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Abstract

Flexible thin-film photovoltaic (PV) modules based on copper indium gallium selenide
(CIGS) materials arene ofthe most recendevelopmertin the renewable energy field, and

the latest films have efficiencies at or beyond the level tfaSed rigid PV module§Vhilst
thesefilms offer significant advantages in terms of mass and the possibilibuitding-
integrated photovoltai¢BIPV) applicatiors, they are at present highly susceptible to long
term environmental degradation as a result of water vapour transmission through the
protective encapsulation layer to the active (absorber) layer. To maintain the PV module
flexibility and to reduceor eliminatethe water vapoupermeability the PV encapsulation
includes a barrier layer of amorphous aluminium oxide@4§l materialof a fewnanometres
thicknessdeposited on a planarisgmblyethylene naphthalate (PENubstrate The highly
conformal barrier layer of the ADs is produced by atomic layer deposition (ALD) method
usingroll-to-roll (R2R) technologyNevertheless, water vapopermeations still facilitated

by the presence of micro and nastale defects generated during deposition processes of

the barrier material, which results in decreased cell efficiency and reduced unit longevity.

The state of the arusface metrologyechnologiesncluding: optical microscopy, white light
scanning interferometry (WLSI), atomic feranicroscopy (AFM) and scanning electron
microscopy (SEM) were extensivelyleployed in this project as offline surface
characterisation methodse characterise the water vapour baritegyer defects which are
postulated to be directlyesponsible for thavater vapouringress Areal surface texture
parameters analysis based on wolf prunarg@a pruning@ndsegmentation analysis mettsod
as defined in ISO 251738, allow the efficient separation of small insignificant defects from
significant defectsThe presence of both largand smalldefectsis then correlated witithe
barrier films functionalityas measured on typical sets 06®@d ALD films using a standard
MOCON® (quantitative gas permeatiotdst. The investigation results of thtial analysis
finishes by drawing conclusions based on the analydiseofvater vapour transmission rate
(WVTR), defects size, density and distribution, where tasfirmedthat small numbers of
large defectshave more influence on the deterioration of the barriersffinmctionality than
large numbers of smatlefects This resultwas therused to provide the basis for developing
aroll-to-roll in process metrology devider quality control of flexible P\barrier films.

Furthermore, a theoretical model approach was dpeel in this thesibased on the water
vapour diffusion theoryo determine the cubff level between large significant defects and
small insignificant defectsThe results of the modelould seem to reveal that, order to
build up in processnoncontact optical defect detection systeior R2R barrier filmsthe
critical spatial resolution requireidr defect detectiomeed not be less than 3 um laterally
and 3Sgnm (Sg=root mean square surface roughness deviaifonondefective sample
area) per fia of view (FOV)vertically. Any defect that hadimensiondess than thiappears
to have a significantly lower effect on the PV barrier propedresfunctionality

In this study, thesurface topographwnalysis results and the theoretical model approach
outcomes, botlprovide the basis for developirgR2Rin process metrology devider PV
barrier films defect detectio&kventually the workin this thesis reposton the deployment of
new (novel) inline interferometric optical sensorased on waveletly scanning
interferometry (WSIl)designed to measure and catalogueRKebarrier filmsdefect where
they are present. The sensors have 4miknvironmental vibration compensation and are
being deployed on a demonstrator systemR2R production facity in the UK.
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CHAPTER 1

1. Introduction

1.1 Overview

Conventional energy sources based on oil, coal, and natural gas have proven to be highly
effective driversof economic growth. However, they are simultaneously detrimental to the
environment and human healthkella, Saini, & Sharma, 2009and hence there is a need to
reduce fossil fuel usage to ease the subsequehtems of global warming, climate change

and air pollution resulting from CCmissions. Thereforending access to alternative clean,
efficient, reliable and renewable sources of energy with low or even no emissions that are
environmental friendlyhasattracted increasingesearchnterestover time Oneof the most
promisingattemptsis the application ophotovoltaictechnologyto utilise the huge amounts

of energy that the earth receives every second from the sun.

The most common types of photovidtgdPV) cells LQ W R G D\ | afe falyiGaxew thobh\
either crystalline silicon or thi#ilm materials(P. F. Carcia, R. S. McLean, & S. Hegedus,
2010. The rigid construction of Si PV mates hampers their economic integration into
residential and commercial buildings; however, thin film PV technologies may prove to be
most gpropriate with respect to cogtase of manufactur@nd installation/Ahmad, 1995,

and they arecurrently being considered for large scale power plants as well as building
integratedphotovoltaic (BIPV)applications(James, Goodrich, Woodhouse, Margolis, &
Ong, 201). ThesePV modulesare based on the matd copper indium gallium selenide

CulnixGaSe (CIGS) as the absorber -{ppe) layer and they are at present the most
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efficient cells at or beyond the level of Si based rigid solar modigesson & Urbaniak,

2005. These flexible devices are fabricateal olymer films(substrateshpy the repeated
deposition, and patterning of thin layer materials usingtoatbll (R2R) technology(Yulia

& Ronn, 2012, where the whole film is approximately 3P WKLFN SULRU WR
encapsulation(Bartholomeusz & Bartholomeusz, 2QMhile this technology offers
significant advantages in terms of ssaand the possibility of BIPV applicatioiiBahaj,

James, & Jentsch, 2007%hey are at present highly susceptible to long term environmental
degradation as a result of wat@pourtransmission through ¢hbarrier(protective)layers to

the active (absorber) CIGS lay@d. Kim et al., 201} thereby redcing cell efficiency,

longevity andcausingultimately failure(Grover, Srivastava, Rana, Mehta, & Kamalasanan,

2011).

The basic methodology to prevent the watapour permeability and to maintain the PV
module flexibility, is to combine an oxide barrier layer (e.g. Al©oating with suitable
polymer substratesas a base materi@Hirvikorpi, 2011). The highly conformal oxide layer
(AlOy) is produced by atomic layer deposition (ALDjethod (M. D. Groner, George,
McLean, & Carcia, 2006 where the surface of the substrate film (usually polyethylene
naphthalate) must be of very high qualjte. smooth) In order to achieve high quality, the
substrate film is further planarisddr smoothness and spike removalrposesprior to
coating(AlmanzaWorkman et al.2012. Neverthelesst is hard todeposit theAl.Os layer
without any local defects. Theaeemainly caused bgnvironmentaparticles formed during
the depositiorprocessBulow et al., 201% consequentlynicro and nanacale defects can
be easily generatetthus facilitating watewvapouringress and adicting the overall module
efficiency and lifespaifLee et al., 20183 These defects aleelieved to benherently present

in vacuumdeposited layers because of imperfections in the deposition process (intrinsic

defects) or as a result of the presence ofuintigs in the vacuum chamber or on the coated

22



substrate (extrinsic defectSpreener, Ng, Vaeth, & Smith, 2007Thus, even if the subste
is coated with an inorganic barrier layer, the barrier performance of this multilayer structure
is still expected to fall short for PV applicatiofGreener et al., 2007 due to the presence of

defects.

In this projectvariousapproachesvereappliedto reduce the@resence anthe density of the
defects on the barrier layerby paying close attention to the substratemv material)
cleanlinesdeforethe ALO3z ALD coatingprocess Thesecleanlinesapproachesvere seen to
significantly lower the watevapourpermeability,nevertheless is still unlikely to meet the

PV encapsulation requirementset by the international electrotechnical commission
(IEC616462, 2008, which requires that th@V efficiency must not degrade below 100%
after 1,000 hours in an environment of €5 and 85% relative humiditfRH). Therefore, to
guarantee maximum qualitignger lifetime and enhanced product yieldthe PV unitsin-
processhigh resolution and high speed surface inspection for the quality control of the

manufacture of large area flexible P¥rrier filmsis neededand at present do not exist.

Using advaned irline opticalinspection techniques, the presence of the bdiines defects
can be detected and tihd.D coating processparametersenhanced However, the current
stateof-the-art surface metrology technology being employdry R2R PV manufactures
facesthe challenge of speed versus resolytiand the requirements on positioning and
stability are very demandinglt is therefore essential to go beyond the current -siiatiee-

art, which is the main aim of thsgudy

1.2 Aims

The quality requirments and line speed in the PV manufacturing industry predicate the use

of off-line defet detection methods. Therefote allow realtime defect detectionit is
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desirable to make use of neontactopticalbased idine inspection systemghat can
measue a wide areabarrier films (up to 500 mm width) moving at speeds greater than 1
meters per minuteélhe current in process defect detection techniques cannot be employed to
detect micro (<5 pum) and narszale defects such as pinholes, small particles ancb-m

cracks in the AlOs barrier layer and they face the challenge of speed versus resolution.

The overall aims of this stydare to characterise, classdpd determine the PV barrier films
defects sizescale thathave a negativefiect the barrierfilm functional performanceThis

will enable the development of an in process (novel) metrology system based on high
resolution interferometry capable of detecting surface defects such as pinholes, scratches, or
SDUWLFOHYV GRZQ WR D O Deviiddludz@utigrl ¢iHHLORMm ovePaB@@&ND Y
barrier width. This would represent an improvements over the existingo$ttteart
laboratory and in process based metrology technology in terms of measurement speed, range

and robustness against environmedisiurbances in R2R PV production lines.

1.30bjectives

The specific objectivesf the researchre given below in detaitheyinclude:

¥, Measuring defectorphology,sizescale, density and distributicover the PV barrier
films, using the state of thetdaboratory basedurface metrology techniques

¥ Detailed sanning electron microscopy analysignto the nature of thebarrier films
defects.

¥, Detailedatomic forcemicroscopy analysis for the barriims defects.

¥ Provide a detailed knowledge of the matwf micro and nanecale defects, which are

responsible fothewater vapor ingressto the PV final unit
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% Correlating the defects densdnd sizewith thePV barrier layer functional performance.

¥ Developing acomprehensivalefecs databasewhich can le used tointegratein-line
sensor desigm a roll to roll production line

% Developing a theoretical mathematical model to understand the mechahismter
vapor permeability througthe PV barrier films defects.

% Enabling the implementation of an in pess defect detection system.

% Implementation and verification of an optical system based ha@h resolution
interferometer inR2R PV barrier films production lines

¥ Preliminary results from in process sensamd in situ performance study

1.4 Contribution to Knowledge

This thesis seeks to introduce new research strategies for bridging the gap lae@&dsmamia
andindustry in the field of R2RPV barrierfilm s with respect to thenanufacturing process
and quality assuranc@&he major contribution to kndedge in this thesis can be summarised

as the following:

Contribution 1- There has been no published research using quantitative surface metrology
techniques, to investigate and catalogue flexible PV barrierddfacts this work addresses

this knowledgegap.

Contribution 2 - For the first time areal surface parameters have been used to assess barrier
topography of ALD coatings for flexible PV substratiefects

Contribution 3- There has been no published literatdesaling with thecorrelation of

defeds density with the water vapor transmission r@dév/TR) using advancedsurface
topography analysis methods, this research seeks to preseatcsuotlationusing the latest

surface metrology analysis methods
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Contribution 4- The defect quantification rtfeod based on thenathematical modak an
original contribution and can be beneficial to the indygrgviding quick and reliable means

of assessing thin film quality for barrier applications.

Contribution 5- The ability to measure and effectivetyassfy the features which are
significantly affecting thePV barrier functionality provides novel information to enable
automatic detection systetm be implemented in situ

Contribution 6 - This thesisreportsfor the first timeon thedevelopment andeploynent of

new (novel) inline interferometric optical techniqgue based on wavelength scanning
interferometry (WSI), for detecting PV barriers defects.

Contribution 7- This thesis provides a new guidance and protocoh$sessg large and

multiple measuremermata sets obtained from an in process opticsurement system.

1.5 Thesis Organisation

This thesis is laid out as follows:

Chapter 2- This chapterreviews the most common types of thiitm materials used to
manufacture flexible PV modulesnd descibes the manufacturing process of tHitm
flexible CIGS solar cellbased on R2R technolodiflisom AG company, Switzerlandhn
explanation concerning the encapsulation processegsrotect this technology from the
general environment conditions, ance thpplications that can be useful while using this

technologyhave been addressed in this chapter

Chapter 3- This chapter gives an overview regarding therier films requirements of
flexible PV modulesaccording to theinternational electrotechnical commission (IEC)
standard.The atomic layer deposition techniquehich has been used in this study foe

barrier films coating purposesias been addressedhis chapter also gives an overview
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regarding the measurementstioé WVTR for testing thePV barrig films functionalityand
the otherpossible techniques to be used tfee samepurposeFinally, this chapter ends with
the previous conducted work related to defect characterisation of the barrier films and the

knowledge gap ithis specificareaof resarch

Chapter 4- This chapter gives an overview regarding the importance of surface metrology in
PV industry and givea deep explanation on the most available metrology technigiiéiae

and online) with emphasis more on the techniqubat were emplogd extensively in the
current studyA brief explanationof the most 3D surface featuparameters or descriptors

thathave beemised tacharacterise surfackefectswere also demonstrated in this chapter.

