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Streszczenie

Ogniwa fotowoltaiczne oparte o Cu(In,Ga)Ses N j edny mi z naj pop
cienkowarstwowych ogniw fotowoltaicznych od czasu ich wynalezienia w latach

si ede md zXXews i werbwadzenia na rynek przez Arco Solar w 1998 roku. Jeden z
gg-wnych skok-w w ich rozwoj - -w miag ngdej sce
tanie szkgo sodowe zostago u UkzemianaweDyiuzast p o d
soduzpodgoUa wpgyninga na poprawin sprawnoSci,
napincia ot wadit ewgsop -ogbcwoydnunik a wypegnienia FF
met al e al kaliczne, takie jak potas, ruaid cz
sprawnoSci ogni wWWekz@St kMiemobttegde dostfhpne n
domi eszkowane sodem, dokgadny mechanizm jego
wi nkszoSi bada® eksperymental nych bignfca s kon
warstw pozbawionych domieszetraz zichd odat ki e m, czasami z ulyc
alkalicznych albo metod ich wprowadzania do absorbd&ardzo niewiele danych

| iteraturowych jest zwi Nz domeszenapasahetrpgnie.m wp gy

Aby | epi ej zrozumi el mechanizm wpgywu domies
przyjrzel s i A muzekitbwi wWo rc sztemr @kjiie sodu/ potasu
prathk wliczajNc w to zar-wno ogniwa jak i ci

Kolejnym cieka wy m aspektem ogniw CIGS | eg¢PPC)imet at r
zwi fkszenie przewodnoScinodmak wwgkansekwerky, i S WO
sprawnoSci) po oSwietleniu, kt-re pozostaje

jestwystarcza Nc o ni sknaf eknowly,§ twe wion knsazpayiddeljdza dany

oraz z domieszkN metal.i al kalicznych.

W tej pracy przedstawione jest przekrojowe badange J ykaeneentraciji sodu oraz potasu na

zrelaksowane oraz metastabilne parametry poje@mc i owe oraz el ektryczt
GgJg - wnymi pr-bkami w tej pracy bygdgy cienkie w
pomocN jednoetapowego procesu naparowywani a,
oraz stechiometri N.methanzmygdidsbkewarag b a dvagh éNd o o st ¢
takUe warstwy oraz ogniwa o wiAksetapavegozi ar n
procesu, stosowanegmwszechniav pr zemy S| e. Domi eszkowani e s
przeprowadzone -depasitiop drenomd&ntpoGPDT) , aby ogr a

\



domieszekn a mor f ol DKo mic pmrt-rbeekj a sodu i potasu by
doboru temperatury wygrzewani a. Na cienkich
przewodnoSci w funkcji temperatury W stani
ogni wach koncentr &cjwa zowd magdan wylhz nmc&mwina z a
Capacitance Profiling, takUe w dw-ch stanach

cienkich warstw pozwala na odr-Unienie efekt

W cienkich warstwach, dodatek sodu skutkuje
przewodnoSci oraz zmniejszeniem energid. akty
takie same zmianywi figekasmninie] o duzyskadad x z e bn
tego samego efektulUmbiygdy mNedjygskedidhoeizewN dno Sci
pr - bkach domi eszkowanych ni ewi el ki mi il oSci
powstawania dodatkowych barier w niskich temperaturach wygrzewania. Taka samae Un o S
od koncentraciji sodu oraz potagua r - wanzgpadkuma t e p b a § o d z jdHoceopp

tr-j et pmeesve glmy ga wi doczna w gwobognpchddiklruv k onc e
ogni wacrh,Unw BN nraz tkdaelldkyo Sci zmi azy uw bozgead:

dwar z iwdiye | koSci zmi any przewodnoSci. WszystKki e
efekt metalialkalicznychniez al ety rodzaj u pier wi ast ka, ma s
absorbera a nie na interfejsampiSniakaish wpgJy w
ruchl i woSIi .

