantitative
technique used for the elemental analysis and chemical composition of a sample. EDS is applicable

for a variety of materials such as bulk materials, thin films and powders.

EDS is incorporated in the SEM chamber and is basically the addition of an X-ray detector,
as shown in Figure 3.7. EDS functions along with SEM and enables the compositional analysis of an
area which is being scanned and visualized by SEM. The working principle of EDS relies on the
ionization of atoms in the specimen by the ejection of an inner shell electron (secondary electron) by
the incident electron beam (primary electrons produced from the electron gun), as discussed in 3.2.2
regarding the SEM description. One of the ways that the ionized atom can relax is through the
transition of an outer shell electron to the lower energy level of the ejected electron. The transition
is accompanied with the emission of an X-ray photon with an energy equal to the difference between

the energy levels of the ejected and outer shell electrons involved. Each element has a unique X-ray
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emission spectrum due to a unique atomic structure; thus, the chemical analysis of a specimen can
be determined [132].

Qualitative analysis involves the identification of the elements that are present in a sample
by analyzing the position of the X-rays peaks in the spectrum. Quantitative analysis involves the
determination of the concentrations of the elements present and therefore the stoichiometry of a
sample. Quantitative analysis is carried out by measuring the intensities of the peaks for each element
in the sample and comparing them with the intensities of the same elements in calibration standards
of known composition [133].

The spatial resolution depends by the penetration and spreading of the electron beam in the
specimen which is a function of density. The nominal resolution is about several micrometers under
typical conditions. Elements with low atomic numbers (Z<11) are difficult to detect due to the
limitation of the detector which is unable to detect elements with atomic number below 11 [134].
EDS can be used to determine elements that are present in concentrations > 1% by mass for a 95%
confidence interval, although mitigating factors such as spectral overlap can complicate such
detection [132].

In this thesis, the composition of the individual CIGS and CdS layers, as well as the
composition of the upper layers of CIGS/Mo/SLG and CdS/CIGS/Mo/SLG multi-layer structures
have been investigated through planar EDS characterization, using the Jeol Bruker Nano 129eV SEM
equipped with XFlash 5010 detector.

3.2.4 Atomic Force Microscopy (AFM)

AFM is a simple but useful technique for the characterization of surfaces. AFM can provide
guantitative and qualitative information about the topography of a sample surface in atomic
resolution. Properties such as surface roughness, texture, size and density of particles on the surface,
spring constant of the samples and high-resolution imaging (two and three dimensional) of surfaces
can be obtained by AFM. The AFM can be employed to examine a wide variety of samples (i.e.,
plastic, metals, glasses, semiconductors, and biological samples), in the range of nanometer
dimensions, under various conditions, including ambient environment, aqueous solutions, and

ultrahigh vacuum [135].

The working principle of AFM is based on the sensing of the interactions between a sharp
tip (<10 nm) attached on a flexible cantilever and the surface separated at very small distances,
typical in the order of 0.1-10 nm. These interactions can be broadly classified into attractive and
repulsive forces which cause vertical and lateral deflections of the cantilever. Therefore, the
topography of the sample can be obtained in the form of two- or three-dimensional images by
observing the deflection of the cantilever due to various forces acting between the tip and the sample
[135, 136].
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Figure 3.8 Schematic diagram of an AFM apparatus [137].

Figure 3.8 shows a schematic diagram of an AFM apparatus. The four main parts of an AFM
are: asharp tip attached on a cantilever, a laser diode and a position-sensitive detector. A piezoelectric
scanner is used to drive the cantilever and therefore the scanning of the sample’s surface with the tip
is achieved. During the scanning of the surface, the tip interacts with the features on the surface and
forces are acting that cause the bending of the cantilever. The nature of these forces, whether
repulsive or attractive depends on the distance between the tip and the atoms of the surface. The laser
spot, which is reflected from the top of the surface of the cantilever into the detector, strikes the
detector on different positions according to the deflection of the cantilever. The detector consists of
four segments and the signals obtained from the various segments indicate the angular deflection of
the cantilever determined by the surface morphology. Thus, the signals of the cantilever’s deflection
can be converted into height information and the image of the surface is created as the tip scans over
the surface [135].

In this thesis, the topography and surface roughness of the individual Mo, CIGS, CdS, ZnO
and ZnO:Al layers have been investigated through AFM characterization, using the Agilent
Technologies AFM equipment in contact mode.

3.2.5 Adhesion test

A simple and qualitative technique commonly used to measure the adhesion strength of a
thin film to its substrate is the "Scotch Tape Test". The technique uses an adhesive tape which is
applied to the film and subsequently pulled off. Adhesion is considered to be adequate if the film is

not pulled off by the tape when it is removed [138].

Improved methods have been proposed for obtaining quantitative results using a test strip
which contains several regions with adhesives of different strengths. When performing the Scotch

Tape test with this test strip, different adhesive strengths are applied to the surface of the film. If an
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area of the film’s surface fails the adhesion test, it can be correlated to the adhesive strength of the
test strip. However, the test remains a qualitative technique which is not very reproducible and
applies only to a small range of adhesion strengths. Despite these weak points, the test is frequently

used because of its simplicity.

In this thesis, the adhesion Mo/SLG, CIGS/Mo/SLG and ZnO:Al/ZnO/CdS/CIGS/Mo/SLG
multi-layer structures have been investigated through the simple scotch tape adhesion test by
applying the tape on the surface of the structures and removing the tape by applying force manually.

3.3 Electrical measurements

3.3.1 Van der Pauw (VDP) method

The VDP method is a widely used technique for measuring the electrical resistivity of thin
film materials that has been developed by L. J. van der Pauw in 1958 [139]. The VDP method is
based on using four-point contacts placed at arbitrary sites on the boundaries of the sample, as shown
in Figure 3.9. The electrical resistivity of an arbitrary shaped sample can be accurately measured if
the following conditions are met [139]:

e The contacts are placed at the circumference of the sample
e The area of the contacts is sufficiently small (compared to the distance between the contacts)
e The sample is homogeneous in thickness and composition
e The surface of the sample is singly connected (i.e., the sample do not contain any isolated

holes)

Figure 3.9 The four-probe electrical configuration of van der Pauw measurement for an arbitrarily

shaped sample of uniform thickness.

Figure 3.9 presents the electrical configuration of the van der Pauw method in which four
contacts, labeled with the numbers 1, 2, 3, and 4, are placed on the circumference of a square sample.

When a current passes from contact 1 to contact 2 and the potential difference is measured between
44



2 = 5% | the

contacts 4 and 3, the resistance of the sample can be written as Ry = Ry3/1, = =
12 12

contacts of current and voltage are changed and the current passes through 1 and 4 and the voltage
Bs _ BTls p general

I14 I14

relationship between the resistances measured when the voltage and current contacts are

drop is measured between 2 and 3, the resistance is written as Rg = Ry3/14 =

interchanged has been derived by Van der Pauw:
exp (—n };—A) + exp (—ni—B) =1, Equation 3.2
S N
where Rg is the sheet resistance of the film. If the two measured resistances are similar (R, = Rp),

Equation 3.2 can be written as:

Ry == (RA;RB), Equation 3.3

in2

and the electrical resistivity of the sample can be calculated by
p = Rg*t, Equation 3.4

where t is the thickness of the film. The derivation of Equation 3.2 can be found in full detail in the

original paper of van der Pauw [140].

In this thesis, the electrical resistivity of Mo, CIGS and ZnO:Al layers deposited on SLG
substrates have been measured using the VDP method with the four-probe configuration. Au wires
were attached on the films’ surface using conductive silver paste. The VDP setup used for the VDP
measurements consists of a DC voltage source (Keithley 6221), a nanovoltometer (Keithley 2182A)
and a switch system (Keithley 7001) for switching the voltage and current contacts. The samples
were placed in the sample chamber of Physical Measurement Property System (PPMS, Quantum

Design) and the measurements were conducted in vacuum, at 300K.
3.3.2 Hall effect measurement

The Hall effect was first introduced by Edwin H. Hall in 1879 [141]. Hall discovered that a
transverse electric field is developed across a conductor, when the conductor carrying an electric
current | is placed in a magnetic field B perpendicular to the current. The electric field is transverse
to both the current flow and the magnetic field and generates a voltage difference (Hall voltage, Vu).
The process indicates that the Hall voltage could have been produced only by the deflection of charge

carriers (Figure 3.10a).
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Figure 3.10 (a) Schematic demonstration of the Hall effect of a material with negative charge carriers

[142] and (b) Electrical configuration of the Hall effect measurement.

During the Hall process, the paths of the carriers are deflected due to the Lorentz force, F =
q(E + u x B), acting upon them as a result of the current flow and the magnetic field. Thus, the
moving carriers accumulate on one side of the material, leaving an equal and opposite amount of
static charges depleted on the other side, as shown in Figure 3.10a. An electric field is created due to
the charge build up at the two sides which generates a force that opposes to the accumulation of
further charge. When equilibrium is reached, a steady electric field transverse to the current flow and
magnetic field, and a voltage difference across the two sides are established. The voltage difference

is called the Hall voltage and its magnitude depends on I, B and the specimen thickness d as follows:

IB

Vy = m, A Equation 3.5

where n is the carrier concentration and q is the electron charge.

Hall effect measurement is used for the determination of the majority charge carrier type,
concentration, and mobility of a solid material. Equation 3.5 applies for materials with a single
carrier, such as metals. For semiconducting materials, the determination of majority carrier type and
its concentration are more complicated and will not be discussed here, however, more details can be
found in [143].

In this thesis, the type of conductivity and carrier concentration of Mo, CIGS and ZnO:Al
layers deposited on SLG substrates have been determined using the Hall effect measurement with
the four-probe configuration, as shown in Figure 3.10b. Au wires were attached on the films’ surface
using conductive silver paste. The Hall effect measurement was performed using the VDP setup
which consists of a DC voltage source (Keithley 6221), a nanovoltometer (Keithley 2182A) and a
switch system (Keithley 7001) for switching the voltage and current contacts. The current flow was
driven through the two opposite corners of the sample and the Hall voltage was measured across the
other two opposite corners, as shown in Figure 3.10b. The samples were placed in the sample

chamber of Physical Measurement Property System (PPMS, Quantum Design). The magnetic field
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and the conditions (pressure and temperature) of the measurements were controlled by the sample

chamber. The Hall effect measurements were conducted in vacuum and at 300K.
3.3.3 Dark current-voltage (IV) measurement

Dark IV measurements use inject carriers into the circuit by applying a voltage difference
and measuring the current flow in a device. Dark IV measurement is a simple and effective process
of determining fundamental performance parameters of a solar cell without the need of a solar
simulator. Under illumination, small fluctuations in the light intensity introduces significant amounts
of noise to the IV measurement and accurate readings are hard to obtain. Dark IV measurements are
widely used to evaluate the electrical characteristics of a solar cell, such as series resistance, shunt
resistance, diode ideality factor and diode saturation current which are key features for the

performance of a solar cell [144].

In this thesis, dark IV measurements were performed on the following multi-layer structures:
CIGS/Mo/SLG, CdS/CIGS/Mo/SLG, ZnO/CdS/CIGS/Mo/SLG and
Zn0:Al/ZnO/CdS/CIGS/Mo/SLG. The dark 1V measurements for CIGS/Mo/SLG was conducted to
determine the type of contact between the CIGS/Mo interface. Regarding the CdS/CIGS/Mo/SLG,
ZnO/CdS/CIGS/Mo/SLG  and ZnO:Al/ZnO/CdS/CIGS/Mo/SLG  structures, the dark [V
measurements were conducted to evaluate the diode characteristics of each structure. The dark IV
measurements were performed at room temperature, in air ambience using a two-probe setup with a
voltage source/ammeter apparatus (Keithley 6487), as shown in Figure 3.11. Be-Cu tips of 20um
radius were controlled by micro-manipulators and were mechanically placed on the samples’
electrode surfaces using a digital microscope. The IV measurements were carried out by applying
voltage and measuring the current. A homemade LabVIEW routine (Virtual Instruments) was used
to control the parameters of the measurement, such as maximum voltage, voltage step, time step and

current limit.

Figure 3.11 Dark IV setup with two-probe configuration.
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3.4 Experimental methods provided by our collaborators

The following experimental methods have been performed by our collaborators and in
conjunction with the techniques described above, a complete characterization and study of the

individual layers, multi-layer structures, as well as the entire solar cell devices was achieved.
3.4.1 Transmission electron microscope (TEM)

The TEM characterization has been performed by the Dr. Andreas Delimitis at the
Department of Mechanical and Structural Engineering and Materials Science, University of

Stavanger.

Transmission electron microscope (TEM) is an advanced scientific tool used for examining
the structure, chemical composition, and morphological and electrical properties at the nanoscale by
detailed imaging of very small features. The high-resolution image obtained by TEM provides
characteristics like size, quality, crystal structure, defects, and chemical composition [145].

TEM working principle is based on the interaction between the electrons produced by an
electron source and the atoms of the sample. A schematic diagram of a typical TEM apparatus is
presented in Figure 3.12. An electron gun is used for producing and controlling an intense electron
beam which is focused to irradiate the sample. Variable lenses are used to focus the electron beam
onto the sample and to form the image. The remaining necessary components are a viewing screen
and a charge-coupled device (CCD) to record the images. TEM requires vacuum environment to

avoid the deflection of electrons by contaminants and gases [145].
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Figure 3.12 Schematic diagram of a typical TEM apparatus [146].
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Contrast phenomena, arising from the interaction of the electron beam and the material, are
responsible for the image formation and determine whether a characteristic will appear bright or dark
in the image [147]. These contrast mechanisms can be categorized into three types, i.e., mass
thickness, diffraction, and phase-contrast mechanisms. The image acquisition depends largely on the
electrons that can pass through the aperture to be collected from the CCD camera. This is realized by
controlling by the position of the aperture which determines the imaging mode. Bright field images
are obtained when the aperture is positioned at the center which allows transmitted beam to be
collected. Dark field images are obtained when the aperture is positioned at the scattered electron
beam [148].

High-resolution TEM (HRTEM) is a powerful imaging technique that is used to provide
micrographs of crystal surfaces at atomic resolution with 1 nm spatial resolution, providing crystal
structure information and real-space imaging to local structure of thin specimens [149, 150]. In
diffraction mode, both transmitted and diffracted beams can be imaged, thus the diffraction patterns
of a sample can also be obtained in HRTEM, along with the high-resolution images. The diffraction
patterns are very useful for structural analysis and to study of the crystal defects of a specimen. An
area of the sample is selected for obtaining its diffraction pattern; thus, this method is called selected
area electron diffraction (SAED).

In this thesis, the microstructure and interfacial characterization of the SLG/Mo/CIGS,
SLG/Mo/CIGS/CdS, SLG/Mo/CIGS/CdS/ZnO and SLG/Mo/CIGS/CdS/ZnO/ZnO:Al multi-layer
structures have been studied using conventional TEM and HRTEM imaging, along with SAED
patterns and EDS analysis. Conventional TEM and HRTEM observations were carried out using a
JEOL 2011 TEM operating at 200 kV with a point resolution of 0.25 nm and equipped with an EDS
detector (EDAX Apollo XLT TEM-SDD). In addition, complementary morphological and elemental
analysis of the CdS/CIGS/Mo/SLG structure was performed by a field emission gun Zeiss Supra
35VP SEM, equipped with an EDAX Octane Elite Plus EDS detector with a resolution of 125 eV
(Mn K, line).

3.4.2 Optical characterization

The optical characterization, investigation and data analysis have been performed by the
PhD. candidate Anna Zacharia at the Experimental Condensed Matter Physics Laboratory,

Department of Physics, University of Cyprus, under the supervision of Dr. Grigorios Itskos.

Absorption — Transmittance

Absorption of electromagnetic radiation is the way in which the energy of a photon is taken
up by matter, typically the electrons of an atom. Thus, the electromagnetic energy is transformed into
internal energy of the absorber, for example thermal energy [151]. The absorption of light by an

optical medium is quantified by its absorption coefficient a.
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A typical setup is presented in Figure 3.13. The light from a polychromatic light source is
spectrally analyzed by a monochromator. The initial beam is separated into two beams. One beam
transmits through the reference sample with intensity /o. The reference sample is a transparent
substrate, identical to that of which the studied film is deposited on. The second beam transmits
through the sample, typically a film deposited into a transparent substrate, with intensity I(z). Both
beams are measured simultaneously by photodetectors. The reference sample is used to ensure that
the light scattering or absorption that may take place from the substrate of the sample are taken into
account when calculating the absorption properties of the film under investigation. The spectrometer
is connected to a computer from which the data are collected for processing. Absorption spectra can
provide important information about the nature of energy gap (direct or indirect energy gap), exciton
energy and the structure of material, the presence of defects or Urbach tail states. The absorption

coefficient a of the studied film is calculated using the Beer’s Law:

[(2) = loe™ %%, Equation 3.6

where, z is the thickness of the studied film.

reference
sample

O )=5=

i Monochromator
light source sample detector

Figure 3.13 Schematic diagram of a typical experimental to measure optical density.

In this thesis, the absorption/transmittance spectra of CIGS, CdS, ZnO and ZnO:Al layers
deposited on SLG substrates have been examined using the Perkin EImer Lambda 1050 apparatus.
The energy gap and absorption coefficient have been derived from the analysis of the measured

spectra.

Photoluminescence (PL)

Upon absorption of a photon with energy exceeding the band gap Eg of the material, the
electron is excited in the conduction band and a hole is generated in the valence band, creating an
electron-hole pair. The electron-hole pair can recombine radiatively with the emission of a photon,
or non-radiatively by transferring the electron’s energy to impurities or defects in the material or
dangling bonds at the surface [152]. The radiatively recombination of the electron-hole pair by the

emission of a photon is called photoluminescence (PL).
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PL experiments can provide important information about the nature of the photoexcitations
and recombination channels in the material. Further information about the material can be extracted
by varying experimental parameters of the PL experiments such as excitation density (excitation-
dependent PL), sample temperature (temperature-dependent PL), the excitation wavelength

(resonant versus non-resonant PL) and polarization state (anisotropy measurements).

The PL experiment involves the excitation of the sample by a monochromatic laser diode
and the detection of the emitted photons by a detector, as shown in Figure 3.14. The sample is usually
placed on a temperature controlled optical cryostat for temperature-dependent PL measurements.
Between the sample and the detector, a configuration of optics such as lenses, slits and mirrors are
inserted to make the beam parallel and focused. A diffraction grating analyses the beam to the
different wavelengths and in different directions towards an array of photodetectors that measure the
intensity of each wavelength component.
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Figure 3.14 Schematic diagram of a photoluminescence experimental setup [153].

In this thesis, the PL spectra of CIGS and CdS films deposited on SLG substrates have been
examined using the Princeton Acton Advanced 2750A apparatus. The lineshape, linewidth,
integrated intensity and stokes shift of the measured PL spectra have been examined to provide

information about the quality of the films.

Time-resolved Photoluminescence (TRPL)

In addition to steady-state PL experiments, time-resolved spectroscopy is used to assess the
dynamics of the recombination mechanisms in a material. TRPL allows the study of the temporal
characteristics of recombination processes and the analysis of the data provide useful information

about the material, such as the exciton lifetime, Auger or trapping rates.

TRPL experiment involves the excitation of a sample with a pulsed light source and the
measurement of the subsequent photoluminescence decay as a function of time. A pulsed laser with
pulse width of tens of picoseconds is used, while the PL decay is detected via a photomultiplier tube.
The time resolution of the TRPL measurement can be obtained via different experimental techniques.
A digital counting technique called time correlated single photon counting method has been used for
the TRPL measurements of this thesis. Measurements build a probability histogram relating the time

between an excitation pulse and the observation of the first emitted photon [154].

51



In this thesis, TRPL measurements of CIGS and CdS films deposited on SLG substrates have
been performed using the Horiba-Jobin Yvon FL3 apparatus with time-resolution the order of 50 ps
in the visible range and 100 ps in the infrared range. The average PL lifetimes have been obtained
by the time-resolved PL decays of CIGS and CdS films.

3.4.3 Device performance

The characterization of the device performance and data analysis have been performed by
Dr. Vasiliki Paraskeva at the FOSS Research Centre for Sustainable Energy, Department of Electrical

Engineering, University of Cyprus, under the supervision of Dr. George E. Georghiou.

Illuminated current-voltage (1V) measurement

Illuminated IV measurements involve the determination of the 1V curve of a solar cell while
it is illuminated under standard conditions. A solar cell is placed in a simple circuit that includes a
variable resistor, a voltmeter and an ammeter (Figure 3.15). When the solar cell is exposed to light,
a voltage drop appears across the terminals of the cell and is measured with a voltmeter. As a
consequence, a current flow through the resistor and is measured with an ammeter. The solar cell
illuminated 1V curve can be obtained by altering the variable resistor and recording the voltage and
current at the cell terminals. However, the most common method is to use a variable voltage source
and an ammeter which is the equivalent of varying the resistor. Except from the efficiency of the
cell, the basic cell parameters can be defined, such as the ls, Vo and fill factor. The standard

conditions for cell testing are:

e Airmass 1.5 spectrum (AML1.5) for terrestrial cells and Air Mass 0 (AMO) for space
cells

e Intensity of 100 mW/cm? (1 kW/m?, also known as one-sun of illumination)

e Cell temperature of 25 °C (not 300 K) [69].
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Figure 3.15 Electric circuit of the illuminated IV measurement of a solar cell [155].
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In this thesis, illuminated 1V measurements have been performed for the complete solar cell
devices using a setup that includes a steady state solar simulator, a temperature controller, a voltage
source/ammeter and a software to control the voltage rate and direction. The steady state solar
simulator meets the IEC standard 60904-9 for light uniformity, light stability and conformity to the
AM1.5G spectrum. The irradiance provided by the simulator is 1000W/m2. The temperature
controller keeps the temperature of the cell at 25°C. A two-probe configuration was used with the
two probes mechanically placed on the front and back contacts of the cells, creating an electrical
circuit. A Python dedicated software is used to conduct current-voltage measurements of the cells at
different scan rates. Current-voltage curves at different scan rates are important for high capacitance

solar cells presenting hysteresis effects.
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Chapter 4 — Optimization of the CIGS layer

Chalcopyrite CulnixGaxSe, (CIGS) quaternary compound is a p-type, direct semiconductor
used as the absorber layer in the cell’s structure. The tunable energy gap of CIGS varies from 1.04
to 1.68 eV as the Ga composition ratio x changes from 0 to 1, and lies within the maximum theoretical
efficiency region of AM1.5 solar irradiation [156]. The superior absorptivity of ~10°cm™ in the
visible spectrum gives the ability of effectively reducing the thickness of the absorber [21], thus

reducing raw material needs and cell volume.

A variety of methods have been employed to deposit CIGS films, such as electrodeposition
[157], thermal co-evaporation [158-160] and sputtering [161-163], with the latter two being the most
widespread methods for obtaining high-performance solar cells. These methods often require a post-
selenization treatment and precise control of the growth conditions in order to achieve the desirable
composition of CIGS film. However, handling toxic Se-containing vapors raises concerns about
production safety and environmental effects. Pulsed laser deposition (PLD) is well established as an
efficient deposition method for multi-component films due to the stoichiometric transfer of the target
material to the deposited film [56]. In the case of the quaternary Cu(In,Ga)Se, material, PLD stands
out from other deposition techniques as stoichiometric films can be obtained without post-
selenization. Furthermore, crystalline films can be produced at low deposition temperatures, due to
the non-equilibrium process occurring during PLD growth. Along with the high deposition rates and
its simplicity of use, PLD can be considered a fast, simple and low-cost method for depositing CIGS

films.

Despite the advantages of PLD over other deposition techniques, few published reports exist
on the growth of CIGS films using PLD [164] [165] and only a handful of those have studied the
correlation between the growth parameters and the properties of PLD-grown CIGS films, towards
their rational optimization in order to achieve high-quality CIGS films [166] [167] [168].

The common configuration of CIGS solar cells consist the multilayer structure
Mo/CIGS/CdS/i-Zn0/Zn0O:Al which implies several hetero-interfaces whose chemical, structural,
and electrical properties are rather complex. These interfaces are formed in different growth
conditions (temperature, pressure, background gas, etc.) and they involve many different chemical
elements and compounds. The role of these interfaces is significant for the efficiency of the device.
Mechanisms such as carrier recombination, trapping on interfacial states or other mechanisms
affecting the charge carrier transport throughout the device are highly influenced by the interfaces
[169]. Specifically, the desirable characteristics of Mo/CIGS interface for the efficient collection of
the photo-generated charge carriers are the formation of an ohmic contact with a low contact

resistance between the Mo and CIGS layers.
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The contact between Mo and CIGS leads to a Schottky-like behavior, rectifying the current-
voltage characteristic [170]. The existence of Schottky barrier at the CIGS/Mo contact results to
substantial resistive losses, affecting negatively the device efficiency. Consequently, the formation
of a Schottky junction at CIGS/Mo interface limits the open-circuit voltage and the fill factor of a
solar cell [171]. However, it has been reported that MoSe; layer can be formed at the Mo/CIGS
interface which leads to an ohmic contact [172-174]. The CIGS/Mo contact, including the MoSe2
layer, is found to be ohmic due to the small valence-band offset at the MoSe,/CIGS interface which

does not present an appreciable barrier to hole transfer across the interface [175].

The formation and properties of the intermediate MoSe, layer depend on the CIGS
deposition method and growth conditions [176], therefore, the orientation of the MoSe; layer (¢ axis
parallel or perpendicular to the Mo surface) vary a lot in the literature. Several works report for a
layered structure of MoSe; with its layers oriented perpendicular to the Mo layer [176, 177]. In
addition, it is considered that the MoSe; layer contributes to the improvement of the adhesion at the
CIGS/Mo interface [172]. On the other hand, delamination issues are typically correlated with the
interface between the Mo back contact layer and the absorber CIGS layer, and specifically, with the
orientation of the two-dimensional MoSe; interfacial layer [176, 178, 179]. The variety of studies as
well as the variety of results shows that the properties of the MoSe; interfacial layer are very sensitive
to the experimental conditions.

Section 4.1 of this chapter reports on the systematic investigation of the effect of PLD growth
parameters on the properties of Culng;GapsSe; thin films deposited on soda-lime glass substrates.
The influence of the growth conditions of CIGS films is investigated through a comprehensive
characterization of structure, composition and morphology. In addition, electrical and optical
measurements of CIGS films have been performed in order to study the transport and optical
properties of the films. The optimum PLD growth conditions for CIGS films are identified based on
an overall assessment of film characteristics. Next, in section 4.2, the deposition temperature of CIGS
on Mo-coated SLG substrates is investigated using the optimum PLD growth conditions obtained
from the previous section. A thorough characterization of structure, composition and adhesion of
CIGS/Mo/SLG structure, along with IV measurements, have been implemented for the identification

of the optimum deposition temperature.
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41CIGSonSLG
4.1.1. Materials and experimental methods

CIGS films were deposited on soda-lime glass (SLG) substrates by PLD using a KrF excimer
laser source (A = 248 nm, T < 25 ns) in a high-vacuum chamber. The laser beam was driven through
an arrangement of mirrors and focused by a focal lens on a polycrystalline Culng:GagsSe;
(Testbourne, England) target at an incident angle of 45° inside the chamber. The target rotation
during the irradiation ensured a uniform ablation of the target surface. The substrate was placed
parallel to the surface target at a fixed distance of 4.5 cm. The deposition was carried out in the
presence of background gas after the chamber was evacuated at a base pressure of 4x10° mbar.
Argon (Ar) was used as background gas to confine the plume. The number of pulses and the repetition
rate were kept constant at 6000 and 10 Hz respectively, for all depositions. Laser fluence, Ar
background pressure and substrate temperature as the primary PLD deposition parameters were
systematically investigated in order to achieve the optimum growth conditions for high quality CIGS
films. Prior to deposition, the substrates were ultrasonically cleaned with a sequence of organic
solvents. In addition, secondary PLD deposition parameters, such as pulses, repetition rate, distance
between target and substrate and the type of substrate, were investigated and are briefly presented in
the next section.

Structural properties and crystallinity of the films were studied by X-ray diffraction
(SmartLab RIGAKU, Cu Ka, A = 1.5405 A). Morphology and chemical composition of the films were
determined by scanning electron microscopy (SEM Tescan Vega LSU) and energy dispersive X-ray
spectroscopy (Jeol Bruker Nano 129eV, XFlash 5010 detector), respectively. The electron
accelerating voltage of the EDS source was adjusted at 20 kV, corresponding to a penetration depth
of 1.5 um, which was larger than the thickness of the films. The thickness of the films was measured
with a stylus profilometer. Topography and surface roughness were probed via atomic force
microscopy (AFM, Agilent Technologies) scanning a 20x20 um? area within the film’s surface. The
electrical resistivity p, and carrier concentration n, of the films were measured at room temperature
using the Van der Pauw method and Hall Effect measurement. Au wires were directly attached on
the films’ surface using conductive silver paste. A current of 20 pA and a magnetic field of 6 T were

applied for the electrical measurements. Hall mobility was calculated by the following equation:
Uu=—. (Equation 4.1)

Optical transmission was recorded using a triple-detector spectrophotometer (Perkin Elmer,
Lamda 1050) covering the 200-3000 nm spectral range. The measurements allow the determination
of the transmissivity T of the films as the ratio of the transmitted light intensity I+ to that of the

incident intensity lo:
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T = i—T (Equation 4.2)
0
Reflectivity experiments were performed using the output of a 450 W Xe Arc broadband lamp

spectrally filtered by a double monochromator and detected by a photolumultiplier tube.
The absorption coefficient a of the films can then be estimated [180] through the relationship:
T =(1-R)?e %, (Equation 4.3)

where T is the transmissivity and R is the reflectivity, measured by the aforementioned optical

experiments, and £ is the film thickness.

Steady-state photoluminescence (PL) was excited via a 785 nm laser diode module
(Coherent StingRay) with a power density of ~50 mW-cm2 and detected by a high-resolution
spectrometer (0.75 m Acton750i Princeton) equipped with a liquid-nitrogen-cooled InGaAs array
detector. Time resolved PL was recorded on a FluoroLog FL3 Horiba Jobin Yvon spectrofluorimeter
using a time correlated single photon counting (TCSPC) method. The PL was excited by a 785 nm
pulsed laser diode (DeltaDiode-785L) with a pulse width of ~80 ps. The average PL lifetime ta,g of
the PL decays was calculated from the relation:

_ TiAt?

t =
avg oy’

(Equation 4.4)

where z; are the decay times extracted from multi-exponential fits of the PL transients and A; the

corresponding decay amplitudes.