Chapter 5- This chapterntroduceshe experimentavork which has been carried out on the
barrier films sampleduring the studyThedevelopedrotocol also covers the strategy of the
samples measurements, and the possibility of correlating the defects,deosjtliology and
sizescalewith the WVTR udng different surface topography analysis methddsally, a
defect classification system was proposed to aliownified classificatiorsystemof defecs

to be implemented

Chapter 6- This chapter investigates the mreating process effect (substrateasiliness
raw materigl on the PV barriefilm functionality. Also a new method for PV barriers defects
characterisation was developed in this chapter, whieeepresence of the defects was
calculated by means of feature segmentation anaigiger tharthe amplitude parameters

Theresultsin this chapteconcurwith and confirm chapter 6 results.

Chapter 7- This chapterseeks to present a novbkeoretical mode&dpproachthat has been
developedto model the quantity of water vapgpermeding through the PV barrier film

defects foitwo cases (single defect case & many defects case). The results of the model have
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confirmed the experimental results based on surface topogasalhysis presented in chapter

5and 6

Chapter 8- This chapter reports on the depminent ofa new inline interferometric optical
technique based on wavelength scanning interferometry (WSI) for detecting PV barriers
defectsin situ. In this chaptela comparison study between falased metrology techniques
(described in chapten 4ndthe WSI systemwas conducted anahin situ performance study

was performedo verify the WSI systemFinally, data handling procedwéo assess large

and multiple measurement data sets obtained from an in process optical instrument is

presented.

Chapter 9- This chapter will analyse the overall measurement results that were obtained by
each of the tdmiques (offline and inline), followed by overall discussion which will

determine the industrial scale up issues.

Chapter 10- The overall conclusion and theaommended future wothkased on the current

studywill be addressed in this chapter.

1.6 Publicationand Awards

The work in this thesis has producédgeerreviewed international journal papessd 23

international conference papers (see appeAdlix
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CHAPTER 2

2. Flexible Thin Film Photovoltaics

2.1 Introduction.

Due to the limitations othe traditional rigidcrystalline siliconphotovoltaic (PV)cells, other

thin absorber materials have been studied extensively overRiaxéle thin-film materids

offer the best option in terms of producing solar cells, where the solar cells require less
semiconductor materialhereforethe material costs are substantially redu¢Rdrdin & Xu,

2011). The most acclaimed and most common thin film material for PV waléconsisting

of copper indium diselede, known as CI$A. Goetzberger, Knobloch, & Voss, 1998
theearly1978 high efficiencies without degradation were observed, which made this a very
important material in the thin film solar industry. Recently, a simbat even more
productive combination of copper, indium, gallium and selenium, known as CIGS, has been

used(Inslee & Hendricks, 2009

Thin film PV moduleshave sevel advantages over the traditional crystalliiggd silicon

cells. The consumption of materials is less because the thicknesses of the active layers are
only a few micrometre¢Adolf Goetzberger & Hebling, 2000Thin films PV cellscan be
deposited by a variety of vacuum and n@tuum methods on inexpensive substrates such as
glass. Also curved and/or flexible substrates such as polymeric sheéis gsedleading to

lighter modules(Antony, 2003. The interest in flexible solar cells is steadily increasing,
since highaltitude platforms would benefit from rollable or foldable solar generators. Cars,
aircraft, and various electric appliances could also cover part of their power demand from
ambient illumination of their freéorm casegM. B. Schubert & Werner, 2006Flexible PV

thin-film technologies can also offer piadlar design options for building integrated
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applications and have the potential to meet buildmegrated PVs product requiremenatsd

regulatory requiremen{€oonen, 200).

2.2 Thin film Cells Materials

The hgh price of Si solar celtompared tahin-film solar cellsis one of the main problems

for the development of larggcale powesource application of photovoltaic systems. One of
the solutions to achieva reduction in this cost is the development of the thin film solar cell
technology, which saves both materials and energy in the production of PV modules
(Hamalkawa, 2004 Thin film photovoltaics are currently based on three types of materials:
amorphous silicon ¢&i), cadmium telluride (CdTe) and copper indium gallium selenide
(CIGS). These types of materials have higher light absorptivity than crystalliteziatsa
(Hajimirza, 2013.

f Amorphous Silicon (aSi).

Currently, amorphous silicon is the most common fofrthin film photovoltaics. It consists

of materials in which the atoms are not arranged in any particular order (atoms are disordered
in structure). They do not form any crystalline structures, and they contain large numbers of
structural and bonding dsfts. It absorbs solar radiation 40 times more efficiently than
singlecrystal silicon(Chagant, 2008 Despite the promising economic advantageS;j still

has wo major obstacles to overcome. One is the low cell energy conversion efficiency,
ranging between -8%, and the other is the outdoor reliability problem in which the

efficiency degrades within a few months of exposure to sur(iidah, 1998.

f Cadmium Telluride (CdTe).

This is a polycrystalline semiconductor compound made of cadmium (Cd) and tellurium (Te);
it has a Igh light absorptivity level, where a micrometre thick compound can absorb 90% of

the solar spectrun{Mah, 1998. CdTe thin films are currently receiving considerable
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attention in PV technology since CdTe has the advantage of a direct band gap, which matches

well with the solar spectrurfBajeesh, 20)3CdTe solar cells have efficiency between 10%

12% and hold the promise of low cost product{@onnet & Meyers, 1998 However, the

toxicity and availability of raw materislare the main drawbacks of this technol¢gy \J D a D
'REU]D VN)L

f Copper Indium Gallium di -Selenide (CIGS).

Cu (InGa) Seis a semiconductor materiatonposed ofcopper indium, gallium, and

selenium It has a chemical formula of Cuxl&aa.x) Se, where the value of x can vary from

1 (pure Copper Indium Selenide) to 0 (pure Copper Gallium SelefleRuanthon,

Thanachayanont, & Sarakonsri, 2018 is a polycrystallinematerial which has the crystal

structure, DQG EHFDXVH RI WKH KLJK DdEW)RUakeR f 2FRHY ¢ FLHQV

VXI¢FLHQW WR DEVRUE WKH (Katatilet @l., 2010 WisRrat¥vidd HasV SHF W L

yielded the highest conversion efficiency among all -fiin technologies, where an

efficiency of 19.9% was obtained in a laboratory environr{lRapins et al., 2008

In the case of crystalline Si (indirect band semiconductor), the cell thickness required to
absorb incident light is very large (200 P ZKLOH LQ W Kiikh sowvdellsRI WKL Q
(direct band semiconductor), a thimgss of only 4 P LV UHTXLUHG 6KLUROL
offering potential for significantly reduced material costs over conventional silicon solar

cells. These materials help to make the mass production of solar cells more of a reality, and
since CIGS can potgially have similar efficiencies to traditional cells, about 19.5%
(Contreras, et al., 2005), this make it as one of the most promising new PV technologies.
CIGS solar cells are prepared from a number of micrometer thin lagach, layer with

specific thckness ranging from 0.15 x PMovla, 2019, and every layer Igaits own

function and features, whereCIGS is just one of those layers. However, it is the most

important one as it is the absorber lafetype materialSaji, Choi, & Lee, 2011
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All the previously described thifilm technologies have their own advages and
disadvantages; tab[@-1] compares the advantages and disadvantages of these technologies
where PV modulesbasedon CIGS materialhave the highest demonstrated conversion

efficiency.However,the manufacturing costs of CIGS cells have beentioadilly high.

Table 21: Advantages and disadvantages oftilm PV technologiegTiwari et al., 201}

Maximum PV

Material s . Advantages Disadvantages Cost/n?
Efficiency in
lab conditions
f Mature f Low efficiency
aSi 14.6 % manufacturing f High equipment costs High
technology
f Low-cost f Medium efficiency
CdTe 16.5% manufacturing f Rigid glass substrate Low
f Film uniformity
f High efficiency challenge on large
CIGS 19.5% f Glass or flexible substrates High
substrates f More costly than

traditional processes

*Efficiencies are measured on small Zcspecimens under controlled conditiqnsal efficiencies are lowgr

To sum up, Bhough crysalline silicon materials have been the workhorse of the PV cells for
the past two decades, recent progress in thefithintechnologies has led many industrial
experts to believe that thiims PV cells will eventually dominate the marketplace, and
realise the goals of PV for a low price andiable source of energy supp@IGS thinfilm

solar cells have been considered to be the most promising alternatives to crystalline silicon
solar cells because of their high solar to electricity conversion effigiealiability, stability

and many application possibilities.

2.3 Structure of CIGS Solar Cells

The basic device structure of any solar cell consists of the following jagebstrate,
window layer, active layer and the contacts to the external cif@ntsny, 2004. The basic

structure of CIGS solar cells prior to the final encapsulation consists of five lagdrg,can
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be described based dng [2-1]. CIGS films are deposited onto Imirates that have been
metallised with Molybdenun(Mo) as a back contact to collect electric current. A thin buffer
layer of Cadmium Sulfide (CdS) is deposited onto the absoiiner forming a junction
between a ftype semiconductor (CIGS) and artype CdS layer. A transparent conductive
window layer typicdly doped with zinc oxide (ZnOjorms the top contact of the device,

resulting in a complete CIGS solar cell.

Thin-film layers Laser scribing

P1 scribe
i —
I Back contact

Function Deposition Process {

Grid Screen Printing T
W znoairizno |Front Contact  Sputtering P2 scribe
% e Buffer Chemical Bath

Polyimide substrate

CIGS absorber 4

CIGS Yo Vacuum Evaporation Back contact |
Cu(ln,Ga)Se, Polyimide substrate |/

_ P3 scribe

Back Contact Sputtering Ve

Polyimide |Substrate 50m - 1km Roll

CIGS absorber

Polyimide substrate

Figure 21: Structure of CIGS solar cells (Couryes Flisom, Switzerland).

As light passes through the Zn&ahd CdSlayers, it is absorbed by the CIGS, creating
electronhole pairs. An electric field created at the CIGS/CdS junction dragsitively
charged electrons to the ZnO layer, which generates a flow of positive charges in the opposite
direction,producing an electric currer@IGS solar cells can be fabricated on both rigid and
flexible substrates, adding to their desirability asrtbgt generation photovoltaic material of
choice. When properly sealed and laminated, CIGS modules can deliver stable performance
while withstanding exposure to the elements, as well as direct solar radiation for over 20

years in the fieldBrémaud, 2009.
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CIGS PV modules technology offers significant advantages in terms of mass and the
possibility of building integration (BIPV) applicatiof3ames eal., 20113, however, they are

at present highly susceptible to long term environmental degradation as a result of water
vapour permeation through the protective barrier layers to the CIGS PV cells, thus causing

electrical shorts, efficiency drops andimiately failure
2.4 Flexible Thin Film CIGS Solar Cells Manufacturing Process

Copperindium-gallium-(di)-selenide (CIGS) sentionductors comprise thifiim solar cells.
Thanks to the high degree of light absorption, these solar cells are only two to ten
micrometers thick prior to the final encapsulatiégnroll-to-roll (R2R) process is used to
apply the semconductors onto a polymer sheeig [2-2] shows the R2R process to produce

CIGS PV modulsas applied by Flisom AGompany(Switzerland).

Buffer layer
CIGS co-evaporation deposition by

checmical bath

]

Back contact .
sputter deposition Laser scribing P1

°0 o

' (I‘I ¢
‘:J’I 0/ uo LU

EET
Front contact Laser scribing Contacts application Module cutting
sputter deposition P2&P3 Lamination Junction box and

connector application

Figure 22: Roll-to-roll manufacturing process of CIGS solar modules (Courtesy of Flisom,
Switzerland)
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The rolkto-roll process comprises the following sequence of material deposition and laser
scribing steps as showin Fig [2-2]. Firstly, a very thin foil, or webof polyimide is

progressively unrolled inside a vacuum chamber; then a metallic layer (Molybdenum) is
sputtercoatedonto the web to create the back contact of the solar cell. The most common
method used to deposithe Molybdemm is sputtering, especially in high wohe

manufacturing environmentafter the coated web leaves the vacuum chamber, it passes over
a laser that scribes lines (P1 scribe) into the metallic layer, which delineate the individual

solar cell backcontactsThe laser is CNC controlled to give the desired cell size.