Taka sammz al eUnoSi od koncentracjizosoagai t ploba
met atrwagego fotoprzewodnictwa. JednN z <cie
rzid-w wielkoSci (takUeoSclia&N potleki) z omd erk
proporcjonalnoSi PPC do zrelaksowanej wartof€

Ue ten sam czynnik wpdgywa na PPC oraz na zre

Wpgyw domieszkowania metal amoUeal kil i wgthymina o
pomocN modelu pasywacji defekt-w na granicac
z obecnoSci N defekt -w wpgyweaellybgemntar awjnio ma.

poprzez powstawanie warsnwwzpbobOUotych clwe pwmvi

1CagoSc wykonania pr-bekl kaloimi 2sygkiowamaz wmkeadraadktme
pr-bek, w tym koncentracji @d ReadaWuprmorazs u, wy Kk on a
AlexandaEslamawZ e nt rum f ¢r Sol ar ener ¢ZSW)wbmtghaciVa s ser st of
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model zostag por-wnany z danymi eksperyment
zostaga dobra zgodnoSIiTasky muil faccjd g -zw neykns pverr iy ars
jest stwierdzenie, Ue damiNmyjmNcy m ooy mnzirkoiset!
ogniw fotowoltaicznych w wyniku domieszkowania metalami alkalicznymi jest pasywacja

granic ziaren | nne efekty, takie jak domi eszkowani

wykl uczone, majN prawdopodobnie mniej znaczN

Sgowa kIl uc z o wegnhiwdfatdwoltaiczre agjadoe ziaren
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Abstract

Solar cells based on Cu(In,Gaj®ave been one of the most prominent types offilirs solar
cells since their first devel opment i n the
commercial manufacture in 1998 by Arco Solar. One of the greatest leaps in their development
tookplace n t he ear |l y 19 gdibedgkass suvdtratas warehused ipsteadsobttte a
typical borosilicate glass or alumina ones. Diffusion of sodium from the substrate ded to
increasdn efficiency, mostly through ammprovemenin Voc and the fill facbr. Since then,

other alkali elements such as potassium and rubidium have been successfully used to improve
the performance of CIGS solar cells. And even though all of the commercially available CIGS
cells include alkali doping, the precise mechanismsobéneficial effect is still under debate.

To date, most experimental research focuses on the comparison betweenealleald alkati

rich cells or films, sometimes with different alkali types or incorporation methods, with only a
few cases where alkationcentration in the films was varied between samples. To better
understand the pathway of alkali operation it might be important to study the influence of
different alkali concentrations over a broad range of different devices.

Another interesting aspeof CIGS solar cells is the persistent photoconductiviy increase

in the observed conductivity and carrier concentration (and, as a result, also power conversion
efficiency) under illumination, which remains even after the light source has beed uffne
provided temperature is low enough. Again, this effect was previously mostly studied on either

alkali-free or alkalirich devices.

In this work, a systematic study of the effect of different concentrations of sodium and
potassium, on the relaxed amabtastable electrical and capacitive properties of CIGS devices
is presented. Main type of samples were thin films and complete cells with CIGS absorbers
fabricated by single stage process providing layers of uniform morphology and composition.
For betterinsight into the physical properties also largesined threestage CIGS used in

commercial manufacture was studiedlkali doping was achieved through pak&position



treatment (PDT) to limit the impact of alkalis on sample morphdlogliye control oer the
amounts of alkalis introduced into both types of samples was achieved through varying PDT
temperatures. On thin films, conductivity vs temperature measurements were done in both
relaxed and metastable state. In the case of solar cells, free cangentration was measured
through Drive Level Capacitance Profiling (DLCP) in both relaxed and-#gaked state.
Comparison between solar cells and thin films allows to distinguish between the effect

originating in the absorber and at the junction/iatess.

In thin films, the addition of sodium resulted in an increase in conductivity and decrease in
activation energy of the G(T) slope, depende
the same result was observed with potassium, except 4xpuatassium was needed for the

same effect. The only difference was observed forpotassium films, where the conductivity
decreased significantly, presumably due to secondary phases and resulting internal barriers
arising at low KPDT temperatures. Theame dependence on alkali concentration, for both
singlestage andhreestagedevices, doped with either Na or K was observed in the free hole
concentration on solar cells, the only difference here being that the increase in p was half of the
orders of magitude of the increase in conductivity. All of those results point to the alkali effect

being independent of the alkali type, originating in the absorber rather than at the interfaces,

and influencing both the carrier concentration and the mobility.