4.1.2. Results and discussion
4.1.2.1 Impact of Laser Fluence

The fluence of the irradiation was regulated by the laser energy and the spot size to obtain
values from 0.4 to 1.4 J/cm?. Figure 4.1 shows the compositional ratios of the films deposited at 300
°C in Ar atmosphere of 0.01 mbar obtained by EDS measurements. The compositional ratios of a
stoichiometric transfer from the target to the film are denoted on Figure 4.1 with the dashed lines and
are the following: CGI=Cu/(Gat+In)=1, GGI=Ga/(Ga+In)=0.3, IGI=In/(Ga+In)=0.7 and
Se/M=Se/(Cu+Ga+In)=1. As the figure shows, all films are slightly In-rich and Ga-poor with respect
to the target stoichiometry. The GGl ratio of the films is -0.26, which lies within the range of high-
efficiency cells [181]. Nearly stoichiometric films are obtained as the fluence increases with a lower
threshold at 0.8 J/cm2. The films grown at lower fluences (0.4 and 0.6 J/cm?) are Se-rich and Cu-
poor. The magnitude of the ablation yield is determined by the cohesive energy of an element [56]
and tends to be higher for elements with low cohesive energy. In this case, Se is more readily

extracted from the target as it has the lowest cohesive energy (2.46 eV/atom), while Cu having the
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highest cohesive energy (3.49 eV/atom) is much less volatile. Low fluence leads to pure evaporation
of the elements [56] with preferential evaporation of Se and unfavorable evaporation of Cu, resulting
in Se-rich and Cu-poor films. Similar results have also been observed for Cu,ZnSnS, (CZTS)
absorber, which consists of earth-abundant elements [182]. Generally, the congruent ablation of the
elements of a target can be achieved when the fluence is above a threshold value, which is defined
by the elements in the target. In the case of CIGS, the threshold fluence of CIGS target is 0.8 J/cm?,
as shown in Fig. 1. Moreover, Cu-poor films have been grown by PED due to incongruent

evaporation caused by low-energy electrons [183] [184].

Grazing incidence XRD (GIXRD) patterns of the films deposited at various values of
fluence, with 26 ranging between 10° and 90° are shown in Figure 4.2. All deposited films exhibit
seven diffraction peaks identified as (112), (220)/(204), (312)/(116), (400)/(008), (332), (424), (512)
planes of Culno7GaosSe, chalcopyrite phase (JCPDS 35-1102), with (112) peak being the most
prominent. The XRD patterns reveal the polycrystalline nature of the films. It must be noted that the
pronounced (112) peak also appears in the out-of-plane XRD patterns of all samples (not shown
here), indicating the existence of preferred orientation along the (112) plane. The preferred
orientation of (112) have also been observed in films grown by PED [183]. This (112) texture of
CIGS films is beneficial for obtaining good lattice matching with CdS layers, which can lead to
highly efficient solar cells [185]. An additional peak at -25.6° appears on the GIXRD patterns of
films grown at fluences higher than 0.6 J/cm?, attributed to the Cu.Se secondary phase (JCPDS 37-
1187). The appearance of the Cu,Se phase at high laser energies has also been observed by Jo et al.
[167]. It is worth mentioning that the minor peak of Cu,Se phase can only be distinguished when the
GIXRD intensity data are presented in a logarithmic scale. The appearance of the Cu.Se secondary
phase in CIGS films grown at high fluences can be attributed to the enhanced kinetic energy of the
atoms upon arriving at the substrate surface. At high fluences, atoms possess sufficient kinetic energy
to diffuse at greater distances on the surface, before they establish stable, energetically favorable
bonds with other film atoms [56]. Since light atoms diffuse faster than heavy ones, Cu-Se bonds are

formed and the Cu,Se secondary phase appears.
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Figure 4.1 Compositional ratios of CIGS thin films deposited on SLG substrates at different fluences
ranging from 0.4 to 1.4 J/cm?. Dashed lines indicate the ratios of a stoichiometric film, being
CGI=Cu/(Ga+In)=1, GGI=Ga/(Ga+In)=0.3, IGI=In/(Ga+In)=0.7 and Se/M=Se/(Cu+Ga+In)=1.

Stoichiometric films are obtained using fluence of 0.8J/cm? and higher.
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Figure 4.2 XRD patterns of CIGS thin films deposited on SLG substrates at (a) 0.4, (b) 0.6, (c) 0.8,
(d) 1.0, (e) 1.2 and (f) 1.4 J/cm?. The bottom plot shows the XRD pattern of Culng;Gao sSe; according
to JCPDS 35-1102. A minor secondary phase of Cu,xSe, indicated by the arrows, appears in films

grown at fluences higher than 0.6 J/cm?,
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Figure 4.3 (a) Surface roughness of CIGS thin films deposited on SLG substrates at different
fluences ranging from 0.4 to 1.4 J/cm?. (b), (c), (d) SEM images of CIGS thin films deposited on
SLG substrates at fluence of 0.4, 1.0 and 1.4 J/cm?, respectively. The surface roughness of the films
increases linearly as the fluence becomes higher, due to the increasing density and size of particulates

on the film surface.

The surface roughness of the films as a function of fluence, measured by AFM, is presented
in Figure 4.3a. Three different areas of 20x20 um? were scanned for each film. The surface roughness
was calculated by averaging the rms roughness of each area. The evident linear increase in the surface
roughness of the films with increasing fluence is attributed to the concurrently increasing density and
size of particulates on the film surface, as illustrated in the SEM images of Figure 4.3(b - d). The
generation of more particulates at high fluence could be attributed to the increased number of species
which are ejected from the target as a result of the repeated thermal shocks [109]. In addition,
overheating of the target at high fluence leads to the formation of droplets that are expelled from the
melted surface of the target directly onto the substrate [186].

2\ Y
Stoichiometry Se-rich, Cu-poor films Nearly stoichiometric films,
CulnixGaxSe; (x-0.26)

Secondary phase None Cuz-xSe phase
Surface roughness Increasing from ~20 nm to ~120 nm
Particulates Increasing density and size

Table 4.1 Summary of the main results obtained from the investigation of laser fluence.

Table 4.1 shows the main results of the impact of laser fluence on the properties of CIGS
films. The results of the systematic investigation of the fluence on the growth of CIGS thin films
reveal the existence of a threshold fluence value of 0.8 J/cm? above which stoichiometric films Culn,.
xGaxSe, (x-0.26) are obtained. Additionally, a minor secondary phase of Cu,Se appears at fluences
equal or higher than 0.8 J/cm? due to the sufficient kinetic energy and diffusion of the light Cu and
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Se atoms. Hence, a fluence of 1 J/cm? is deduced to be the most appropriate for the growth of CIGS
thin films, because stoichiometric films are obtained having an intermediate roughness of -80 nm,
while maintaining the high deposition rates of PLD. Working at 1 J/cm?, stoichiometric CIGS films
with a thickness of -800 nm are obtained, using 6000 pulses in a deposition which lasts only 10
minutes (deposition rate -0.13 nm/pulse). Thus, PLD can serve as a fast, single-step process, without

the need of selenization, for the deposition of stoichiometric CIGS films.
4.1.2.2 Impact of Background pressure

Argon (Ar) was used as background gas for the growth of all samples. Figure 4.4 shows the
EDS-determined compositional ratios of the films deposited under various background pressures at
300 °C with fluence 1 J/cm?. As the figure indicates, all films are slightly In-rich and Ga-poor with
respect to the target stoichiometry, with x-0.26. Nearly stoichiometric films are obtained as Ar
pressure increases with a threshold at 0.01 mbar. The films grown at low pressure are Se- and Cu-
poor. In general, the presence of an ambient gas during the PLD process results in several effects
such as collisions and reactive scattering of the plume species with the gas particles, sharpening of
the plume boundary and spatial confinement of the plume [187]. In the case of inert gas such as Ar,
reactive scattering does not take place. The angular distribution of the plume atoms depends on their
atomic mass. Light ablated atoms are scattered much more than heavy ones in the presence of a heavy
background gas, such as Ar [188] [107]. In the case of the multicomponent CIGS target, the
assortment from light to heavy elements is: Cu (Z=29), Ga (Z=31), Se (Z=34) and In (Z=49). Heavy
atoms preferentially propagate along the normal direction (where the substrate is usually placed)
during the expansion in a background gas [189], which explains the In-rich samples. Cu, Ga and Se
atoms being the light elements of the plume, scatter the most and their angular distribution is broad.
At low pressure, the light elements are more prone to escape from the plume and are lost through the
pumping system. As the Ar pressure increases, the plume becomes more confined and the light
elements cannot easily escape from the plume, thus the films become nearly stoichiometric. Indium
atoms, as the heaviest species of the plume, propagate along the normal direction at the same
concentration, regardless of Ar pressure. Considering that Ga content reaching the substrate increases

as Ar pressure increases, the I1GI ratio decreases and becomes more stoichiometric.
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Figure 4.4 Compositional ratios of CIGS thin films deposited on SLG substrates at different Ar
pressures. Dashed lines indicate the ratios of a stoichiometric film, being CGI=Cu/(Ga+In)=1,
GGIl=Ga/(Ga+In)=0.3, IGI=In/(Ga+In)=0.7 and Se/M=Se/(Cu+Ga+In)=1. Stoichiometric films are

obtained using Ar pressure of 0.01mbar and higher.

GIXRD patterns of the films deposited at various Ar pressures ranging from 10 to 102 mbar
are shown in Figure 4.5 in a logarithmic scale. All deposited films exhibit seven diffraction peaks
identified as (112), (220)/(204), (312)/(116), (400)/(008), (332), (424), (512) planes of
CulngsGag sSe; chalcopyrite phase (JCPDS 35-1102), with (112) peak being the most prominent. The
XRD patterns indicate the polycrystalline structure of the films. An additional very-low intensity
peak at -25.6°, is attributed to the Cu,Se secondary phase described earlier (JCPDS 37-1187). This
minor peak of Cu,Se phase becomes more distinct as Ar pressure increases in which case the plume
becomes more confined and the species are restricted in a smaller volume, thus, the collisions
between the species are increased. As a consequence, the formation of Cu-Se clusters in the plume,

which are being transferred to the substrate as crystalline clusters, is favored.
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Figure 4.5 XRD patterns of CIGS thin films deposited on SLG substrates at various Ar pressures.
The bottom plot shows the XRD pattern of Culng7Gag3Se; according to JCPDS 35-1102. A minor

secondary phase of Cu,-«Se, indicated by the arrows, appears in all films.

The AFM-measured surface roughness of the films as a function of Ar pressure is presented
in Figure 4.6a. The surface roughness was calculated by averaging the rms roughness of three
different areas of 20x20 um?. The surface roughness increases with increasing background pressure
and exhibits an abrupt increase at 5x10 mbar. The large roughness of the films (>80 nm) grown at
high pressure is attributed to the high areal density of particulates on the film surface. SEM images
(Figure 4.6b - d) indicate that the areal density and size of particulates increase with increasing Ar
pressure. The collision rate of the ejected species with the ambient gas atoms increases as the ambient
gas pressure increases leading to nucleation and growth of these plume species into particulates
before their arrival at the substrate. The longer the time the particulate resides in the plume, the larger
the particulate becomes, as in the case of high Ar pressure [190]. Pinholes are observed in the Cu-
deficient film grown at the lowest Ar pressure, which are shown by the arrows in Figure 4.6b. Similar
microstructure defects have also been found in Cu-deficient CIGS films deposited by one-step radio

frequency sputtering [161].
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Figure 4.6 (a) Surface roughness of CIGS thin films deposited on SLG substrates at various Ar
pressures. (b), (c), (d) SEM images of CIGS thin films deposited on SLG substrates at Ar pressure
of 7x10%, 1x10 and 5x102 mbar, respectively. The arrows in (b) indicate regions with pinholes on
the film’s surface. The surface roughness of the films increases abruptly as the Ar pressure becomes

higher, due to the increasing areal density and size of particulates on the film surface.

Property Low Ar Pressure High Ar Pressure

(10* — 10" mbar) (102 mbar)
Stoichiometry Se- and Cu-poor films Nearly stoichiometric films,
CulnixGaxSe> (x-0.26)

Secondary phase Cu2.xSe phase
Surface roughness Increasing from ~30 nm to ~120 nm
Particulates Increasing density and size

Table 4.2 Summary of the main results obtained from the investigation of Ar pressure.

The impact of Ar pressure on the films properties is summarized in Table 4.2. The systematic
investigation of the effect of background pressure on the growth of CIGS thin films reveals that there
is a threshold Ar pressure, 0.01 mbar, in obtaining stoichiometric Culni.xGaxSe; films (x-0.26). In
addition, a minor secondary phase of Cu,Se appears in all films. Hence, Ar pressure of 0.01 mbar is
deduced as the most appropriate for the growth of CIGS thin films, because stoichiometric films can

be obtained having an intermediate roughness of -90 nm.
4.1.2.3 Impact of Substrate Temperature

Soda-lime glass was used as substrate for the deposition of CIGS films. Figure 4.7 shows
the EDS-determined compositional ratios of the films deposited at various substrate temperatures.
The assessment of the previous investigations related to fluence and background gas pressure have
led to the selection of 1 J/lcm? and 0.01 mbar, respectively. As the figure indicates, all films are
nearly stoichiometric independently of the deposition temperature, with slightly In-excess and Ga-
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deficiency with respect to the target stoichiometry. Specifically, the stoichiometry of the films is
CulnixGaxSe,, with x-0.26. It is noted that CGl ratio changes with the growth temperature in the case
of PED-grown films [183].
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Figure 4.7 Compositional ratios of CIGS thin films deposited on SLG substrates at various substrate
temperatures. Dashed lines indicate the ratios of a stoichiometric film, being CGI=Cu/(Ga+In)=1,
GGI=Ga/(Ga+In)=0.3, IGI=In/(Ga+In)=0.7 and Se/M=Se/(Cu+Ga+In)=1. All films are

stoichiometric in respect to the target stoichiometry.

GIXRD patterns of the films deposited at various substrate temperatures, from room
temperature up to 500 °C, are shown in Figure 4.8 in a logarithmic scale. All deposited films exhibit
the diffraction peaks described previously with the addition of the weak peak of Cu.Se secondary
phase (JCPDS 37-1187) on the films grown at low temperatures. The detailed XRD patterns, from
20° to 30°, are shown in the inset of Figure 4.8. The Cu,xSe peak becomes less intense as the
deposition temperature increases and eventually disappears on films grown at 500 °C. As the
substrate temperature increases, the surface mobility of the ablated species increases, regardless of
the atomic mass, and the single CIGS chalcopyrite phase is obtained. The results concerning the Cu,-
xSe secondary phase are contradictory with those of Jo et al. [167]. No secondary phase was observed
in their XRD patterns for PLD-grown CIGS films on soda-lime glass substrates even at the high
deposition temperature of 500 °C. However, Raman spectra of CIGS films showed the existence of
a CuxxSe phase, which becomes more discrete as the substrate temperature increases. These
conflicting reported results can be attributed to the fact that the deposition of CIGS films was carried
out by Jo et al. in vacuum and the plume dynamics were completely different in comparison with our
deposition in Ar atmosphere. Figure 4.8 inset shows also that the position of the (112) peak shifts to
higher 26 angles as the deposition temperature increases. Specifically, the (112) peak shifts from

26.72° to 26.92° as the substrate temperature increases from room temperature to 500 °C. The shift
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of the Bragg angle towards the stoichiometric bulk value of chalcopyrite CIGS (26=26.92°, JCPDS
35-1102) indicates the relief of strain in the film’s crystal structure. This observation is reinforced by
the fact that the films grown at room temperature and at 100 °C underwent delamination a few hours

after deposition. Similar results have been reported previously [166, 168].
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Figure 4.8 XRD patterns, 10° - 90° and 20° - 30° (inset), of CIGS thin films deposited on SLG
substrates at different substrate temperatures. The bottom plot shows the XRD pattern of
Culng7Gag 3Se; (JCPDS 35-1102). The secondary phase of Cu.Se is indicated by the arrows. The
CuzSe peak gradually fades as the deposition temperature increases. The (112) peak shifts towards
the stoichiometric bulk value of chalcopyrite CIGS.

The electrical properties of the films grown at different substrate temperatures are shown in
Figure 4.9a. Dark electrical resistivity p and carrier concentration n were measured at room
temperature by the van der Pauw four-probe technique. Resistivity is in the order of 10 Q-cm and
increases as the substrate temperature increases. This resistivity increase is attributed to the
increasing purity of CIGS films. As the substrate temperature increases, the highly conductive p-type
Cu,Se [191] phase gradually disappears and the single CIGS chalcopyrite phase is obtained (Figure
4.8). The hypothesis is further confirmed by Hall measurements, which indicate that all CIGS films
exhibit p-type conductivity with carrier concentration decreasing by one order of magnitude, i.e. from
10'° to 108 cm3, as the substrate temperature increases from room temperature to 500 °C. Similar
values of carrier concentration were measured on PLD-grown [167] [168] and sputtered [162] [163]
CIGS films. The decreasing carrier concentration with increasing substrate temperature can be
attributed to the presence of p-type Cu,Se phase in the films grown at low temperature. The Cu,Se
phase, which is characterized by a large carrier concentration [192], contributes a large number of
holes, thus resulting in a high overall carrier concentration of the CIGS films. As the substrate
temperature increases, the Cu.Se phase disappears and the carrier concentration of CIGS films
decreases. In addition, the presence of Cu,Se phase in films grown at room temperature up to 400 °C

may lead to the formation of Cu and Se vacancies in the CIGS lattice. Because Cu and Se atoms are
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involved in both CIGS and Cu,Se lattices and since Cu and Se compositional ratios are stoichiometric
(Figure 4.7), we expect that Cu and Se atoms which take part in the formation of the Cu.Se phase
will leave vacancies in the CIGS lattice. Cu vacancies act as shallow acceptors and Se vacancies act
as donors [193]. Since Cu vacancies would be twice the number of Se vacancies in the CIGS lattice,
the p-type conductivity of the films is enhanced and the carrier concentration is high. The single
CIGS phase obtained in the film deposited at 500 °C is nominally free of Cu and Se vacancies, thus
the carrier concentration decreases. Similar results of the increase of resistivity and decrease of
carrier concentration as Cu,Se phase disappears are found in the literature for CIGS films deposited
by PLD [167], by three-stage co-evaporation [160] [159], by two stage DC and MF sputtering [194]
[162] and by one-stage RF sputtering [163].

Regarding the incorporation of Na into CIGS films through diffusion from SLG substrates,
there have been several studies reporting the beneficial effects on cells’ performance. Na diffusion
increases the effective hole carrier concentration and improves the p-type conductivity, thus resulting
in higher open circuit voltages V.. The proposed models for the above effect are numerous and can
be found in the literature [195] [196] [197] [198]. The enhancement of (112) texture in CIGS films
is also linked with Na diffusion [199] [200] [30]. In our case, all films exhibit (112) preferred
orientation, which becomes more pronounced as the substrate temperature increases, indicating
stronger Na diffusion. However, the hole carrier concentration decreases with the deposition
temperature despite the stronger Na diffusion, leading to the conclusion that the effect of Cu,Se phase
on carrier concentration, described above, is more significant than the effect of Na diffusion into
CIGS films.

The electrical properties (resistivity, Hall mobility and carrier concentration) of the samples
along with the full-width half maximum (FWHM) of the (112) peak and the crystallite size, as a
function of the substrate temperature, are listed in Table 4.3. Figure 4.9b shows the dependence of
Hall mobility and FWHM of (112) peak on substrate temperature. The highest value of -1.9 cm?V-
s is obtained at the deposition temperature of 500 °C, which is similar to other reported values for
PLD-grown CIGS films [168]. The enhancement of carrier mobility with increasing deposition
temperature is consistent with the improved crystal quality of the films. The increase in crystallite
size, calculated by the Debye-Scherrer formula, indicates an improvement in the crystallinity of the
films; thus, the grain boundary scattering of charge carriers decreases and the carrier mobility is
expected to increase (Figure 4.9b). The high mobility of the film deposited at 500 °C is also attributed
to the diminished scattering of charge carriers by ionized defects and other charge carriers due to its

pure CIGS phase and its low defect and carrier concentration.
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Figure 4.9 (a) Room temperature electrical resistivity and carrier concentration and (b) Hall mobility
and FWHM of (112) peak of CIGS films as function of substrate temperature. As the substrate

temperature increases, resistivity increases, carrier concentration decreases, crystallinity of the films

is improved, and mobility is enhanced.

Substrate Resistivity Carrier Hall FWHM of Crystallite
Temperature (©.cm) Concentration Mobility (112) (deg.)  size (nm)

{®) (cm?) (cm?V-ist)

25 - - - 0.623 14.27
100 0.190 4.00 x10%° 0.821 0.626 14.21
200 0.298 2.05 x10%° 1.03 0.498 17.86
300 0.398 1.65 x10%° 0.951 0.473 18.82
400 0.443 1.02 x10%° 1.38 0.379 23.50
500 0.488 6.79 x108 1.89 0.335 26.59

Table 4.3 Electrical properties, FWHM and crystallite size of CIGS films deposited on SLG
substrates at different substrate temperatures.

The light harvesting ability of the PLD-grown CIGS films is evaluated by the magnitude and
spectral variation of the absorption coefficient, which has been estimated by optical transmission and

reflectivity experiments, as described in the experimental section. The absorption coefficient in the
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range of 0.8 to 2 eV for CIGS films grown at various substrate temperatures is displayed in the graphs
of Figure 4.10.
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Figure 4.10 Spectral variation of the absorption coefficient of CIGS films grown at various substrate
temperatures. The first derivative of the absorbance and the estimated energy gap for each film is
also shown.

The films exhibit high absorption coefficients of ~2-3x10* cm™ in the vicinity of the band-
edge standing in par with coefficients of previously reported module-ready CIGS films [201] and
recently demonstrated PLD-grown CIGS thin films [202] [203]. A recent publication reports on
higher absorption coefficients in PLD-grown CIGS thin films, surpassing 10° cm™ in the visible
[204]; however, such values appear artificially inflated as the optical absorption measurements do

not account for the significant light scattering losses at the films’ surface.

In the latter report, the influence of deposition temperature on the absorption coefficient is
also investigated, demonstrating a reduction of the absorption coefficient and an increase of the band
gap energy (Eg) as substrate temperature increases. In our studies, we have not observed a correlation
of the optical absorption strength with the substrate temperature; on the other hand, a systematic blue

shift of the band gap energy with deposition temperature is indeed observed, as shown in Figure 4.11.
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A systematic temperature-dependent variation of the stoichiometry has to be excluded as a possible
origin of the effect based on the EDS results of Figure 4.7, revealing a negligible compositional
impact of the substrate temperature. Quantum confinement effects suggested by Sima et al. [204] as
a possible source of the shift are also unimportant at the micron-size scales of the deposited films. It
is likely that the hypsochromic shift of the band gap energy is a result of the strain relief of the
chalcopyrite crystal structure, indicated by the respective Bragg angle shifts in the XRD patterns of

Figure 4.8; such band-edge shifts, induced by lattice strain, have been reported previously [205].
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Figure 4.11 Variation of the optical band gap energy versus substrate temperature. A systematic blue

shift of the band gap energy with deposition temperature is observed.

It is noted that the band gap energy of the studied films is determined from the inflection
point of the first derivative of the absorbance, which is superimposed to the absorption coefficient
data of Figure 4.10. Almost identical values are also obtained using the minima of the second
derivative of the absorbance. Compared to the conventionally used Tauc plot method, the first-
derivative method in our case provides a more reliable estimation of the CIGS band-edge, which is
consistent with the photoluminescence spectra presented later in the text. This is due to the fact that
the linear extrapolation process used in the former method to determine the band gap energy is
affected by the presence of the Cu>xSe secondary phase and the contribution of band-tail states of

the complex quaternary semiconductor.

Figure 4.12 presents comparative and normalized PL spectra of the CIGS films under non-
resonant excitation with a 785 nm laser at 300K. The observed broad, multi-peak lineshape is typical
of the high spatial and energetic disorder of CIGS materials, as well as the presence of high energy
band-edge and low energy defect-mediated recombination channels. A detailed analysis of the nature
and characteristics of the carrier recombination mechanisms is beyond the scope of the present
manuscript, however PL experiments reported herein strongly indicate an improvement in the

material quality and uniformity with increasing substrate temperature. This is evidenced by the: (i)
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monotonic increase in the integrated PL intensity, and (ii) systematic decrease of the PL linewidth
and Stokes shift. The observed trends are attributed to the reduction of the band-edge potential
fluctuations and the suppression of non-radiative recombination at defects related to the secondary
CuzxSe phase, as well as the presence of Cu and Se vacancies elaborated previously in the
manuscript, that act as shallow acceptors and donors, respectively. The effective blue-shift of the
luminescence as temperature increases is also consistent with an increased contribution at high
energies due to emission from electronic states at the expense of the lower energy defect-related
recombination; it also supports the small band gap hypsochromic shift revealed by the optical

absorption experiments.
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Figure 4.12 (a) Comparative PL spectra of films deposited at various temperatures in the range of
100 to 500 °C, (b) Normalized PL spectra of the same film series, (c) Integrated PL intensity versus
deposition temperature, and (d) PL linewidth (FWHM) and Stokes shift as a function of substrate

temperature.

The impact of substrate temperature on the films’ properties is summarized in Table 4.4. The
films grown at 500 °C exhibit the best properties for the application as an absorber layer in a solar
cell. Single CIGS phase, increased crystallinity, higher mobility, wider bandgap, high absorption
coefficient and less spatial and energetic disorder are some features indicating the high quality of the
films obtained at 500 °C.
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Property Low Temperature (25°C) == High Temperature (500°C)

Stoichiometry All films are nearly stoichiometric, Culn;xGaxSe, (x-0.26)
Secondary phase CuzxSe phase gradually fading
Electrical resistivity Increasing from ~0.2 to ~0.5 Ohm.cm
Carrier concentration Decreasing from ~4x10% to ~7x10® cm™3
Mobility Increasing from ~0.8 to ~2 cm?V-1s?t
Energy gap Increasing from ~1.16 to ~1.21 eV
Absorption coefficient High absorption coefficients of ~2-3x10* cm™

Photoluminescence spectra  Increasing integrated PL intensity and decreasing PL linewidth
and Stokes shift

Table 4.4 Summary of the main results obtained from the investigation of substrate temperature.

Time-resolved PL decays of the best performing film grown at 500 °C, sampling the radiative
recombination across the broad emission spectrum at three spectral regions, named I, I, and Il in
descending energy order, are displayed in Figure 4.13. Modeling of the PL transients requires triple
exponentials for regions | and Il and double exponentials for the low energy region Ill. Typically the
luminescence decay of evaporated or sputtered CIGS thin films is biexponential [206] [207]
containing two contributions, one due to minority carrier (electron) trapping or localization at
potential fluctuations and one due to band-edge recombination. The use of an additional term to
describe the PL transients in regions | and I1, indicates a complex competition of the aforementioned
channels that depends on temperature and excitation and will be elaborated in a follow-up
publication, as mentioned above. For the scope of the present discussion, we implement a
phenomenological description of the PL decay based on the average PL lifetime, without referring

to the individual decay terms and amplitudes.
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Figure 4.13 PL decays (bottom graph) measured at the three spectral regions I, Il and Il within the
broadband luminescence (upper graph) from a CIGS film deposited at 500 °C. The multi-exponential

fits (dotted lines) and calculated average PL lifetimes are also displayed.

The average PL lifetime is displayed in the bottom graph of Figure 4.13 for the three spectral
regions probed. A systematic shortening of the lifetime by almost an order of magnitude, i.e., from
~200 to ~30 ns, as the detecting energy increases is attributed to the presence of recombination
channels such as trapping at midgap states and charge separation and localization at potential minima
that effectively quench the lifetime of the high energy, band-edge related photoexcitations. At the PL
peak, a long average PL lifetime of the order of ~50 ns is obtained, comparable to the PL lifetimes
measured in pristine evaporated CIGS films suitable for high efficiency solar cell devices [208],
confirming the high material quality and reduced non-radiative recombination in the films produced

at elevated PLD deposition temperatures.
4.1.2.4 Impact of other deposition parameters

Secondary PLD deposition parameters, such as number of pulses, repetition rate, distance
between target and substrate and the type of substrate, were investigated through chemical, structural,
morphological and electrical characterization. The impact of each of these deposition parameters on
the properties of CIGS films is briefly presented in the Table 4.5. CIGS films were deposited at
300°C, using fluence of 1.0J/cm? and argon pressure of 0.01mbar. The investigation of the type of
substrate (SLG and fused SiO), also contains a parametric investigation of the deposition
temperature of CIGS at 200, 300 and 400°C, for each substrate.
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Stoichiometry (EDS)

Structure (XRD)

Surface roughness
(AFM)
Morphology (SEM)

Thickness
(Profilometer)
Resistivity (VDP)

Carrier
concentration (Hall)

Low N: Se-rich and Cu-poor films.

High N: nearly stoichiometric films.

CIGS chalcopyrite phase and minor secondary phase of Cu,«Se for
all films.

Increases from 88 nm to 190 nm as the number of pulses increases.

The density of the particulates on the surface increases as the number
of pulses increases.

Increases almost linear from 150 nm to 900 nm as the number of
pulses increases.

Increases from 5x1072 to 27x102 Ohm.cm as the number of pulses
increases.

Decreases from 8x10'° to 1.5x10%° cm as the number of pulses

increases.
Repetition Rate, RR (Hz): 1, 5, 10

PULSES, N: 3000 — 10500 (step = 1500)

Stoichiometry (EDS)

Structure (XRD)

Surface roughness
(AFM)
Morphology (SEM)

Thickness
(Profilometer)

Low RR: Se-rich films

High RR: nearly stoichiometric films.

CIGS chalcopyrite phase and minor secondary phase of Cu,«Se for
all films.

Crystallite size decreases from 21 nm to 19 nm as the repetition rate
increases.

Increases from 117 nm to 140 nm as the repetition rate increases.

The density and size of the particulates on the surface increases as the
repetition rate increases.

Increases from 408 nm to 517 nm and then decreases to 479 nm

increases as the repetition rate increases.

Target — Substrate distance, D (cm): 3.5 — 6.0 (step = 0.5)

Stoichiometry (EDS)

Structure (XRD)

Surface roughness
(AFM)

Small D: nearly stoichiometric films.

Large D: Se-rich and Cu-poor films.

CIGS chalcopyrite phase and minor secondary phase of Cu,Se for
all films. Cu,Se phase gradually fades at large D.

Decreases from 88 nm to 34 nm as the distance decreases.
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Morphology (SEM)  The density of the smaller particulates on the surface decreases as the

distance decreases. No change to the density of the larger

particulates.
Substrate and deposition temperature: SLG and fused SiO2 at 200, 300 and 400°C

Stoichiometry (EDS) Nearly stoichiometric films on both substrates and at all deposition
temperatures.

Structure (XRD) CIGS chalcopyrite phase and minor secondary phase of Cu,«Se on
both substrates. Cu,xSe phase gradually fades as deposition
temperature increases for both substrates.

Thickness SLG: Increases from 424 nm to 706 nm as the deposition temperature
(Profilometer) increases.
SiO2: Increases from 570 nm to 615 nm and then decreases to 540 nm
for deposition temperature at 200, 300 and 400°C, respectively.

Resistivity (VDP) SLG: Increases from 9x1072 to 36x102 Ohm.cm as the deposition

temperature increases.
SiOz: Increases from 12x107 to 49x102 Ohm.cm as the deposition
temperature increases. Slightly lower resistivity for the films grown
on SLG.
Carrier SLG: Decreases from 5.9x10% to 2.6x10%° cm as the deposition
concentration (Hall)  temperature increases.
SiO,: Decreases from 4.2x10% to 2.4x10%° cm as the deposition
temperature increases.