Secondly, the web enters a second vacuum chamber in thieitdur CIGS semtconducting
absorber layers namely, copper (@), indium (In), gallium (Ga), and selela (Se) are
deposited This layer can be manufactured by several different methods: The most common
method is thevacuumbased process. The procedunethis technique is tao-evaporateor
co-sputtercopper, gallium, and indium onto a substrate at room temperature, then anneal the
resulting film with a selenidevapourto form the final CIGS structure. Following these
processes, a transparent buffayer (CdS) is then deposited onto the CIGS laygng
chemicalbath deposition (CBD) methoad order to form a semgonductingjunction The

final web then passes over a further laser scribe line (P2 scribe), which delineates the

individual solarcell§f VHPLFRQGXFWRU FRPSRQHQWYV

Thirdly, the web enters another vacuum chamber in which the dotact layer is sputtered
with atransparent condue oxide (TCO) The web then passes over a laser scribe line (P3
scribe), which delineates the components on the -rontact layer, thereby creating the
monolithically interconnected solar cells of a solar modiuilee final stage includes the
application of the electrical front contact grids, electrical busbars, and protective lamination,

before being rolled up for easy transportation and application of barrier layers.
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2.5 Encapsulation

To ensure longerm performance and stability of the CIGS solar ulesl, encapsulation is
required to prevent penetration of water vapour and oxygen into the ¢évibennler et al.,

20069. CIGS solar cells and their device components, inolgidlo and ZnO contact grid,

have been shown to lbeamp heaf{DH) sensitive or unstabl@. J. Pern & Noufi, 2001 The
DH-induced degraation of Aldoped ZnO (A ZO) conductive window layer was reported

to be a performanelmiting factor for CIGS minimodules(F.-J. Pern & Noufi, 201p
Without any protection the solar module would degrade rapidly, mostly because of
conductivity losses in front contacts and interconnections, since the electronic properties of
ZnO: Al are sensitive to moisture and Mie any other metal contacan corodeand cause

electrical short§Wennerberg, Kessler, & Stolt, 2003

Flexible encapsulants consist of mdittyer combinations of polymer and inorganic dielectric
layers such as SiOx or AlOx ashawvn in Fig PR-3]. Typically, used polymers are

polyethylene naphthalate (PEN) or polyethylene terephthalate (PET).

light management layers

g encapsulation/barrier
= layers

CIGS PV layers

back sheet encapsulation

Figure 23: CIGS solar module encapsulation sheets (Source: Flisom).
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A complete PV sheet consists of sevdagler groups as shown in Fig-B], i) back sheet
encapsulation ii) the active CIGS layer iii) front transparent encapsulation iv) light
management layer (optionall.he overall thickness of theompletedPV module after
encapsulation is aroundsito 2 mm (Flisom AG, Switzerland).

At the present time no cost effective, flexible transparent encapsulation prododsfil

the flexible PV modules requirements. The watespour transmission rate (WVTR) of
present products is in the range ofllg/m?/day, while it should not be higher than 10
g/m?/day to assure liféimes of 20 years and mo(®l. D. Kempe, 2005 Miiller, 2004.

Several companies are currently working on this topic and have announced suitable products
for availability soon, but they still have difficulties to adapt them to-tmeholl process as

shown in Fig 2-4].

Encapsulant (Flex barrier)

n  «

P Encapsulated
roll solar cells
ro \ l

® —

roll /' o 0)

®
) <4+— Thin-Film solar cells on
flexible substrate

Figure 24: Rdll-to-roll encapsulation proce$sr flexible PV modules
(Sourcehttp://www.flexonics.org/

2.6 Applications

Cu (In, Ga) Sg(CIGS) solar cells on flexible substrates offeveral advantages for their
manufacturing as well as applications compared to solar cellgidrgtass substrates and/or
Si-based solar cells. They are lightweight, can be applied on uneven surfaces and can be
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rolled-up when not in use. From the indusaltrproduction point of view, manufacturing of
flexible solar modules with eoll-to-roll deposition processffers considerable potential for
cost effective solar modules. Not only will the mass production of flexible CIGS modules
improve with inline rolto-roll machines, but also other issues like shipments and
installations will be easiethanks to the light weight of the modules. However,-twitoll
manufacturing equipment for CIGS deposition are neitherdesieloped nor easily available
(Brémaud,2009). A flexible solar module process enables the custom design of photovoltaic
modules of various sizes and electrical characteristics for a large number of applications, this
may include;

f Building-IntegratedPhotovoltaigdBIPV) on roofs and frontages.

f Mobile devices such as mobile phones, laptops and bags.

f Vehicles such as cars and ships.

f Easy to fit to curved or flexible surfaces.

Figure 2 5: Flexible (CIGS) solar cell applicatiogSource: Flisom).

2.7 Summary
Roll-to-roll production and encapsulatioprocesss of CIGS PV modulesis less capital

intensive, requires less energy, mirses material usage and is very efficiemethod
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(Zweibel, 1999 . This way of production angncapsulatiomramatically reduces the energy
payback time of the photovoltaic system. However, {tagn performance reliability of thin
film CIGS modules remains an important issue due to a considerably high failure rate,

particularly during the strenuous damp heat (DH) exposure test

Undoubtedly with the existence of flexible PV moduldéise future forsolar PV electricity
generation looks optimistic anebry significant it is also likely to be a growth markedrfthe
solar cdl manufacturersas well as the equipmeninstrumentationand quality assurance
companies to support tiY modulesgproduction.Finally, the ability to providea solution to
the long term environmental degradation issue for this type of PV maglulasoutine basis

is thekey to a reliabldlexible PV solar cell producs. More research is needed if this problem

of degradation is to be overcome and this work constitutes the basis of this thesis.
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CHAPTER 3

3. PV Barrier Layer Requirements

3.1. Introduction

For many years, one of the lotgyrm goals of photovoltaic (PV) researchers has been to
promote the development of casffective PV modules which have more than twenty years

of usable, working life. Significant progress has been n{#deg, Quintana, Kratochvil,
Ellibee, & Hansen, 20QMRoss Jr, 1984d984b), but additional research is still required and
manufacturers will have to establish rigorous quality control standards in order to achieve this
long-term goalfor scaled up manufacturéifetime improvement and prediction of the PV
modules requiredetailed information on the degradation mechanisms which are at play in

the field and in accelerated aging tg§tarlsson, 2006

The lifetime of CIGS solar cells has alwayseh one of the most important issbesauset

is critically influenced by moisture permeatirtgrough small defects that appean the

coatings of the barridiims (K.-D. Kim, Shin, & Chang, 2012]. S. Lewis & Weaver, 2004

Ramadas & Shanmugavel, 2013u et al., 204). Therefore,the cellsmust be effectively
encapsulated in order to satisfy the international starn(tia@b616462, 200§ which requires

thatthe efficiency does not degrade below 108Bstartingefficiencyafter 1,000 hours in an
environment of 85C and 85% relative humidit{P. F. Carcia et al., 20).0For applications

in which PV modules are used in harsh environments, the barrier film is requirédstand

high humidity and temperature or aqueous environmeéat&/VTR of ~10? g/mé/day is
VXIILFLHQW IRU PRVW SDFNDOtY @d/daySiS QdafyDryquiedsr EXW 7

encapsulation of londife flexible PV modulesas shown in Fig3-1]. To achieve a lifetime of
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10,000 hours, the estimated WVTR should be arourfigl®?/day and the OTR should be

around 16 cm®/m?/day at room temperatu(éeEC616462, 2009.
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Figure 31: OTR versus WVTR requirements for different applicatidkdapted from(G
Dennler, Lungenschmied, Neugebauer, Stcici& Labouret, 200%

One solution to overcome the moisture problem and to satisfy the IEC@l@4@irements
is to encapsulate CIGS cells within defect fflexible barrier films, in order to achieve a

lifetime of at least 20 yea(®. F. Carcia et al., 201.0

3.2 Environmental Degradation of CIGS PVModules

Costeffective encapsulation which facilitates stable outdoor performance lasting more than
twenty years is still a challeng8ome progress has beemade for encapsulatiofBrémaud,

2009 Czanderna & Pern, 199@eike, Hadrich, Weil3, & Durr, 20}3but reliable and
transparent encapsulation suitable for building applications still remains a challenge in terms
of long term stability and cost effectivene$he only costeffective encapsulation possibility
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for longterm stability currently available is the use of rigid glass. However, all benefits of
flexibility and light weight disappea(Brémaud, 200Q Therefore, a robust, transparent,
flexible encapsulation method for CIGS PV cells is needegetiMg these requirements is a
major concern for the manufacture of thin film CIGS cdllgferent insulating materialas
shown in table3-1] can be used as a barrier films for the CIGS PV modules @©g. TO:

andAl.O3 (Kessler & Rudmann, 2004

Table 31: Overview of common single layer permeation t&rtechniquegFahlteich, 2014

: Typical Productivity
Technology V\Sgee(ljy WV;I- z ranlgeH layer (web speed or
: > thickness  deposition rate)
materials [g/(m=.day)] nm] [m/min]
Thermalorelectron 55 ‘g0, >0.50nPET « §
beam evaporation
Al 203,
(Reactive)sputtering SiO,, Ooé%JfgnPE;N « 8§
ZnSnQy '
Plasma assisted
chemical vapour - SO, <103 « 8§ «
deposition (PECVD) SisN4, SOxNy 1
Atomic layer Al20s, 3
deposition TiO2 <10 « 0.1 nmicycle

The thermal silicon oxide (%)) is a very good surface passivation materialfiiexible PV
modules. Howver, the formation of thermal Gd requires a igh-temperature process (>1000

°C) which does not only increase the processing cost, but may also degrade the quality of the
PV module(Kotipalli et al, 2013. Therefore, passivation materials that can be deposited at
low temperatures are requiredll.Oz barrier material deposited bptomic layer deposition

(ALD) technique with only few nanometers thickness are able to reduce the waatmur
transmission rate to 19g/m?/day (M. D. Groneret al, 2006 Langereis, Creatore, Heil, Van

de Sanden, & Kessels, 20Q06r even lower(Carcia, McLean, Reilly, Groner, & George,
2006. The AbOs requires lower temperature than SiOx to be depositmd a polymer

substrat€M. Groner, Fabreguette, Elam, & George, 2004
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Table B-2] shows the properties of the insulating layers that can be used to prevent the water
vapour ingress to the PV moduldn order to not encounter delamination and adhesion
problems, the substeamaterial should be chosentbat the coefficient of thermal expansion
(CTE) lies in the range of the CTE of insulating layer, since the sample has to go through

somechanges in temperature during the ALD deposition proziegeebarrier layer

Table 32: Properties of substrate and solar cells mater@atsefficient of thermal expansion
(CTE) and densityKessler & Rudmann, 2004

Materials CTE [10° K] Density [g/cn¥]
Substrates

SLG 9 2.5
Steel 11-16 7.8
Ti 8.6 4.5
Al 23.1 2.7
Polyimide 12-24 1.5
Insulating layers

SO« 1-9 2.2-2.7
Al20s3 6-8 3.9
Solar cell layers

Mo 4.8 10.2
CIGS 8-11 5.9
CdS 4.5 4.8
ZnO 4.752.9 5.6

More studies regarding the encapsulation technologies for CIGS cells have been carried out
by (S-H. K. Parket al, 2005. The authors reported a wateaportransmission ratef 0.03
g/m?/day at 38 °C and 100% relative humidity for an ALD growaQ3lbarrier that vas 30

nm thick and deposited on both sides of a Polyethersulfone (PES) subStatersely,
Carcia et al (2006) showedthat 25 nm thick AlOz barrier films on poly (ethylene

naphthalene) substrates can have a waigortransmission rate of less than 1®ifin?/day.

FurthermoreCarciaet al(2010 comparedhe moisture sensitivity of CIGS cells protected by
a 55 nm thick AIOs film deposited by the ALD technique, with equivaledlGS cells
protected with a glass layer, and one protected with an uncoated Polyethylene Terephthalate
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(PET) film. This study of the three CIGS modules lasted for more than 1000 hours at 85 °C
and 85 % RH with simulated solar illuminatithis in accordace to IEC6164& as shown in

Fig [3-3).
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Figure 32: The relationship between CIGS efficiency and different barrier fiPng. Carcia
et al, 2010.