Persstent photoconductivity was found to depend on the alkali concentration in the same
manner as the relaxed properties. The one interesting fact observed here is that the PPC is
proportional to the relaxed conductivity over multiple orders of magnitude, ievibe low
potassium thin films. This strongly suggest the same principle limiting the relaxed parameters

as well as the magnitude of the PPC.

The impact of alkali doping on CIGS absorbers could be explained by the model of alkali
induced passivation alefects at the grain boundaries. Defiacluced barriers at the grain
boundaries would limit both the mobility and the carrier concentration through depletion
regions within grain bulk. This model was compared with the experimental data and despite its

2 All of the devicemanufactureakali-doping, compositional and basic photovoltaic characterization
was done by prof. RolaiWVuerz and Alexander EslaatiZent rum f ¢r Sol arenergi e
Wasserstoffforschun@ZSW) in StuttgartGermany
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simplicity a good correlation between simulation results and experiment was achieved. Thus,
the main conclusion of this work is that the dominating factor which contributes to the solar
cells efficiency increase due to alkali dopingthe passivation of grai boundariesOther
effects such as doping of the interior of the grains, althaugftexcludedprobably haveless
significanteffect.

Keywords:Cu(In,Ga)Se solar cells, grain boundaries
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Structure

The first 5 chapters contain introductenyormation regarding the subject of the thesis. In the
first chapter, basic principles of solar cells physics are outlined. This is followed by detailed
description of Cu(In,Ga)Seechnology in Chapter 2, including information about the

structure, manufaure methods and means of alkali introduction into the layers. In the next
chapter a brief description of defects in Cu(In,Ga)Seresented, underlining the electronic
effects of grain boundarieblext is the persistent photoconductivity, with its expental
observations and theories explaining its origin. Finally, in Chapter 5 alkali element doping is
characterized, with description of its effects on solar cells and thin films, location in the CIGS

absorbers and a list of theories that have beentasedglain its effects.

Chapter 6 contains the motivation, outlining questions this thesis tries to answer and the

means used to achieve it.

In Chapter 7 the physics behind characterization methods used in this work is described.
These include Drive Lev&lapacitance Profiling and measurements of conductivity of thin

films as a function of temperature.

In Chapter 8 the experimental details regarding studied devices and measurement protocols
and setups are described. These include tables of photovoliamgiars of solar cells and
the values of alkali concentration in the devices obtained through Secondary lon Mass

Spectroscopy, provided by the collaborators from ZSW.

In Chapter ®&xperimental results are presented. Those are divided by the type bf alkal
doping usedand contain measurement results on thin filmssatalr cellsn both relaxed and
metastable state. Two additional subsections deal with the impact of selenium annealing and
copper concentration variations to distinguish between the impeopong and variation

between devices.

Chapter 10 contains discussion of the results. Here, the results on both thin films and solar
cells, as well as with sodium and potassium, are compared. This is also the chapter, in which

grain boundary passivatianodel is introduced and compared with experimental results.

Chapter 11 contains the conclusions and description of further work needed to explore the
subject further.






1 Introduction

1.1 The climate change

From 1950 to 2015, the global population réeen 2.5bin to 7.3bin, while the percentage of
those suffering extreme poverty decreased from 63% to [IQ%This was possible in a
significant part due to cheap energy fueling the production ofizers, mechanization of
agriculture, household electrification, transport and industrgsé@&énergy sources, however,
were fossil fuels: coal, natural gas and minerali cdll of which contribute to the climate
change. Now, with C&emissions rising, theeed for alternative energy sourédse it nuclear,

solar or windi is more pressing than ever before. This need becomes even more evident if we
factor in the increasing cost of G@mission certificates (EU ET$2], and thegeopolitical

implications of oil and gas trade.

According to the International Energy Agency (IEA) about 75% of @@issions come from
electricity production[3]. One way to reduce that number is to increase the share of
solargenerated electricity. Reaching the COP26 net zero scenario may be impossible without

the increasén PV capacity.