Slightly higher carrier concentration for the films grown on SLG.

Table 4.5 Main results of the impact of secondary PLD deposition parameters on the properties of
CIGS films.

The parametric investigation of the secondary PLD parameters has led to the following results:

e Number of pulses: CIGS layer can display superior optical absorption with absorption
coefficient of as high as 10° cm™. Theoretically and based on this value, a CIGS layer with
thickness of less than 1pum thick can absorb almost the entire incident light if the energy of
photons is greater than the bandgap [21]. However, there are fundamental physics
limitations, as well as practical experimental limitations, that may influence the device
parameters and performance. High efficiency solar cells that exhibit efficiencies over 20%
involve a CIGS layer of about 2um [209]. Hence, the number of pulses has been selected to
be more than 10500 and specifically 15000 pulses were used to obtain a thickness of ~1.5

pm. However, as the number of pulses increases in order to obtain the desirable thickness,
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the films become stoichiometric but at the same time the surface roughness increases. Thus,
the films obtained at 15000 pulses are stoichiometric with thickness of ~1.5 um, though the
surface roughness is high.

Repetition rate: As repetition rate increases, the CIGS films become nearly stoichiometric,
the crystallite size slightly decreases, and the surface roughness slightly increases. In order
to achieve the deposition of CIGS layer in the shortest time, the maximum repetition rate of
10Hz has been selected. At 10Hz, the films are stoichiometric, and there is no significant
change on the roughness and crystallite size compared to the films deposited at lower
repetition rates.

Target to substrate distance: As the distance increases, the surface of the films becomes
smoother and the Cu,Se secondary phase gradually decreases. However, the stoichiometry
of the films diverges from the optimum values. At 4.5 cm, the films are stoichiometric,
having a moderate surface roughness and a minor Cu,Se phase.

Type of substrate: In order to investigate the impact of Na diffusion into CIGS layer, two
types of amorphous glass substrates were used regarding their Na content. Specifically, the
two substrates used are the SLG which contains Na and the fused SiO, which is Na-free. The
results of the compositional and structural characterization of CIGS films were similar for
both substrates; stoichiometric CIGS films with a minor Cu,Se secondary phase. The
incorporation of Na into CIGS films through diffusion from SLG substrates has mainly
affected the electrical properties of the films. The films that were deposited on SLG
substrates exhibit lower values of resistivity and higher values of carrier concentration
compared to the films deposited on fused SiO.. These results indicate that the diffusion of
Na from SLG substrate into CIGS layer lead to the enhancement of CIGS conductivity and
carrier concentration. The increase of the effective hole carrier concentration and
improvement of the p-type conductivity is also reported on several studies in the literature
[195] [196] [197] [198]. Moreover, a parametric investigation of the deposition temperature
of CIGS at 200, 300 and 400°C has been performed for each substrate. Electrical resistivity
increases and carrier concentration decreases as the deposition temperature increases, for
both subsrates. The influence of deposition temperature on the properties of CIGS films for

both substrates are similar to the results that are discussed in section 4.1.2.3.

4.1.3 Conclusions

A systematic investigation of laser fluence, background gas and substrate temperature was

performed to understand the influence of these process parameters on various properties of CIGS

thin films grown by PLD on soda-lime glass substrates. Stoichiometric films with a minor CuxxSe

secondary phase, moderate surface roughness, high absorption coefficient (>10* cm™) and high

lifetime (~50ns) of the minority carriers are obtained at deposition temperatures 300 - 500 °C, fluence

of 1 J/em?and Ar pressure of 0.01 mbar. The overall assessment of electrical, optical, compositional,
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structural and morphological properties of the investigated CIGS films indicates that PLD is a very
promising technique for the fabrication of high-quality CIGS-based solar cells without the need for
post-selenization. Although the results of this comprehensive study concern the optimization of
growth parameters for CIGS deposition on bare glass substrates by PLD, they be utilized in future
work depositing high-quality CIGS thin films on Mo-coated soda-lime glasses, which are usually

used as the substrate and bottom electrode on CIGS solar cells.
4.2 CIGS on Mo/SLG
4.2.1. Materials and experimental methods

Mo-coated SLG substrates were purchased from a commercial vendor (Techinstro, India).
CIGS films were deposited on Mo-coated SLG substrates by PLD using a KrF excimer laser source
(A =248 nm, T < 25 ns) in a high-vacuum chamber. Polycrystalline CulngsGaosSe, (Testbourne,
England) target was used for the deposition of CIGS films. The substrate was placed at a fixed
distance of 4.5 cm. The deposition was carried out in the presence of background gas after the
chamber was evacuated at a base pressure of 4x10° mbar. Argon was used as background gas to
confine the plume. The number of pulses and the repetition rate were kept constant at 6000 and 10
Hz respectively, for all depositions. The substrate temperature was systematically investigated in
order to achieve the optimum growth conditions for high quality CIGS films on Mo-coated SLG

substrates.

Structural properties and crystallinity of CIGS and Mo films were studied by X-ray
diffraction (SmartLab RIGAKU, Cu Ka, A = 1.5405 A). The chemical composition of the films was
determined by energy dispersive X-ray spectroscopy (Jeol Bruker Nano 129eV, XFlash 5010
detector). The surface roughness of Mo layer was probed via atomic force microscopy (AFM, Agilent
Technologies). Angle-resolved reflectivity experiments of the Mo layer were performed in the range
of 400 -1100 nm using the output of a 450 W Xe Arc broadband lamp spectrally filtered by a double
monochromator and detected by CCD and InGaAs detectors. The electrical resistivity p of the Mo
layer was measured at room temperature using the Van der Pauw method. Au wires were directly
attached on the films’ surface using conductive silver paste and a current of 2 mA was applied. The
adhesion of CIGS and Mo layers on SLG was investigated using the scotch tape test method by

attaching the tape on the surface of CIGS and detaching it by applying force manually.

The microstructure of the CIGS layer and characterization of the Mo/CIGS interfacial region
have been studied using conventional TEM and HRTEM imaging, along with SAED patterns and
EDS pont analysis. Conventional TEM and HRTEM observations were carried out using a JEOL
2011 TEM operating at 200 kV with a point resolution of 0.25 nm and equipped with an EDS detector
(EDAX Apollo XLT TEM-SDD).
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Current-Voltage (1VV) measurements of CIGS/Mo/SLG structure were performed at room
temperature using a two-probe configuration, as shown in Figure 4.14. The electrodes of the voltage
source/ ammeter were mechanically placed on CIGS and Mo surface, creating an electrical circuit.

The CIGS/Mo structure was electrically biased with an applied voltage of £1V.

CIGS
Mo

SLG

Figure 4.14 Schematic diagram of two probe IV measurement of CIGS/Mo/SLG structure.

4.2.2 Results and discussion
4.2.2.1 Impact of CIGS deposition temperature

Prior the deposition of CIGS on Mo-coated SLG substrates, the characterization of the purchased
Mo films was carried out to define the quality of the films. The properties of Mo films are presented
in Table 4.6. Low electrical resistivity, high reflectance and low surface roughness are the required
properties of a bottom electrode [210]. The purchased Mo films have low electrical resistivity,
medium reflectance, and low surface roughness (Table 4.6), rendering them as suitable back contacts

for the solar cell devices.

L Deposition Thickness Resistivity @ 300K Reflectance @ Roughness
ayer
Y method (nm) (Ohm.cm) 300K, 45° (nm)
40-60% in the 10.3
Mo Sputtering 500 3.48x10'5 range of 400-
1000 nm

Table 4.6 Properties of purchased Mo films deposited on SLG substrates.

The deposition of CIGS films on Mo/SLG substrates were carried out at fluence of 1 J/cm?
and argon pressure of 0.01 mbar, based on the assessment of the previous investigations regarding
the deposition of CIGS films on SLG (section 4.1). The impact of substrate temperature was
investigated by varying the deposition temperature of CIGS layer from 300 to 500°C, which were

the optimum substrate temperatures obtained from the deposition of CIGS on SLG substrates, as
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discussed section 4.1. Figure 4.15 shows the EDS-determined compositional ratios of CIGS films
deposited 300, 400 and 500°C. As the figure indicates, all CIGS films are nearly stoichiometric
independently of the deposition temperature, with slightly In-excess and Ga-deficiency with respect
to the target stoichiometry. Specifically, the stoichiometry of CIGS films is Culni.xGaxSe,, with
x-0.26.
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Figure 4.15 Compositional ratios of CIGS thin films deposited on Mo/SLG substrates at various
substrate temperatures. Dashed lines indicate the ratios of a stoichiometric film, being
CGI=Cu/(Ga+In)=1, GGI=Ga/(Ga+In)=0.3, IGI=In/(Ga+In)=0.7 and Se/M=Se/(Cu+Ga+In)=1.

CIGS films are stoichiometric in respect to the target stoichiometry.

GIXRD patterns of CIGS films deposited on Mo/SLG at 300, 400 and 500°C, are shown in
Figure 4.16 in a logarithmic scale. The diffraction peaks of CIGS/Mo/SLG structures are identified
by CIGS chalcopyrite phase (JCPDS 35-1102) and Mo phase (PDF 9008543). In addition, a weak
peak of Cu,Se secondary phase (JCPDS 37-1187) appears in CIGS films, regardless of the deposition
temperature. The results concerning the Cu,Se secondary phase contradict with the results of section
4.1 regarding the deposition of CIGS films on SLG substrates, where the Cu,.xSe peak becomes less
intense as the deposition temperature of CIGS on SLG increases and eventually disappears on films
grown at 500°C. However, the dissimilar results can be attributed to the different substrate used for
the deposition of CIGS. The deposition dynamics and mechanisms that are taking place are

completely different on the Mo-coated SLG substrate in comparison with the bare SLG substrate.

It is worth mentioning that there is no evidence of MoSe; phase, even at the deposition
temperature of 500°C. The deposition temperature of CIGS along with the deposition method appear
to have major impact on the formation of MoSe; phase at the CIGS/Mo interface. In particular, Ballif
et al. could not detect any intermediate compound within the interface of sputtered Mo and physical
vapor deposited CIGS [211]. Moreover, the fundamental work by Raud and Nicolet on Mo/Se,

Mo/In, and Mo/Cu diffusion couples showed Se to react with Mo, forming MoSe; in very small
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amounts after annealing at 600°C [32]. In addition, an investigation of the interface properties of d.c.
sputtered Mo on CIS layers, deposited by co-evaporation, led to the conclusion that the MoSe; does
not form below 500°C and it might be an artifact of the sputtering process [210]. Since the deposition
of CIGS on Mo/SLG substrates were carried using PLD and at temperatures up to 500°C, the absence

of MoSe; phase agrees with the above studies.
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Figure 4.16 XRD patterns of CIGS thin films deposited on Mo/SLG substrates at different substrate
temperatures. The bottom plots show the XRD pattern of Culng7Gag3Se; (JCPDS 35-1102) and Mo
(PDF 9008543). The secondary phase of Cu,«Se is indicated by the arrows.

Adhesion tests of Mo/SLG and CIGS/Mo/SLG structures were performed using the scotch
tape method described in 4.2.1. The adhesion of CIGS layers on Mo/SLG was investigated as
function of CIGS deposition temperature. The pictures of the samples, presented in Table 4.7, were
taken prior and afterwards the application of scotch tape test. The scotch tape test involved several

attempts in order to thoroughly examine the quality of the adhesion between the layers.

Sample CIGS deposition Prior adhesion test After adhesion test

temperature (°C)

Mo on SLG -
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300

CIGSon
Mo/SLG

400

500

Table 4.7 Pictures of Mo/SLG and CIGS/Mo/SLG samples prior and afterwards the application of

the scotch tape test for various CIGS deposition temperatures

After the application of the scotch tape adhesion test on Mo/SLG sample, the Mo layer
remained intact, as shown in Table 4.7. This result indicates that the adhesion of Mo on SLG substrate
is superior and the purchased Mo-coated SLG substrates are suitable for using them as back contacts
in the photovoltaic device. Regarding the CIGS/Mo/SLG samples, the pictures in Table 4.7 indicate
that the adhesion between CIGS, Mo layers and SLG substrate depends on the deposition of CIGS
on Mo/SLG. The results of the adhesion test for CIGS/Mo/SLG structures show that the samples of
which CIGS layer was deposited at 300 and 400°C were stable and the adhesion between the layers
and the substrate was superior, as no delamination occurred. The sample of which CIGS was grown
at 500°C presented poor adhesion between the layers and the substrate, since delamination occurred
at the very first attempts of the adhesion test. The delamination of CIGS and Mo layers from the
substrate can be attributed to the different thermal expansions coefficients of SLG (9 x 10°%/K), Mo
(4.8 -5.9 x 109/K) and CIGS (7 — 11 x 10°%/K) [212] which lead to different expansions during the
deposition of CIGS layer at 500°C. This effect is more significant at higher deposition temperatures,
where the impact of the different thermal expansion of the layers at 500°C lead to deleterious
adhesion due to higher induced stress. In addition, the softening point of SLG substrate is at 700°C
[213] where the SLG becomes unstable. Thus, the SLG substrate is stable during the deposition of
CIGS at 500°C.
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The Mo and CIGS layers, as well as the CIGS/Mo interface of the CIGS/Mo/SLG structure
with the CIGS layer deposited at 300°C, were thoroughly studied using advanced electron
microscopy (HRTEM imaging, SAED pattern acquisition and EDS point analysis). The results from
the HRTEM characterization of the CIGS/Mo interface revealed that the interfacial region between
Mo and CIGS is generally smooth, with both layers comprising of a columnar morphology of growth
(Figure 4.17a). The Mo layer comprises of cubic Mo crystallites [SG Im-3m (229)], usually
exhibiting (220) reflections in SAED patterns as shown in Figure 4.17b.

The HRTEM image of the CIGS layer is presented in Figure 4.18a. The CIGS layer also
appears in columnar morphology, where all CIGS particles adopt the tetragonal Culn,Gai«Se; phase
[SG 1-42d (122)]. A great percentage of planar defects is present at the CIGS layer, which were
identified as twins lying on (110) planes. This is also manifested by the characteristic streaking of
the 110 reflection at the SAD pattern shown in the inset of Figure 4.18a.

Elemental analysis of the near interfacial region between Mo and CIGS has been studied by
EDS point analysis of the CIGS layer, as shown in Figure 4.18b. A small amount of residual Mo
inside the CIGS layer is identified. However, there was no indication for a MoSe; distinct phase
formation in CIGS layer, as demonstrated by SAED and HRTEM analysis. The absence of MoSe,
phase at the CIGS/Mo interface has also been observed by the XRD patterns in Figure 4.16.

Figure 4.17 (a) HRTEM image and (b) SAD pattern from the Mo/CIGS interfacial region.
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(b)

Figure 4.18 (a) HRTEM image and (b) EDS point analysis spectrum from the CIGS layer.

On the other hand, a small percentage of small Cu..xSe crystallites were detected by means
of HRTEM, among the CIGS ones, as outlined in Figure 4.19. The CuxxSe particles have sizes up to
12 nm with no specific shape. The presence of a weak peak of Cu,Se secondary phase (JCPDS 37-
1187) has also been observed in CIGS films by the XRD patterns in Figure 4.16.

Figure 4.19 Distinct CuxSe crystals along with CIGS ones at the CIGS layer.

The IV curve of CIGS/Mo/SLG structure with the CIGS layer deposited at 300°C is
presented in Figure 4.20. The IV measurements of the sample were performed at room temperature
using a 2-probe configuration, as described in section 4.2.1. The linearity of the IV curve indicates
the formation of an ohmic contact at CIGS/Mo interface, despite that there was no indication from
the XRD patterns (Figure 4.16) of the existence of the MoSe2 phase at the interface. Contrary to the
literature, the ohmic contact between CIGS and Mo layers is related with the presence of MoSe;
phase at the interface [172, 174, 214]. Here, the observed ohmic contact of the sample concurs with
the absent of MoSe; phase at the CIGS/Mo interface. These conflicting results with the literature can
be attributed to the fact that the studies, reporting on formation of nearly ideal ohmic contact between
Mo and CIGS via an intermediate MoSe; layer, have used a different deposition method for growing
the CIGS layer on Mo, other than PLD.
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Figure 20 Two probe IV curve of CIGS(300°C)/Mo/SLG structure at room temperature.
4.2.3 Conclusions

The impact of deposition temperature of CIGS on Mo-coated SLG substrates has been
investigated by fabricating the CIGS/Mo/SLG structures at various deposition temperatures. Initially,
Mo-coated SLG substrates were purchased and tested through various characterizations for their
suitability as the back contact for a photovoltaic device. Low electrical resistivity of =3.5x107°
Ohm.cm, medium reflectance of 40-60% in the range of 400-1000 nm, low surface roughness of 10
nm and superior adhesion with the SLG substrate have been found for Mo layer, which fulfill the
requirements of a good back contact. Next, the CIGS/Mo/SLG structures were fabricated by
depositing the CIGS layer on Mo-coated SLG substrates at 300, 400 and 500°C. The deposition
parameters of CIGS were selected based on the previous investigation of CIGS on SLG described in
section 4.1.2. CIGS layers on Mo/SLG were nearly stoichiometric and independent from the
deposition temperature. The XRD patterns of CIGS/Mo/SLG structures were identified by the CIGS
chalcopyrite phase, the Mo phase and a weak peak of Cu.Se secondary phase in CIGS layers. There
was no evidence of MoSe; phase at the interface for none of the deposition temperatures. The
adhesion tests of CIGS/Mo/SLG structures revealed that the adhesion between CIGS, Mo and SLG
was superior for the samples of which CIGS was grown at 300 and 400°C. On the contrary,

delamination occurred for the samples grown at 500°C.

HRTEM image of CIGS/Mo/SLG structure with the CIGS layer deposited at 300°C revealed
a generally smooth interfacial region between Mo and CIGS, with both layers in columnar growth.
There was no indication for a MoSe; distinct phase formation in CIGS layer, as demonstrated by
SAED and HRTEM analysis, even though a small amount of residual Mo inside the CIGS layer is

identified. A small percentage of small Cu,.xSe crystallites were detected by means of HRTEM in
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the CIGS layer. The results of the electron microscopy (HRTEM imaging, SAED pattern acquisition
and EDS point analysis) corroborate with the results of the XRD patters. The linearity of the IV curve
of CIGS/Mo/SLG structure with the CIGS layer deposited at 300°C indicates the formation of an
ohmic contact at CIGS/Mo interface. The overall assessment of compositional, structural,
morphological and electrical properties of the investigated CIGS films grown on Mo-coated SLG
substrates indicates that the best properties of CIGS layer and the CIGS/Mo interface are obtained at
the CIGS deposition temperature of 300°C.
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Chapter 5 — Optimization of the CdS layer

CdSis an n-type, 11-VI semiconductor with a direct band gap of 2.42 eV at room temperature
[215, 216]. The incorporation of high quality CdS buffer layer, usuallu deposited by chemical bath
deposition (CBD), with thickness of only tens of nanometers, between the CIGS absorber and ZnO
transparent conductive oxide (TCO) holds a key role in the performance of the cell. Numerous
published works discuss the impact of the CdS buffer layer on the formation of the heterojunction
on CIGS solar cells [21, 45, 217]. CdS provides an optimization of the band alignment between CIGS
and ZnO [210], protects CIGS absorber surface from further processing steps [75], establishes higher
contact potential that allows higher open circuit voltage [210] and reduces the lattice misfit between
CIGS and ZnO layers [75]. Despite the beneficial effects of the CdS layer on the properties of the
cell, some disadvantages inherently emerge. CdS is not fully transparent in the visible as it absorbs
in the blue spectral range. Blue photons photogenerate electron-holes pairs in CdS, which are short-
lived due to efficient recombination. As a result, the external quantum efficiency (EQE) of the solar
cell structure in the blue wavelength region is reduced [44]. Fabrication of thin CdS layers can
minimize the light absorption losses in the blue, however for very thin layers, pinholes between the

TCO contact and the absorber layer are formed, which create short circuits [8] in the device.

High efficiency cells have been reported with CdS buffer layer grown by CBD [218-220],
while cells with CdS deposited by other techniques exhibit poorer efficiencies [221-223]. However,
CBD is incompatible with the vacuum-based methods used for the deposition of the previous and

consequent layers of CdS.

Considering the blue absorption losses, the toxicity of Cd and the incompatibility of CBD
with the in-line vacuum-based production methods, one of the major challenges is the development
and implementation in the production line of Cd-free alternative buffer layers. The first approach has
been to omit overall the CdS layer and form a direct junction between CIGS and ZnO. However the
absence of the buffer layer appears to result in lower efficiencies [224]. Alternative buffer materials,
such as Zn(0,S) and (Zn,Mg)O are under consideration as they can be deposited using vacuum-based
deposition methods, such as sputtering [225], molecular beam epitaxy [226] and atomic layer
deposition [227, 228], while their band gap energy is larger than that of CdS so that blue absorption
losses are reduced. Nevertheless, the band alignment between Zn-based compounds and CIGS
absorber appears to be unfavorable due to the formation of a blocking barrier [229]. In view of the
above and the absence of better alternatives for the moment, the presence of a CdS buffer layer

appears necessary for the fabrication of high efficiency CIGS solar cells.

An important breakthrough that would simplify the line production process and reduce

manufacturing time and cost for CIGS solar cells is the determination of a single-step growth method
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for the fabrication of the device structure. This chapter reports on the utilization of pulsed laser
deposition (PLD) as a novel deposition method for the preparation of the CdS and CIGS layers on
Mo-coated SLG substrates in one growth sequence. In chapter 4, regarding the deposition of CIGS
films using PLD, it has been demonstrated that PLD-grown CIGS films are of high quality,
stoichiometric, thus the need for post-selenization is eliminated [3]. In addition, it has been recently
reported that CdS films deposited by PLD are more compact and uniform than those grown by CBD
and sputtering [58]. Thus, PLD may allow the realization of high quality and possibly thinner CdS

layers without the creation of short circuit pinholes between the TCO and the absorber layer [8].

Section 5.1 of this chapter reports on the systematic investigation of the influence of PLD
growth parameters on the properties of CdS thin films deposited on soda-lime glass substrates. A
comprehensive characterization of structure, composition and morphology has been carried out to
understand the impact of the deposition parameters on the properties of CdS films. In addition, optical
measurements of CdS films have been performed in order to study the optical properties of the films.
The optimum PLD growth conditions for CdS films are identified based on an overall assessment of

film characteristics.

Section 5.2 deals with the fabrication of CdS/CIGS/Mo structure. The results of section 5.1
regarding the deposition of CdS on SLG substrates have been used to consequently grow optimized
CdS films on top of CIGS/Mo/SLG structure. CIGS and CdS layers have been deposited on Mo-
coated SLG using PLD without interrupting the deposition process. The growth parameters of CIGS,
which have been optimized in Chapter 4, have been herein utilized for the deposition of CIGS layer
[3]. The influence of CdS deposition temperature on the properties of CdS/CIGS heterojunction has
been extensively studied and reported herein for the first time. Complete structural, compositional
and morphological characterization, along with electrical measurements, have been performed in
order to evaluate the quality of CdS/CIGS junction and identify the optimum PLD growth conditions.
Few published works report on the correlation between the growth parameters and the properties of
PLD-grown CdS films [230-235] and there is no published work on the electrical properties of
CdS/CIGS junction, regardless of the deposition method.

51CdSonSLG

5.1.1 Materials and experimental methods

CdS films were deposited on bare SLG substrates by PLD using a KrF excimer laser source
(A =248 nm, 1T < 25 ns) in a high-vacuum chamber (Figure 5.1a). The bare SLG substrates were
ultrasonically cleaned with a sequence of organic solvents. A configuration of mirrors has guided the
laser beam to enter the PLD chamber. Prior entering the chamber, the beam was focused by a focal
lens and was adjusted to hit on the polycrystalline target of CdS (Testbourne, England) at an incident

angle of 45°. The rotation and toggling of the target provided a uniform ablation of the target surface
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during deposition. The substrate was placed across the target surface at a fixed distance. Prior to
deposition, the chamber was evacuated at a base pressure of 4x10° mbar. The deposition of CdS was
carried out in the presence of Argon background gas at 0.01mbar. The number of pulses, repetition
rate and target to substrate distance were kept constant at 300, 10 Hz and 4cm respectively, for all
CdS depositions. Section 5.1 is focused on the parametric investigation of laser fluence (0.9 — 1.6
Jicm?) and deposition temperature (25 — 400°C) of PLD-grown CdS films.

(a) (b)

CdS (n-type)
cos M/ 165 (otaee)
SLG Mo (bottom contact)
SLG

4

Figure 5.1 Schematic deposition structures: (a) CdS on SLG and (b) sequential deposition of CIGS
and CdS on Mo-coated SLG.

An X-ray diffractiometer (XRD) (SmartLab RIGAKU, Cu Ka, 2 = 1.5405 4) was used to
identify the crystal phases present in the films. The thickness of CdS films was measured by a stylus
profilometer. The planar chemical composition of CdS films was determined by energy dispersive
X-ray spectroscopy (EDS) (Jeol JSM-6610 LV, Bruker Nano 129eV, XFlash 5010 EDS detector).
The electron accelerating voltage of the scanning electron microscope (SEM) was set at 10 kV for
the planar EDS analysis.

Optical absorption measurements were performed using a Lamda 1050 Perkin Elmer
spectrophotometer covering the 200-3000 nm spectral range. Steady-state photoluminescence (PL)
was excited via a 375 nm Oxxius diode laser. The luminescence was spectrally analysed and detected
using a FluoroLog FL3 Horiba Jobin Yvon spectrofluorimeter. The PL measurements were
performed on a side by side geometry to allow a direct emission-intensity comparison. Furthermore,
the laser fluence was normalized to the optical absorbance of each sample at the excitation
wavelength used to approximately photogenerate an equal density of excitations at all films. Time-
resolved photoluminescence (TR-PL) was performed on the same instrument using a time correlated
single photon counting (TCSPC) method and excitation via a 375nm NanoLED pulsed laser with a
pulse width of ~175 ps and excitation energy of 28 pJ/pulse. The PL dynamics were quantified by
the average transient PL lifetime tave, Calculated by equation below:

YAt

Tave = S AT (Equation 5.1)

where t; are the decay times extracted from triple-exponential fitting of the PL transients and A; their

corresponding decay amplitudes.
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5.1.2 Results and Discussion
5.1.2.1 Impact of laser fluence

The influence of laser fluence on the growth of CdS films has been investigated by depositing
CdS on SLG substrates using PLD, with laser fluence varying from 0.9 to 1.6 J/cm?. The preliminary
study on the growth of CdS films using PLD has been conducted on SLG substrates because the
amorphous SLG should not promote the epitaxial growth of CdS films, similarly to what is expected
in the case of CdS deposition on the polycrystalline CIGS layer. The thickness of the films
monotonically increases with increasing fluence from 50 to 110 nm. Figure 5.2 shows the
compositional S/Cd ratio of the films deposited at 300 °C in Ar atmosphere of 0.01 mbar, as obtained
by EDS measurements. The S/Cd ratio was calculated by averaging the composition values obtained
by scanning multiple areas for each sample. S/Cd ratio equal to unity corresponds to stoichiometric
films and is denoted on Figure 5.2 with the dashed line. As fluence increases, from 0.9 to 1.6 J/cm?,
S/Cd ratio decreases, from ~1.03 to ~0.95 and films composition changes from sulfur-rich to sulfur-
poor. At 1.1 J/cm? the films appear to be nearly stoichiometric. Pure evaporation of the elements
occurs when the fluence is lower than a threshold value [56], which is defined by the elements of the
target. In the case of CdS, S atoms are more volatile than Cd atoms, thus preferential evaporation of
S takes place at low fluence and S-rich films are obtained. Stoichiometric films are obtained at
1.1J/cm? indicating that congruent ablation begins at 1.1J/cm?. At higher values of fluence, S content
of the films decreases, resulting in sulfur-poor films despite the congruent ablation. The S/Cd content
of the ablated species is equal to unity at the early stages of the plume formation. During the flight
of the ablated species to the substrate, the S/Cd ratio is changed because collisions between the
species occur. At high fluence, the plume species possess higher kinetic energy and the collisions
become stronger and more frequent, therefore the collisions become significantly impactful. S atoms,
being the lighter of the ablated atoms, are scattered much more than the heavier Cd atoms in the
presence of a high mass background gas, such as Ar [107, 188]. In addition, the heavy Cd atoms
preferentially propagate along the normal direction (where the substrate is usually placed) during the
expansion in a background gas [189]. Thus, Cd atoms propagate towards the substrate while S atoms
are scattered and escape from the plume, therefore the S/Cd ratio reaching the substrate is less than

one and the films become S-poor.
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Figure 5.2 Compositional ratio of CdS thin films deposited on SLG substrates at different fluences,
ranging from 0.9 to 1.6 J/cm?. Dashed line indicates the ratio of a stoichiometric film, being S/Cd=1.
Films change from sulfur-rich to sulfur-poor films, as fluence increases. At 1.1 J/cm? the films are

almost stoichiometric.

CdSs films deposited at various values of fluence have been examined by grazing incidence
XRD (GIXRD) with 26 values ranging between 10° and 90° and grazing incident angle of 0.5° the
XRD patterns are shown in Figure 5.3. All deposited films exhibit thirteen diffraction peaks which
are identified by the CdS hexagonal phase (JCPDS 96-900-8863), revealing the polycrystalline
nature of the films. No secondary phase is observed in the XRD patterns indicating the pure CdS
phase of the films, independently of laser fluence. It must be noted that in the out-of-plane XRD
patterns (not shown here) of all samples, the (002) diffraction peak is the most intense one, indicating
the existence of preferred orientation along the (002) plane. Similar preferred orientation is reported
in CdS films grown by PLD [234, 235].

Crystallite size of the films has been calculated by the Debye-Scherrer formula using the
(002) diffraction peak. Figure 5.4 illustrates the dependence of crystallite size with fluence and
composition of CdS films. The crystallinity of the films increases with fluence. This may be due to
the higher kinetic energy that atoms possess at increased fluences, resulting in increased diffusion of
the atoms at the substrate surface and enhanced nucleation. Alternatively, the variation of crystallite
size of the films may be associated with the fluence-dependent content of the films reported in Figure
5.2, with sulfur-poor films exhibiting higher crystallite sizes to those of sulfur-rich films.
Crystallinity is enhanced at stoichiometric composition of the film occuring at fluence of 1.1 J/cm?
with a crystallite size of about 18 nm. The trend of crystallite size of CdS films with S/Cd

composition appears similar to other reported studies [236].

90



. {102)
110)
(103)
112)
_ 009
(104)
(203)

0.9J/cm?

= o =
S D)
-, oY =
2 I« o
1
0

Intensity (log. scale)

1.6J/cm®

cds L ! w

, i Ll
10 20 30 40 50 60 70 80 90
2theta (deg.)