The resul of the simulation @stindicated that the CIGS celhen protected with the PET

OD\HU ORVW DERXW KDOI LWV HIILFLHQF\ : DIWH
°C and 85 % RH, whereas the CIGS cell protected with the 55 nm ADx Barrier film and

the cell wth a glass layer showed ondysmall net change (< 3%) in efficiency as shown in

Fig [3-2]. The loss in cell performance with a PET lid is very similar to the results reported by

Schmidtet al (2000) for nonencapsulated CIGS cells.
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This remaining degradation in efficiency is considered tonbely due to the presence of
small defecty defect propagationyn the barrier filmduring ALD growth (A. Erlat et al,
1999. The ALD Al 203 thin barrierfilm provided superior moisture protection for the CIGS
cell compared to PET plastic film. In other words, no reduction in open circuit voltage or fill
factor occurred in ALD AdOs thin film protected cells when compared to the PEdtexted

cells(P. F. Carciaet al, 2010Q.

3.3 Selection of P\Barrier Film M aterials

Aluminum oxide (AbOs) films deposited through atomic layer deposition (ALD) are known
to be effective permeation barriers eduo their uniformity and assumed pinhélee
morphology.Studies regarding the selection of the encapsulation materials for PV modules
have indicated that ADs contains a very high density (up to'd@m?3) of negative charges
(n-type) which makes the aterial unique for CIGS {pype) surface passivatiofHoex,

Gielis, Van de Sanden, & Kessels, 20R8tipalli et al, 2013.

Moreover, several groups have recently reported excellent barrier properties for polymeric
substrates coated with a thin layer of@d ALD. For example,Hegeduset al (2010)

studied two configurations; one where the@d was deposited directly on the substrate, and

the other where it was deposited onto a flexibligaviolet Polyethyene Terephthalate (UV

PET) and laminated on to the substrate. The authors exposed samples with ALD balrier, an
other barriers for comparisdyy accelerated degradatidess including 1000 hr. damjpeat,

1200 hour Ultra Violet (UV)and 10 freez¢haw cydes. The authorprovedthatthe ALD

coating on Polyethylene naphthalate (PEN( thick) polymer can reduce WVTR from

~1 g/nt-day for the bare polyméo ~ 6x10° g/mP-day at room temperatureConsequently

WKHVH $/' GLIIXVLRQ EDUULHU ¢OPV DUH YHU\ DWWUDFWL)Y

satisfy the international standard (IEC 61646
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3.4. Barrier Film Properties

Polymer materials such as polyethylene naphthalate (BEMNd polgthylene tenghthalate
(PET) consist of long straighthain polymer molecules with weak chemical interaction
between thechains(Hotchkiss, 199). Therefore, small molecules such as water vapor and
oxygen can diffuse around tip®lymer chains. The molecular building bldcfor PEN and

PET chains is shown in FiB-3].

PEN
C—0O—CH,—CH,
o I
I O
O—~C
polyethylenenaphthalate
PET

Cc—O—CH,—CH,
O I
| O
0O—C

polyethvleneterepthalate
Figure 33: Structure of Polyethylene Naphthalate (PENJ polyethylene terephthalate
(PET)(Hansen, Myers, & Osakada, 1998)
Although polymers have strong covalent bonds (shamge) along the chains, they have
weaker (long range) bonding between chains (Ayache, Beaunier, Boumendil, Ehret, & Laub,
2010)The spaces between chains where there are no atoms make it easy for gas molecules to
dissolve and diffuse in the PERET layer. In addition, these spaces make the density of the
SRO\PHU UHODWLYHO\ ORZ ,Q FRQWUahd/S\) ar€ etysBIkhe F PDW

lattices with strong inteatomic and intemolecular bond¢Kailas, 2009, see Fig 3-4].

The bonding between atoms in ceramics is a combination of short range ionic and covalent

bonding. Even for amorphous ceramics there is a high instance of short range ordering in three
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dimensions, so #re are few spaces between atoms for gas molecules to dissolve and diffuse.
The tight packing makes for high density, depending of course on the atomic weights of the

constituent atoms.

Figure 34: Structureof Al>.Oz ("Blue Sapphire" Retrieved from webexhibits.com)

Although inan amorphous ceramic matersaich as AlOz the ordering of atoms over a long
range is lower than for the crystalline material (a less regular lattice stru(@adgr &
Norton, 2007, the ALD AIOx is still an effective barrier material to protect CIGS PV

modules from water vapor and oxygen ingress.

3.5Cu (In, Ga) Se: Surface Coating

Nowadays, the followindpasic set ofroperties are basically required fGIGS solar cells
coating materials to ensure PV devices durability: UV, oxygen and water baiodrer,
Cros, Garandet, & Alberola, 20t3hermal stability, transparency, angflectancgLu et al.,

201]), anttsoiling, flexibility, durability, affordable cost, electrical isolatioifFrach,
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Bartzsch, GIoR3, Fahland, & Handel, 2p08ome of theserpperties are competitive onesr f
instance, high barrier properties may be achieved by increasing the number of coating layers
(Logothetidiset al, 2010Q. However, a higher number of layers normally increases the cost

and reduces the coating transparency and flexilgtitier et al, 2003.

Moreover,Smith et al (2014)indicatethat the muiOD\HU DSSURDFK RQO\ LQWU
WLPHY IRU HTXLY DO H QiVshaia lifFfig 3P WithLtihe teq@ibrnehts \of 25

\HDUV IRU %,39 DS®PQLWDPHRAGVIHWWHPDP® QRW EH VXIILFLHQ'
being an ultrebarrier single layer, ideally as thin as possible to allow flexibility without
cracking and allowing higher lirgpeed production to be achievéd.order to maintain a

high effidency during their lifetime solar cells require coating materials with several
functions that are usually achieved with multilayer coatifugsd, Noller, Mikula, Amberg

Schwab, & Weber, 2009in which one or more layer have a specific functionality, such as

gas and moisture barri¢dorgenseret al, 2006 Langereiset al, 2009, liquid barrier and

self-cleaning propertie@Karunakaran, Lu, Zhang, & Yang, 2011

Low Barrier Low Barrier
Single Barrier e Double Barrier e

HO HO
{a/m? ta/m2
o o

Time Time

Medium Barrier Medium Barrier
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High Barrier

Figure 35: Schematic moisture permeation diagrg@mith et al, 2019

A reduction ofthe number of layers would lower costs and also help to maintain a high
transparency and flexibilityCarciaet al(2010 arguethat AbOs barrier coatingR | ” QP
thicknessgrown by ALD has a great potential for extending the lifetime of flexible CIGS
solar cellsby preventing degradation of the cells by moisture. The authors also proved that

thin ALD Al>Os coated on polymer substrates reduemisture pemeation by a factor of at
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least 100,000x%, corresponding to a water vapor transmission rate (WVTRM sfr™5 g-

H.O/m?/day at room temperature, hence@d should protect CIGS cells sufficiently.

3.6 Atomic Layer Deposition (ALD)

Atomic Layer Deposition(ALD) is a controlled layeby-layer deposition technique that
enables the deposition of thin, smaadind conformal films with atomic laygrecison (S.

M. George, 200P This technologyis able to meet the needs for atomic layer control and
conformal deposition using sequential, deifiting surface reactions. The resultant ALD

films are highly conformal and their functional thickness can be as low as a few nanometers
(Dingemans & Kessels, 20L2These outstanding progies can be employed to face
processing challenges for various types of sgexteration solar cells; hence, ALD for
flexible PV modules has attracted great interest in academic and industrial research in recent
years(Van Delft, GarciaAlonso, & Kessels, 20)2 As the barrier coating for the CIGS
modulesmust be pinholdree and defeefree, a barrier coating of AD3 grown by @omic

layer depositia (ALD) is deemed to be crucial

3.6.1 TheAdvantages of ALD

Due to the actual mechanism used to deposit fikid) has several advantages over the
other chemical and physical deposition techniqiiée. main advantages tife ALD are the
extreme degree of conformality and uniformity which can be obtained regardless of the
orientation or shape of the substrate; there are nearly no pinholes in tRéofilamssoet al,

2010. ALD is also relatively effective at coating ultregh aspect ratio substrates or
substrates that would be difficult to coat with other thin film techniques. The following are

thecritical advantagesf ALD technique according to Oxford Instrument report in 2011.

f Complete control over the deposition process is achieved at a nanometer scale.
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Conformal coating can be achieved even in high aspect ratio and complex structures.
Pin-hole and particle freeegposition is achieved

Excellent process control with wafer-wafer repeatability < £1%.

Up to 200mm wafer with typical uniformity < £2%.

Effective step coverage even inside high aspect ratio structures.

Low film impurities, particularly with plasma ALD.

~ ~ ~ ~ ~  ~ o~

Growth at room temperature 26 possible with plasma ALD.

3.6.2 Atomic L ayer Deposition Approaches

The actual ALD coating consists of several reaction cycles. One reaction cycle is able to
achieve about 0.1 nm layer thickness depending on the coatitgriahaand process
parametergLahtinenet al, 2012. The thickness of a typitALD coating is determined by

the number of cycles and varies roughly from 1 to 100 Time. temperaturen the chamber

can vary from room temperature to several hundreds of degrees Celsius. The role of
temperature is to provide activation energy for théArocess (thermal ALD). The reaction

can also be activated using plasma (plassssted ALD). Plasmassisted ALD provides
lower cycle periods and process temperatures for the system than therm@lgkiabssoet

al., 201Q. ALD processing techniques can be divided into two types regarding substrate

handling batch and continuous proces¢estkonen, 20111

3.6.2.1Batch ALD Process

The batch process is a traditional technique in which the substrate to be coated remains
stationary and the precursors are pulsed in turn onto the surfacesnibdteate The actual

coating process occurs in a modular chamber, which is fillell substrates. In a chamber,

the substrates can be located close to each other because the precursor are able to penetrate
into extremely small holeskig [3-6] shows a typical equipment used for batch ALD

processing.
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Figure 36: Vacuum Coating: Newcastle Oxford Instruments cluster tool for ALD/ sputter

deposition

3.6.2.2Continuous ALD Process

Since barrier layers are required to avoid the diffusiontted water vapor anddr oxygen
through polymers for CIGS solar modulesdlargescale area need to be encapsulateel
ability to do roltto-roll (R2R) coatinginstead ofbatch and continuous process®wn in
Fig [3-7] would open huge possibilities for the technidagproduce a huge amount of the

barrier films in a short tim with high quality

precursor A purge precursor B purge
exhaust l
pump
‘_.
/ >
web

movement

Figure 37. Schematic of continues ALD procgg®hansson et al., 2010
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A schematiaoll-to-roll ALD reactorbeing used in PV industry to produce large quantity of
barrier materialis shown in Fig [38]. This methoddemonstraté that a thinAl.Oz layer
enhances the barriperformance as much as does thgQAllayer fabricated with the batch

ALD procesqHirvikorpi et al, 2014.

Figure 38: Worlds first industrial scale R2R ALD machine WCS %80ininen, 2Q3)

A typical ALD cycleconducted on a substrate functionalised with reactive surtatssts of
repeating the following characteristic four stages as shown ifid3F4 The cycle starts by
introducing the first precursor into the chamber which ishiaksin the second stage (the
chamber temperature can vary from room temperature to several hundreds of degrees
Celsius). Then, another precursor is fed in and flushed, completing the four stages. After the
complete reaction cycle, one atomic layer of dabicoating is chemically bonded to the
substrate surfac&ach reactiorcycle adds amouns of maerial to the substrate surface and

theresult is a surface saturated with up to a monolayer of the desired compound. Sequential
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repetition of the ALD cycle rests in layerby-layer growth with precise control of the
deposition thicknessThus, to grow a material layetycles are repeated as manyes as

required for the desired thickness.
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Figure 39: principle of ALD reaction cyle (Puurunen, 2005

According toJohnsoret al (2014, ALD can deposita very widerangeof materials which

include:

f Oxides including HfQ, HfSIiO, Al203, TaOs, TiO2, La0O3, SiC, ZnO

f Nitrides, including TiN, TaN, AIN, SiNx, HfN

f Metals, including Ru, Cu, W, Mo

However, the current study will focus t¢ime Al20s as it will be used as a barrier coating for
CIGSPV modules.
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3.6.3 ALD Cycle for Al;Oz Depositionon PEN Substrate

This review will cancentrate orthe deposition process of tiA¢,0Oz deposited by ALD for
polyethylene naphthalate (PEN) substrateface using Trimethyl Aluminum (TML) and
H20. In air HO vapa is adsorbed on most surfadesming a hydroxyl group, so with the
PEN substrathis will form PEN-OH. After placing thePEN in the reactor, TML is pulsed

into the reaction chamber.