Figure 5.3 XRD patterns of CdS thin films deposited on SLG substrates from 0.9 to 1.6 J/cm?2. The
bottom plot shows the linear XRD pattern of CdS hexagonal phase according to JCPDS 96-900-
8863. Polycrystalline films with no secondary phase and preferred orientation along (002) and (103)

planes are obtained.
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Figure 5.4 Crystallite size of CdS thin films deposited on SLG substrates as function of laser fluence
and S/Cd compositional ratio. The crystallinity of the films increases as fluence increases. Sulfur-

rich films have lower crystallite sizes while sulfur-poor films exhibit higher crystallite sizes.

The impact of fluence on the properties of CdS films grown by PLD has been investigated.
Polycrystalline CdS films with hexagonal lattice without the presence of secondary phase are grown

at all fluences. Stoichiometric CdS films with high crystallinity are obtained at fluence of 1.1 J/cm?.
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5.1.2.2 Impact of deposition temperature

The influence of deposition temperature on the growth of CdS films has been investigated
by depositing CdS on SLG substrates using PLD, with deposition temperatures varying from 20 to
400°C, at optimum fluence of 1.1 J/cm? identified in the parametric investigation of fluence presented
in section 3.1. The thickness of the films monotonically decreases with increasing deposition
temperature from 130 to 55 nm. Figure 5.5 shows the EDS-determined compositional ratio S/Cd of
the films deposited at various deposition temperatures. The S/Cd ratio was calculated by averaging
the composition values obtained by scanning multiple areas for each sample. As the figure indicates,
the films are sulfur deficient at room temperature and at 100°C with increasing S/Cd ratio. At
temperature of 200°C and higher, the S/Cd ratio is almost constant, and the films are nearly
stoichiometric. A plausible source for the compositional deviation described is the different sticking
coefficient of S and Cd atoms during the film growth. The sticking coefficient of each element is a
complex function of atomic mass, kinetic energy, incidence angle, surface energy and temperature
[237]. The EDS analysis of the films presented in Figure 5.5 leads to the conclusion that the sticking
coefficient of S increases (and/ or the sticking coefficient of Cd decreases) with increasing deposition
temperature and the films become stoichiometric at higher temperatures. However, this is only a
hypothesis as no published works exist in the literature reporting on the temperature dependence of

the sticking coefficients of Cd and S atoms on SLG substrates, using PLD.
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Figure 5.5 Compositional ratio of CdS thin films deposited on SLG substrates at deposition
temperatures, from room temperature up to 400°C. Dashed line indicates the ratio of a stoichiometric
film, being S/Cd=1. Films change from sulfur-poor to nearly stoichiometric films as the deposition

temperature increases.

As shown in the GIXRD patterns (Figure 5.6) with grazing incident angle of 0.5°, the

polycrystalline nature of the films is evident by the multiple diffraction peaks. All peaks are identified
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by the CdS hexagonal phase (JCPDS 96-900-8863). The pure CdS phase is obtained at all deposition
temperatures, as no secondary phase is observed on the XRD patterns. Preferred orientation along
(002) plane is observed from the out-of-plane XRD patterns (not shown here), similarly to the

investigation of fluence.

Crystallite size of the films has been calculated by the Debye-Scherrer formula using the
(002) diffraction peak. Figure 5.7 illustrates the dependence of crystallite size with deposition
temperature. As the deposition temperature increases, nucleation is enhanced due to the higher
kinetic of the atoms, thus larger crystallites are being formed. An abrupt increase is observed at
deposition temperatures higher than 200°C, with crystallite size of about 18nm. Comparing the
crystallite size with S/Cd ratio, stoichiometric films with S/Cd ratio close to unity are formed by
larger crystallites, while sulfur-poor films exhibit small crystallite sizes of about 3-5 nm. The results
of Figures 5.4 and 5.7 can be merged in a general conclusion which relates the stoichiometry of CdS
films with their crystallite size. Non-stoichiometric films (whether sulfur-poor or sulfur-rich) appear
to have low crystallite sizes, while stoichiometric films with S/Cd ratio around unity grow in larger
crystallites. Small crystallites have also been observed for non-stoichiometric CdS films deposited
by chemical technique [238]. The observed compositional deviations of CdS films can lead to
structural defects, such as S and Cd vacancies and interstitials. These point defects act as low-energy
nucleation centers that limit the crystallite growth due to multiple adjacent crystallites growing next
to each other [109]. Therefore, non-stoichiometric CdS films are composed of smaller crystallites
compared to the stoichiometric films. Similar results have been found in other PLD-grown films
[239-243].
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Figure 5.6 XRD patterns of CdS thin films deposited on SLG substrates at different substrate

temperatures ranging from room temperature up to 400°C. The bottom plot shows the XRD pattern
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of CdS hexagonal phase according to JCPDS 96-900-8863. Polycrystalline films with no secondary

phase and preferred orientation along (002) and (103) planes are obtained.
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Figure 5.7 Crystallite size of CdS thin films deposited on SLG substrates as function of deposition
temperature and S/Cd compositional ratio. The crystallinity of the films increases as deposition
temperature increases. Sulfur-poor films have lower crystallite sizes while stoichiometric films

exhibit higher crystallite sizes.

The estimated energy gaps and the respective optical absorption spectra of the CdS films
grown at various substrate temperatures are shown in Figures 5.8 (a) and (b), respectively. The band
gap energy is determined from the inflection point of the first derivative of the absorbance, as it has
also been found in Chapter 4 [3], to provide a more reliable estimation of the energy gap of pulsed
laser deposited thin films. Figure 5.8a reveals a small but systematic red shift of the band gap energy
from 2.55 to 2.49 eV as the substrate temperature increases from 100 to 400°C. The estimated values
are within the literature reported values of CdS [244-246]; furthermore the red shift of the gap with
temperature is consistent with the respective increase of the crystallite size shown in Figure 5.7 that

results in reduction of carrier quantum confinement effects [247].

94



Deposition Temperature (°C)

100 150 200 250 300 350 400
2.56 T T T v T v T T T T T v T
(@ o..__
S 2544 1
© P
s
@ 252 Sesg _
o S
> s
g 2.50 o E
5 -9
2484 ]
(b) Cds 100°C] Cds 200°C| . |cds 300°] \ Cds 400°C|
@ 1 " n
£ , g
=
.E >
I T Iy L SremeT ok B T i
a ) G
o Eg~ 2.55eV Eg~ 2.53eV Eg~2.50eV [~ Eg~ 2.49eV

20 25 30 35 20 25 30 35 20 25 30 35 20 25 30 35
Energy (eV)

Figure 5.8 (a) Variation of the optical band gap energy versus deposition temperature (b) The steady-
state absorption for the CdS films grown at various deposition temperatures. The first derivative of
the absorbance and the estimated energy gap for each film is also shown.

Comparative non-resonant photoluminescence (PL) spectra at 300K of the CdS films
deposited at various temperatures are displayed in Figure 5.9a. The emission is peaked at ~ 2.26 to
2.28 eV and exhibits a broad PL lineshape of 650 to 660 meV. Figure 5.9b indicates that the
integrated emission increases systematically with the deposition temperature within the 100 to 400°C
range. The weaker emission from the S-poor film deposited at lower temperatures can be attributed

to the presence of S vacancies that quench non-radiatively a fraction of the photogenerated excitons.

Time-resolved PL data confirm the results of the steady-state study. The PL dynamics are
quantified by the average PL lifetime 7, that is found to systematically increase from ~4 to 6 ns as
the growth temperature is raised from 100 to 400°C. The measured lifetimes appear longer than the
PL dynamics measured in CdS films fabricated by CBD and DC Pulse Sputtering, witnessing the
high optical quality of the produced material [248].
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Figure 5.9 (a) Comparative PL spectra of films deposited at various temperatures in the range of 100
— 400 °C, (b) Integrated PL intensity versus deposition temperature, (¢) PL decays measured at the
band-edge PL peak from CdS films deposited at various temperatures and (d) Average PL Lifetime

versus deposition temperature.

The impact of deposition temperature on the properties of CdS films grown by PLD has been
investigated through structural, chemical and optical characterization. Polycrystalline and
stoichiometric films with relatively large crystallites are obtained at deposition temperatures of 200
— 400°C. The band gap energy of the films is red shifted from 2.55 to 2.49 eV as the substrate
temperature increases from 100 to 400°C. The PL lifetimes of the PLD-grown CdS films were
estimated to be in the range of ~4 to 6 ns, which are longer compared to CdS films fabricated by
other deposition techniques. Although the results of this comprehensive study concern the
optimization of the growth parameters for CdS deposition on bare SLG substrates using PLD, they
have been employed as the initial deposition conditions for the growth of CdS on the CIGS/Mo/SLG

structure.
5.1.3 Conclusions

Polycrystalline CdS thin films have been deposited on bare SLG substrates using PLD under

various growth conditions. A systematic investigation of laser fluence and deposition temperature
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has been performed. Highly crystalline, single phase, stoichiometric CdS films are obtained at a

fluence of 1.1 J/cm? and at deposition temperatures of 200 — 400°C.
5.2 CdS on CIGS/Mo/SLG

5.2.1 Materials and experimental methods

Sequential depositions of CIGS followed by CdS on Mo-coated SLG substrates were carried
out using PLD with an KrF excimer laser source (A = 248 nm, t < 25 ns) in a high-vacuum chamber
(Figure 5.1b). Commercially available Mo-coated SLG substrates were purchased (Techinstro,
India) and used as is. The thickness of Mo films was 500 nm. The PLD chamber hosts a target
carousel which can take up to four targets and the sequential deposition of CIGS and CdS was
feasible. A configuration of mirrors guided the laser beam to enter the PLD chamber. Prior entering
the chamber, the beam was focused by a focal lens and was adjusted to hit on the polycrystalline
targets of CdS and CulnoGaosSe, (Testbourne, England) at an incident angle of 45°. The rotation
and toggling of each target provided a uniform ablation of the target surface during deposition. Prior
to deposition, the chamber was evacuated at a base pressure of 4x10® mbar. Argon gas was used for
the depositions of CIGS and CdS at pressure of 0.01mbar. The deposition of CIGS on Mo/SLG has
been carried out using the optimum growth conditions which are reported in Chapter 4. The number
of pulses, repetition rate and target to substrate distance were kept constant at 300, 10 Hz and 4cm
respectively, for all CdS depositions. This section is focused on the parametric investigation of the
CdS deposition temperature (25 — 400°C) for the fabrication of the CdS/CIGS/Mo/SLG structure.

An X-ray diffractiometer (XRD) (SmartLab RIGAKU, Cu Ko, . = 1.5405 A) was used to
identify the crystal phases present in the CdS/CIGS/Mo/SLG structure. The planar chemical
composition of CdS films was determined by energy dispersive X-ray spectroscopy (EDS) (Jeol
JSM-6610 LV, Bruker Nano 129eV, XFlash 5010 EDS detector). The electron accelerating voltage
of the scanning electron microscope (SEM) was set at 10 kV for the planar EDS analysis. Therefore,
the penetration depth extends down to CIGS layer in the multilayer structure. Complementary
morphological and elemental analysis of the CdS/CIGS/Mo/SLG films was performed by a field
emission gun Zeiss Supra 35VP SEM, operating at 25 kV. For chemical analysis, the microscope is
equipped with an EDAX Octane Elite Plus EDS detector with a resolution of 125 eV (Mn K, line).
Samples suitable for SEM were prepared in cross section configurations and coated with carbon at

an Emitec K250 coating unit.

Current-Voltage (1) measurements were performed at room temperature using a two-probe
configuration, as shown in Figure 5.1b. The electrodes of the voltage source/ ammeter were
mechanically placed on CdS and Mo surface, creating an electrical circuit. The CIGS/CdS junction
was electrically forward and reverse biased with an applied voltage of +4V. The IV measurements

have been performed at room temperature and in ambient atmosphere.
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5.2.2 Results and discussion
5.2.2.1 Impact of CdS deposition temperature

CdS/CIGS heterojunctions have been grown using PLD in a sequential deposition of CIGS
and CdS layers on Mo-coated SLG substrates. Even though CdS deposition temperature has been
investigated on the single layer structure (section 5.1), a parametric investigation of CdS deposition
temperature has been conducted also for the fabrication of CdS/CIGS heterojunctions, since the
growth temperature of CdS is one of the most impactful parameters of the deposition process of the
multilayer structure. Thus, different heterojunctions with CdS deposition temperature varying from
20 to 400°C have been fabricated, at optimum fluence of 1.1 J/cm? identified in the parametric
investigation of fluence discussed in section 3.1. The only difference between the investigated
samples was the deposition temperature of CdS, while all the other process parameters were kept the
same for all samples. The deposition temperature of CIGS was 300°C. More details on the deposition

parameters of CIGS layer are discussed in previous work [3].

A typical cross section SEM image of the CdS/CIGS/Mo/SLG structure, with CdS layer
grown at 300°C is manifested in Figure 5.10a, obtained using backscattered electrons. The Mo and
CIGS layers are readily observed, exhibiting sharp interfaces, while the layer of CdS is less clearly
resolved. The thickness of the three layers is about 630 nm, 1470 nm and ~52 nm for the Mo, CIGS
and CdS layers, respectively. EDS point analysis spectra of the cross section were acquired in the
main body of the multi-layer (Figure 5.10b), as well as in its upper part (Figure 5.10c). The families
of CuK, InL, Ga K and Se K peaks illustrate the formation of the CIGS layer in Figure 5.10b. Some
residual molybdenum was also resolved in these EDS spectra, too. Identification of the CdS layer
was predominately accomplished by the Cd L and S K peaks, resolved in Figure 5.10c along with
the rest ones from CIGS. However, indications of residual Mo from the CIGS layer cannot be entirely
excluded due to the large (~800 nm) electron beam size of SEM, though not resolvable since the S

K peak coincides with the Mo L one. This is thus denoted as a double Mo/S peak in Figure 5.10c.
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Figure 5.10 (a) Backscattered electron SEM image of CdS/CIGS/Mo/SLG multi-layer structure, (b)
& (c) EDS point analysis spectra from the CIGS and CdS layers, respectively. The CdS layer is
predominately distinguished by its Cd L peak (blue coloured), located at 3.13 keV.
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Figure 5.11 shows the EDS-determined planar compositional ratio of CdS layers deposited
on CIGS/Mo/SLG at various deposition temperatures. The S/Cd ratio was calculated by averaging
the composition values obtained by scanning multiple areas for each sample. S/Cd ratio increases as
the deposition temperature of CdS increases from room temperature up to 300°C. The CdS films are
sulfur-poor and become stoichiometric as the deposition temperature of CdS reaches at 300°C. An

abrupt decrease of S/Cd is observed at 400°C, where the CdS films become sulfur-deficient again.

The GIXRD patterns of CdS/CIGS/Mo/SLG structure with different CdS deposition
temperatures have been examined with grazing incidence angle of 1.0° and 26 ranging from 10° to
90° (Figure 5.12). At the CdS deposition temperature of 400°C, a secondary phase of CulnS;.x
(JCPDS 65-1572) appears in the samples most likely due to the interdiffusion of the elements
between CIGS and CdS layer. In addition, a secondary phase of Cu..xSe is identified in the samples
with CdS layer grown at 300 and 400°C. However, based on the results of a previous work regarding
the deposition of CIGS by PLD [3], Cu.Se phase appears in CIGS layer for deposition temperatures
up to 400°C. Thus, regardless of the sequential deposition of CdS and its deposition temperature,
CuzxSe phase is expected to be present in the CIGS layer of all multilayer structures, since the CIGS
layer was grown at 300°C in all cases. The Cu,-xSe phase is not distinguishable in the XRD patterns
of CdS/CIGS/Mo/SLG structure because the two main peaks of CuzxSe phase at ~43.4° and 26.2°,
indicated in Figure 5.12, are in close proximity with CdS peaks. In addition, CulnS; phase is formed
at the CdS/CIGS interface and hence, is expected to play a major role in the performance of the
junction. For all these reasons, the CuzSe phase is not taken into account in the discussion of the

electrical properties of CdS/CIGS junction.
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Figure 5.11 Compositional ratio of CdS thin films deposited CIGS/Mo/SLG at various CdS

deposition temperatures, from room temperature up to 400°C. Dashed line indicates the ratio of a

99



stoichiometric CdS film, being S/Cd=1. The CdS layer is stoichiometric at CdS deposition
temperature of 300°C.
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Figure 5.12 XRD patterns of CdS/CIGS/Mo/SLG multi-layer structures as function of CdS
deposition temperature, from room temperature up to 400°C. The bottom plots show the XRD pattern
of CdS hexagonal phase (JCPDS 96-900-8863), Culny;GaosSe; (JCPDS 35-1102), Mo (PDF
9008543) and secondary phases of CulnS; (JCPDS 65-1572) and Cu,Se (JCPDS 04-001-9933).

The electrical properties of the CdS/CIGS heterojunctions have been investigated by
performing 2-probe dark IV measurements. The configuration is shown in Figure 5.1b and the details
of the measurements are reported at the experimental session. The dark IV curves for the samples
grown at a CdS deposition temperature from room temperature up to 400°C reveal the diode-like
behavior of the CdS/CIGS junction (Figure 5.13a). The characteristic curves of CdS/CIGS diode
shift to lower voltages as CdS deposition temperature increases and as a consequence, the knee
voltage at forward bias decreases. The decrease of knee voltage indicates the formation of a lower
potential barrier at the interface of CdS/CIGS junction as the deposition temperature of CdS
increases. The band alignment of CdS/CIGS heterojunction has two configurations regarding the
conduction band offset at the interface. Specifically, the difference between the conduction band
minima of CdS and CIGS induces a conduction band offset which can be positive (spike-like) or
negative (cliff-like). The spike-like alignment (Figure 5.13b) is obtained in cases where the energy
gap of CIGS is relatively low [249-251] and is reported to be beneficial due to the observed
enhancement of the open-circuit voltage [78, 252]. Here, the stoichiometry of Culn;xGaxSe; (x~0.26)

[3] layer resides at the low energy gap regime and thus, a spike-like potential at the interface of
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Current (A)

CdS/CIGS is expected to be formed. As the deposition temperature of CdS increases from room
temperature up to 400°C, the knee voltage of the IV curve decreases (Figure 5.13a) indicating a

decrease of the spike-like potential barrier at CdS/CIGS interface.
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Figure 5.13 (a) Dark IV curves for the CdS/CIGS/Mo structures grown at various CdS deposition
temperature, from room temperature up to 400°C. The knee voltage at forward bias decreases as CdS
deposition temperature increases (b) Energy band diagram of Mo/CIGS/CdS structure indicating the
conduction band offset at CIGS/CdS interface.

The rectifying performance of a diode in the dark taking into account the single diode model
and the parasitic resistances of the diode can be described by Equation 2:

1=1, [exp (M) — 1] + B , (Equation 5.2)

nkT Rgp

where I is the current through the diode, V' is the applied voltage across the diode, I, is the dark
saturation current, n is the ideality factor, T is the temperature in kelvin, q is the electron charge, K
is the Boltzmann constant and R, and Ry, are the series resistance and shunt resistance of the diode,

respectively.

Ideality factor, leakage current, shunt and series resistance were calculated by the fitting of
Equation 2 on the experimental data of the IV curves, using the equivalent circuit calculator by PV
Lighthouse [253].

Ideality factor and leakage current as function of CdS deposition temperature are shown in
Figures 5.14a and 14b. As Figure 5.14a illustrates, ideality factor is abnormally high for the sample
of which CdS layer has been grown at room temperature. As CdS deposition temperature increases,
ideality factor of the diode decreases, reaching a minimum at 300°C. Further increase in CdS

deposition temperature brings about an increase in ideality factor. Such large values of ideality factor
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indicate the presence of unusual recombination mechanisms taking place and have been reported in
the literature for various junction devices [254]. The CdS/CIGS diode grown at CdS deposition
temperature of 300°C exhibits an ideality factor closer to 2, which indicates the domination of a
Shockley-Read-Hall (SRH) recombination through defect states at the forbidden gap [255].

The ideality factor has been correlated with the compositional and structural characterization
of the diodes. By comparing CdS composition (Figure 5.11) and ideality factor (Figure 5.14a) with
CdS deposition temperature an interesting correlation is obtained. The quality of the junction
improves as the S/Cd ratio of CdS layer is closer to unity. Non-stoichiometric CdS layers grown on
CIGS/Mo give high diode ideality factors due to the enhanced recombination mechanisms caused by
high degree of defects (such as interface states), barrier inhomogeneity, and non-uniform distribution
of the interfacial charges. Stoichiometric CdS layers grown on CIGS/Mo result in lower ideality
factors indicating the low degree of defects, decreased recombination and improved junction
uniformity. In addition, the XRD patterns reveal a secondary phase of CulnS2« for the CdS/CIGS
diode grown at CdS deposition temperature of 400°C which corroborates with the junction

inhomogeneity and the high ideality factor.

The leakage current follows a similar trend as that of ideality factor with the increase of CdS
deposition temperature (Figure 5.14b). At temperatures of 20 and 400°C, the leakage current is large
and of the order of 10° to 10® A. Low leakage current of the order of 10! A is obtained for the
diodes where CdS have been deposited at 100, 200 and 300°C with the minimum value calculated at
300°C. Low values of leakage current on reverse bias indicate the better quality of the junction
formed, as discussed previously for the diodes’ ideality factor. Moreover, higher shunt resistance is
indicative of the low leakage current, as almost zero current is conducted through the diode. Series

and shunt resistance of the diodes will be discussed next.
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Figure 5.14 (a) ldeality factor, (b) leakage current, (c) shunt and (d) series resistance of the
CdS/CIGS/Mo structures as function of CdS deposition temperature, from room temperature up to
400°C. The CdS/CIGS/Mo structures grown at CdS deposition temperature of 200 and 300°C exhibit

low values of ideality factor and leakage current, low series and high shunt resistances.

Figure 5.14c and 5.14d displays the series and shunt resistances of the CdS/CIGS/Mo
structures as function of CdS deposition temperature, respectively. Diode series and shunt resistances
depend on multiple underlying mechanisms and each one contributes by a different weight to the
overall macroscopic resistance [256-259]. In this work, the observed trends of series and shunt
resistances of the samples are being explained using plausible mechanisms, which emerge from the

compositional and structural characterization.

Shunt resistance of CdS/CIGS diode increases as CdS deposition temperature increases from
room temperature up to 300°C. However, a decrease of shunt resistance is observed for the sample
of which CdS was grown at 400°C (Figure 5.14c). The highest diode shunt resistance is obtained for
CdS deposition temperature at 200 and 300°C. The low shunt resistance at 25, 100 and 400°C can be
attributed to the increased concentration of defects and non-idealities at the junction which can cause
partial shortening of the junction through low resistive paths. The increased concentration of defects
can arise by the non-stoichiometric CdS layers, as indicated by S/Cd ratio in Figure 5.11. Sulfur-

deficient CdS layers may introduce point defects, like sulfur vacancies, near the junction. In previous
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works, sulfur vacancies have been reported as being the responsible defects which contribute to the
low resistivity in sulfur deficient CdS layers [230, 260-262]. Here, it can be assumed that sulfur
vacancies could be present near the junction of the diodes with CdS layer grown at room temperature,
100°C and 400°C and provide to the current lower resistive paths to pass through, thus the resulting
shunt resistance is low. The CdS/CIGS diodes with CdS layer grown at 200 and 300°C exhibit the
highest shunt resistance due to the lower concentration of defects, as CdS layer is nearly

stoichiometric for these samples.

Moreover, the low shunt resistance of CdS/CIGS diode with CdS grown at 400°C can be
attributed to the formation of CulnS; secondary phase as indicated by the XRD patterns (Figure 5.12).
The presence of CulnS; phase indicates the introduction of lattice defects such as Cu vacancies and
Incy antisites [193, 263-265] into CIGS layer, as well as S vacancies and interstitials [266, 267] into
CdS layer, because Cu, In and S are being drawn out from CIGS and CdS layers in order to form the
CulnS; phase. This large amount of lattice defects near the junction, arising from the presence of

CulnS; phase, could provide to the diode shunt paths causing the shunt resistance to drop.

Series resistance of CdS/CIGS diode decreases as CdS deposition temperature increases
from room temperature up to 300°C (Figure 5.14d). The lowest diode series resistance is obtained
for CdS deposition temperature at 200 and 300°C. The higher series resistance at low CdS deposition
temperatures can be attributed to the low crystallinity of the CIGS and CdS layers, as indicated by
the XRD patterns in Figure 5.12, which result to the increased scattering of the carriers on grain
boundaries and lattice defects. As the temperature of CdS deposition increases, the crystal quality of

the layers improves and the series resistance decreases.

However, the CdS/CIGS diode with CdS grown at 400°C exhibits high series resistance
(Figure 5.14d), despite the enhancement of layers’ crystallinity. This observation can be associated
with the formation of CulnS; secondary phase which is observed only for the samples with CdS
grown at 400°C (Figure 5.12). CulnS; is a ternary chalcopyrite compound with an energy gap of
about 1.5eV at room temperature [268, 269]. The electrical properties of CulnS; strongly depend on
the stoichiometry of the compound, that is, excess-sulfur films are generally p-type while sulfur-
deficient and indium-rich films are n-type. Resistivity and carrier concentration of CulnS; are
subjected to large variations in respect to the stoichiometry and type of conductivity, with resistivity
ranging from 107 to 10? Q.cm and carrier concentration from 10 to 10*° cm [270, 271]. Such high
values of resistivity and low values of carrier concentration may contribute to the higher series
resistance of the CdS/CIGS diode with CdS grown at 400°C.

CdS deposition temperature has a major impact on the electrical properties of the
CdS/CIGS/Mo diode. Low series and high shunt resistances are obtained for the samples where CdS
is grown at 200 and 300°C. The high shunt resistance corroborates with the low leakage current
obtained for those samples (Figure 5.14). In addition, the CdS/CIGS diode grown at CdS deposition
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temperature of 300°C exhibits the lowest ideality factor, which is close to 2, indicating the better

quality of the diode with less non-idealities.
5.2.3 Conclusions

The influence of CdS deposition temperature has been investigated on the properties of
CdS/CIGS junction grown by PLD. The best quality CdS/CIGS diodes have been grown at CdS
deposition temperatures of 200 and 300°C, exhibiting low ideality factor, low leakage current, low
series and high shunt resistances. This chapter demonstrates that the sequential deposition of CIGS
and CdS layers on Mo-coated SLG substrates using PLD results in high-quality CdS/CIGS diodes
and puts forward PLD as a novel, alternative deposition method for the fabrication of CIGS solar

cells in a simple and fast line production process.
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Chapter 6 — Optimization of the ZnO and
ZnO:Al layers

A great interest exists in zinc oxide (ZnO) materials because of their usefulness in a wide
range of high technology applications, low cost, resource availability, non-toxicity and very high
thermal and chemical stability [272]. ZnO is a direct wide-bandgap semiconductor with an energy
bandgap of 3.4eV [273]. The structures shared by the ZnO crystal are wurtzite, zinc blende and
rocksalt. At ambient pressure and temperature, ZnO crystallizes in the hexagonal wurtzite structure
[274]. The n-type conductivity of the undoped ZnO has been attributed to intrinsic defects such as
Zn interstitials, oxygen vacancies, or hydrogen [275-279]. Extrinsic doping of ZnO can be achieved
using the elements of group I11 (Al, In, Ga, Cu, Cd, etc) as dopants which serve as donors in the ZnO
lattice. Extrinsic doping of ZnO results to the increase of both n-type conductivity and bandgap,
leading to improved electrical and optical properties. It is worth to underline that among all the
elements of group 11, Al is a cheap, abundant and non-toxic material. Thus Al-doped ZnO (ZnO:Al)
films are prominent, low-cost substitutes of indium tin oxide films as transparent conducting films

in the photovoltaic thin film applications [280].

The transparent conducting oxide (TCO) thin film materials with high electrical conductivity
and high optical transparency are widely used in photovoltaic devices as window layers. Based on
these requirements, ZnO:Al transparent conducting film is a suitable TCO which has been commonly
used as a window layer for Cu(In,Ga)Se: thin film solar cells [49, 281, 282]. A bilayer of an intrinsic
and Al-doped ZnO layer was found to increase the Vo of the device leading to higher efficiencies
[49, 50]. The intrinsic ZnO layer provides, together with the CdS buffer layer, protection of the device
from local electrical losses that may originate from inhomogeneities of the CIGS absorber [283]. The
exact role of this additional layer, whether it just introduces resistance into short circuits and/or
changes the interfacial energetics, is not well understood [283]. The optimization of this interface is,

therefore, a critical need.

Almost all the major deposition techniques such as sputtering [284, 285], chemical vapor
deposition [286], sol-gel [287], chemical spraying [288], electron plasma sputtering [289], or ion-
beam assisted deposition [290, 291] have been utilized for the growth of ZnO films. The highest
efficiency CIGS cell to date was fabricated using an intrinsic and Al-doped ZnO layer grown by RF-
sputtering [11]. However, the bombardment of high-energy particles onto the CIGS/CdS interface
during the sputtering process of the ZnO deposition can lead to the degradation of the junction
properties. Therefore, the identification of a low damage deposition process is preferable to avoid
degradation of the CIGS absorber layer. High substrate temperatures during the deposition of the
TCO can also be a source of damage [292, 293]. For high-efficiency cells the TCO deposition

temperature should be lower than 150°C in order to avoid the detrimental interdiffusion across
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CdS/CIGS interface [210]. Consequently, the deposition of the ZnO/ZnO:Al bilayer at low
deposition temperature using a less destructive deposition method is desirable. In addition, low

deposition temperature enables the fabrication of thin film solar cells on plastic substrates.

PLD can offer the potential of growing high-quality crystalline films at relatively lower
substrate temperatures than other techniques, due to the non-equilibrium process occurring during
the growth [294, 295]. In addition, it is well known that PLD is the most suitable method to grow
high quality oxide thin films [108], and its use in depositing intrinsic [296-299] and Al-doped ZnO
films [300-303] has been extensively studied. This chapter reports on the utilization of pulsed laser
deposition (PLD) for the deposition of the ZnO:Al, ZnO, CdS and CIGS layers on Mo-coated SLG
substrates in one growth sequence. In the previous chapters, the growth of CIGS (Chapter 4) and
CdS (Chapter 5) layers has been discussed and the optimum deposition parameters have been defined
based on the properties of each layer along with the properties of their adjacent interfaces. This

chapter focuses on the investigation of the deposition parameters of ZnO and ZnO:Al films.

Sections 6.1 and 6.2 of this chapter reports on the systematic investigation of the influence
of PLD growth parameters on the properties of ZnO films deposited on SLG substrates and on the
CdS/CIGS/Mo/SLG structure, respectively. In section 6.1, a comprehensive characterization of
structure and morphology has been carried out to understand the impact of the deposition parameters
on the properties of ZnO films. In addition, optical measurements of ZnO films have been performed
in order to study the optical properties of the films. The optimum PLD growth conditions for ZnO
films are identified based on an overall assessment of film characteristics. The results of section 6.1
regarding the deposition of ZnO on SLG substrates have been used to consequently grow optimized
ZnO films on top of the CdS/CIGS/Mo/SLG structure. ZnO, CIGS and CdS layers have been
deposited on Mo-coated SLG using PLD without interrupting the deposition process. The influence
of ZnO deposition temperature on the properties of ZnO/CdS/CIGS/Mo junction has been studied

through structural and electrical characterization.

Section 6.3 and 6.4 deals with the investigation of the growth of ZnO:Al films on SLG
substrates and on the ZnO/CdS/CIGS/Mo/SLG structure, respectively. In section 6.3, ZnO:Al films
have been deposited on SLG substrates using the optimum parameters identified from sections 6.1
and 6.2 regarding the investigation of ZnO films. The structural, optical and electrical properties of
ZnO:Al films are presented in section 6.3. In section 6.4, the deposition temperature of ZnO:Al is
investigated to grow ZnO:Al films on top of the ZnO/CdS/CIGS/Mo/SLG structure. ZnO:Al, ZnO,
CdS and CIGS layers have been deposited on Mo-coated SLG using PLD without interrupting the
deposition process. The influence of ZnO:Al deposition temperature on the properties of
ZnO:Al/ZnO/CdS/CIGS/Mo  junction has been studied through structural and electrical
characterization. The fabrication of the PLD-grown ZnO:Al/ZnO/CdS/CIGS/Mo/SLG devices are

investigated and studied for the first time herein.

107



6.1 ZnO on SLG

6.1.1 Materials and experimental methods

Zn0O films were deposited on SLG substrates by PLD using a KrF excimer laser source (A =
248 nm, T < 25 ns) in a high-vacuum chamber (Figure 6.1a). A polycrystalline ZnO target
(Testbourne, England) was used for the deposition of ZnO films. The substrate was placed at a fixed
distance of 5 cm. The deposition was carried out in the presence of oxygen gas at pressure of 0.25
mbar, after the chamber was evacuated at a base pressure of 4x10° mbar. The repetition rate and
number of pulses were kept constant at 10 Hz and 1500, respectively, for all depositions. Prior to
deposition, the substrates were ultrasonically cleaned with a sequence of organic solvents. Section
6.1 is focused on the parametric investigation of laser fluence and deposition temperature of PLD-
grown ZnO films.

(a) (b) ZnO (n-type)

CdS (n-type)

m-/ 163 (p-type)
Mo (bottom contact)

SLG SLG

y

Figure 6.1 Schematic deposition structures: (@) ZnO on SLG and (b) ZnO/CdS/CIGS/Mo/SLG
structure fabricated by the sequential deposition of CIGS, CdS and ZnO on Mo-coated SLG.

Structural properties and crystallinity of the films were studied by X-ray diffraction
(SmartLab RIGAKU, Cu Ka, A = 1.5405 A). The thickness of the films was measured by a stylus
profilometer. Topography and surface roughness were probed via atomic force microscopy (AFM,
Agilent Technologies). EDS analysis for the stoichiometry of ZnO films was not applicable as the

oxygen is not identifiable.
6.1.2 Results and discussion
6.1.2.1 Impact of laser fluence

The influence of laser fluence on the growth of ZnO films has been investigated by
depositing ZnO on SLG substrates at 300°C using PLD, with laser fluence varying from 1.0 to 1.6
Jlcm?. The structural characteristics and crystallinity of ZnO films have been examined by grazing
incidence XRD (GIXRD) with 20 values ranging between 10° and 90°; the XRD patterns are shown
in Figure 6.2a. The peaks of the XRD patterns are identified by the hexagonal ZnO (PDF card
9004178), revealing the polycrystalline nature of the films. No secondary phase is observed on the

XRD patterns, indicating the existence of the pure ZnO phase in the films, independently of laser
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fluence. In Figure 6.2b, FWHM and crystallite size are presented as function of fluence. The
crystallite size was calculated using the Debye-Scherrer formula for (002) diffraction peak. The
crystallinity of the films is high for the films deposited at 1.0, 1.2 and 1.4 J/cm? and decreases for the

film grown at 1.6 J/cm?, as shown in Figure 6.2b.

The results of crystallite size calculated from the XRD patterns can be correlated with the
change of the films’ thickness as the fluence increases, shown in Figure 6.3a. The thickness of the
films increases from 155 to 240 nm as the fluences increases from 1.0 to 1.2 J.cm?. Then, an abrupt
decrease of the thickness is observed for the higher fluences of 1.4 and 1.6 J/cm? This unexpected
decrease of thickness at higher fluences can be attributed to the occurrence of sputtering of the films’
surface by the ablated atoms. The kinetic energy of the ablated atoms increases with fluence and a
substantial fraction of the particles have a kinetic energy lying in the range where the sputtering yield
increases considerably with energy [304-306]. Thus, at fluences of 1.4 and 1.6 J/cm?, the films are
subjected to sputtering of the surface, which counteracts the deposition, therefore the thickness of
the films decreases. At fluence 1.6 J/cm?, the impact of sputtering of the film’s surface becomes more
significant, and the crystallinity of the film is affected, resulting to a decreased crystallinity compared

to the films deposited at lower fluence.
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Figure 6.2 (a) XRD patterns and (b) FWHM and crystallite size of ZnO thin films deposited on SLG
substrates at fluence of 1.0 to 1.6 J/cm?. The bottom plot of (a) shows the linear XRD pattern of ZnO
hexagonal phase according to PDF card 9004178.
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Figure 6.3 (a) Thickness and (b) surface roughness of ZnO thin films deposited on SLG substrates
as function of fluence from 1.0 to 1.6 J/cm?,

The surface roughness of the films as a function of fluence was measured by AFM within an
area of 80x80 um? and is presented in Figure 6.3b. Surface roughness slightly increases from 18 to
28 nm with increasing fluence. These low values of the measured roughness indicate the high
smoothness of ZnO films obtained by PLD. The highest value of surface roughness obtained for the
film deposited at 1.6 J/cm? can be correlated with the occurrence of sputtering on the film’s surface.
As the sputtering of the surface at 1.6J/cm? becomes significant, the surface of the film is expected
have more irregularities and therefore the surface roughness becomes higher.

6.1.2.2 Impact of deposition temperature

The influence of deposition temperature on the growth of ZnO films has been investigated
by depositing ZnO on SLG substrates using PLD, with deposition temperatures varying from 20 to
300°C, at fluence of 1.2 J/cm?. ZnO films deposited at various deposition temperatures have been
examined by grazing incidence XRD (GIXRD) with 26 values ranging between 10° and 90°; the
XRD patterns are shown in Figure 6.4a. The peaks of the XRD patterns are identified by the
hexagonal ZnO (PDF card 9004178), revealing the polycrystalline nature of the films. No secondary
phase is observed on the XRD patterns indicating the pure ZnO phase of the films, independently of

deposition temperature.

The quality of the films is enhanced as the deposition temperature increases due to the higher
crystallinity of the films, as shown in Figure 6.4b and 6.4c. The crystallite size was calculated using
the Debye-Scherrer formula for (103) diffraction peak. The crystallite size of the films increases as
the deposition temperature increases from room temperature up to 200°C and then decreases at
300°C. The decrease of crystallinity at 300°C can be attributed to the formation of oxygen vacancies
in the film due to the evaporation of the volatile oxygen atoms from the film’s surface during the
deposition. As a result, the films grown at 300°C can deviate from the stoichiometry leading to

oxygen deficiency and increased structural defects. These defects act as low-energy nucleation
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centers that limit the crystallite growth due to multiple adjacent crystallites growing next to each
other [109]. Therefore, the ZnO film grown at 300°C is composed of smaller crystallites compared
to the films grown at lower deposition temperatures. Similar results have been found in studies
dealing with the growth of ZnO film using PLD [240, 241].
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Figure 6.4 (a) XRD patterns, (b) crystallite size and (¢) FWHM of ZnO thin films deposited on SLG
substrates as function of deposition temperature. The bottom plot of (a) shows the linear XRD pattern
of ZnO hexagonal phase according to PDF card 9004178.
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Figure 6.5 Spectral variation of the (a) absorption coefficient and (b) transmissivity of ZnO films
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grown at various substrate temperatures. (c)-(f) Tauc plots of the undoped ZnO films and (g) the

doped ZnO:Al film. The estimated energy gap for each film is also shown.

The absorption coefficient and optical transmissivity of undoped ZnO films at room
temperature are shown in Figure 6.5. High transparency with transmissivity over than 80% in the
visible spectral region is observed in all the films. The bandgap of the ZnO is obtained by the
interpolation of the linear part of the spectra to y=0 in the the Tauc plots of the figure i.e. (O.D.*hv)?
= f(hv), where O.D. is the optical density. The absorption edge appears to gradually blue shift by as
much as 30 meV as PLD temperature drops from 300°C to 25°C. The experimental values are
comparable to those reported in the literature [307, 308].

6.1.3 Conclusions

The impact of fluence and deposition temperature on the properties of ZnO films grown by
PLD has been investigated through structural, chemical and optical characterization. Polycrystalline
films with relatively large crystallites and low roughness without the occurrence of sputtering at the
film’s surface are obtained at fluence of 1.0 and 1.2 J/cm?. In addition, the films grown at 200°C
present high crystallinity and high transmittance which are the desirable properties for the ZnO layer

in the photovoltaic device.
6.2 ZnO on CdS/CIGS/Mo/SLG

6.2.1 Materials and experimental methods

A sequential deposition of CIGS, CdS and ZnO layers on Mo-coated SLG substrates was carried
out using PLD with a KrF excimer laser source (A = 248 nm, T < 25 ns) in a high-vacuum chamber
(Figure 6.1b). Commercially available Mo-coated SLG substrates were purchased (Techinstro, India)
and used as is. The thickness of Mo films was 500 nm. The PLD chamber hosts a target carousel
which can take up to four targets and the sequential deposition of CIGS, CdS and ZnO was feasible.
Polycrystalline targets of ZnO, CdS and CulnosGagsSe, (Testbourne, England) were used for the
deposition of the three layers. Prior to deposition, the chamber was evacuated at a base pressure of
4x10® mbar. The deposition of ZnO was carried out in the presence of oxygen gas at 0.25 mbar. The
number of pulses, repetition rate and target to substrate distance were kept constant at 1500, 10 Hz
and 5cm respectively, for all ZnO depositions. CIGS and CdS layers were deposited at 300°C and in
the presence of argon gas at 0.01lmbar. The optimum deposition parameters were used for the
deposition of CIGS and CdS layers which are discussed in Chapter 4 and 5, respectively. This section
is focused on the parametric investigation of the ZnO deposition temperature for the fabrication of
the ZnO/CdS/CIGS/Mo/SLG structure.

An X-ray diffractiometer (XRD) (SmartLab RIGAKU, Cu Ka, A = 1.5405 A) was used to
identify the crystal phases present in the ZnO/CdS/CIGS/Mo/SLG multi-layer structures. Current-
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Voltage (IVV) measurements were performed at room temperature using a two-probe configuration,
as shown in Figure 6.1b. The electrodes of the voltage source/ ammeter were mechanically placed
on ZnO and Mo surface, creating an electrical circuit. The ZnO/CIGS/CdS junction was electrically
forward and reverse biased with an applied voltage of +1V. The IV measurements have been

performed at room temperature and in ambient atmosphere.
6.2.2 Results and discussion
6.2.2.1 Impact of ZnO deposition temperature

The XRD patterns of ZnO/CdS/CIGS/Mo/SLG structures with different ZnO deposition
temperatures have been examined by grazing incidence (GIXRD) with 26 ranging from 10° to 90°
and are presented in Figure 6.6. The fabrication of the ZnO/CdS/CIGS/Mo/SLG structures was
conducted by varying the deposition temperature of ZnO from 50 to 300°C while keeping the
deposition temperature of CIGS and CdS constant at 300°C. The XRD patterns reveal that the
existence of the ZnO and CdS hexagonal phase, the chalcopyrite Culng7Gag3Se, phase and the Mo
phase. The identification of Mo phase in the XRD patterns indicates that the grazing incidence angle
used was such that the penetration depth of the X-rays was reaching the Mo layer. This is an
important fact considering that the XRD scanning must take place through the whole multilayer
structure in order to locate any secondary phases that can arise from the interdiffusion of the elements
at the interfaces between the layers. Having this in mind, the XRD patterns in Figure 6.6 shows that
there is no evidence of secondary phases due to the interdiffusion of the elements between ZnO, CdS
and CIGS layers. A secondary phase of Cux«Se is present in the CIGS layer which is not a result of
the interdiffusion of the elements at the interfaces. The existence of Cu,Se in the CIGS layer is

thoroughly discussed in Chapter 4.

CIGS, CdS, ZnO ZnO/CdS/CIGS/Mo/SLG

Cu, Se|
300,300;50°C v ‘
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Figure 6.6 XRD patterns of ZnO/CdS/CIGS/Mo/SLG multi-layer structures with different ZnO
deposition temperatures. The bottom plots show the XRD pattern of ZnO hexagonal phase (PDF
9004178), CdS hexagonal phase (JCPDS 96-900-8863), Culn7Gag.sSe2 (JCPDS 35-1102) and Mo
(PDF 9008543). Secondary phase of Cu.xSe (JCPDS 37-1187) is present in CIGS layer.

The impact of ZnO deposition temperature on the electrical properties of the
ZnO/CdS/CIGS/Mo structure has been investigated by performing dark 1V measurements using the
2-probe configuration, as shown in Figure 6.1b. The details of the IV measurement are given in
section 6.2.1. The results of the IV measurements are presented in Figure 6.7 for the
ZnO/CdS/CIGS/Mo structures with different ZnO deposition temperatures. The deposition
temperature of ZnO varied from 50 to 300°C, while the deposition temperature of CIGS and CdS
layers was kept constant at 300°C. As shown in Figure 6.7a-c, the ZnO/CdS/CIGS/Mo structures in
which the ZnO layer has been deposited at 300, 200 and 100°C, respectively, exhibit ohmic behavior.
A rectifying diode-like behavior is identified only for the structure in which ZnO layer has been
deposited at 50°C (Figure 6.7d). The ohmic behavior of the ZnO/CdS/CIGS/Mo structures of which
ZnO is deposited at high deposition temperatures (100°C and higher) indicates the presence of low
resistive paths that cause shunting between the layers. The shunts between the layers make the layers
effectively lose their role in the diode formation leading to the ochmic IV curve. The shortening of
the ZnO/CdS/CIGS junction can be attributed to the concentration of defects and non-idealities at
the junction. The concentration of these defects and non-idealities increases as the ZnO deposition
temperature increases (100°C and higher) but are not visible from the XRD patterns (Figure 6.6).
However, the diode-like behaviour obtained for the ZnO/CdS/CIGS/Mo structure of which ZnO has
been deposited at lowest temperature of 50°C indicates that the concentration of defects and non-
idealities at the junction reduce and the quality of the junction is higher, thus the diode-like IV curve

is obtained.
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Figure 6.7 IV curves of ZnO/CdS/CIGS/Mo/SLG structures measured by the 2-probe configuration
for different deposition temperatures of ZnO layer. CIGS and CdS layers have been deposited at
300°C and ZnO at (a) 300°C, (b) 200°C, (c) 100°C and (d) 50°C.

The rectifying performance of a diode in the dark considering the single diode model and
the parasitic resistances of the diode can be described by Equation 6.1:

y q(V-IRy)\ _ V—IR; .
=1 [exp (—nkT ) 1] +—Rsh , (Equation 6.1)

where I is the current through the diode, V' is the applied voltage across the diode, I, is the dark
saturation current (or leakage current), n is the ideality factor, T is the temperature in kelvin, q is the
electron charge, K is the Boltzmann constant and R and Ry, are the series resistance and shunt

resistance of the diode, respectively.

Ideality factor, leakage current, shunt and series resistance were calculated by the fitting of
Equation 6.1 on the experimental data of the IV curve for ZnO/CdS/CIGS/Mo structure shown in
Figure 6.7d, using the equivalent circuit calculator by PV Lighthouse [253]. The calculated diode
characteristics of ZnO(50°C)/CdS(300°C)/CIGS(300°C)/Mo structure are presented in Table 6.1,
along with the diode characteristics of the best performing CdS(300°C)/CIGS(300°C)/Mo structure
for comparison. The CdS/CIGS/Mo structure is thoroughly discussed in Chapter 5, where the
characteristics of the best performing CdS(300°C)/CIGS(300°C)/Mo structure are calculated.
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The main difference  between  ZnO(50°C)/CdS(300°C)/CIGS(300°C)/Mo  and
CdS(300°C)/CIGS(300°C)/Mo structures appears to be in the calculated value of shunt resistance.
There is a noticeable reduction of shunt resistance for the ZnO/CdS/CIGS/Mo structure compared to
the value obtained for the CdS/CIGS/Mo structure. This result indicates that the addition of ZnO
layer on the CdS/CIGS/Mo structure reduces the shunt resistance of the whole device. Shunt
resistance depends on multiple underlying mechanisms and each one contributes by a different
weight to the overall macroscopic resistance [256, 259]. The approach of calculating the shunt
resistance from Equation 6.1 cannot provide insights of the underlying mechanisms causing the
shunts. Having this in  mind, the reduction of shunt resistance for the
Zn0O(50°C)/CdS(300°C)/CIGS(300°C)/Mo structure can be attributed to several mechanisms that
contribute in different weight. These mechanisms can include defect states at the bandgap, enhanced
recombination centers, impurities in the space charge region, pinholes, crystallographic defects, and
non-passivated edges at the junction.

CIGS: 300
ZnO/CdS/CIGS/Mo/SLG CdS: 300 2.7 3x101t 2.5x10° 1x10*
Zn0: 50
CIGS: 300
CdS/CIGS/Mo/SLG 2.8 1.5x1011 5x108 4x10°
CdS: 300

Table 6.1 Diode characteristics of the best performing ZnO/CdS/CIGS/Mo and CdS/CIGS/Mo

structures: ideality factor, leakage current, shunt and series resistance.
6.2.3 Conclusions

The impact of ZnO deposition temperature on the properties of ZnO/CdS/CIGS/Mo/SLG
structure grown by PLD has been investigated through structural and electrical characterization.
There are no observed secondary phases due to the interdiffusion of the elements between ZnO, CdS
and CIGS layers, as the XRD patterns have revealed for the ZnO/CdS/CIGS/Mo/SLG structure
having the deposition temperature of ZnO varying from 50 to 300°C. However, ZnO deposition
temperature has a major impact on the electrical properties of the ZnO/CdS/CIGS/Mo diode. A
rectifying diode-like behavior is identified only for the structure in which ZnO layer has been
deposited at 50°C, while ohmic behavior is observed for the ZnO/CdS/CIGS/Mo structures of which
ZnO is deposited at high deposition temperatures (100°C and higher). Therefore, the optimum
temperature of depositing the ZnO layer on CdS/CIGS/Mo/SLG structure is at 50°C.
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6.3 Zn0O:Alon SLG

6.3.1 Materials and experimental methods

Al-doped ZnO (ZnO:Al) films were deposited on SLG substrates by PLD using a KrF
excimer laser source (A = 248 nm, t < 25 ns) in a high-vacuum chamber (Figure 6.8a). A
polycrystalline ZnO:Al (2 wt% Al doping) target (Testbourne, England) was used for the deposition
of ZnO:Al films. The substrate was placed at a fixed distance of 5 cm. The deposition was carried
out in the presence of oxygen gas at pressure of 0.25 mbar, after the chamber was evacuated at a base
pressure of 4x10® mbar. The repetition rate and number of pulses were kept constant at 10 Hz and
4000, respectively, for all depositions. Prior to deposition, the substrates were ultrasonically cleaned
with a sequence of organic solvents. Section 6.3 is focused on the characterization and properties of
ZnO:Al film on SLG substrate. The deposition of ZnO:Al was carried out using the optimum
parameters identified on the previous sections 6.1 and 6.2 regarding the deposition of ZnO films.
Therefore, the fluence and deposition temperature used for the deposition of ZnO:Al films were

1.2J/cm? and at room temperature, respectively.

(a) (b) ZnO:Al (n-type)
ZnO (n-type)
CdS (n-type)
ZnO:Al -/ CIGS (p-type)
SLG Mo (bottom contact)
SLG

y

Figure 6.8 Schematic deposition structures: (a) ZnO:Al on SLG and (b)
Zn0O:Al/ZnO/CdS/CIGS/Mo/SLG structure fabricated by the sequential deposition of CIGS, CdS,
ZnO and ZnO:Al on Mo-coated SLG.

Structural properties and crystallinity of ZnO:Al films were studied by X-ray diffraction
(SmartLab RIGAKU, Cu Ka, A = 1.5405 A). Morphology of the films was determined by scanning
electron microscopy (SEM Tescan Vega LSU). The thickness of the films was measured by a stylus
profilometer. Topography and surface roughness were probed via atomic force microscopy (AFM,
Agilent Technologies). EDS analysis for the stoichiometry of ZnO films was not applicable as the

oxygen is not identifiable.

The electrical resistivity p, and carrier concentration n, of the films were measured at room
temperature using the Van der Pauw method and Hall Effect measurement. Au wires were directly
attached on the films’ surface using conductive silver paste. A current of 2 pA and a magnetic field
of 2 T were applied for the electrical measurements. Hall mobility was calculated by the following

equation:
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U=—. (Equation 6.2)

6.3.2 Results and discussion

The deposition of ZnO:Al films was carried out at fluence of 1.2 J/cm? and at room
temperature, based on the optimum deposition parameters obtained from the investigation of ZnO
films in sections 6.1 and 6.2. ZnO:Al films deposited on SLG have been examined by grazing
incidence XRD (GIXRD) with 26 values ranging between 10° and 90°; the XRD patterns are shown
in Figure 6.9. The peaks of the XRD patterns are identified by the hexagonal ZnO (PDF card
9004178), revealing the polycrystalline nature of the films. No characteristic reflection peaks related
to Al or other alumina phases were detected in the X-ray pattern which supports that Al ions were
substituted into the Zn sites in the lattice of ZnO crystal.

Comparing the XRD patterns of ZnO:Al and ZnO films, a slight shift of the Bragg angles
towards higher values is observed for ZnO:Al films. More specific, the diffraction angle of the (002)
peak for ZnO:Al film at 34.495° is slightly higher compared to 34.412° of the ZnO film. This result
may be due to the substitution of zinc ions by the smaller in size aluminum ions into the hexagonal
lattice of ZnO [309] and/or due to the residual stress parallel to the c-axis [310]. The c-axis lattice
parameter was calculated from the XRD patterns for ZnO and ZnO:Al films and was found to be
0.5208 and 0.5196 nm, respectively. Since the ionic radius of Zn?* is bigger than that of AI** (72 and
53 pm, respectively) [311], the length of the c-axis is expected to be shortened when Al atoms
substitutes Zn atoms in the crystal. Similar results are reported for the ZnO:Al and ZnO films grown

on glass substrates using PLD [303] and other deposition methods [312].

Moreover, the crystallite size of the ZnO and ZnO:Al films was calculated from the (002)
diffraction peak using the Debye-Scherrer formula. The crystallite size was found to be 11.35 nm for
the ZnO:Al film and 23.67 nm for the ZnO film. Comparing the two values, the calculated crystallite
size of ZnO:Al is more than 50% smaller than that of ZnO film. The decrease of the crystallite size
of ZnO:Al film can be attributed to the incorporation of Al atoms in the ZnO lattice where some of
the Al atoms rather than replacing the Zn atoms in the crystal, are located at interstitial sites or at
crystallite boundary regions creating defects. These defects act as nucleation centers which limit the
growth of the adjacent crystallites, therefore the crystallite size of ZnO:Al film is smaller. Similar
results have been found in the literature for PLD-grown ZnO:Al films [302, 303] or by using other
deposition methods [312].
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Figure 6.9 XRD patterns of ZnO:Al and ZnO thin films deposited on SLG substrates at fluence of
1.2 J/em? and at room temperature. The bottom plot shows the XRD pattern of ZnO hexagonal phase
according to PDF card 9004178.

The PLD deposition parameters for the growth of ZnO and ZnO:Al on SLG along with the
thickness, roughness and energy gap of each film are presented in Table 6.2. The surface roughness
of the films was measured by AFM within an area of 80x80 um?. The low values of the measured
roughness indicate the high smoothness of ZnO and ZnO:Al films obtained by PLD. The absorption
edge of Al-doped ZnO appears to blue shift by as much as 30 meV compared to the ZnO film
deposited at 25°C. The band gap energy of the doped ZnO:Al is calculated at 3.36 eV. The
experimental values are comparable to those reported in the literature [313]. The absorption
coefficient and optical transmissivity of Al-doped ZnO film at room temperature are shown in Figure

6.5. High transparency with transmissivity over than 80% in the visible spectral region is observed.

Sample Fluence | Deposition | Pulses | Thickness | Roughness | Energy gap
(J/cm?) | temperature (nm) (nm) (eV)
(°C)
ZnO on
1.2 25 1500 62 10.4 3.33
SLG
ZnO:Al on
1.2 25 4000 182 10.3 3.36
SLG

Table 6.2 PLD deposition parameters, thickness, roughness and energy gap of ZnO and ZnO:Al

films deposited on SLG substrates.
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The dark electrical resistivity and carrier concentration of ZnO:Al film grown at 25°C were
measured at room temperature using the van der Pauw method and are tabulated in Table 6.3, along

with the calculated mobility.

Sample Deposition Type of Electrical Carrier Mobility
temperature (°C) | conductivity | resistivity | concentration | (cm?V-is?)
(Ohm.cm) (cm™)
ZnO:Al
25 n-type 2.3x10! 1.1x10%° 2.47
on SLG

Table 6.3 Planar electrical resistivity, carrier concentration and Hall mobility of ZnO:Al film
deposited at 25°C on SLG substrate.

The ZnO:Al film exhibits n-type conductivity as determined from the Hall measurement.
The values of the electrical resistivity, carrier concentration and mobility are within the range of the
values reported in the literature for PLD-grown ZnO:Al films on glass substrates. The reported values
of electrical resistivity and carrier concentration vary from 10 to 10" Ohm.cm and from 108 to 10%
cm3, respectively [301-303, 314, 315]. This wide range of the values found in the literature regarding
the resistivity and carrier concentration of PLD-grown ZnO:Al films can be associated with the wide
variation of the growth parameters (oxygen pressure, deposition temperature, laser source, etc.) used

and the high sensitivity of the growth of ZnO:Al films in relation to the deposition parameters.
6.3.3 Conclusions

The structural, morphological, optical and electrical properties of the PLD-grown ZnO:Al
films on SLG substrates have been investigated using the optimum deposition parameters identified
by the investigation of ZnO films (sections 6.1 and 6.2). Therefore, the ZnO:Al films were deposited
at room temperature and at fluence of 1.2 J/cm?. The PLD-grown ZnO:All films have smooth surface,
exhibit high transmittance (>80%) in the visible range with wide energy bandgap and low resistivity.
The XRD patterns reveal the absence of any secondary phase and indicate the incorporation Al ions
in the lattice of ZnO crystal. Based on these results, the PLD-grown ZnO:Al films can be considered

as suitable transparent conductive oxide layer for the photovoltaic device.
6.4 ZnO:Al on ZnO/CdS/CIGS/Mo/SLG

6.4.1 Materials and experimental methods

A sequential deposition of CIGS, CdS, ZnO and ZnO:Al layers on Mo-coated SLG substrates
was carried out using PLD with a KrF excimer laser source (A =248 nm, t <25 ns) in a high-vacuum

chamber (Figure 6.8b). Commercially available Mo-coated SLG substrates were purchased
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(Techinstro, India) and used as is. The thickness of Mo films was 500 nm. The PLD chamber hosts
a target carousel which can take up to four targets and the sequential deposition of CIGS, CdS, ZnO
and ZnO:Al was feasible. Polycrystalline targets of ZnO:Al (Al - 2% wt), ZnO, CdS and
CulngsGagsSe; (Testbourne, England) were used for the deposition of the four layers. Prior to
deposition, the chamber was evacuated at a base pressure of 4x10 mbar. The deposition of ZnO:Al
was carried out in the presence of oxygen gas at 0.25 mbar. The number of pulses, repetition rate and
target to substrate distance were kept constant at 4000, 10 Hz and 5¢cm respectively, for all ZnO:Al
depositions. ZnO layer was deposited at 40°C under oxygen pressure at 0.25 mbar. CIGS and CdS
layers were deposited at 300°C and in the presence of argon gas at 0.01mbar. The optimum deposition
parameters were used for the deposition of CIGS, CdS and ZnO layers which are discussed in Chapter
4, 5 and 6.2, respectively. This section is focused on the parametric investigation of the ZnO:Al
deposition temperature for the fabrication of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structure.

An X-ray diffractiometer (XRD) (SmartLab RIGAKU, Cu Ka, A = 1.5405 A) was used to
identify the crystal phases present in the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG multi-layer structures.
The microstructure of the ZnO:Al and ZnO bilayer and interfacial characterization of the
CIGS/CdS/ZnO/ZnO:Al structure have been studied using conventional TEM and HRTEM imaging,
along with SAED patterns and EDS linescan analysis. Conventional TEM and HRTEM observations
were carried out using a JEOL 2011 TEM operating at 200 kV with a point resolution of 0.25 nm
and equipped with an EDS detector (EDAX Apollo XLT TEM-SDD).

Current-Voltage (1) measurements were performed at room temperature using a two-probe
configuration, as shown in Figure 6.8b. The electrodes of the voltage source/ ammeter were
mechanically placed on ZnO:Al and Mo surface, creating an electrical circuit. The
Zn0O:Al/ZnO/CIGS/CdS junction was electrically forward and reverse biased with an applied voltage
of £1V. The IV measurements have been performed at room temperature and in ambient atmosphere.
The adhesion between the layers and the substrate was investigated using the scotch tape test method

by attaching the tape on the surface of the structure and detaching it by applying force manually.
6.4.2 Results and discussion

6.4.2.1 Impact of ZnO:Al deposition temperature

The XRD patterns of ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structures with different ZnO:Al
deposition temperatures have been examined by grazing incidence (GIXRD) with 26 ranging from
10° to 90°. The fabrication of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structures was conducted by
varying the deposition temperature of ZnO:Al from 40 to 300°C while keeping the deposition
temperature of CIGS and CdS constant at 300°C and of ZnO at 40°C. Figures 6.10 and 6.11 present
the XRD patterns of the two extremes: ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structure with ZnO:Al
layer deposited at 40°C and ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structure with ZnO:Al layer deposited
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at 300°C, respectively. The XRD patterns reveal the existence of the ZnO and CdS hexagonal phase,
the chalcopyrite Culng7Gap3Se, phase and the Mo phase. Figure 6.10 shows that there is no evidence
of secondary phases due to the interdiffusion of the elements between the ZnO, CdS and CIGS layers.
A secondary phase of CuxxSe is present in the CIGS layer which is not a result of the interdiffusion
of the elements at the interfaces. The existence of Cu.xSe in the CIGS layer is thoroughly discussed
in Chapter 4. However, the XRD pattern of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structure with
ZnO:Al layer deposited at 300°C (Figure 6.11) shows the presence of CulnS; secondary phase along
with the of Cu,Se phase in the CIGS layer. Similarly, the CulnS; secondary phase is identified in the
XRD patterns obtained for the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structures with ZnO:Al layer
deposited at 100°C and 200°C, which are not presented here. The CulnS; is a result of the
interdiffusion of the elements at the CdS/CIGS interface which takes place while reheating the
sample from 40°C to 100, 200 or 300°C to proceed from the deposition of ZnO layer to ZnO:Al layer.