Polyethylene naphthalate (PEN) substrate

Figure 310: Hydroxyl group(Douwe Monsma & Becker, 20D6

In the next step, Trimethyl Aluminum (TMA)eacts with the adsorbed hydroxyl groups,

producing methane as the reaction product.

Al (CHz)s+ PENOH ———» PENO-AI (CH3)2 &+ LS

Polyethylene naphthalate (PEN) substrate

Figure 311: Reaction product (Methand)ouwe Monsma & Becker, 2006
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After the TMA and methane reaction product is pumped away, water vagO) {$1pulsed
into the reaction chamber..8 reacts with the dangling methyl groups on the new surface
forming aluminumoxygen (AFO) bridges and hydxyl surface groups, waiting for a new

TMA pulse.

2H20 + PEN-O-Al (CH3z)2 — > PENO-AI (OH)2+2CH;  « «««««

Methane reaction product

S~

New hydroxyl group

Methane reaction

product Oxygen bridges

Polyethylene naphthalate (PEN) substrate

Figure 312 Aluminum-oxygen (AFO) (Douwe Monsma & Becker, 2006

Lastly, the reaction produ¢methang is pumped away. Excess;® vapor does not react
with the hydroxyl surface groups, again causing perfectiyadss to one atomic layeihe

OH is now available for further reactions.

Polyethylene naphthalate (PEN) substrate

Figure 313: One atomic layer of ADs (Douwe Monsma & Becker, 2006
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The above process represents only one cycle, and then these processes are repeated to give

the required ALD layer thickness.

3.6.4 Water Vapour TransmissionRate M easuremnent Techniques

Thin-film solar cells made from CIGS material have several advantages over traditional
crystalline silicon solar cells. However, flexible CIGS tfilms also have one big drawback;
they are liable to failure under losigrm exposure to eimonmental conditions such as rain
water and humidity The major difficulty of introducing thin film solar cells into the

commercial market is their limited lifespan when exposed to wagurand oxygen.

There are several techniquist can be usetb measure the PV barrier fisrfunctionality,

ranging from gravimetric (Cup) technique that measures the gain or loss of moisture by mass,
to highly sophisticated instrumental techniques, which use sensors that in some designs can
measure extremely low tramission rates. The original standard for testing wedgour
transmission of high barrier materials is referred to in the industry as "the cup method"
(Troedel, 1999 This method involves pting a small sample of the test materials over the
top of a premade metal cup. The cup may contain water, in which case the water vapor
would pass through the test material and the cup would lose weight over time. This method
has always had several magirortcomings. It is a very tedious method, the results are very
operator dependent, and it will take a very long time to medsgheperformancdarrier
material as they will take a long time to come to equilibrium; furthermore, the results

obtained orhigh performancéarrier materials may not be very accur@ieoedel, 1999

This was followed in the early 1970's By* UD Y L P H W tdethodibHnesgure WVTR of
flexible barrier materials usig an infrared detection techniquehis method also involved
clamping the test material into a test chamber with moist sponges on the outer chambers and
an infrared photocell beam to detect the moisture in the central chamber. This method did
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provide meagrements in far less time and with better precision than the traditional cup
method. Howeverit has a WVTR limit of 1x18 g/m?/day (S. Schubert, Klumbies, Miiller
Meskamp, & Leo, 2011 In the mid1980's, an improved isotactic method (MOCON®) was
developed using a modulated infrared senSoe of thegreatadvantages of this method was

its use of five samples in a "conditioglhposition to help reduce time to steady state
equilibrium. This method involves the test specimen to be held such that it separates two

sides of a test chambas shown in Fig [4].

permeant sample

— ——
material sample x\
A | \ | | |
v v v Y Y
detector &—— sealed cell <+—— carrier gas

Figure 314: WVTR Test using an infracedetection technigu@uncan, Urquhart, &

Roberts, 200b

One side of the sample, tfeZH W V L €&pbsedLi&vVthe gas or vapor to be studied; this can

be done statically or with a continuous stream of permeate gas to maintain a constant pressure
concentration(Duncan et al., 2005 On the detector side, tHelry side", the sample is
subjected to a zero relative humiditlyge permeating gas @ratervapor is swept away with a

carrier gas (usuallnitrogen) and fed into a sensor (infrared). The detector is often specific to
the permeating typesastly, the permeability of the film is determined from the amount or

rate of permeation and experimental parameters such as time, sample area, saknpksthi

pressure difference, concentrations, etc. the permeability of the film can be calculated.
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This methocknown asMOCON® ~ providesmeasurements in far less time and with better
precision than the traditional cup method. However, the condition undiérhwthe
measurement is made has a considerable influence on the result. Both the temperature and
humidity across the sample need to be measured, controlled and recorded with the results. In
fact, no two results should be compared unless the conditiorteeasamegDuncan et al.,

2005.

Another relatively effective method for testing such low permeation rateder certain
ambient conditions is the calcium resistivity mettjBeese, Dameron, & Kempe, 2014lso

known as the Ca Btgn Test, this method is based on the corrogmndation) of thin
calcium films. It involves observation of the optical changes as Ca converts to a transparent
Casalt as watewapourpermeates through the barrier material. Because a visual change is
observed, the Ca test can distinguish between bulk permeation and-ligfeck permeation,
howeverit has the disadvantages thatdoes notdifferentiatebetween oxygen and water
vapourpermeationand it is notoriously difficult to get quantative measurensaising this
method(Stevens, Tuorla, & Mayer, 200h The great advantage of the method is that it
gives an insight into the permeation mechanism. By looking asahgle with an optical

microscope it is possible to spot local defects as well.

E K Glass Lid
Silver Contact POXY

£ X

Sample Foil Calcium

Figure 315: Cross section view of Ca corrosion téBertrandad & George,(2.1)
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3.7 Summary

Roll-to-roll ALD of thin films is the ultimate goal for coating flexibRV barrier materials

This development is significarsince R2R processing would allow ALD to address many
applications in a costffective mannerAlthoughthis method demonstrated that a thine®4

layer enhances the barrier performance as much as does;@elader fabricated with the
batch ALD processdefectswhich may appeaon the film surfaces during the A&)s; growth

can be highly significant in deterionain of the PV moduleperformanceand lifespan.
Therefore,understanding the functional significance of these defects is a very important
aspect for the development of both the product and the manufacturing pteesshere in

situsurface inspectiogystem can be developed and implemented.

A limiting factor for implementation of flexible PV is that the cost/ofi the barrier is the
most expensive of theresentedayer processs Multi-layer solutions are expensive and as a
consequence single layerfeet free R2R produced barrier are viewed as the way forward

wherecost F R X O G&/i¥ (Source NanoMend User Need report).
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CHAPTER 4

4. Surface Metrology

4.1 Introduction

In the world of PV indust, surfacemetrologyplays a crucial role in product development,
process enhancement, and quality assurance. The RMtipnds currently experiencing
greater than 20% annual growth, that is expected to continue and possibly accelerate in the
coming yeargSchleichefTappeser, 20)2 To minimise the cogpterwatt of PV modules,
conversion efficiency must be maxised as designs move from the research lab tedalle

production, and quality must be maintained throughout the manufacturing.cycle

Accurate measurementf the defectsof transparent barrier thin films ammportant in all
thin film photovoltaic tehnologies for examplesurface roughness measuremeuitshe PV
barrier films are important to interpret the performance of photovoltaic deyMasiscalco,
Kaminski, & Walls, 2012 With the added information provided by surface metrology
techniques, PV manufacturers are able to increase yield and lower the overall production cost
of the PV modules through quantification, qualification or monitoring ofougriprocess
steps(Novak, 2010. A range ofsuface metrologytechniques is commonly available for
characterising the physical attributes of the IBarrier films defects These can range from
quick, subjective inspection by a person, ao automated quantitative inspection by an
instrument. Surface nmwlogy measurementscan be performed offne (lab-based
techniques) where the par{barrier film) is removed fran the manufacturing process and
brought to the inspection statigrown, 2010, andor on-line (in process)where thebarrier

film is inspectedduring themanufacturing proces3his chapter describes the instruments
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capability andsetups utilised for various measurements towards the charaatenzof the
PV barrierfilms defects.

4.2 Surface Characterisation Methods

PV barrier defectsan be characterised and measusgdusing large numbsrof surface
metrology methodsand each particular method has its own advantages and disadvantages.
Thetypesof surface topography measuring equiprseah be divided into two classes, those
used oror in-line such as Pneumatic, Light Scatter, and those used in the laboratory such as
Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM) and &Vhight

Interferometry(WLSI). The following figure shows the classificationtbesemethods.
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Figure 41: Classification of surface metrology methdul¢aterworth, 2006
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In this study l&-based (offline) surface metrology techniques reviewed in this chapter and
the use of feature parameters according to 250782 will be comprehensively involved in

characterising exemplar barrier coatings of PV modules. A further aim of the study using
offline metrology is to define the minimum size of defect that has a significant effect on

barrier function and use this defect size to target inline inspection.

4.3. Off-line DefectDetection Techniques

Non-contactlab-basedmetrology techniques such &opherence Correlation Interferometry
(CClI), Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) can
provide the ability to measure surface featufkethe PV barrier®n ananometescale, and it
can also play a very significant role metdevelopment and production of all designs of CIGS
PV modulesin this study the following metrology methods were usedoffline techniques

for PV barriers defects characterisation

f A whitelight interferomety.
f Scanning electron microscopy.

f Atomic force microscopy.

4.3.1 White Light Scanning Interferometry Method

A schematic of a scanning interferameis shown in Fig [42]. The upper beam splitter
directs light from the light source towards the objective lens. The lower beam splitter in the
objectve lens splits the light into two separate beams. One beam is directed towards the
sample andhe otherbeam is directed towards an internal reference mirror. The two beams
recombine and the recombined light is sent to the detector. Due to the low cehefrdme
white light source, the optical path length to the sample and the reference must be almost

identical, for interference to be observ@deachet al, 200§. The deteair measures the
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intensity of the light as the interferometric objective is actuated in the vertical direction (z

axis) and finds the interference maximum.

e

Digital CCD Filter Mirau Interferometer

system \ White light I [ 1
source i :

i
g

/

Beam splitter

Objective lens

Reference

Beam splitter

Measurement

sample = A
' ’ ' \ : Measurement sample
' Beam splitter

i «—— Piezo drive system /

Figure 42: Principle of the coherenamrrelationinterferometry(Leach et al., 2008

Each pixel of the sensor measures the intensity of the light and the fringe envelope obtained
can be used to calculate the position of the surface. As tketiolj lens is moved a change

of intensity due to interference will be observed for each pixel when the distance from the
sample to the beam splitter sightly the same as the distance from the reference mirror to
the beam splitter. If the objective isorred downwards, the highest points on the surface will
cause interference first. This information can be used to build up a three idina¢msap of

the surface. Fig [8] shows how the interference is built upeatch pixel in the camera array.

The accuray andthe repeatability of this method depends on many parameters including the

control and linearity of the vertical actuator, the performance of the camera, the design of the
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metrology frane, the stability of the sample artde environmentHowever, thevertical

resolution is sub nanometer.

Top Down

Scan Direction .

Figure 4 3: interference at each pixel in the camera aftaach et al., 2008

4.31.1Talysurf CCI 3000 Instrument

Talysurf CCI (Coherence Correlation Interferome3600Q (Taylor Hobson Ltd., Leicester,
UK) has been used in the presstudyas a white light scanning interferometry technique.
The general configuratioof the instrumenis shown inFig [4-4]. The CCI combines a
coherence correlation algorithm withhégh-resolution digital camera array to generate a
threedimensionalrepresentation of a structure by scanningfthges through the surface
and then processing thmformation to transform tb data into aquantitative three
dimensionalimage withsub nanometrevertical resolution. Thelata can then be used to
generate accurate quantitatiparameters such & mean surfaceughnesg1S0251782,

2012.
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Automated
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Figure4-4: Talysurf CCI3000

Talysurf CCI 3000 brings an unparalleled level of performance to theaomiact 3D optical
measurement with high resolution and excellent sensitivity to the reflective light. Almost all
material typesincluding dass, metal, and polymer with a reflectivity between 0.3% and

100% can be measured. Its typical specifications are summarised iftahle

Table 41: Talysurf CCI 3000 technical specificati@@ource: Taylor Hobson Ltd.)