ZnO:Al/ZnO/CdS/CIGS/Mo/SLG

CIGS - 300°C
CdS - 300°C ;
Zno - 40°C v j
Zno:Al 5,40°C ‘1
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Figure 6.10 XRD pattern of ZnO:Al/ZnO/CdS/CIGS/Mo/SLG multi-layer structure with the ZnO: Al

layer deposited at 40°C. The bottom plots show the XRD pattern of ZnO hexagonal phase (PDF

9004178), CdS hexagonal phase (JCPDS 96-900-8863), Culny7GagsSe, (JCPDS 35-1102) and Mo
(PDF 9008543). Secondary phase of Cu,Se (JCPDS 04-001-9933) is present in CIGS layer.
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Figure 6.11 XRD pattern of ZnO:Al/ZnO/CdS/CIGS/Mo/SLG multi-layer structure with the ZnO:Al
layer deposited at 300°C. The bottom plots show the XRD pattern of ZnO hexagonal phase (PDF
9004178), CdS hexagonal phase (JCPDS 96-900-8863), Culn7Gag.sSe, (JCPDS 35-1102) and Mo
(PDF 9008543) and secondary phases of CulnS; (JCPDS 65-1572) and Cu.Se (JCPDS 04-001-9933).

The impact of ZnO:Al deposition temperature on the electrical properties of the
Zn0O:Al/ZnO/CdS/CIGS/Mo structure has been investigated by performing dark IV measurements
using the 2-probe configuration, as shown in Figure 6.8b. The details of the IV measurement are
given in section 6.4.1. The results of the IV measurements are presented in Figure 6.12 for the
ZnO:Al/ZnO/CdS/CIGS/Mo  structures with different ZnO:Al deposition temperatures. The
deposition temperature of ZnO:Al varied from 40 to 300°C, while the deposition temperature of
CIGS, CdS and ZnO layers was kept constant at 300, 300 and 40°C, respectively. As shown in Figure
6.12a-c, the ZnO:Al/ZnO/CdS/CIGS/Mo structures in which the ZnO:Al layer has been deposited at
300, 200 and 100°C, respectively, exhibit ohmic behavior. A rectifying diode-like behavior is
identified only for the structure in which ZnO:Al layer has been deposited at 40°C (Figure 6.12d).

The ohmic behavior of the ZnO:Al/ZnO/CdS/CIGS/Mo structures of which ZnO:Al is
deposited at high deposition temperatures (100°C and higher) indicates the presence of low resistive
paths that cause shunts between the layers, leading to the ohmic IV curves. The shortening of the
Zn0:Al/ZnO/CdS/CIGS junction can be attributed to defects and non-idealities at the junction. The
concentration of these defects and non-idealities is high enough in the samples where the ZnO:Al
layer has been deposited at 100, 200 and 300°C to deteriorate the junction, resulting in the ohmic

behaviour of these samples. An indication of the defects at the junction is given by the XRD pattern
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in Figure 6.11 in which the formation of CulnS, secondary phase is identified. The presence of
CulnS; phase indicates the introduction of lattice defects such as Cu vacancies and Inc, antisites
[193, 263-265] into CIGS layer, as well as S vacancies and interstitials [266, 267] into CdS layer,
because Cu, In and S are being drawn out from CIGS and CdS layers in order to form the CulnS;
phase. This large amount of lattice defects near the junction, arising from the presence of CulnS;
phase, could provide to the diode shunt paths that effectively eradicate the role of each layer in the
diode. However, the diode-like behaviour obtained for the ZnO:Al/ZnO/CdS/CIGS/Mo structure of
which ZnO:Al has been deposited at the lowest temperature of 40°C corroborates with the XRD
pattern in Figure 6.10 in which there is no evidence of secondary phases due to the interdiffusion of
the element at the interfaces of the junction. Thus, the concentration of defects and non-idealities at
the junction is reduced and the quality of the junction is higher, thus, the diode-like IV curve is

obtained.
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Figure 6.12 IV curves of ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structures measured by the 2-probe
configuration for different deposition temperatures of ZnO:Al layer. CIGS and CdS layers have been
deposited at 300°C, ZnO has been deposited at 40°C and ZnO:Al at (a) 300°C, (b) 200°C, (c) 100°C
and (d) 40°C.

Studying the dark 1V curves of solar cells allows one to determine the diode characteristics
of the device which can provide essential insights into the performance parameters and the efficiency
of the device. In order to calculate the diode characteristics of the device, the dark IV curve is fitted
into a model and the parameters of the model are determined. Here, the single-diode model, which

describes the solar cell as a single diode with parasitic resistances, shown in Equation 6.1, is used for
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the calculation of the diode characteristics of the device. Ideality factor, leakage current, shunt and
series resistance were calculated by fitting the experimental data of the IV curve for
Zn0O:Al/ZnO/CdS/CIGS/Mo structure shown in Figure 6.12d on the Equation 6.1, using the
equivalent circuit calculator by PV Lighthouse [253]. The calculated diode characteristics of
Zn0:Al(40°C)/Zn0O(40°C)/CdS(300°C)/CIGS(300°C)/Mo/SLG device are presented in Table 6.4,
along with the diode characteristics of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG devices reported in the

literature for comparison.

ZnO:Al/ZnO/CdS/CIGS/Mo/SLG

) Shunt Series
Voltage analysis ) Leakage ) )
) Ideality factor Resistance  Resistance  Reference
region current (A)

(Ohm) (Ohm)
01V<V<07V 3.52 1.5x10* 4.6x10° 1.5x10*  This work
02V<V<06V 4.06 1.05x10°®

- - [316]
06V<V<08V 3.45 4.5x107
02V<V<06V 4.08 1.05x10°®

2.3x10° 1x10? [317]
06V<V<08V 3.44 4.5x10°7
02V<V<06V 4.884 6.1x10® 1.22x10* -7 [316]

06V<V<086V 4.3 3.9x10® 4.39x10* 0.4

Table 6.4 Diode characteristics of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG device and reported values

in the literature calculated by dark IV measurements.

The reported values reported of the diode characteristics of the
Zn0O:Al/ZnO/CdS/CIGS/Mo/SLG devices presented in Table 6.4 have been calculated by fitting the
dark IV measurements on the single-diode model using different analysis methods [316-318]. The
fabrication of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG devices, reported in Table 6.4, has been realized
by using multiple deposition techniques including sputtering, co-evaporation and CBD. The
Zn0O:Al/ZnO/CdS/CIGS/Mo/SLG device of this work has been fabricated using PLD as the main
deposition technique for the CIGS, CdS, ZnO and ZnO:Al layers. Nevertheless, due to the lack of
published works reporting on the diode characteristics of PLD-grown devices, the comparison is
presented here and is as close as it can be. The results of ideality factor and shunt resistance of the
PLD-grown device are in good agreement with the reported values, however the leakage current and

series resistance present large deviation with the literature.

Further analysis of the dark IV data can give insights about the electronic transport

mechanisms in the device as well as the recombination mechanisms. This kind of analysis is beyond
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the scope of the current study; however, a literature review is presented here. The temperature
dependence of the ideality factor values has been shown to agree with the theoretical expression
given for tunnelling enhanced interface recombination mechanism [317]. Moreover, the transport
mechanism in ZnO/CdS/Cu(In,Ga)Se, device is also reported to be dominated by tunnelling
enhanced interface recombination mechanism which is attributed to the presence of Cu-rich and In-
poor thin layer possibly formed on the absorber surface [316]. Other studies explain the tunnelling
enhanced recombination in the bulk via deep centers in the space charge region or at heterojunction
interface [319, 320].

Adhesion test of the ZnO:Al(40°C)/Zn0O(40°C)/CdS(300°C)/CIGS(300°C)/Mo/SLG device
was performed using the scotch tape method described in 6.4.1. The pictures of the sample, presented
in Table 6.5, were taken prior and afterwards the application of scotch tape test. The scotch tape test
involved several attempts in order to thoroughly examine the quality of the adhesion between the
layers and the SLG substrate.

Deposition
Prior adhesion | After adhesion
Sample temperature of
the layers (°C)
CIGS - 300
CdS —300
Zn0O -40

Zn0O - 40

test test

ZnO:Al/ZnO/CdS/CIGS/Mo/SLG

Table 6.5 Pictures taken prior and afterwards the application of the scotch tape test for the
Zn0O:Al/ZnO/CdS/CIGS/Mo/SLG device with CIGS and CdS layers deposited at 300°C and ZnO
and ZnO:Al layers deposited at 40°C.

After the application of the scotch tape adhesion test on ZnO:Al/ZnO/CdS/CIGS/Mo/SLG
device, the layers remained intact, as shown in Table 6.5. The pictures show that the sample was
stable as no delamination occurred. This result indicates that the adhesion between Mo, CIGS, CdS,
ZnO and ZnO:Al layers and SLG substrate is superior for the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG
device with CIGS and CdS layers deposited at 300°C and ZnO and ZnO:Al layers deposited at 40°C.

The individual layers of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structure with CIGS and CdS
layers deposited at 300°C and ZnO and ZnO:Al layers deposited at 40°C, as well as their interfaces
were thoroughly studied using advanced electron microscopy (HRTEM, SAED, EDS). In more
detail, apart from the Mo/CIGS interface, which is discussed in Chapter 4, the CIGS/CdS and
CdS/ZnO interfaces were also investigated. The results from these analyses are depicted in Figure
6.13.

126



—

Figure 6.13 Conventional TEM image of the CIGS/CdS and CdS/ZnO interfaces.

The CIGS/CdS interface is generally smooth, taking into account the roughness induced by
the columnar morphology of the CIGS film. The CdS layer possesses inferior crystalline quality, as
deduced both by HRTEM images and SAED patterns shown in Figure 6.14 a and b, respectively. In
more detail, the SAED pattern reveals that the CIGS layer is by far more crystalline than the CdS
one, as it comprises of distinct spots, whereas the CdS pattern is formed by nanocrystalline rings.
The thickness of the CdS layer, as depicted there, is up to 45 nm and it adopts a highly
disordered/amorphous morphology, with only occasional crystallites revealed. The structure and
quality of the CIGS/CdS and CdS/ZnO interfaces reveals that the CIGS/CdS interface is generally
smoother than the CdS/ZnO one. The ZnO/CdS interface is of good quality, in line with the
CIGS/CdS interface, however the ZnO/CdS interface is less sharp compared with the CdS/CIGS one.
Average roughness values of these are in the range of 3-5 nm for the CIGS/CdS and 10-15 nm for
the CdS/ZnO interface.

Figure 6.14 (a) HRTEM image of the CIGS/CdS and CdS/ZnO interfaces and (b) common SAED
pattern of the CIGS/CdS interfacial area.
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Chemical analysis by EDS line scans in the interfacial regions (Figure 6.15), revealed the
simultaneous existence of small quantities of Cu and In inside the CdS layer; potential discrete
formation of additional phases has not been confirmed by HRTEM analysis on small crystallites.
The only phase found was CdS, either in nanocrystalline morphology (sizes up to 15-20 nm), or in
nearly amorphous stage (the latter was confirmed by EDS point analysis). There is also some
indication of possible Cd or S atoms diffusion inside CIGS, as EDS electron microscopy results
revealed. There is no extended interdiffusion of either Zn or O inside the CdS layer, as EDS point
analysis and line scans revealed. These results agree with the XRD pattern of the sample (Figure
6.10), which shows that there is no evidence of secondary phases due to the interdiffusion of the
elements between the ZnO, CdS and CIGS layers.

(b) 200
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160
140
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Figure 6.15 EDS linescans of the CIGS/CdS/zZnO/Zn0O:Al layers and their interfacial regions: (a)
with cross-section SEM image at the background and (b) without cross-section SEM image at the

background.

The ZnO:Al — intrinsic ZnO layer exhibits polycrystalline morphology, consisting of
numerous crystallites in random orientation, as presented in Figure 6.16. The Al doping was also
confirmed by EDS point analysis, in the upper part of the ZnO:Al layer grown on top of the multi-

structure.

Figure 6.16 The upper area of the ZnO:Al — intrinsic ZnO layer.

6.4.3 Conclusions

The impact of ZnO:Al deposition temperature on the properties of
Zn0O:Al/ZnO/CdS/CIGS/Mo/SLG structure grown by PLD has been investigated through structural
and electrical characterization. ZnO:Al deposition temperature has a major impact on the structural
and electrical properties of the ZnO:Al/ZnO/CdS/CIGS/Mo device. A rectifying diode-like behavior
is identified only for the device in which ZnO:Al layer has been deposited at 40°C, while chmic
behavior is observed for the ZnO:Al/ZnO/CdS/CIGS/Mo devices of which ZnO:Al is deposited at
high  deposition temperatures (100°C and higher). The diode-like behaviour of
Zn0:Al(40°C)/ZnO/CdS/CIGS/Mo device corroborates with the clear XRD pattern in which there is
no evidence of secondary phases due to the interdiffusion of the elements between ZnO:Al, ZnO,
CdS and CIGS layers. Moreover, the adhesion test of ZnO:Al(40°C)/ZnO/CdS/CIGS/Mo device
demonstrated the superior adhesion between the layers and the substrate. Thus, the optimum
temperature of depositing the ZnO:Al layer on ZnO/CdS/CIGS/Mo/SLG structure is at 40°C.

The interfacial characterisation of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG with CIGS and
CdS layers deposited at 300°C and ZnO and ZnO:Al layers deposited at 40°C, revealing that the
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CIGS/CdS and CdS/ZnO interfaces are generally smooth with the CdS/CIGS interface more abrupt
and smoother compared to the ZnO/CdS one. The chemical analysis in the CIGS/CdS interfacial
region revealed the existence of small quantities of Cu and In inside the CdS layer, however the
HRTEM analysis on small crystallites has confirmed the absence of the potential discrete formation
of additional phases. In addition, possible Cd or S atoms diffusion inside CIGS has been indicated
by the EDS electron microscopy. Regarding the ZnO/CdS interface, there is no indication of
extended inter-diffusion of either Zn or O inside the CdS layer.
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Chapter 7 — Fabrication of CIGS-based solar
cells using PLD

Thin-film solar cells based on the chalcopyrite compound Cu(In,Ga)Se, (CIGS) have shown
increased efficiencies through the years with a steeper increase since 2014. Record efficiencies
reaching up to 23.35% have been reported by Solar Frontier in 2019 [1].

The CIGS cell consists of several layers of different materials and the cell efficiency is highly
affected by each layer, as well as the interaction between them. A variety of methods has been used
to prepare each layer of CIGS solar cells. A typical CIGS solar cell with laboratory efficiency over
20% has the following configuration: soda-lime glass as substrate, sputtered Mo as back contact,
CIGS as p-type absorber grown by multi-stage co-evaporation or selenisation method, chemical-
bath-deposited CdS as n-type buffer layer, sputtered i-ZnO/ZnO:Al bilayer as transparent window,
Ni/Al grid, and antireflective MgF, coating [2]. Despite the significant progress recorded in CIGS
solar cells, several factors related to both device fabrication and cell efficiency hamper their
development. The industry norm of using multiple deposition techniques and high processing
temperatures (higher than 500°C for the highest efficiency CIGS films) for the different layers in the
stack adds time and cost to the fabrication process. Therefore, identifying a single growth method
for the fabrication of the functional part of the CIGS cell, which will reduce the fabrication time and

cost, is highly desirable.

This chapter demonstrates the utilization of PLD in a novel sequential process for the
fabrication of the multi-layer structure described above. The preparation of the functional part of the
CIGS solar cell (CIGS/CdS/i-ZnO/ZnO:Al) was carried out by using PLD in one growth sequence
and at temperatures lower than 400 °C. While several different growth procedures have been
exploited for each constituent layer in developing CIGS solar cells with efficiencies in the range of
14-22%, up to now, no published report exists of using PLD for constructing a CIGS cell in its
entirety. Thus, this work constitutes an innovative application of PLD for the fabrication of thin-film
CIGS solar cells.

In this chapter, the fabrication of the PLD-grown CIGS solar cells with sequential deposition
of CIGS, CdS, ZnO and ZnO:Al layers on Mo-coated SLG substrates is presented. Structural and
electrical characterization along with performance analysis of the PLD-grown CIGS solar cells with
varying CdS thickness are examined in section 7.1. Moreover, the optimization of the fabrication
process has been studied to improve the performance of the PLD-grown CIGS solar cells through

the elimination of particulates on the CIGS surface and is discussed in section 7.2 and 7.3.
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7.1 One-step PLD-grown CIGS solar cells

In this section, one step PLD-grown CIGS solar cells have been fabricated using the optimum
deposition conditions of each layer based on the results of the previous chapters. In CIGS solar cells,
the incorporation of CdS buffer layer between the CIGS absorber and i-ZnO/Al-doped ZnO bilayer
holds a key role in the performance of the cell. Numerous published works discuss the beneficial
effects of the CdS layer on the properties of CIGS solar cells [21, 45, 75, 210, 217]. Fabrication of
thin CdS layers can minimize the light absorption losses in the blue range [44], however for very thin
layers, pinholes between the transparent conductive oxide (Al-doped ZnQ) and the absorber layer
are formed, which create short circuits [8] in the device. Considering the blue absorption losses and
the toxicity of Cd, it is crucial to examine the characteristics of CdS layer, especially its thickness.

Thus, the performance of PLD-CIGS solar cells has been investigated as function of CdS thickness.
7.1.1 Materials and experimental methods

A sequential deposition of CIGS, CdS, ZnO and ZnO:Al layers on Mo-coated SLG substrates
was carried out using PLD with a KrF excimer laser source (A =248 nm, T < 25 ns) in a high-vacuum
chamber (Figure 7.1). Commercially available Mo-coated SLG substrates were purchased
(Techinstro, India) and used as is. The thickness of Mo films was 500 nm. The PLD chamber hosts
a target carousel which can take up to four targets and the sequential deposition of CIGS, CdS, ZnO
and ZnO:Al was feasible. Polycrystalline targets of ZnO:Al (Al - 2% wt), ZnO, CdS and
CulngsGagsSe, (Testbourne, England) were used for the deposition of the four layers. Prior to
deposition, the chamber was evacuated to a base pressure of 4x10° mbar. The PLD deposition
parameters used for each layer were obtained from the results of Chapters 4, 5 and 6 in which the
optimum deposition parameters for CIGS, CdS and ZnO/zZnO:Al layers, respectively, were
identified. Table 7.1 presents the main deposition parameters for each layer used for the fabrication
of the solar cells. The impact of thickness of CdS layer on the performance of the solar cells was
investigated by varying the number of pulses as shown in Table 7.1. After the sequential deposition
of CIGS, CdS, ZnO and ZnO:Al layers, the fabrication of the devices was completed by the
deposition of Al grid on the surface of ZnO:Al layer. Preliminary measurements revealed that the Ni
layer, that usually precedes the deposition of Al layer for the fabrication of the grid, had no significant
effect on the performance of the devices. Therefore, the Ni layer has been omitted to make the
fabrication process of the metallic grid simpler. The deposition of the Al grid was performed through

the following steps:

=  Attachment of a stainless-steel shadow mask on the top of the multi-layer structure
for patterning of the metallic grid

= Deposition of -1um of Al using evaporation.
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The design of the pattern for the Al grid has been determined considering the several power-loss
mechanisms associated with the metallic grid, aiming for the optimum collection of the
photogenerated carriers. The calculations for the optimization of the metallic grid can be found in

Appendix A.

Al grid

Bilayer of ZnO and V+

ZnO:Al (n-type)
cds (n-tvpek
CIGS (p-type)

Mo (bottom contact)

Figure 7.1 The complete multi-layer structure of the CIGS solar cell along with the metallic grid.

Deposition .
Fluence Background Pressure Thickness
Layer = Temperature Pulses
(J/cm?) gas (mbar) (nm)
(°C)

CIGS 300 1.0 Ar 0.01 15000 ~1350
Cds 300 11 Ar 0.01 100 - 300 ~50-110
ZnO 40 1.2 0. 0.25 1500 ~80

ZnO:Al 40 1.2 0. 0.25 4000 ~200

Table 7.1 PLD deposition parameters for CIGS, CdS, ZnO and ZnQ:Al layers for the fabrication of
the solar cells.

An X-ray diffractometer (XRD) (SmartLab RIGAKU, Cu Ko, A = 1.5405 A) was used to
identify the crystal phases present in the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG multi-layer structures.
The morphology of the solar cells was determined using scanning electron microscopy (SEM Tescan
Vega LSU) with the electron accelerating voltage adjusted to 20 kV.

Dark Current-Voltage (IV) measurements were performed at room temperature and in
ambient atmosphere using a two-probe configuration, as shown in Figure 7.1. The electrodes of the
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voltage source/ ammeter were mechanically placed on the metallic pad of Al grid and the Mo surface,
creating an electrical circuit. The solar cells were electrically forward and reverse biased with an

applied voltage varying between -1V and +1V.

Illuminated JV measurements have been performed for the complete solar cell devices under
standard conditions (AM1.5G spectrum at light intensity of 1000W/m?, at 25°C). A two-probe
configuration was used with the two probes mechanically placed on the metallic pad of Al grid and
the Mo surface, as shown in Figure 7.1.

7.1.2 Results and discussion

The impact of thickness of the CdS layer on the performance of the solar cells was
investigated by changing the number of pulses of the CdS layer. Three solar cells were fabricated
with different CdS thickness by using 100, 200 and 300 pulses for the deposition of the CdS layer
each time. The deposition parameters of the other layers (CIGS, ZnO, ZnO:Al) were identical for the
construction of the three solar cells. The pulses of CIGS layer were kept constant at 15000 for all the
fabricated devices with varied CdS thickness. The solar cells with varied CdS thickness will be
referred as CdS-100, CdS-200 and CdS-300 for the remainder of this chapter, indicating the number
of pulses used for the deposition of the CdS layer (e.g., CdS-100 solar cell indicates that the CdS

layer was deposited using 100 pulses).

The XRD pattern of the solar cells with varied CdS thickness have been examined by grazing
incidence (GIXRD) with 26 ranging from 10° to 90° and grazing incidence angle fixed at 3°. The
XRD pattern of the CdS-300 solar cell is presented in Figure 7.2. The XRD pattern reveals the
existence of the ZnO and CdS hexagonal phase, the chalcopyrite Culng7Gag3Se, phase and the Mo
phase. The identification of Mo phase in the XRD patterns indicates that the grazing incidence angle
used was such that the penetration depth of the X-rays was reaching the Mo layer. This is an
important fact, considering that the XRD scanning must take place through the whole multilayer
structure in order to locate any secondary phases that can arise from the interdiffusion of the elements
at the interfaces between the layers. Having this in mind, the XRD pattern in Figure 7.2 shows that
there is no detectable evidence of secondary phases due to the interdiffusion of the elements between
Zn0, CdS and CIGS layers. A secondary phase of Cu..xSe is present in the CIGS layer which is not
a result of the interdiffusion of the elements at the interfaces. Similar observations are made in the
XRD patterns of the CdS-100 and CdS-200 solar cells which are not shown here.
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Figure 7.2 XRD pattern of CdS-300 solar cell. The bottom plots show the XRD pattern of ZnO
hexagonal phase (PDF 9004178), CdS hexagonal phase (JCPDS 96-900-8863), Culn;GaosSe2
(JCPDS 35-1102) and Mo (PDF 9008543). Secondary phase of Cu,Se (JCPDS 37-1187) is present
in CIGS layer.

Figure 7.3a and b display the SEM images of the surface of CdS-300 solar cell. The surface
of ZnO:Al layer and the pattern of the Al grid are shown in Figure 7.3a. The arrows indicate the three
components of the metal grid; a central pad, a central busbar and the fingers, all interconnected
together. The upper surface of the CdS-300 solar cell in higher magnification is illustrated in Figure
7.3b. The high density and large size of the particulates on the upper surface of the cell is evident. It
is speculated that most of these particulates are part of the CIGS layer and protrude through the
surface of the cell.
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Figure 7.3 SEM image of (a) the upper surface of the CdS-300 solar cell with the arrows indicating
the three components of the Al metal grid and (b) the upper surface of the CdS-300 solar cell in

higher magnification.

The quality of the solar cell devices has been initially examined by dark IV measurements
to identify which devices are suitable for the device performance characterization. A rectifying
diode-like behavior is identified only for the CdS-300 as shown in Figure 7.4. The dark IV
measurements of the solar cells with smaller thickness of the CdS layer (CdS-100, CdS-200) have
resulted in linear IV curves, indicating an ohmic resistance-like behavior. These devices have been
rejected since the IV curves didn’t show the diode-like behavior, which is prerequisite for a

photovoltaic device. Thus, only the CdS-300 solar cell has been characterized in terms of efficiency.

The linear dark 1V measurements of CdS-100 and CdS-200 solar cells indicate that the pn-
junction is too poor to function as a diode. Based on the SEM images of the cells (Figure 7.3), it is
speculated that shunt pathways exist in the stucture of these cells, which are formed by the large and
numerous particulates created during the deposition of CIGS layer. These large protruding
particulates cannot be homogenously covered by the subsequent depositions of the CdS, intinsic ZnO
and Al-doped ZnO. Therefore, pathways connecting the bottom area of the cell (Mo/CIGS) with the
upper layers (ZnO/ZnO:Al) are created and the current travels through these low resistive shunts.
Thus, the pn junction is bypassed and the ohmic behavior is obtained. This phenomenon is more
prevalent for CdS-100 and CdS-200 solar cells in which the CdS thickness is small and insufficient
to cover the high roughness surface of the CIGS layer. For CdS-300 solar cells, this phenomenon is
partially mitigated as the CdS thickness is large enough to create a functional diode with the high
roughness surface of the CIGS layer. However, and as discussed below, shunts continue to exist in
the CdS-300 cell, leading to the cell's very low performance. The effect of particulates is discussed

in detail in sections 7.2 and 7.3.
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Figure 7.4 2-probe dark IV curves of the CdS-100, CdS-200 and CdS-300 devices based on the
SLG/Mo/CIGS/CdS/ZnO/Zn0O:Al structure.

Illuminated JV measurement have been conducted on CdS-300 devices and a typical one is
shown in Figure 7.5 along with the major electrical parameters of the cell. The fill factor was found
to be 0.27 (27%) and the efficiency 0.025%. The very low efficiency of the solar cell can be attributed
to significant losses caused by the dissipation of power in the parasitic resistances of the cell. The
most common parasitic resistances are series and shunt resistance. Generally, series resistance
reduces the fill factor. However, overly high series resistance values may also reduce the short-circuit
current [321]. Moreover, series resistance impacts the slope of the JV curve near the open-circuit
voltage. As series resistance increases, the JV curve near Voc becomes less steep, indicating a
commensurate decrease in the fill factor [322]. Therefore, the very low short-circuit current, the low
fill factor and the less steep slope of the JV curve at the open-circuit voltage (Figure 7.5) indicate

that the series resistance of the cell is significantly high.
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Figure 7.5 Illuminated JV curve and major electrical parameters of a CdS-300 solar cell.

The series resistance of a cell is created as the current flows through the layers and metal
contacts of the cell. Thus, the resistances of all the in series-connected layers, the contact resistance
at interfaces and the resistance of the metal contacts represent the overall series resistance of the cell
[322]. Thus, a part of the excessive high value of the series resistance in the cell derives from the
resistance of the individual layers. Further optimization of the individual layers can lead to the
reduction of the series resistance, which in turn will improve the performance of the cells. This topic

is included as future research work in Chapter 9.

Likewise, substantial power losses are caused by the presence of a shunt resistance. Shunt
resistance can arise from imperfections on the device surface and in the bulk as well as from leakage
currents across the edge of the cell [323, 324]. Thus, low shunt resistance provides an alternative
path for the light generated current and thus, the current flowing through the diode is reduced. As a
result, the voltage across the terminals of the solar cell decreases. Low shunt resistance reduces the
fill factor and very low values of shunt resistance reduce the open-circuit voltage of the cell [325].
The slope of the JV curve near the short-circuit current point can be used to estimate the shunt
resistance of a solar cell: as the shunt resistance decreases, the slope becomes less steep [69]. Thus,
the very low open-circuit voltage, the low fill factor and the less steep slope of the JV curve at the

short-circuit current (Figure 7.5) indicate that the shunt resistance of the cell is significantly low.

The excessively low shunt resistance of the cell can be attributed to the shunts induced by
the presence of the particulates on the surface of the CIGS absorber. The large size and high density

of the particulates on the CIGS layers do not allow the homogenous covering of CIGS surface by the
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subsequent layers. Thus, these particulates act as shunts between the top and back contact of the cell,
providing low resistive pathways for the light generated current to travel across the cell. Therefore,
the pn junction is largely bypassed and the voltage across the cell terminals is reduced. Section 7.2
deals with the elimination of the particulates on CIGS surface by intervening a mask between the
target and the substrate during the CIGS deposition. Moreover, the performance of solar cells with

low roughness CIGS layers are examined in detail in section 7.3.

In summary, the CIGS solar cells constructed with the optimized conditions based on the
work presented in the previous chapters and with varying CdS thickness have resulted to ohmic
behaviour or very poor performance. The next section presents the method that has been implemented
to improve the performance of the cells, that is eliminating the particulates on the CIGS layer and
thus increasing the shunt resistance.

7.2 Elimination of particulates on the CIGS layer

As discussed in section 7.1.2, part of the poor performance of CIGS solar cells can be
attributed to the presence of large particulates with diameter up to micron metre on the CIGS surface.
The ejection of micron-size particles during the ablation process is a common issue of the
conventional PLD method. The high energy density and narrow pulse width of the laser beam,
possible inhomogeneities in target density and the high penetration depth of the laser pulse into the
target material are usually the reasons that these large particulates are formed [326]. Specifically,
during the PLD process, large particles are sputtered from the target surface and having sufficient
kinetic energy reach the substrate surface and adhere to it. These large particles produce a shadowing
effect which results in an uneven deposition and therefore in an uneven film surface. In addition to
the shadowing effects, when a large number of particles is deposited on the substrate, many
nucleation seeds are formed and the resulting film is expected to have small crystal grains, many
grain boundaries, and high surface roughness [327-329]. Therefore, the presence of these large
particulates on the CIGS surface affects the quality of the deposited film through the mechanisms
explained above. In addition, a homogeneous coverage of CIGS layer cannot be achieved by the
deposition of subsequent layers (CdS, ZnO, Al-doped ZnO) due to the shadowing effect generated
by the large protruding particulates of CIGS layer. These effects introduce numerous boundary
defects at the interfaces, high carrier recombination rates and low resistive paths between the back

and front areas that lead to poor solar cell performance.

Mechanical techniques have been developed to eliminate particulates. These include velocity
filters [330], off-axis laser deposition [331], line-of-sight shadow masks [332] and cross-beam
techniques [333]. To eliminate the large particulates on the CIGS layer, the shadow mask technique
has been employed. The shadow masked pulsed laser deposition (SMPLD) method enables the
effective screening of large particles, thereby producing low roughness films [327, 328, 334, 335].

When a mask is placed between the substrate and the target, a shadowed region is created behind the
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mask and between the mask and the substrate (Figure 7.6a). During the deposition, the ablated
particles of relatively small size in the plasma plume are more susceptible to change direction due to
collisions with gas molecules and eventually enter the shadowed region, where they are able to arrive
at the substrate and form a film. However, the large particles preferentially propagate along the
normal direction as they are less scattered in the presence of a background gas due to their large mass
[189]. Therefore, the large and heavy species of the plume are blocked by the shadow mask, or it is
less likely to reach the shadow area. As a result, the presence of large particulates on the deposited

film is eliminated and the film’s roughness is substantially reduced [108].

Numerous works have used the SMPLD method to produce low roughness films in various
material systems using shadow masks of various shapes, sizes and configurations [328, 334-337].
Low roughness films with the elimination of micron-size particulates from the surface have been
achieved for Cu,ZnSnS, (CZTS) by Juguang Hu et al. (2018) using the SMPLD method. CZTS is a
direct bandgap semiconductor, with high absorption coefficient and is used as an alternative to CIGS
absorber for photovoltaic applications. Specifically, Juguang Hu et al. (2018) have demonstrated that
the CZTS film prepared by SMPLD were smooth, even and compact, and their surface roughness
decreased one order of magnitude compared to the CZTS film prepared with the conventional PLD
method. In addition, the efficiency of the CZTS thin film solar cell prepared by SMPLD increased
by 1.3% compared to the solar cell with CZTS layer prepared with the conventional PLD method
[338]. Here, a cone shaped shadow mask is used for the elimination of particulates during the
deposition of the CIGS layer, as shown in Figure 7.6. The apex of the cone is positioned at the center
of the plume, pointing at the laser spot on the target. The cone shape essentially offers a tapered
masking effect which helps to avoid the bounce-back effect of plume observed when using a flat-
plate mask and thereby improving the speed of thin film deposition [338].

(a) (b)

Substrate

]
]

Figure 7.6 (a) Schematic representation of the shadow masked PLD used for the deposition of CIGS
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layer and (b) Photo image of the PLD chamber during the deposition of CIGS layer with the cone

shaped mask.
7.2.1 Materials and experimental methods

CIGS films were deposited on soda-lime glass (SLG) substrates by SMPLD using a cone
shaped shadow mask placed between the CIGS target and SLG substrate as shown in Figure 7.6. For
the remainder of this chapter, the CIGS films deposited with SMPLD will be referred as SMPLD-
CIGS and the CIGS films deposited with the conventional PLD will be referred as PLD-CIGS. The
deposition process of PLD-CIGS and SMPLD-CIGS films is described in section 4.1.1, with the
presence of the cone as the only difference for the deposition of SMPLD-CIGS films. The conical
mask was placed at a fixed distance of 2cm from the substrate holder. The bottom diameter and
height of the cone was 11 mm and 7.5 mm, respectively. The deposition parameters of PLD-CIGS
and SMPLD-CIGS films are obtained from the results of Chapter 4 in which the optimization of the
deposition parameters of CIGS films was achieved. As the presence of the cone during the deposition
of the SMPLD-CIGS films reduces the overall film thickness, the number of pulses of SMPLD-CIGS
films was systematically varied from 15K-90K. The deposition parameters of PLD-CIGS and
SMPLD-CIGS films are shown in Table 7.2.

Structure, morphology, chemical composition, thickness, electrical and optical properties of

the CIGS films deposited by SMPLD and conventional PLD have been studied using the techniques

described in section 4.1.1.

o Target-
Deposition Ar .
Fluence Pulses  Repetition  Substrate
Layer Temperature Pressure .
(Jlem?) (x10%) rate (Hz) distance
(°C) mbar)
(cm)
PLD-CIGS on
300 1.0 0.01 15 10 4.5
SLG
SMPLD-CIGS
300 1.0 0.01 15-90 10 4.5
on SLG

Table 7.2 Deposition parameters of CIGS films prepared by the conventional (PLD-CIGS) and
shadow masked (SMPLD-CIGS) PLD method.

1 The dimensions and placement of the conical mask have been determined upon investigation of the shadowing
effect of conical masks with different geometrical parameters on the roughness of SMPLD-CIGS films. More

details can be found in Appendix B.
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7.2.2 Results and discussion

PLD-CIGS and SMPLD-CIGS films were deposited on SLG substrates to study the size and
number of particulates using SEM imaging and analysis. The deposition parameters of PLD-CIGS
and SMPLD-CIGS films can be found in Table 7.2. The number of pulses of both films was 15000.
Since the SMPLD process involves molecular scattering of ablated atoms with the background gas,
the properties of the deposited film (e.g., morphology, stoichiometry, etc.) are strongly dependent on
lateral position, that is the distance from the deposition center which coincides with the center of the
cone and the shadowed area. Thus, SEM images have been obtained at various distances along a line
through the center of the SMPLD-CIGS film which corresponds to the deposition center. The size
and number of particulates has been calculated by analysing the SEM images using the ImageJ

software.

Figure 7.7a shows the number of particulates as function of particulate area at various lateral
distances along a line through the center of the SMPLD-CIGS and at the center of the PLD-CIGS.
Regarding the SMPLD-CIGS sample, the number of particulates increases as the distance from the
center increases for all particulate sizes. In addition, as the distance from the center increases, larger
particulates are observed on the film surface. Particularly, the largest particulate size of the SMPLD-
CIGS film identified at the center is ~1um?, ~2um? at 0.65 cm and ~4um? at 0.85 cm. The above
observations are also illustrated in the SEM images of Figure 7.7b. Since the center of the SMPLD-
CIGS films is aligned with the center of the conical mask, it is likely that the center of the film is
well shielded against large particulates. Moving away from the center and towards the periphery of
the sample, the shielding effect of the shadow mask is reduced. Therefore, there is a higher
probability for larger and more particulates to reach the film surface. Comparing the particulates
observed on SMPLD-CIGS and PLD-CIGS films, the particulates of SMPLD-CIGS film are
substantially reduced in number and size compared to the particulates of PLD-CIGS film (Figure
7.7a).
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Figure 7.7 (a) Number of particulates as function of particulate area at various lateral distances along
a line through the center of the SMPLD-CIGS sample and at the center of the PLD-CIGS, (b) SEM
images of SMPLD-CIGS sample at various lateral distances. The number and size of particulates
increases along the lateral distance away from the center of SMPLD-CIGS film. The particulates of
SMPLD-CIGS film are substantially reduced in number and size compared to the particulates of
PLD-CIGS film.

Figure 7.8 shows the compositional ratios of the SMPLD-CIGS film at various lateral
distances along a line through the center of the film obtained by EDS measurements. The
stoichiometry of the PLD-CIGS film is included in the graph for comparison. The compositional
ratios of a stoichiometric transfer from the target to the film are denoted on Figure 7.8 with the dashed
lines and are the following: CGI=Cu/(Ga+In)=1, GGI=Ga/(Ga+In)=0.3, IGI=In/(Ga+In)=0.7 and
Se/M=Se/(Cu+Ga+In)=1. As the figure shows, the SMPLD-CIGS film exhibits a stoichiometric
variation across the surface. Near the center, the film is significantly Cu-deficient and Se-rich, while
towards the periphery the Cu content increases towards the stoichiometric value. The SMPLD-CIGS
film is slightly In-rich and Ga-poor across the lateral distance. The GGI ratio of the films is -0.26,
which lies within the range of high-efficiency cells [181].

Due to the fact that Cu atoms are the lightest among the atoms ablated from the CIGS target
and that Se atoms are slightly heavier than Cu atoms, the increased Se concentrations and reduced
Cu concentrations found in the SMPLD-CIGS film was not expected. Specifically, the order of light
to heavy elements is Cu (Z=29), Ga (Z=31), Se (Z=34) and In (Z=49). Due to the light mass of Cu
atoms, uniform and stoichiometric distribution of Cu atoms on the film was expected, as light ablated
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atoms are scattered more easily by the background gas than heavy ones and their angular distribution
is broader [107, 339]. Consequently, light atoms are more likely to arrive in the shadowed region
after scattering by molecules of the background gas and be deposited to the substrate. However, the
transport efficiency of the atoms in the shadow zone is not solely determined by their atomic masses.
The propagation and relative distribution of different atomic species on the substrate is a complex
process which involves an interplay of numerous mechanisms and factors, such as the scattering
cross section of each atom with the background gas, re-sputtering effects at the substrate surface,
kinetic energy of the atoms and other growth mechanisms that influence the growth and

stoichiometry of the film.
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Lateral distance from the deposition center (cm)

Figure 7.8 Compositional ratios of PLD-CIGS and SMPLD-CIGS film obtained at various lateral
distances along a line through the deposition center. Dashed lines indicate the ratios of a
stoichiometric film, being CGI=Cu/(Ga+In)=1, GGI=Ga/(Ga+In)=0.3, IGI=In/(Ga+In)=0.7 and
Se/M=Se/(Cu+Ga+In)=1. The SMPLD-CIGS film is significantly Cu-deficient and Se-rich across
the surface.

SMPLD-CIGS films were systematically deposited on SLG substrates with different
numbers of pulses to identify the optimum number of pulses based on the examination of chemical,
structural and morphological properties of the films. EDS results of SMPLD-CIGS films at different
number of pulses and PLD-CIGS film with 15000 pulses are shown in Figure 7.9. For each film,
EDS measurements were obtained at several different positions and the mean compositional ratio
was calculated by taking the average value of all positions. As the figure shows, all SMPLD-CIGS
films exhibit Cu deficiency and Se excess, except the one deposited at 30000 pulses. In addition, Ga

and In concentrations slightly deviate from the stoichiometric values for the SMPLD-CIGS films
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deposited at 15000 and 30000 pulses. Above 30000 pulses, the 1GI and GGl ratios are very close to

the stoichiometric values.
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Figure 7.9 Compositional ratios of SMPLD-CIGS films with different number of pulses and PLD-
CIGS film with 15000 pulses. Dashed lines indicate the ratios of a stoichiometric film, being
CGI=Cu/(Ga+In)=1, GGI=Ga/(Ga+In)=0.3, IGI=In/(Ga+In)=0.7 and Se/M=Se/(Cu+Ga+In)=1.

Grazing incidence XRD (GIXRD) patterns of SMPLD-CIGS films deposited at different
number of pulses and the PLD-CIGS film at 15000 pulses, with 26 ranging between 10° and 90° are
shown in Figure 7.10. All films exhibit various diffraction peaks of the Culno7Gao.sSe, chalcopyrite
phase (JCPDS 35-1102), with (112) peak being the most prominent. The XRD patterns reveal the
polycrystalline nature of the films. As discussed in section 4.1.2. of Chapter 4, the (112) texture of
CIGS films is beneficial for obtaining good lattice matching with CdS layers [340]. An additional
peak at -25.6° appears on the GIXRD patterns in all deposited films and is attributed to the Cu,Se
secondary phase (JCPDS 37-1187). It is worth mentioning that the minor peak of Cu,Se phase can
only be distinguished when the GIXRD intensity data are presented in a logarithmic scale. The
appearance of the Cu,Se secondary phase in PLD-CIGS films grown at fluence of 1 J/cm? and Ar
pressure of 0.01 mbar is discussed in section 4.1.2. of Chapter 4. It is likely that similar mechanisms
are responsible for the formation of Cu,Se in the SMPLD-CIGS films since these films are also

deposited at fluence of 1 J/cm? and Ar pressure of 0.01 mbar.

As the XRD patterns show, the intensity of the diffraction peaks is higher for the SMPLD-
CIGS film of 90000 pulses and is comparable to the PLD-CIGS film at 15000 pulses. This can be

attributed to two factors: the fact that the SMPLD-CIGS film of 90000 pulses is thicker than the other
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SMPLD-CIGS films and that the longer deposition time allows for more crystallization to occur at
300°C. A systematic shift of the peaks to higher 26 values is also observed for the SMPLD-CIGS
films which indicates that the CIGS films obtained with the SMPLD method have a crystal structure
with smaller lattice parameters. This reduction in lattice parameters is most likely due to changes in

stoichiometry and/or strain effects during the deposition of the SMPLD-CIGS films.

The crystallite size for the films was calculated from the peak broadening of the (112) and
(220) diffraction peaks using the Scherrer formula. In the case of PLD-CIGS film grown with 15000
pulses, an average grain size of 17.1 nm was calculated. On the other hand, the average crystallite
size of the film deposited at 15000 pulses using the SMPLD method was 14.8 nm. This apparent
reduction in the average crystallite size is attributed to the smaller thickness of SMPLD-CIGS film.
Indeed, for the SMPLD-CIGS film deposited at 90000 pulses, the average grain size was calculated
at 16.7 nm, which is closer to the PLD-CIGS film of 15000 pulses. The increase of crystallite size
with increase in thickness has also been reported for CIGS films deposited with PLD [341].
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Figure 7.10 XRD patterns of SMPLD-CIGS films deposited on SLG substrates at different pulses
and PLD-CIGS deposited at 15000 pulses. The bottom plot shows the XRD pattern of
Culn0.7Ga0.3Se2 according to JCPDS 35-1102. A minor secondary phase of Cu,Se appears in all

films.

The surface roughness of SMPLD-CIGS films as a function of pulses, measured by AFM, is
presented in Figure 7.11a. Different areas were scanned for each film and the surface roughness was
calculated by averaging the rms roughness of each area. The surface roughness of the PLD-CIGS

film deposited at 15000 pulses is also shown in the figure. The surface roughness of SMPLD-CIGS
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films slightly increases from ~5 nm to 16 nm as the number of pulses increases from 15000 to 90000.
Similar behaviour has been observed in CIGS films deposited on SLG substrates with different
pulses, as discussed in Chapter 4. More importantly, the surface roughness of SMPLD-CIGS films
is significantly reduced by an order of magnitude compared to that of PLD-CIGS with 15000 pulses.
The 3-dimensional images obtained with AFM also demonstrate that SMPLD-CIGS film of 90000
pulses has a smoother surface with fewer and smaller particulates in comparison to PLD-CIGS film
(Figure 7.11b).
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Figure 7.11 (a) Surface roughness of SMPLD-CIGS thin films deposited on SLG substrates with
different number of pulses and a PLD-CIGS film with 15000 pulses, (b) 3-D images of PLD-CIGS
surface of 15000 pulses and SMPLD-CIGS surface of 90000 pulses. SMPLD-CIGS films have a
surface roughness that is one order of magnitude lower than that of PLD-CIGS.

The examination of chemical, structural and morphological characteristics of SMPLD-CIGS
films with different number of pulses has not revealed significant differences between the samples.
Therefore, the thickness of the films was the determinant factor for selecting the number of pulses
for the SMPLD-CIGS layer. Since the CIGS absorber layer should have a minimum thickness of
~1.5um 2, the SMPLD-CIGS film produced with the highest number of pulses (90000 pulses) has
been chosen as the most suitable. With 90000 pulses, SMPLD-CIGS film has a thickness of ~1200
nm, which is close to the thickness of PLD-CIGS film of ~1350 nm. Moreover, the SMPLD-CIGS

2 In theory, CIGS layer with thickness of 1.5 pm thick absorbs almost the entire incident light (if the energy of
photons is greater than the bandgap) due to its superior absorption coefficient of as high as 10° cm™ [21].
However, high efficiency solar cells that exhibit efficiencies over 20% require a CIGS layer of about 2um [55],

as there are various limitations that may impact the performance and properties of the CIGS layer.
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film deposited at 90000 pulses exhibits a nearly stoichiometric composition, a structure of crystalline
CulngsGag 3Se, chalcopyrite phase with a minor secondary phase of Cu,Se and a low-roughness

surface.

Figure 7.12 shows the compositional ratios of the SMPLD-CIGS film deposited at 90000
pulses at various positions from the center to the corner of the film, obtained by EDS measurements.
As the figure shows, the stoichiometric ratios of the elements are constant across the surface of the
film. The film is Cu-deficient and Se-rich and the In and Ga compositional ratios are very close to
the stoichiometric values throughout the film.
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Figure 7.12 Compositional ratios of SMPLD-CIGS film deposited at 90000 pulses obtained at
various positions from the center to the corner of the film. Dashed lines indicate the ratios of a
stoichiometric film, being CGI=Cu/(Ga+In)=1, GGI=Ga/(Ga+In)=0.3, IGI=In/(Ga+In)=0.7 and
Se/M=Se/(Cu+Ga+In)=1.

The surface roughness of SMPLD-CIGS film with 90000 pulses at various areas along a line
through the center, measured by AFM, is presented in Figure 7.13. The surface roughness of the film
increases from ~16 nm to 25 nm as the distance from the center increases. Since the center of the
film is being more effectively shielded against particulates from the cone mask, the center of the film
exhibits the lowest roughness and smoothest surface. Moving away from the center and towards the
periphery of the sample, the shielding effect of the shadow mask is reduced. Therefore, larger and
more particulates are more likely to reach the film surface. As an illustration of the above
observations, Figure 7.13 includes the 2-dimensional AFM images of the surface roughness

measurements.
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Figure 7.13 (a) Surface roughness of SMPLD-CIGS thin film deposited at 90000 pulses at various
lateral distances from the deposition center. Surface roughness increases as the distance from the
center increases. This tendency is also illustrated by the 2-D AFM images.

Dark electrical resistivity for SMPLD-CIGS film deposited at 90000 pulses was measured
at room temperature by the van der Pauw four-probe technique and was found to be in the order of
10' Q-cm (Table 7.3). In addition, the p-type conductivity of the sample has been confirmed by the
Seebeck measurement®. The main properties of SMPLD-CIGS film deposited at 90000 pulses are
listed in Table 7.3.

Surface

Thickness | Resistivity
Sample Pulses N/P type roughness
(nm) (Ohm.cm)

(nm)

SMPLD-
CIGSon 90k ~1200 1.42 x 10*
SLG

Table 7.3 Main properties of the SMPLD-CIGS film deposited at 90000 pulses.

3 More information about the Seebeck measurement can be found in [342].
149



7.3 One-step SMPLD-grown CIGS solar cells

In this section, one-step SMPLD-grown CIGS solar cells have been fabricated with low
roughness CIGS layers. Smoother CIGS surface without the presence of micron-size particulates is
expected to improve the efficiency of the SMPLD-CIGS solar cells due to the elimination of shunts
at the pn junction. The performance of SMPLD-CIGS solar cells has also been investigated as
function of CdS thickness.

7.3.1 Materials and experimental methods

SMPLD-CIGS solar cells were fabricated with the CIGS layer prepared by the SMPLD
method using the cone shaped shadow mask during the deposition. The fabrication of the solar cells
was achieved with the sequential deposition of SMPLD-CIGS, CdS, ZnO and ZnQ:Al layers on Mo-
coated SLG substrates using PLD. The SMPLD-CIGS solar cells were completed by the deposition
of an Al grid directly on the surface of ZnO:Al layer. The details of the fabrication process can be
found in section 7.1.1. The impact of thickness of CdS layer on the performance of the solar cells
was investigated by varying the number of pulses of this layer. Table 7.4 presents the main deposition
parameters for each layer used for the fabrication of the SMPLD-CIGS solar cells. Structural,
morphological, electrical characterization and performance analysis of the SMPLD-CIGS solar cells

have been carried out with the techniques described in section 7.1.1.

Deposition .
Fluence Background Pressure Thickness
Layer Temperature Pulses
(J/ecm?) gas (mbar) (nm)
(°C)
SMPLD-
300 1.0 Ar 0.01 90k ~1200
CIGS
CdS 300 11 Ar 0.01 300-800 ~110-275
ZnoO 40 1.2 0. 0.25 1500 ~80
ZnO:Al 40 1.2 O 0.25 4000 ~200

Table 7.4 PLD deposition parameters for SMPLD-CIGS, CdS, ZnO and ZnO:Al layers for the
fabrication of the SMPLD-CIGS solar cells.

7.3.2. Results and discussion

The impact of thickness of the CdS layer on the performance of the SMPLD-CIGS solar
cells was investigated by changing the number of pulses of the CdS layer. Three solar cells were
fabricated with different CdS thickness by using 300, 600 and 800 pulses for the deposition of the
CdS layer each time. The deposition parameters of the other layers (SMPLD-CIGS, ZnO, ZnO:Al)
were identical for the construction of the three solar cells. The number of pulses for the deposition

of the CIGS layer were kept constant at 90000 for all the fabricated devices with varied CdS
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thickness. The SMPLD-CIGS solar cells with varied CdS thickness will be referred as SMPLD-
CIGS/CdS-300, SMPLD-CIGS/CdS-600 and SMPLD-CIGS/CdS-800 for the remainder of this
chapter, indicating the number of pulses used for the deposition of the CdS layer (e.g., SMPLD-
CIGS/CdS-300 solar cell indicates that the CdS layer was deposited using 300 pulses and the CIGS
layer was deposited using the SMPLD method).

SEM images of the upper surface of SMPLD-CIGS/CdS-300 solar cell are displayed in
Figure 7.14, with the surface of the ZnO:Al layer and the pattern of the Al grid denoted. It is evident
that the particulates have been drastically reduced in size and density (see Figure 7.3 for comparison
with the CdS-300 solar cell). As a result of the low roughness of SMPLD-CIGS film, the upper
surface of the cell is significantly smoother, which allows the Al metal grid to be uniformly deposited
on the ZnO:Al layer.
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Figure 7.14 SEM image of (a) the upper surface of SMPLD-CIGS/CdS-300 solar cell with the
arrows indicating components of the Al metal grid and (b) the upper surface of SMPLD-CIGS/CdS-

300 solar cell in higher magnification.

The XRD patterns of the SMPLD-CIGS solar cells with varied CdS thickness have been
examined by grazing incidence (GIXRD) with 26 ranging from 10° to 90° and grazing incidence
angle fixed at 3°. The XRD pattern of the SMPLD-CIGS/CdS-300 solar cell is presented in Figure
7.15. The XRD pattern reveals that the existence of the ZnO and CdS hexagonal phase, the
chalcopyrite Culno;GaosSe, phase and the Mo phase. The identification of Mo phase in the XRD
patterns indicates that the grazing incidence angle used was such that the penetration depth of the X-
rays was reaching the Mo layer. The XRD pattern in Figure 7.15 shows that there is no evidence of
secondary phases due to the interdiffusion of the elements between ZnO, CdS and CIGS layers. A
secondary phase of Cu...Se is present in the CIGS layer, which is not a result of the interdiffusion of
the elements at the interfaces. The Al peak comes from the Al metal grid deposited at the top of the
cell. Similar conclusions are derived from the XRD patterns of the SMPLD-CIGS/CdS-600 and
SMPLD-CIGS/CdS-800 solar cells which are not shown here.
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Figure 7.15 XRD pattern of SMPLD-CIGS/CdS-300 solar cell. The bottom plots show the XRD
pattern of ZnO hexagonal phase (PDF 9004178), CdS hexagonal phase (JCPDS 96-900-8863),
Culn0.7Ga0.3Se2 (JCPDS 35-1102) and Mo (PDF 9008543). Secondary phase of Cu2Se (JCPDS
37-1187) is present in CIGS layer.

Illuminated JV measurements are shown in Figure 7.16, for the SMPLD-CIGS/CdS-300,
SMPLD-CIGS/CdS-600 and SMPLD-CIGS/CdS-800 solar cells. In addition, the light JV curve of
the CIGS solar cell with the CIGS layer deposited using conventional PLD method with 15000 pulses
and similarly for CdS with 300 pulses is also included in Figure 7.16.
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Figure 7.16 Light JV curves of SMPLD-CIGS solar cells with different CdS pulses (SMPLD-
CIGS/CdS-300, SMPLD-CIGS/CdS-600, SMPLD-CIGS/CdS-800) and PLD-CIGS solar cell.

PLD-CIGS 15k — CdS 300 0.115 0.604 0.84 27 0.025
SMPLD-CIGS 90k — CdS 300  0.407 7.81 10.85 34.2 1.098
SMPLD-CIGS 90k — CdS 600 0.385 4.88 6.78 29 0.86
SMPLD-CIGS 90k — CdS 800 0.305 5.45 7.57 30.89 0.64

Table 7.5 Electrical parameters of SMPLD-CIGS solar cells with different CdS pulses (SMPLD-
CIGS/CdS-300, SMPLD-CIGS/CdS-600, SMPLD-CIGS/CdS-800) and PLD-CIGS solar cell.

The light JV curves of the solar cells demonstrate that SMPLD-CIGS solar cells exhibit
significantly higher efficiencies and better electrical parameters compared to the PLD-CIGS solar
cell (Figure 7.16). The electrical parameters of SMPLD-CIGS solar cells and PLD-CIGS solar cell
are listed in Table 7.5. It is evident that the low roughness of the SMPLD-CIGS layer and thus, the
reduction of shunt paths, in the SMPLD-CIGS solar cells lead to better CIGS/CdS junction quality,
resulting in higher short-circuit currents, open-circuit voltages and power conversion efficiencies.
The highest efficiency (n = 1.098 %) along with the best electrical parameters are obtained for the
SMPLD-CIGS solar cell with the lowest CdS thickness, that is the SMPLD-CIGS/CdS-300 solar cell
(CdS deposited at 300 pulses, CIGS deposited with the SMPLD technique at 90000 pulses), whereas
the efficiency of SMPLD-CIGS/CdS-600 and SMPLD-CIGS/CdS-800 solar cells decreases as the
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CdS thickness increases. Reduction in efficiency with increasing CdS thickness has also been
reported in the literature [343-347].

While major improvements in efficiency have been achieved by using the SMPLD technique
to grow the CIGS layer, the SMPLD-CIGS solar cells still suffer from markedly high series and low
shunt resistances which result in low efficiencies and low values for the electrical parameters (low
Jsc, Voc and FF). The low efficiency of the SMPLD-CIGS solar cells can also be attributed to the
small thickness of the CIGS absorber layer. It has been shown that a decrease in the thickness of the
CIGS absorbing layer less than 1.5 um leads to a significant decrease in the photocurrent and
efficiency [343-349] “.

The thinner CIGS layer in the SMPLD-CIGS cells leads to reduced absorption and enhanced
interface recombination at the back contact. For thin CIGS layers (below 1500 nm), the CIGS/CdS
junction and the depletion region are located closer to the back contact. As a result, the interface
recombination of the photogenerated carriers at the back contact increases and the collection of these
carriers is limited. Thus, while the bulk recombination likely decreases in thin CIGS absorbers, it is

counteracted by the increased interface recombination at the back contact [346, 353, 354].

SMPLD-CIGS/CdS-300 solar cell exhibits the highest Jsc among the investigated SMPLD-
CIGS solar cells. The high Jsc of SMPLD-CIGS/CdS-300 solar cell can be attributed to the reduced
series resistance because of the thinner CdS layer. According to the literature, the device current is
limited by a significant series resistance caused by the resistance of bulk CdS, which increases with
thickness [355]. Thus, the Jsc of SMPLD-CIGS/CdS-600 and SMPLD-CIGS/CdS-800 cells is lower
due to the higher series resistance caused by the thicker CdS layers. Numerous studies have shown
that the Jsc of CIGS solar cells decreases with increasing CdS thickness [343, 345-347].

As observed from the JV measurement (Figure 7.16), the Voc decreases as CdS thickness
increases, with SMPLD-CIGS/CdS-300 solar cell exhibiting the highest Voc (Table 7.5). This result
is consistent with several studies showing that Voc decreases with increasing CdS thickness [343,
345, 347]. Since Voc is affected by recombination effects and shunt mechanisms, the reduction of
Voc with increasing CdS thickness can be attributed to increased recombination effects resulting

from the expected higher defect density of the thicker CdS layers. Therefore, it is suggested that

4 In principle, CIGS absorber thickness of 1-1.5 um is sufficient for complete absorption of photons with
energies larger than the absorber’s band gap. This minimum thickness value, above which CIGS solar cells
demonstrate high performance, has been determined from optical simulations and experimental investigations
[348, 350, 351]. However, in highly efficient CIGS solar cells (n > 20%), the CIGS absorber thickness is 2-3
um [e.g., 11, 352]. Studies focused on fabricating ultra-thin CIGS solar cells and investigating their
performance as a function of CIGS thickness, have resulted in moderate efficiencies [351].
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SMPLD-CIGS/CdS-600 and SMPLD-CIGS/CdS-800 solar cells exhibit lower VVoc due to the higher

recombination effects caused by higher defect densities in the thicker CdS layers.
7.4 Conclusions

PLD-grown solar cells have been fabricated through the sequential deposition of CIGS, CdS,
Zn0 and ZnO:Al layers on Mo-coated SLG substrates using the optimum deposition parameters of
each layer based on the results of the previous chapters. The impact of CdS thickness on the
performance of the solar cells was investigated and the PLD-grown solar cells with varying CdS
thicknesses have resulted to ohmic behavior or very poor performance. One of the primary reasons
identified for the poor performance of these solar cells was the low shunt resistance, which was
attributed to the shunt paths induced by the presence of micron-size particulates on the surface of the
CIGS absorber.

Therefore, to improve the performance of the cells, the SMPLD technique has been
employed using a cone shaped shadow mask during the deposition of CIGS layer to eliminate the
large particulates on the CIGS layer. SEM images at various lateral distances from the deposition
center revealed that the particulates on the SMPLD-CIGS film surface substantially decrease in

number and size as the lateral distance increases.

Next, SMPLD-CIGS films were systematically deposited on SLG substrates with different
numbers of pulses. Based on the examination of chemical, structural and morphological
characteristics, and thickness, the optimum SMPLD-CIGS film was obtained at 90000 pulses. The
SMPLD-CIGS film at 90000 pulses exhibits a nearly stoichiometric composition and a structure of
crystalline Culng7Gag 3Se, chalcopyrite phase with a minor secondary phase of Cu,Se. Furthermore,
a low-roughness surface is obtained with thickness of ~1200 nm. Particularly, the SMPLD-CIGS at
90000 pulses has a surface roughness that is one order of magnitude lower than that of PLD-CIGS.
In addition, no significant variations in chemical composition and surface roughness along the lateral

distance from the deposition center have been observed.

Finally, one-step SMPLD-grown CIGS solar cells have been fabricated with low roughness
CIGS layers using the SMPLD method. The smoother surface of CIGS absorber without the presence
of micron-size particulates has significantly improved the efficiency of the SMPLD-CIGS solar cells
due to the elimination of shunt paths. The impact of thickness of the CdS layer on the performance
of the SMPLD-CIGS solar cells was investigated and the highest efficiency of 1.098% has been
obtained for the SMPLD-CIGS solar cell with CdS layer deposited at 300 pulses. Thus, this chapter
has demonstrated the fabrication of CIGS solar cells using PLD in one growth sequence for the multi-
layer CIGS/CdS/ZnO/Al:ZnO stucture and at temperatures not exceeding 300 °C.
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Chapter 8 — Conclusions

Among the various PV technologies, thin film solar cells have attracted considerable interest
due to high potential conversion efficiencies, high radiation resistance, weight reduction, and space
savings. More specifically, Cu(In,Ga)Se, solar cells exhibit steadily increasing efficiencies,
especially during the last decade. However, the current fabrication process is time consuming and
expensive due to the multiple deposition techniques used to grow the different layers in the stack and
the high processing temperatures required. In this PhD thesis, the pulsed laser deposition technique
was utilized to simplify the fabrication process through a novel sequential the growth of the multi-
layer CIGS/CdS/ZnO/Al:ZnO stucture. A systematic investigation of the individual layers and the
interfaces of the adjacent layers has been carried out to optimize the properties of the multi-layer
structure and ultimately the PLD-grown solar cells. The main findings of each chapter are described

in the following sections.
8.1 Optimization of the CIGS layer on SLG

A systematic investigation of laser fluence, background gas and substrate temperature was
performed to understand the influence of these process parameters on various properties of CIGS
thin films grown by PLD on soda-lime glass substrates. Secondary PLD deposition parameters, such
as number of pulses, repetition rate, distance between target and substrate and the type of substrate,
were also investigated. The main results of the parametric investigations for the optimization of CIGS

layer on SLG are presented here and more details can be found in Chapter 4, section 4.1.