Talysurf CCI 3000 Specifications
Vertical resolution 0.01nm
Maximum lateral resolution 0.88 um
Vertical range P

Field of view(lens dependant) 0.9 x0.9 mr

Data points 1024x1024 pixel array 1024x1024 pixel array
Root mean square repeatabilitpise) 0.003 nm
Working distance 4.7 mm

Typical measurement time 1020 seconds
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4.3.1.2Talysurf CCI 3000 Instrument Calibration

Calibration of the Coherence Correlation Interferometry (CCI) is an important factor in
producing reliable and repeatabteeasurementsTherefore,it is important to calibrate the
instrument whenever a major adjustment has been made to the instrument or to the
envronment in which it is housedhe frequency of calibration is dependent upon a number

of factors such as envirorent of use, instrument stability and any regulatory requirements
particular to the applicationDifferent types of calibration need to be performed these

include;

Lateral or spatial calibration: Lateral or spatial calibration of a CCI determines the
charateristics of the x and y measurement capability and allows for a correction to be
applied. This can be achieved by measuring a calibrated pattern, for example a series of
concentric circles.

Vertical calibration: Vertical calibration allows for the corréon of any unwanted
motion effects in the vertical (z) measuring axis. This calibration is generally achieved
through the use of a step height of calibrated dimension.

Form correction: Form correction serves to correct errors associated with the reference
optics or in the objective lens assembly. Form correction is generally achieved through

single or multiple measurements taken of a reference flat surface.

4.3.2 Atomic Force MicroscopeM ethod

The Atomic Force Microscope (AFM) method is classified as dne wide variety of
scanning probe microscopes and accompanying techniques, which were developed in the
early 198§ (A. Lewis et al., 2008 The AFM is a device capable of investigating several
physical characteristics of a material with sadgnmometer resolution, using the interaction

force betweem cartilevertip and a sample surfa¢€. Kim, Jung, Youm, & Park, 20).1
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The AFM is operated in either of two modes contact mode or tappinig.nho the contact

mode, the tip adheres to the sample surface with a finite force as it is dragged across the
surface. The finite adhesion forces deform the tip and the sample so that contact occurs over a
finite area. This area is greatly influenced Ime ttip sharpness and is increased by any
additional spring forcéHutter & Bechhoefer, 1993In fact, this basic technique tife AFM

is not adopted to examine such surfaces due to problems of friction and adhesion. Therefore,
the tapping mode of operation was developed to overcome drawbacks of contact mode
(Binnig, Quate, & Gerber, 1986However, the highreresolutionandthe faster scarcan be
achieved bythe contact modéCasuso, Kodera, Le Grimellec, Ando, & Scheuring, 2009
Rohrer & Binnig, 200%

5.5.2.1Principle of AFM in Contact Mode

The principle behind the operation of an AFM lies in the contact mode. The AFM tip is first
manually brought close to the sample surface. Then the scanner makes a final adjustment in

tip sample distance based aset point determined by the user.

Laser

Photodiode

,fl
,"J Cantilever
/

Piezo scanner

Figure 45: Components of AFMSantos & Castanho, 2004
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The tip, now in contact with the sample surface through any adsorbed gas layer, is then
scamed across the sample using a piezoelectric actu&itiier by moving the sample or the

tip, relative to each other. A laser beam aimed at the back of the cantile\assembly
reflects off the cantilever surface to a split photodiode, which detectsnthé cantilever
deflections. A feedback loop maintains constants@mple separation by moving the scanner

in the z direction to maintain the set point deflectiofhe sample surface roughness is

directly related to the vertical movement of the piezmsea

5.5.2.2Principle of AFM in Tapping Mode

This mode uses oscillation of the cantilever tip to impact the target sample for a minimal
amount of time. This intermittent contact reduces the damage done to the soft surface and to
the tip, compared to themount done in contact mode. Therefore, the tapping mode is the
method of choice for imaging functionalisedft surfacesin this mode; the AFM scans the

sample surface with a very tiny and sharp tip mounted at the end of a flexible camtever

shown inFig [4-6].

[ | ||| l,‘ '|| l|"|I 4 : J . . =|.‘-,Iv |, ,|l ll. 'I' |'”'| Il‘ 3 |" .'l_l
| | | o\ A / l,' | el R ] \ - '
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Figure 46: AFM tips operating in the tapping mo@&lessandrini & Facci, 2005

The tip is oscillated and moved towards the sar(ipilenig et al, 1986. Only intermittently
WRXFKLQJ RU 3WD S Sda@plé. ieRdeXHéd dragdhgVibkcés during scanning are
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significantly reduceqdTamayo & Garcia, 1996 Moreover, during oscillation, the tip goes

through both the attractive and repulsive regions of theaipple force field

The cantilever is oscillating close to its resonance frequency. An electronic feedback loop
ensures that the oscillation amplitude remains constant, such that a constampie
interaction is maintained during scanning. Forces that act betwesantipde and the tip will

not only cause a change the oscillation amplitude, but also change in the resonant

frequency and phase of the cantile@#&lessandrini & Facci, 2005

The amplitude is used for the feedback and the & rédjustments of the piezoscanner are
recorded as a height imageross the sy scan rangeSimultaneously, the phase changes are
presented in the phase image (topography). The advantages of this mode are the elimination
of a large part of permanent shiegrforces and the causing of less damage to the sample

surface, even with stiffer probéRohrer & Binnig, 200%

f Advantages:

- High lateral resolution (1 nm to 5 nm).
- Lower forces and less damage to soft samples in air.
- Lateral forces are virtually eliminated so there is no scraping.

f Disadvantage:

- Slower scan speed than in contact mode.

%UXNHUTV 'L PH@Wic Rapce, MiRr@cope (Bruker Ltd., Coventry, UKds shown
in Fig [4-7] has been employed in the current stu@llge instrument was used in contact
modeto achieve higher resolution and faster scan speed than tappingwinaie there is no
damage was noticed on the sarsplsing this modeThe instrumentypical specifications

are summarised in tabjé-2].

69



Laser Knobs
D (=D

Display

Vacuum switch

Optics Screw to Release

the SPM Head
SPM Head

Photodiode
knobs

Granite stage

Figure 47 % UXNHUV 'LPAt@M ERE@ MiEBQope

Table 42 % UXNHUYV 'L P ARYIVdcQalspeRifization

Parameter Icon® AFM
X-Y scan range 90 um x 90 um typical, 85 pm minimum
Lateral resolution ' 2 nm (tip radius dependant)
Vertical resolution < 0.3 Angstrom
Z range 10 um typical in imagig and force curve modes, 9.5 pminimum
Vertical noise floor < 30 pm RMS in appropriate environment
Sample size/holde ” PP GLDPHWHU ” PP WI

4.3.3 Scanning Electron MicroscopyTechnique

Scanning microscopy generally includes SEM, scanning probe microscope (SPM), and
scanning tunnelling microscope (STM). k& SEM is the one that is frequently employed in
this researctstudy, an introduction to BEM is herein provided. It is much like an optical

PLFURVFRSH LQ WKDW RQH RI vittwa/highDiegph & XeldSerdetbivn LV WR 3
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samplesThe first SEM instrument was designed by Stinzing and Knoll in Germany in the
early1930s The desig of the SEM is based mainly on the development work by Oatley and
Nixon in Cambridge and the first commercial version of a SEM was designed by Stewart and

Snelling in 1965Novotna, 2014

The more recent computer developmentddas stronglyncreased thperformance of SEMs

and imaging analysigiowever, since SEMses electrons as the source of illumination rather
than light, far superior resolutions are obtainable. SEM is a type of electron microscope that
scans the sample gace with a higkenergy focused beam of electrons to record surface
information Theinstrument is made up of two main components, the electronic console and

the electron column as shown in Fgq].

Electron beam

Anode

Condenser lenses ‘ I “‘

Scan coils

Amplifier — Cathode ray tube

Scan generator

A ~“~_ Secondary

electron detector

Backscattered — ‘“ire
electron detector

Stage Specimen

Figure 48: Scanning Ectron Microscopy
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The ekctron console provides contsoand switches that allow for instrument adjustment
such as filament current, accelerating voltage, focus, magnification, brightness and contrast.
The electron column is where the electron beam isrgestk under vacuum, focused to a
small diameter, and scanned across the surface of a specimen by electromagnetic deflection
coils. The lower portion of the column is called the specimen chamber. The electron column
comprises the following components.

f Electon gun, to generate free electrons.

f Condenser lenses, to cause the beam to converge and pass through a focal point.

f Scanning system, to form the image.

f Specimen chamber.

5.5.3.1SEM working principle

The SEM is an instrument that produces a greatly miagrimage by using electrons instead
of light to form an imagéNisha, 2013 A beam of electrons is produced at the top of the
microscope by an electron gun. The electron beallows a vertical path through the

microscope, which is held within a vacuum.

Incident Beam

X-rays
Through thickness
Compeositional information

Primary Backscattered Electrons
Atomic number and topographical information

Cathodoluminescence
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Auger Electrons
Surface sensitive
Compositional information

Secondary Electrons
Topographical information

i
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-,

Specimen Current
Electrical information

Figure 49: SEM working principlg(Waterworth, 2006
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The beam travels through electromagnetic fields and $engkich focus the beam down
toward the sample. Once the beam hits the sample, electronsrayd Xre ejected fromeh
sample.Detectors collect these-days, backscattered electrons, and secondary electrons.

the present study emitted secondary etetrimaging is primarily usedlhe detectors
convert them into a signal that is sent to a screen similar to a television screen, and that

produces the final imag&tefanaki, 2008

JEOL JSM6060 (Oxford Instruments, UK) as well @ianta 250 FEG ESEM (Th#ilton
Centre, UK)shown in Fig[4-10] andFig [4-11] respectivelywere employed in this present
research The intuitive computer interface and standard automated features, such -as auto
focus, autegun alignment, and automatic contrast and brightness, allow the instruments to be
very easily operated. In addition, the spemmthamber can accommodate a sample of up to

32mm in diameterThe instrumentsypical specifications are summarised in tgbla].

Figure 410: The scanning electron microscap@EOL JSM6060
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Figure 411 The scanning electron microscopeQuanta250FEG

Table 43: The typical specifications of JEOL JS&D60and Quant250FEG ESEM

JEOL JSM % Specifications Quanta 250 FEG Specifications
6060 ESEM
Resolution 3.5nm guararted Resolution 0.8 nm at 30 KeV
Magnification 8x to 300,000x Magnification 14x t01000000 x
Probe current S$ WR Probe current i Q3%
Accelerating 0.5 to 30kV Accelerating 200V to 30 kV
voltage voltage

4.4 Criteria for Instruments Selection

There are many instruments that can be used-bis@rface measurements, but selecting the

right instrumentcan bedifficult task for operatorsMorris (2001) argues that the starting

point in choosing the most suitable instrument of a particular quantity in a factory or other
V\VWHPV LV WKH VSHFLILFDWLRQ RI WKH LQVWUXPHQW{Y{V |
dynamic peformance. HoweverStedman (1987argues that the performances of metrology
instruments are limited mainly by the specifications of a number of critical components, such
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as probe geometry, transducer, sensitivity, accuracies of the ways, scan length and scale

resolution.

It is clear that thepreviousdy describedinstruments have specific vertical and horizontal
measurement ranges for which they are best suited. Additipralitain aspectsof their
physical attributes (probe size and geometry, transducertiggypsimovement error scan
length, datum, scale resolution etc.) also define their most suitable performance wihdow.
capabilities of surface texture instrumentation can be understood by using plots in the
amplitudewavelengthplane as developed by 8tean in 1987The method is based around

the limiting response of the instrument to sinusoidal surface perturbations. The limiting
factors considered are the vertical range and resolution, and the horizontal range and
resolution, which usually relate to ehhorizontal datum and probe size/geometry. An

amplitudexvavelength plot for the instruments is presented in 4~itg].
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Figure4-12: Amplitudewavelength plot¢X. iang et al.2007)
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The axes represent vertical (i.e. feature amplitude) and lateral (feature wavelength)
dimensions. Each polygon in the figugtédmandiagram) indicates the working area of an
instrument. Any instrument will have minimum sized features it can resolve often the
amplitude detectable depending on the wavelength, which can be represented by a particular
position of points on the plane. Slarly the size of the instrument (if nothing else) dictates

the largest feature it can handle (range), also plotted as a locus; Thus a closed polygon can be
constructed for any instrument inside which lie all the combinations of features that the
instrumen can measure properly. The lengths of lines drawn parallel to the axes from any
point, P, in the polygon gives an indication of the ratio of range to resolution, the longer the

length, the bigger the rat{dainsah, Greenwood, & Chetwynd, 2001

The amplitudewavelength majlearly shows that the specific working areas of the differe
LQVWUXPHQWY DQG GHILQHV WKH LQVWUXPHQWVY VXLWDE
large working area of the stylus instruments illustrates its wide applicabildwever, in

such applicatiortbarrier films defect detectionphe styluswill not be used as it is expected to

cause a scratch or crack kind of defects over the PV barrierlfishould be noted that the
SPM/AFM systemg$oth are norcontacting techniques, arve the highest resolution but

limited range. Interferometric systems hawvdigh resolution and a greater range than the
scanning microscopeshich will be extensively employed in this studyowever, they have

a more limited lateral resolution.