The results of the systematic investigation of the fluence on the growth of CIGS thin films
revealed the existence of a threshold fluence value of 0.8 J/cm? above which stoichiometric films
Culn;xGaxSe; (x-0.26) are obtained. Additionally, a minor secondary phase of Cu.Se appears at
fluences equal or higher than 0.8 J/cm?. Hence, a fluence of 1 J/cm? is deduced to be the most
appropriate for the growth of CIGS thin films, because stoichiometric films are obtained having an
intermediate roughness of -80 nm. The high deposition rates of PLD allows the fast deposition of
stoichiometric CIGS films with a thickness of -800 nm in only 10 minutes, without the need of

selenization after the deposition.

The systematic investigation of the effect of background pressure on the growth of CIGS
thin films revealed a threshold Ar pressure of 0.01 mbar in obtaining stoichiometric Culni.,GaxSe;
films (x-0.26). In addition, a minor secondary phase of Cu,Se appears in all films. Hence, Ar pressure
of 0.01 mbar is deduced as the most appropriate for the growth of CIGS thin films, because

stoichiometric films can be obtained having an intermediate roughness of - 90 nm.
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The systematic investigation of the effect of deposition temperature on the growth of CIGS
thin films revealed that high quality films are obtained at higher temperatures. All films are nearly
stoichiometric (Culni«GaxSe; with x-0.26) independently of the deposition temperature. As the
deposition temperature increases, the CuxSe secondary phase gradually fades, the electrical
resistivity slightly increases from ~0.2 to ~0.5 Ohm.cm and the carrier concentration slightly
decreases from ~4x10'° to ~7x10 cm3, the hole mobility increases from ~0.8 to ~2 cm?V!s? and

the energy gap increases from ~1.16 to ~1.21 eV.

In conclusion, stoichiometric films with a minor Cu,.xSe secondary phase, moderate surface
roughness, high absorption coefficient (>10* cm™) and high lifetime of the minority carriers (~50ns)
are obtained at deposition temperatures 300 - 500 °C, fluence of 1 J/cm? and Ar pressure of 0.01

mbar.
8.2 Optimization of the CIGS/Mo/SLG multi-layer structure

The impact of deposition temperature of CIGS on Mo-coated SLG substrates has been
investigated by fabricating the CIGS/Mo/SLG structures at deposition temperatures of 300, 400 and
500°C. The main results for the optimization of CIGS layer on Mo/SLG are presented here and more

details can be found in Chapter 4, section 4.2.

CIGS layers on Mo/SLG were nearly stoichiometric and independent from the deposition
temperature. The XRD patterns of CIGS/Mo/SLG structures were identified by the CIGS
chalcopyrite phase, the Mo phase and a weak peak of Cu,Se secondary phase in CIGS layers. There
was no evidence of MoSe; phase at the interface for none of the deposition temperatures. The
adhesion tests of CIGS/Mo/SLG structures revealed that the adhesion between CIGS, Mo and SLG
was superior for the samples of which CIGS was grown at 300 and 400°C. On the contrary,
delamination occurred for the samples grown at 500°C. HRTEM image of CIGS/Mo/SLG structure
with the CIGS layer deposited at 300°C revealed a generally smooth interfacial region between Mo
and CIGS, with both layers in columnar growth. There was no indication for a MoSe; distinct phase
formation in CIGS layer, even though a small amount of residual Mo inside the CIGS layer is
identified. A small percentage of small Cu..xSe crystallites were detected by means of HRTEM in
the CIGS layer. The linearity of the IV curve of CIGS/Mo/SLG structure with the CIGS layer

deposited at 300°C indicates the formation of an ohmic contact at CIGS/Mo interface.

The overall assessment of compositional, structural, morphological and electrical properties
of the investigated CIGS films grown on Mo-coated SLG substrates indicates that the best properties
of CIGS layer and the CIGS/Mo interface are obtained at the CIGS deposition temperature of 300°C.
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8.3 Optimization of the CdS layer on SLG

Polycrystalline CdS thin films have been deposited on bare SLG substrates using PLD under
various growth conditions. A systematic investigation of laser fluence and deposition temperature
has been performed and the films were examined through structural, chemical, and optical
characterization. The main results are presented here, and more details can be found in Chapter 5,

section 5.1.

The systematic investigation of the impact of fluence on the properties of CdS films revealed
that polycrystalline CdS films with hexagonal lattice without the presence of secondary phase are
grown at all fluences. Stoichiometric CdS films with high crystallinity are obtained at fluence of 1.1

Jiem?.

The systematic investigation of the impact of deposition temperature on the properties of
CdSs films revealed that polycrystalline and stoichiometric films with relatively large crystallites are
obtained at deposition temperatures of 200 — 400°C. The band gap energy of the films is red shifted
from 2.55 to 2.49 eV as the substrate temperature increases from 100 to 400°C. The PL lifetimes of
the PLD-grown CdS films were estimated to be in the range of ~4 to 6 ns, which are longer compared

to CdS films fabricated by other deposition techniques.

In conclusion, highly crystalline, single phase, stoichiometric CdS films are obtained at a
fluence of 1.1 J/cm? and at deposition temperatures of 200 — 400°C.

8.4 Optimization of the CdS/CIGS/Mo/SLG multi-layer structure

CdS/CIGS heterojunctions have been grown using PLD in a sequential deposition of CIGS
and CdS layers on Mo-coated SLG substrates. A parametric investigation of CdS deposition
temperature has been conducted for the fabrication of CdS/CIGS/Mo/SLG structures, with CdS
deposition temperature varying from 20 to 400°C. The main results are presented here, and more

details can be found in Chapter 5, section 5.2.

The CdS films are sulfur-poor and become stoichiometric as the deposition temperature of
CdS reaches at 300°C. An abrupt decrease of S/Cd is observed at 400°C, where the CdS films become
sulfur-deficient again. In addition, at the CdS deposition temperature of 400°C, a secondary phase of
CulnS; phase is formed at the CdS/CIGS interface, most likely due to the interdiffusion of the
elements between CIGS and CdS layer. The cross-section SEM image of the CdS/CIGS/Mo/SLG
structure, with CdS layer grown at 300°C, revealed that the Mo and CIGS layers are readily observed,

exhibiting sharp interfaces, while the layer of CdS is less clearly resolved.

The dark IV curves for the samples grown at a CdS deposition temperature from room
temperature up to 400°C revealed the diode-like behavior of the CdS/CIGS junction. As the

deposition temperature of CdS increases from room temperature up to 400°C, the knee voltage of the
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IV curve decreases, indicating a decrease of the spike-like potential barrier at CdS/CIGS interface.
Low series and high shunt resistances are obtained for the samples where CdS is grown at 200 and
300°C. In addition, the CdS/CIGS diode grown at CdS deposition temperature of 300°C exhibits the
lowest ideality factor, which is close to 2, indicating the better quality of the diode with less non-

idealities.

In conclusion, the best quality CdS/CIGS diodes have been grown at CdS deposition
temperatures of 200 and 300°C, exhibiting low ideality factor, low leakage current, low series and
high shunt resistances.

8.5 Optimization of the ZnO layer on SLG

The impact of fluence and deposition temperature on the properties of ZnO films grown on
SLG substrates by PLD has been investigated through structural, chemical, and optical
characterization. The main results are presented here, and more details can be found in Chapter 6,

section 6.1.

The systematic investigation of the impact of fluence on the properties of ZnO films revealed
that polycrystalline ZnO films with hexagonal lattice without the presence of secondary phase are
obtained, independently of laser fluence. The crystallinity of the films is high for the films deposited
at 1.0, 1.2 and 1.4 J/cm? and decreases for the film grown at 1.6 J/cm?. At fluences of 1.4 and 1.6
Jiem?, the films are subjected to sputtering of the surface, which is counteracting during the
deposition and the thickness of the films decreases. The low values of surface roughness, that are
slightly increased from 18 to 28 nm with increasing fluence, indicate the high smoothness of ZnO
films obtained by PLD.

The systematic investigation of the impact of deposition temperature on the properties of
ZnO films revealed the polycrystalline nature of ZnO films with hexagonal structure and no
secondary phase, independently of deposition temperature. The crystallite size of the films increases
as the deposition temperature increases from room temperature up to 200°C and then decreases at
300°C due to the presence of oxygen vacancies in the film. High transparency with transmissivity
over than 80% in the visible spectral region is observed in all ZnO films. The energy gap of the films
appears to gradually blue shift by as much as 30 meV as deposition temperature drops from to 300°C
to 25°C.

In conclusion, polycrystalline ZnO films with relatively large crystallites and low roughness
without the occurrence of sputtering at the film’s surface are obtained at fluence of 1.0 and 1.2 J/cm?,
In addition, the films grown at 200°C present high crystallinity and high transmittance which are the

desirable properties for the ZnO layer in the photovoltaic device.
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8.6 Optimization of the ZnO/CdS/CIGS/Mo/SLG multi-layer structure

A sequential deposition of CIGS, CdS and ZnO layers on Mo-coated SLG substrates was
carried out using PLD for the fabrication of ZnO/CdS/CIGS/Mo/SLG structures. A parametric
investigation of ZnO deposition temperature has been conducted for the fabrication of
Zn0O/CdS/CIGS/Mo/SLG structures, with ZnO deposition temperature varying from 50 to 300°C.
The properties of ZnO/CdS/CIGS/Mo/SLG structure grown by PLD has been investigated through
structural and electrical characterization. The main results are presented here, and more details can

be found in Chapter 6, section 6.2.

The XRD patterns reveal that the existence of the ZnO and CdS hexagonal phase, the
chalcopyrite CulngsGag3Se, phase and the Mo phase with no evidence of secondary phases due to
the interdiffusion of the elements between ZnO, CdS and CIGS layers. The ZnO/CdS/CIGS/Mo
structures in which the ZnO layer has been deposited at 300, 200 and 100°C, respectively, exhibit
ohmic behavior. A rectifying diode-like behavior is identified only for the structure in which ZnO
layer has been deposited at 50°C. A noticeable reduction of the calculated shunt resistance is observed
for the ZnO/CdS/CIGS/Mo structure compared to the value obtained for the CdS/CIGS/Mo structure.
Therefore, the optimum temperature of depositing the ZnO layer on CdS/CIGS/Mo/SLG structure is
at 50°C.

8.7 Optimization of the ZnO:Al layer on SLG

Al-doped ZnO (ZnO:Al) films were deposited on SLG substrates by PLD using a
polycrystalline ZnO:Al (2 wt% Al doping) target. The deposition of ZnO:Al was carried out using
the optimum parameters identified by the optimization of ZnO films. Therefore, the ZnO:Al films
were deposited at room temperature and at fluence of 1.2 J/cm?. The structural, morphological,
optical and electrical properties of the PLD-grown ZnO:Al films on SLG substrates have been
investigated and the main results are presented here. More details can be found in Chapter 6, section
6.3.

The XRD pattern reveals the absence of any secondary phase and indicates the incorporation
Al ions in the lattice of ZnO crystal. The low value of the measured roughness indicates the high
smoothness of ZnO:Al film. The band gap energy of the doped ZnO:Al is calculated at 3.36 eV and
to blue shift by as much as 30 meV compared to the ZnO film deposited at 25°C. In addition, high
transparency with transmissivity over than 80% in the visible spectral region is observed for the

ZnO:Al films. The n-type conductivity of the ZnO:Al film is verified from the Hall measurement.
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8.8 Optimization of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG multi-layer

structure

A sequential deposition of CIGS, CdS, ZnO and ZnO:Al layers on Mo-coated SLG substrates
was carried out using PLD for the fabrication of ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structures. A
parametric investigation of ZnO deposition temperature has been conducted for the fabrication of
ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structures, with ZnO:Al deposition temperature varying from 40
to 300°C. The properties of ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structure grown by PLD has been
investigated through structural and electrical characterization. The main results are presented here,
and more details can be found in Chapter 6, section 6.4.

Zn0:Al deposition temperature has a major impact on the structural and electrical properties
of the ZnO:Al/ZnO/CdS/CIGS/Mo device. The XRD patterns reveal the existence of the ZnO and
CdS hexagonal phase, the chalcopyrite Culng;GagsSe; phase and the Mo phase. The CulnS;
secondary phase is identified in the XRD patterns obtained for the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG
structures with ZnO:Al layer deposited at 100, 200 and 300°C. The CulnS; is a result of the
interdiffusion of the elements at the CdS/CIGS interface which takes place while reheating the
sample from 40°C to 100, 200 or 300°C to proceed from the deposition of ZnO layer to ZnO:Al layer.
There is no evidence of secondary phases due to the interdiffusion of the elements between the ZnQO,
CdS and CIGS layers for the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG structure with ZnO:Al layer
deposited at 40°C.

A rectifying diode-like behavior is identified only for the device in which ZnO:Al layer has
been deposited at 40°C, while ohmic behavior is observed for the ZnO:Al/ZnO/CdS/CIGS/Mo
devices of which ZnO:Al is deposited at high deposition temperatures (100°C and higher). The diode-
like behaviour of ZnO:Al(40°C)/ZnO/CdS/CIGS/Mo device corroborates with the clear XRD pattern
in which there is no evidence of secondary phases due to the interdiffusion of the elements between
Zn0:Al, Zn0O, CdS and CIGS layers.

Moreover, the adhesion test of ZnO:Al(40°C)/ZnO/CdS/CIGS/Mo device demonstrated the
superior adhesion between the layers and the substrate. Thus, the optimum temperature of depositing
the ZnO:Al layer on ZnO/CdS/CIGS/Mo/SLG structure is at 40°C.

The interfacial characterization of the ZnO:Al/ZnO/CdS/CIGS/Mo/SLG with CIGS and
CdS layers deposited at 300°C and ZnO and ZnO:Al layers deposited at 40°C, revealing that the
CIGS/CdS and CdS/ZnO interfaces are generally smooth with the CdS/CIGS interface more abrupt
and smoother compared to the ZnO/CdS one. The chemical analysis in the CIGS/CdS interfacial
region revealed the existence of small quantities of Cu and In inside the CdS layer, however the
HRTEM analysis on small crystallites has confirmed the absence of the potential discrete formation

of additional phases. In addition, possible Cd or S atoms diffusion inside CIGS has been indicated.
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Regarding the ZnO/CdS interface, there is no indication of extended inter-diffusion of either Zn or
O inside the CdS layer. The ZnO:Al — intrinsic ZnO layer exhibits polycrystalline morphology,
consisting of numerous crystallites in random orientation. The Al doping was also confirmed in the

upper part of the ZnO:Al layer grown on top of the multi-structure.

8.9 Fabrication and optimization of CIGS-based solar cells

The fabrication of the CIGS solar cells was carried out through a sequential deposition of
CIGS, CdS, ZnO and ZnO:Al layers on Mo-coated SLG substrates using PLD. The deposition
parameters for each layer were selected from the previous investigations of each layer and the
adjacent interfaces. After the sequential deposition of CIGS, CdS, ZnO and ZnO:Al layers, the
fabrication of the devices was completed by the deposition of Al grid on the surface of ZnO:Al layer.
The impact of thickness of CdS layer on the performance of the PLD-grown CIGS solar cells was
investigated through structural, morphological, electrical and performance characterization.
Moreover, the optimization of the efficiency of the solar cells was achieved by using the SMPLD
technique which involved the application of a cone shaped shadow mask during the deposition of

CIGS layer. The main results are presented here, and more details can be found in Chapter 7.

The PLD-grown solar cells with varying CdS thicknesses have resulted to ohmic behaviour
or very poor performance. Low shunt resistance was identified as one of the primary reasons for the
poor performance of these solar cells due to micron-sized particulates on the surface of the CIGS
absorber.

In order to improve the performance of the cells, the SMPLD technique has been utilised to
eliminate the large particulates on the CIGS layer by using a cone shaped shadow mask during the
CIGS layer deposition. An initial SEM study revealed that the particulates on the SMPLD-CIGS

surface substantially decrease in number and size along the distance from the centre of the cone.

Next, SMPLD-CIGS films were systematically deposited on SLG substrates with different
numbers of pulses. Chemical, structural, morphological and thickness characterisation revealed that
the optimum SMPLD-CIGS film was obtained at 90000 pulses. The SMPLD-CIGS film deposited
at 90000 pulses exhibits a nearly stoichiometric composition and a structure of crystalline
CulngsGap sSe, chalcopyrite phase with a minor secondary phase of Cu,Se. Furthermore, a low-
roughness film is obtained with thickness of ~400 nm. Specifically, SMPLD-CIGS deposited at
90000 pulses exhibits a surface roughness that is one order of magnitude lower than PLD-CIGS. In
addition, the characterisation along the distance from the centre of the SMPLD-CIGS with 90000
pulses revealed that there are no significant variations in chemical composition and surface

roughness. However, variations of thickness and energy gap were observed across the lateral.

Finally, SMPLD-CIGS solar cells have been fabricated with low roughness CIGS layers
using the SMPLD method. SMPLD-CIGS solar cells achieved greater efficiencies through the
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elimination of shunts due to the smoother surface of CIGS absorber without micron-sized particles.
An investigation of the effect of CdS thickness on the efficiency of the SMPLD-CIGS solar cells
showed that the SMPLD-CIGS solar cell with CdS layer deposited at 300 pulses produced the highest
efficiency of 1.098%.

This work has demonstrated the innovative fabrication of CIGS solar cells using PLD for the
sequential growth of the multi-layer CIGS/CdS/ZnO/Al:ZnO stucture and at temperatures not
exceeding 300 °C. Despite the low efficiencies of SMPLD-CIGS solar cells, this PhD thesis lays the
foundations and provides the framework for fabricating CIGS solar cells using the PLD technology.
The performance of CIGS solar cells can be further optimized in several ways, which will be
discussed in Chapter 9 as future work.
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Chapter 9 — Future work

As discussed in Chapter 7, CIGS solar cells constructed with the optimum deposition
parameters of each layer based on the results of the previous chapters and with varying CdsS thickness
have resulted to ohmic behaviour or very poor performance (0.025%). Two primary factors were
identified for causing large losses in the devices: the excessively large series resistance and the
significantly low shunt resistance. In order to increase the shunt resistance of the devices, the SMPLD
technique was utilised to eliminate the large particulates on the CIGS layer and the efficiency of the
solar cells increased from 0.025% to 1.098%.

The excessive high values of the series resistance in the cells partly derive from the resistance
of the individual layers. Therefore, reduction of the resistance of each layer can lead to the reduction
of the device series resistance. For example, investigation of PLD conditions such as oxygen pressure
and pulses of deposition can lead to further optimization of ZnO layers with lower series resistance,

which in turn will improve the performance of the cells.

Moreover, the performance of the PLD-grown CIGS solar cells can be improved through
several approaches and here we propose the following:

¢ An antireflective (AR) coating is required to reduce reflection losses and thus improve the
efficiency of the devices. The most widely used material as AR coating in CIGS solar cells
is magnesium fluoride (MgF.). MgF, has two important characteristics: low refractive index
and the ability of forming high quality films [356]. The thickness of the AR coating is the
key feature that must be optimized to optically enhance the performance of the device.
Modelling together with experimental results can be jointly used to investigate the effect of
the AR coating thickness to the performance of the cell.

o While SMPLD technique succeeded in producing low roughness CIGS layer without the
presence of micron-size particles, obtaining larger thicknesses proved challenging due to the
shadowing effect. Thus, producing a CIGS layer with thickness close to the required one
(~2um) while retaining a low surface roughness without the formation of particulates using
the PLD method can be achieved through the use of ultrafast lasers. New insights and
promising results in obtaining atomically smooth surfaces by using ultrafast lasers with high
repetition rates [357, 358] suggest that thicker PLD-grown CIGS layers with low surface
roughness might be possible with ultrafast lasers. Ultrafast lasers can be also explored for
the deposition of the other layers for further optimization of their properties.

e The elimination of variations across the layers can be achieved with the rotation of the
substrate. Rotation of the substrate during the sequential deposition of the CIGS, CdS, ZnO

and Al:ZnO layers can produce uniform layers without inhomogeneities. Therefore,
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consistent layering between the films and sharper interfaces in the multi-layer structure can
be successfully achieved.

Reduction of shunt currents at the edges of the photovoltaic devices using the edge isolation
process. The edge isolation process involves the electrical isolation of the front contact from
the rear contact. This is achieved through the construction of an isolation channel using high
repetition rate lasers with short pulse duration for the ablation of all layers down to the
substrate [359-361].
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Appendix A - Optimization of the pattern of the Al grid

The design of the pattern for the Al grid has been determined considering the several power-
loss mechanisms associated with the metallic grid aiming for the optimum collection of the
photogenerated carriers. A typical CIGS solar cell is completed with the deposition of Ni/Al grid
which consists of 100 nm Ni and several micrometres Al [2]. However, the deposition of the Ni layer

was omitted for the simplicity of the fabrication, as it had no effect on the performance of the devices.

The calculations were based on a simple design with symmetric square scheme consisting of
three elements: one central pad, one central busbar and the fingers (Figure A.1). All the elements are
interconnected. Busbars are areas with relatively larger width, where fingers are finer elements that
spread on the cell surface to collect and deliver the carriers to the busbar [362]. The busbar is

connected to the central pad which is directly connected with to the external contacts of the circuit.

A=7mm

busbar
width Ws

Figure A.1 Schematic representation of the design of the metallic grid illustrating the three

components (central pad, central busbar, and fingers) and the parameters A, B, S, Wr and We.

The optimization of the design was implemented by taking into account the several
mechanisms that hinder the collection of the carriers and contribute to the power losses. These power-

loss mechanisms are the following:

o Lateral current flow on the top layer of the cell, that is the ZnO:Al layer
e Shadowing by the busbars and fingers

e Series resistance of the metal lines (fingers and busbar)
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o Contact resistance between the metal lines (fingers and busbar) and the upper surface
of the cell (ZnO:Al).

The symmetric scheme of the metallic grid can be broken down into unit cells with
dimensions A and B, as shown in Figure A.1. The maximum power output of the unit cell is given
by ABJmpVimp, Where AB is the area of the unit cell and /,,,,, and V;,,,, are the current density and

voltage at the maximum power point, respectively.

The fractional resistive power losses in the fingers and busbars, normalized to the maximum

output of the unit cell, are given by the equations A.1 and A.2 [363] respectively:

Prp = Eszsmfﬁpw_p’ Equation A.1
1 Jmp B i
Drp = EAzpsmbKZW_B' Equation A.2

where, psn, s and psp,p, are the sheet resistivities of the contact metals used for the fingers and busbar,
Wy and Wy are the width of the fingers and busbar, and S is the pitch of the fingers as indicated in

Figure A.1. The value of m is equal to 3 if the respective element has uniform width and equal to 4
if the respective element has linearly tapered width.

The fractional power losses due to shadowing by the fingers and busbar are given by the

equations A.3 and A.4, respectively:

Dsf = % Equation A.3

Psp = %, Equation A.4.

The fingers are significantly contributing to the contact resistance losses due to their very
narrow width and large number, compared to the width of the only one busbar. Therefore, neglecting
the contact losses in the busbar, the fractional power loss due to the contact resistance of the fingers

is given by equation A.5 as a general approximation:

Jmp S .
Pef = Pef ﬁw_p Equation A.5

where, p.r is the specific contact resistance of the fingers with the upper surface of the cell.

Finally, the loss mechanism related to the lateral current flow on the upper layer of the cell

is given in normalized form by equation A.6:

Ps ]m .
Pul = 1—2’%52, Equation A.6

where, p; is the sheet resistivity of the upper layer of the cell.
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The total losses related to the busbar are given by the sum of equations A.2 and A.4. The
optimum width of the busbar, Wg, can be found by minimising the total losses. Therefore, the

optimum W5 is derived by setting the differential of the total losses with respect to Wy equal to zero

[363]:
Wy = AB /m]’”—”, Equation A.7.
m Vmp

A similar approach can be followed to calculate the optimum spacing S and width W} of the fingers.
When the spacing between the fingers is very small (§S—0), the lateral losses in the upper layers
become negligible. Therefore, the total losses related to the fingers are given by the sum of equations
A.l1, A3, A5 and the optimum ratio W /S is derived by setting the differential of the total losses
with respect to Wr /S equal to zero:

w + m] .
ZF B Mﬂ, Equa“on A.8.
S mB Vinp

In practice, limitations are placed by the technologies used for the fabrication of the metallic
grid, therefore it is not possible to obtain the optimum Wy /S by equation A.8. In this case, the
optimum finger design can be achieved by considering the technological limitations for W and
calculating the optimum value of S corresponding to Wy by a simple iterative process. The optimum
value of S can be calculated by successive approximations using equation A.9:

s = S GPs7PrPer) Equation A.9.
2(psf+pul)

The starting trial value of S’ is calculated by Equation A.8, where W is defined by the limitations
of the technology used for the fabrication of the grid. The fractional power losses p,¢, psf, pcr and
py are calculated by equations A.1, A.3, A.5 and A.6, respectively, for the corresponding S'value.
The value of S"is then calculated by equation A.9 and acts as the new S'for the next trial. In each
trial, the new fractional power losses p,f, psf, pcr and py,; are calculated for the corresponding
S'value. The iteration process will quickly converge to a constant value corresponding to the

optimum value of S for the specific Wp.

Equation A.9 is derived by differentiating the total power losses related to the fingers
Drf + Dsf + Do + Dy With respect to S and setting the derivative equal to zero. As a result, a
nonlinear equation is obtained for the optimum value of S which minimize the losses. The optimum
S is then found by using the Newtonian iteration scheme [364] for finding the roots of a nonlinear
equation. It should be noted that the equations described in this appendix are based on certain
approximations regarding the magnitude of resistive voltage drop, the direction of current flow and

the size of the normalized power losses [365].
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The optimum width of the busbar was calculated by equation A.7 using the values presented
in Table A.l. The value of Al resistivity was found in the literature [366] and the Al sheet resistivity
was calculated using the thickness t of the grid, as shown in the table. In addition, the J,,,, and V;,,,,
were extracted from the IV curve of the CIGS solar cell with efficiency up to 22.6% [11]. The Wj
calculated from equation A.7 is equal to 50 um and corresponds to the width of the busbar in the unit
cell which is the half width of the grid’s busbar. Therefore, the optimum width of the busbar for the
grid is 100 um.

The width of the fingers W was chosen to be 10 um and 20 um, based on the technological
limitations (e.g., photolithography). The optimum spacing S for the fingers, corresponding to each
W, was calculated by equation A.9 through the iteration process described above. Table A.1 shows
the values of the individual parameters used for the calculation of the power losses that are involved
in equation A.9. The values of the specific contact resistance of Al contact to ZnO:Al [367] and ZnO
[368] films was found from the literature and varied from 10to 10 Ohm.cm?, as shown in the table.
However, the value of the specific contact resistance ranging between 10*to 10° Ohm.cm? had
negligible change on the result of the iteration process. The sheet resistance of the upper layer of the
cell, that is ZnO:Al, was taken from the VDP measurement performed at room temperature (section
6.3). The optimum spacing S calculated from the iteration process is presented in Table A.1 for the
corresponding width of the fingers Wy. The optimum spacing of the fingers S was calculated at 240

um for Wy at 10 um and at 304 um for Wy at 20 um.

A 7 mm

B 3.5 mm

m 3

t 1pum
Pai 2.65 x 10 Ohm.cm [366]

Poms = Psmp = % 2.65 x 10 Ohm.cm Wy = 50 um Wy = 50 um

T 29.4 mA/em? [11] S =240 pm S =304 um
Vinp 628 mV [11]

Pcf = Palon zno:al Alon ZnO: 2.5 x 10°
Ohm.cm? [368]

Al on ZnO:Al: 8 x 10*
Ohm.cm? [367]
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Pst = PZno:Al 9x10® Ohm/o (measured
by VDP, section 6.3)

Table A.1 Values of the parameters used in the equations for the calculation of the optimum grid

features and the optimum calculated features of the unit cell for finger width of 10 um and 20 pum.

Two designs were used to fabricate the shadow masks, based on the results of the calculation

for the optimum grid features. The general design of the shadow masks is presented in Figure A.1

and the optimum features of the patterns are shown in Table A.2. The pad was included in the design

so that the performance characterization (illuminated 1V) would be feasible using the existing

equipment to apply the external contacts.

We (um) W (um) S (mm)
100 10 0.25
We (um) W (um) S (mm)
100 20 0.3

Table A.2 The optimum features of the designs used for the fabrication of the shadow masks.
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Appendix B — Investigation of the geometrical
parameters of the conical shadow masks

In this work, the SMPLD method was applied for the elimination of particulates during the
deposition of CIGS layer. The shadow masks were designed to be conical in order to provide a
tapered masking effect which helps reduce the bounce-back effect of plume constituents observed
when using flat-plate masks [338]. Therefore, various conical shadow masks with different
geometrical parameters were tested for the deposition of SMPLD-CIGS films in order to determine
the optimized SMPLD configuration based on the surface roughness of these films. The various
SMPLD setups are illustrated in Figure B.1.

Substrate e————

PLD Setup 1 2 3 4 P
Cone Type A A - C 1
Diameter [mm] 15 15 15 11
Height [mm] 25 25 7.5 7.5
Placement [cm] 1.5 2.0 2.0 2.0

Figure B.1 Geometrical parameters and schematic representation of the various conical shadow
masks used during the deposition of SMPLD-CIGS films.
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Figure B.2 Surface roughness of SMPLD-CIGS films with different number of pulses using different
SMPLD setups.

SMPLD-CIGS films with different number of pulses were deposited using the four SMPLD
setups displayed in Figure B.1. The surface roughness of the films was measured by AFM and is
shown in Figure B.2. The roughness of the films increases as the number of pulses increases for the
four SMPLD setups and the smoothest SMPLD-CIGS films are obtained with Setup 3 and 4 which
correspond to the smaller conical masks. Since Setup 3 and 4 resulted in similar surface roughness,
the choice was made according to the thickness of the SMPLD-CIGS layers deposited at 90000
pulses with these two setups. SMPLD-CIGS film deposited at 90000 pulses with Setup 4 was thicker
than the corresponding SMPLD-CIGS film of Setup 3. According to these results, Setup 4 was
identified as the optimum for the deposition of the CIGS layer. Thus, the diameter, height, and
placement of the conical shadow mask were determined at 11 mm, 7.5 mm, and 2 mm, respectively.
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