To sum up it should be stated that, all the previous described techniqubs hapterare

lab based, and cannot be easily used for process control. Therefore; detecting defaets off
is difficult, time consumin@nd expensive. This procedure can often result in large quantities
of PV barrier films being manufactured before defeeiee detectecind corrective action

taken In addition the quality requirements and line speed have been incréasingeters
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per minute)and offline methods are not efficient under these conditions. Hence, it is
desirableto make use of a camebased o other optical based {line inspection systems

after each important production segment so that it is assured that, only completely inspected
parts that have been found to be good enough remain for the next processing step. However,
CCD camera based teahunes have limited lateral detection limasd cannot describe the

morphology of defects

4.5. CCD Camera Defect Detection Systems

Charge Coupled Device (CCD) technology is commonly wegaresenfor the purpose of

detecting defectim PV barrier filmsproduction linesin process'as shown in Fig [4.3].

: Camera
Linescan » Becerosic >

Camera

Lens W 4

Digital Signal

) P
pDefect

Figure 413. CCD linescan camera: fundamentals of opergtaith Masters, Paul

6WHLQEDFKHU 2T1&RQQHOO
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The CCD functions by converting light energy to an electrical charge that can be measured
and proessed by a computer. Visual detection systems applied to moving PV barrier sheets
use a one dimensional array of detection elements known as a line scan( deemtra
Masters et al., 2030. By using a line scan camera, the entire sheet or web can be
continuously scanned and the video signal converted to an electrical signal as shown in Fig

[4-13].

This systen{CCD) ensureghat only nordefective areas continue down theghuction line.
Immediately after the basic substrate is coated, the camera will reliably detect any substrate
defects, specifiedge defects or structural defects. This process prevents defective material
from proceeding to the subsequent costly coatingcgsses, which will contribute
significantly to the cost optimisation of the tHim barrier films productionHowever, the

CCD system cannoidentify the type of defect existhey are limited to 10 um lateral
resolution and require complex illuminati@ystems ISRA VISION AG, University of

Huddersfield summer school, 2015).

4.6 Areal Field Parameters

Data collected from the PV barrier samples can be used to establish parameters or visual 3D
and 2D images describing the desired features of the sufifheevast majority of surface
texture parameters adefined adield parametersThe term field refers to the use of every
collecteddata point measured in the evaluation area, as opposed to feature parameters that
only take into account specific pointsds or areas.

Field parameters allow the characterisation of surface heights, slopes, complexity,
wavelength content, etc. They are defined in the specification standard ISO 25178 part 2
(1IS0251782, 2013. ISO areal field paramate are presented along with guidance on their

usein appendix B).
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[ S - parameter set (12) ]

height
parameters

(7)

spatial
parameters

(2)

hybrid
parameters

2)

miscellaneous
parameter

(1)

\

root mean square height — Sg
skewness — Ssk

kurtosis — Sku

maximum peak height — Sp
maximum valley height — Sv
maximum height of texture
surface — Sz

arithmetical mean height — Sa

fastest decay auto-
correlation length —
Sal

texture aspect ratio —
Str

root mean square
slope of the assessed
texture surface — Sdyg
developed interfacial
area ratio — Sdr

texture direction
of the texture
surface — Srd

Figure 414: Areal Field Paramete(X. Jiang et al., 2007

4.7 Areal Feature Parameters

Unlike field parameters, where every point on the surface is taken into account in the
calculation, the category of feature parameters takes into account only identified features on
the arface. Features are considered because they play a significant role in a particular

function. Significant features are identified by segmentation of the surface and selected by a

discrimination method known dgruning'. Parameters are then calculatedjt@ntify the

characteristics of the selected featy@ateyron, 2018 Feature characterization does not in

general have specific feature parametdedined but hAs instead a toolbox of pattern

recognition techniques that can bged to characterize specified fg&s on a scalkmited

surface(X. Jiang et al., 2003, e.g.to calculate the peaks densitgdS§number of peaks per

unit area).
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Spd= FC; Wolfprune: X%; All; Count,Density,where X= the prune height.

Fig [5-16] shows the featurparametes set as given in ISO 25178 and in appendiXB)

theseparameterarepresentedlong with guidance on their use.

Note: other parameters can be formulateSURYLGLQJ WKHLU 3SWRROER[™ GHVL

[ V - parameter set (13) ]
N ™)
areal parameters void volume material volume other
(8 @ @) (1)
vy _/
core roughness depth — Sk dale void volume material volume of the peak extreme height —
reduce peak height/ of the texture surface - texture 595p
valley depths — Spk, Svk 4%% surface — Vimp
peak/valley material portion void core volume core material volume
— SMri1, SMr2 of the texture of the texture surface —
slope of the plateau / valley surface — Fve Ve
region — Spq, Svg

relative material ratio at the
plateau to valley intersection
— Smg

Note: each parameter has a specific toolbox specification
Figure 415: A feature parameter set as given in ISO 2527R. Jiang et al., 2007

4.8 DefectLharacterisation of PV Barrier Films

One of the major challenges in the development of flexible PV modules is the protection of
the PV méerials from damage by ambient moisture and oxygen. Modelling of moisture
degradation of flexible CIGS cells indicates that a flexible encapsulation with a water vapour
permeation or transmission rate (WVTR) of betweelf fjiH.O/nm?-day and 1& g-H.O/n?-

day is needed for a lifetime >20 yedP. F. Carcia et al., 2010 A defectfree thin ALD
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Al20s3 coating on polymer substrates has been shown to reduce moisture permeation to a

WVTR of ~5x10® g-H.O/n?-day at room temperatu(®. D. Groner et al., 2006

Zhanget al.,(2009 statedthat the quality of the barrier film is determineg defects in the

film, such as pinholes or cracks that allow leakage of reactive sp@&biesauthomprovided
limited information about the morphology of individual defects, indicating that defects are
likely to result from particle contamination on tpdyethylene terephthala{®EN) substrate.

The particles are believed to mask the polymer substrate and prey®atAAID coating.

The particles then move or are dislodged after th©ARLD coating process and leave an
uncoated region of the paoher subshte so water vapour can penetrate through these
uncoated regions, degrading the PV functional performafterefore, the need to
characterise defects in the barrier film has become increasingly important to impeove t
EDUULHU IL O P favdis thddrgdune theQnkorphology of defects to identify the origin

of defects and to improwebarrier film quality.

Bottomley (2012 studied defects in ADs ALD using atomic force microscopy (AFM) plus

the application of the calcium test. The resultsndestrated that the major cause of device
failure was point defects in the barrier films caused by airborne dust which adheres to the
film surface before application of the barrier. Moreover, the author developed a theoretical
model to give an improved uatstanding of the defect problems in flexible display devices.
The author found that the resistance of the barrier films to gas transmission is controlled

mainly by nanescale defects created during the fabrication of the oxide barrier layer.

Erlat et al.,(200]) stated that large defects may dominate the permeptmperties of the
barrier film. The size and density of these defects are believed to be strongly dependent on
the intrinsic properties of the oxide layer. Oxygen transmission rates as low d8ri-day

atm and water vapour transmission rates below Or2-day have been achieved, and these
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values are explained by the relatively low density of defects in the barrier layers. However,

the authors did not determine the size of significant large defects.

Lee (2013) measured the reoeansquare (RMS) roughss of the sputtered ALD films to
determine their surface coverage characteristics on PET substrates. After the ALD film
covered the PET substrate, the surface roughness was seen to be significantly reduced. The
result specifiesthat the surface smoothnes$ the ALD film can possibly restrict the
development of defects originating from the substrate and make the subsequently sputtered
film more conformal and denser, resulting in a reduced WWIBreover, (GarciaAyuso,
Vazquez, & MartineDuart, 1996 studied the reltionship between the surface morphology

and water vapour diffusivity of barrier coatings on polymeric (PET) films using the atomic
force microscopy (AFM) technique. The authors observed that no correlation exists when the
surface roughness is measuredrdaege scanned areas owing to the inhomogeneous coating
morphology.However, for scan sizes restricted to representative zsines P ZLGH IUHH
from bumps and pinholes, it is found that those films smoother than the PET substrate show a

low water vapoupermeability

This thesis will go beyond the work carried out by the authors mentioned earlier in this
section and seeks to inttuce such a correlation between the defesize, density,
morphology and WVTRusing quantitativenetrology techniques and the latest areal feature
paraneters analysis as stated in ISO25278he work also seeks to provide important
information regardig the target of the defect size which has a detrimental effect on the

functional performance of the barrier film by allowing water vapour ingress to the PV unit.

4.9 Summary

PVs Manufacturers today face a number of technological challenges in PV poodlicés;
micro-scale defectsan appear at any stage of #¥ barrier filmscoatingprocessallowing
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watervapouringress to théinal PV unit, and resulting in reduced yieldfficiency, as well as
reduced product longevity and performance. These teéee unlikely to be detected the
offline (lab-basedmetrologytechniquesare impractical and time consuming and ¢esting

online techniquesface the challenge of speed versus resolutibmerefore, thisthesis
contribution will go beyond the cume stateof-the-art inline detection system, where an
optical system based on high resolution interferometers will be verified and implemented in
order to measuredefects down t8 pum later sizein approximately 1 fMuhamedsalih,
2013. However, bebre the use of the inspection system, defects classification in terms of
significance, type and morphology need to be investigated fastllycorrelated with thevV
barrier films functionalityusing labbased(offline) metrology techniquesThis will aid to

create a comprehensidatabase for the development of the required defect sensors
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CHAPTER 5

5. Measurementsand Experimental Procedures

5.1. Introduction

Transparent barrier films such as,®¢ used for prevention of oxygen and/or water vapour
permeation are the subject of increasing research interest when used for the encapsulation of
flexible PV modulesDespite the excellent barrier properties provided by this material, all
published literaturdP. F. Carciaet al, 201Q M. D. Groneret al, 2006 Johanssoret al,

201Q C. Y. Park, An, Jang, Lee, & Choi, 2014ave showrthat, there is some remaining
SHUPHDWLRQ HYHQ ZKHQ WKH EDUUL Hid). FirsDovtdtapding V' UHD
transmission is assumed to be attributed to the presersraadf(micro and/ornancscale)
defectson the barrier film coatingBottomley, 2012Koo, Choi, Baik, Lee, & ke, 2005J.

S. Lewis & Weaver, 2004 This chapter seeks to give an overview and catalogu@sAl

barrier film surface defects (shape, s&male, density, and morphology) which have a
detrimentaleffect on the PV module performan@nd lifespan In order to understand in

more deta# the factors that affecting the efficiency and the lifespathefPV modulesa
correlation neeslto be established betweehe barrier filmdefects andhe barrier film
functionality. As discussed previouslthis will ultimately help to provide the basis for
developingR2R in-process metrology devices for quality contassurancef PV modules

and organic electronics

5.2. Experimental Details

Surface measurements condutt® characterise uncoated and barriefQAIALD coated
polymer filmswill be reported in this sectiohe surface topography of the barrier films is

assessed using surface metrology instruments mentioned in chgptendanalysed using
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the latesfeaure parameterset(1SO251782, 2013. The presencand the distributiomf the
defects is then correlated with the water vapor transmission rates (WVTRsS) as measured on
representative sets of barrier films using Isostatic stantesti (MOCON) discussed
previously in chapter3), section 8.6.4). The aim was to establish possiblecorrelation

between the defects density and distribution with the WVTR.

5.2.1 TestSpecimenFabrication (Test 1)

In this study,a set of fourB0 mmdiameter samples coated with At of AlOs usingthe

ALD method(see chapteB, section3.6.3) were assessed, along with a ramated substrate.
Special care taken during the transportation as well as during measurefitatsamples to
avoid any possibldamageThe substratenaterial used in the present study was Polyethylene
naphthalate (PEN), and the thickness of this materigpecified to be 12@m as shown in

Fig [5-1]. The specimens were produced by the Centre for Process Innovation (CPI)ads part

the NanoMend projedNanoMend FP7280581).

% ‘

|
Figure 51: Cut adosssection of the polyethylene naphthalate base material
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This material(PEN) has a good transparency and relatively low cost but it has a high density
R1 3SIDMMNG 3 S HdnNfillers and other defectsuch asdust and surface scratching

(AlmanzaWorkman et al., 20)2andas shown in Fig%-2] from present measurements

Attached patrticle

HY curr mag |tit] WD
10.00 kV|0.12 nA | 18125x/0 ° (152 mm

Figure 52: Defecsin thepolyethylene napthalatefilm substrate

The base film(PEN) inherent roughness can have a highly detrimental effect on the barrier
performance. Thereforgthen this base material (PEEM coated with a barrier layer such as
Al20s, the barrier performance of this multilay&ructure can also fall short of the stringent
water vapour transmission rate requirements for PV applications (2§kttiday). One
solution, the subject of this investigation, is the addition of a planarised hard coat to the film

surface (AlmanzaWorkman et al.,, 2002 This coating is depositedsing spin coating
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methodas a wet coat to the polymer during manufacture and acts to increase the smoothness
of the suface by capturing existing debris and counteracting the effect of scratches which

may be present on the raw base film after produ@sshown in Figg-3].

Cracks

Figure 53: AFM 10x10um and 30x30um showing defects presn the raw base film after
production
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In the present studgnother PEN thitayer of approximatel®-3 microns thick was applied
on top of the PEN substrate to planarise the pits and spikes feadskewn irfFig [5-4] and

as shown in Figg-5] from present measurements.

Particle Crack

Planarization coating / } 2-3 um

Polymer substrate
S Scratch

Figure 54: A schematic diagram of polymer planarisation coating

| HV cur | mag |tit WD
\10.00 kV 0.12 nA 5886 x|45 ° 14.5 mm|

Figure 55: Crosssection of the PEIglanarisedayer
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Following the planarisationprocessa barrier film ofAl.Oz was deposited by thermal and
plasmaassisted ALD employing Timethyl aluminium Al (CH)z precursor dosing together

with a HO oxidant sourcas explained in chapt& (section3.6.3). The ALD depositions

were made using Oxford Instruments FlexAloltqsee section3.6.2), and Trimethyl
Aluminium (TMA) was used as the metal precursor. The reactor temperature used to deposit
the aluminium oxide was 12TC and thepressure was very low (<0.1mBaB12 reaction

cycles were made to produce 40nm@ layers on the PEN substrateThe 40nm thick

Al>03 ALD is incorporated on top of the planarised layer as shown irbFay [

Light management layer

~2um

- Absorber
layer

Encapsulation/barrier layer

Back sheetencapsulation Core PV sheet

Figure 56: Schematic crossection of CIGS PV cell (Courtesy of Flisom, Switzerland)
5.2.2Environmental Degradation Test

All the coated samples are measuredifieWVTR using Isostatic standard test (MOC®N
instrumentation prior to the surface measureméigs[5-7] shows theMOCON® instrument
parts.This method(MOCON®) involves the test specimen bgiheld such that it separates
two sides of a test chamber as shown in[B#§] and explained in chapt@ (section3.6.4).
One side of the sample, the "wet side", is exposedwater vapoat 38 °C and 90% relative

humidity (RH) On the detector sidehe "dry side”, the sample is subjected to a zero relative
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humidity; the permeating vapor is swept away with a carrier gas (nitrogen) and fed into a

sensor/detectowhich isusually infrared.

Temperatureontrolled Controlledhumidity
(dry chamber) (wet chamber)

Figure 57: WVTR test (MOCON®)omponents

1 Moist N5 in T Moist N, out
|

RN,

PEN substrate
PEN Planarised layer

Onr

F

I ;
Dry N, in T l Moist N, to sensor

Figure 58: WVTR Test using an infrared detection technique
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5.2.3 WaterVapor Permeation Theory

The permeability of the film is determined from the amount or rateatér vapopermeation
and experimental parametersuch as time, sample area, sample thickness, pressure
differences, concentrations, temperature and relative humidity (RABsuming Fickian
diffusivity (i.e., diffusivity is independent of concentration), the transient WVTR can be

described by the folloing equation(Michael D Kempe, 2006

a Dn’ St O (5-1)
WVTR%& 21 ()" e ™ >
g X

Where D is the diffusivity (cnf/s) and it is determined by the time required to reach steady

state, after which the water saturation concentration was determined by stadyVTR; |

is the sample thickness; t is elapsed time (hrs.),Ggdg/cn?) is the concentration of water

at saturation. The WVTR values of the samples are shouwabla[5-1], the samples were

independently randomly numbered so there was no influence on the analysis of the samples.

Table 51: Water \apor transmissionDWH DW VSHFLILHBd BRRETLastLRQV U&

Sample code. Water vapour transmission rate Stabilisation time
(g9/m?/24 hrs.) (days)
2701 1.1x 10° 11 days
2702 1.3x10° 11 days
2705 4.1x 103 5 days
2706 2.0x 10° 5 days

The results show that sampg2705) KDG WKH KLJKHVW :975 7KLV VWXG\TV
the presence of micro/naiscale defects, (size and distribution) might play a critical role in
determiningthe WVTR. An investigation was conductadto which type andsize of the

micro and nanescale defectdiave a negative effect on th&/ barrier performance and

lifespan This investigation waperformedwith no priorknowledge of the WVTRalues.
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5.3. DefectDetection M ethodology

Since defects in the barrier filnf the PV module are expected to seriously reduce their
conversion efficiency and usable lifespan, the inspection and understanding of the functional
significance of these defects is a very important aspect for the development of both the
product and the mmaufacturing process. In thishapter surface metrology techniques
particularly optical microscopy, coherencermlation interferometry (CCB000, atomic

force microscopy (AFM) and environmentstanning electron microscop¥gSEM) were

used to measuredlpreviously tested samples.

5.3.1 Optical MicroscopyAnalysis

Initially an optical microscope (Keyence VHBOO digital high dimension chargeoupled

device (CCD)),equipped with 2@00x objective lenses was uiéd in a clean room
environment(class 1000) for initial characterization othe samples. This technique was
employed to give amitial indication of the types of surface features existRQQ WKH VDPSOH

surfacedefore carrying out any furthemeasurements.

Figure 59: Keyenceoptical microscope
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The investigation shows that, different types of features were noted on each sample; these
features are differenn terms of their type, widthdistribution and morphologyA typical
examples of these features is shown kg [5-10] and Fig p-11]. The figures show pit type
features in the ADs layer. Where it is observed that iRig [5-10] a pit type feature has
allowed the water vapor to permeate through the barrier causing delamination ofGe Al

layer from the plarmésed PEN layearound the piboundary.

- Pit type

/ defect

Delaminated
region

Figure 510: Form and scale of (a) large defect feature

Figure 511: Form and scale of small defect feature
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5.3.2 White Light Scanning Interferometry Analysis(Test 1)

The recording of the sizecale of the features observed from the previous survey using the
optical microscope was completed using white light scanning interferometry (WLSI). This
method was used to carry out 3D surface analysis, and proaigesnber of important
parameters; including surface roughness, fedtaight width and densityThese parameters
could possibly have a large influence upon liaerier layerfunctionality (Conroy, 2012
However, further worlstill needed to determine the size, density of the surface features and
the other parameters whidould have a negative influence on the barrier film lifespan and
functionality. The WLSI instrument used in this study was the Ametek Taylor Hobson CCI
3000 (Coherence Correlation Interferometer). The instrument has been calibrated according
to its manufacture specificatiomsentioned in chapted) section4.3.1.2,and was used in a
clean room environmer{tlass 10000}o avoid any possible damage and contetion of

the samples.

A 20x objective lens was used; this lens gave a measuremergfiaieaf view) of roughly 1

mm2 and a potential vertical resolution of about Guh with lateral resolution of
approximately 0.8&im. In the studywhich follows, itwas considered important to identify

the surface topography features in the(illayer as these were thought to be directly
contributed to the WVTR value. Cataloguing and determining the significance of these
features, and measuring their size, distrifmtiarea and volume as well as the ability to
classify these features and determine correlation with WVTR, is considered as a basis for
developing a suitable iline defect detection system. Ale Al.O3 ALD samples including

the uncoated substrate wereeasured using the WLSI techniqu&00 measurements,

equating to 14% of the total surface area of all the specimens was measured.

The measurements showed the@lbarrier layer has many features; these features varied
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from one sample to anothéiig [5-12] and Fig[5-13] show typical examples of these defects
as characterised yCI instrumentOther types of defects observed during this investigation

are included in appendiXj.

25.34

(wn)LeehLiA

X:113.26(um)

Figure 512 Peak type defect

um
28°
2.4
2.2

_1.8
—1.6
—1.4
_1.2

0.8
0.6
0.4
0.2
0.00

X:458.45(um)

Y:458.63(um)

Figure 513. Holetype defect.

The data collected from tHeCl has been filtered, arttie purpose of employing a filter is to

remove aspects of the surface topography which are not required for further analysis, and to
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select elements of surface which are required for further examination and evaluation. The
measured topography data in this study contains three major features of information
(roughness, waviness and form). Hence, to examine surface roughness, the waviness and
form componentsnust be removed from the deagat before analysigK. Stout, Sullivan,

Dong, Mainsah, & Luo, 1993ecommended the use of thebust Gaussiafilter, saying,

HM7KH *DXVVLDQ ILOWHU LV ihgGsdriace® Wit KdhViest@ §4poRLd3).V PR R W K
Surface roughness and waviness can be separated with no phase distortion for both separated

component$n a single filtering procedure

This methodof filtering is strongly based on the assumption that the ngeamraphy of the
surface is constructed of similar sinusoidal waveforms with various wavelengtkisis
study, DOO Rl WKH PHDVXUHPHQW GDWD ILOHV KDYOYDHQEHHQ C

VRIWZDUH SDFNDJH LQ RUGHU WR

f ((WUDFW WKH VXUIDFH IHDWXUHV RI LQWHUHVW IURP WKt

f SGHPRYH XQ ZD-Q/\W B G H FEDIDEDPUHHDW X U H DHRQ WHHIDQ & UAS LN H V

b
3
(wn)yg 126:X

Y:922.04{um)

Figure 514 )LOWQ@DM0WJIRFHVYVY D EHIRUH ILOWUDWLRQ E

Standardanalysisapproachedased orareal field parameterand in particular thesurface

roughnessstandard deviatioand skewnesgarametersvere applied for theveralldatausing
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36 XU VW D @ atteriRoRtO differentiatbetween the most defectivacanondefective
samples.The parameter & (onughnesanean heighthas been applied to the surfaces data
table B-2] shows the mean value of the roughness avesh@é0 independent measurements

for each sample.

Table 52: S parameters mean value

6DPSOH 1R 6o SDUDPHWHUV PHDQ YD(

6DPSOH
6DPSOH
6DPSOH
6DPSOH
B8QFRDWHG 6

The parameter RMS Roughnesg)esuts shown in Fig $-15] indicated that, sampi705)
has more large defects than the other characterised samples as ittglsabsninimum and

maximum Sq value$7.4 nm < S; < 96 nm) due to the existence of large defects on the

samples surfac@reseted in Fig [5-13].

High WVTR

Lo 1

O T T T T T 1
Sample 2701Sample 2702Sample 2705Sample 2706 uncoated
substrate

Figure 515: Standard deviation averagafsthe sample§The error bars represent the
maximum and the minimum Sq values obtained)
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The parameteiskewness %«) hasalso been applied to the surface daathe purpose of
investigating the distribution of the defects. This parameteirithsatel that there are two
types of featurepresenceon the V D P S suHaes, which are peaks and daesshown in

Fig [5-16]. Where,

6vn ! GRAHMNDWHG VXUIDFH
6vn - YDOOH\ GRPLQDWHG VXUIDFH
6vn - ! SHDNYV YDOOH\ SUHVHQW LQ WKH WRSRJUDSK
400 A
300 -
200 -
100 A
X
; [
U) 0 T T T T 1
Sample 2701 Sample2702 Sample 27058amJle 2706 uncJ)ated
-100 - substrate
-200 A
-300 -

Figure 516: Sskvalue variation®f the samples

7KH RYHUD®O XMNHKGIOODNMWHD O | LHO® GLOA\BBRPHNW WBWR VWL B O H
VLIQLILFDQW SLWV GDOHV DQG SHDNRZRYHWK RV KXW IPDH W ¥
DOQD®BWRYHG LQWRILWVRGOGIQWH RXWOLHUV QRU GLVWLQJXLVK
SRVEOH WRSRJUDSKLFDO GLIThekid@MPHY HVQDKRGPBOH:ROI SU’
(1IS0251782, 2013 was utilised to carry out topography segmentation analysis.méthod
(Wolf pruning) provides a reliable approach for extragtiieatures of functional interest and
by accurately excluding in