The first modern solar cells were developed as a mean to power telephone line repeaters, and
were devel oped by Bell Labbés employees Daryl
1954[4]. They werssilicon-based devices with a power conversion efficiency of aboUt§%

By 1955, the first model, with 35Wp power, was installed by Bell labs in Americus, Georgia

[6]. Right now, the worl ddés | argest solar powe
2.2GWp. Global installed solar power increased from 1.3GWp in 2000 to over 700GWp in

2020 and constitutes about 1%gtobal energy consumption, and about 3% of electr{@ity

Moreover, it is an energy source that recorded the steepest price decline: from 360$/MWh in
2009 to 37$/MWh in 2020, and in the USA its price is cheaper than that made using natural gas

and considerably chpar than cod8].

Now more than ever it is important for this trend to contiioeorder toachieve thait is
important to study and improve photovoltachnologie$ their efficiency, cost of production,
materials usage as well as their potential to be recycled after disposal. In this work | will focus

on the physical properties of CIGS films and the impact of alkali doping on their efficiency.

3



1.2 Photovoltaics

In order for a solar cell to work, three prerequisites have to be met:
A light has to be absorbed generating free charge carriers (current generation)
A there has to be a potential difference (voltage)
A those carriers have to be separated to respectaitiect®before they recombine

A device most commonly used to achieve that isngymction, a n and-pype semiconductors
joined together, either made from a single material (homojunction) or two different materials

(heterojunction).

1.2.1The p-n junction

Doping is achieved by introducing impurity atoms, which energy levels are shaltawle so
that at room temperature they are ionized into a free charge carrier and an ionized impurity

atom, according to formuld.), for donors:
0 3 0 Q)
and acceptors:

06 n 0 2

where Nb is the concentration of donorsaMoncentration of acceptors,inconcentration of
free electrons andipconcentration of free holes.

The n and ptype dopingn a pn junctioncreates a gradient concentration of free electrons and
holes. Holes diffusdo the nside while electrons diffuse to thesple leaving ionized
donors/acceptors behind. Once the carriers go to the other side, they become minority carriers
and recombine with the majority carriers of the other side. Between the two types of
semicondctors a chargdepleted region appears, called the sgdge region (SCR). Since

the charge of ionized donors/acceptors is no longer compensated by the free carriers (depletion),
electric field appears in the SCR, mitigating the effects of diffusi@uignt: keeping the

electrons on the-side and holes on thegide, and drift current emerges.



In the pn junction inthermal equilibrium irthe dark, the Fermi levels on both sides are aligned.
Once light shines on a device, and additional charge caaier generated’¢ Y1), the

equilibrium no longer exists, and Fermi levels split:

o o ovi—— 3)

(4)

The maximum voltage one can extréi@m the solar cell, the opesircuit voltage (\oc) is
limited by the Fermlevel splitting according to Formuléb), therefore adequate doping is
essernitl for a good solar cell

nw O © (5)

An ideal solar cell can be described using a diode equatlmwing the relatiofetween

current density J and voltage V

Y o Agele ' 6
O 0 2oy PV (6)

where 4 is the diode saturation current, q is the elementary charge, T is the temperature in

Kelvins, kg is the Boltzmann constant anst diescribes the shecircuit current (photocurrent)

density and A is the ideality factor describing the type of recombination. For practical reasons,

current density J (current per area) is typically used instead of current.
An example of a currentoltage (JV) characteristiof a solar cell is presented Figure1.1.

Points describing the most important solar cell parameters were marked in the figure, and

consist of:
A opencircuit voltage Voc limited by the Fermievel splitting and recombination,
strongl dependent on temperature and weakly on illumination intensity
A short-circuit current density Jsc roughly proportional to illumination
A maximum power point (MPP)i an optimum working point of the cell, in which the

extracted power can be maximized
A efficiency £
A fill factor ¢ ¢ ———— describing how the JV curve deviates framectangle

impacted mostly by the shunt and series resistdai@hical representation of FF is

the ratio between the dadtay and light gray rectangle gurel.1.

5
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Figure 1.1 Example of an ideal JV curvesgls the shorcircuit current, \b¢ the opercircuit voltage,
MPP denotes the maximum power point.

1.2.2Main types of solar cells

Conventional solar cells can be divided into two majovups: wafetbased devices, and
thin-film cells, in which the active layers are deposited onto substrates such as glass, steel or

polymer foils.

Waferbased technol ogies date back to t-3iand195006:

poly-Si) and @llium-arsenide (GaAs) cells. In this type of devices, the absorber is thick and
rigid enough to act both as an active material and a substrate. This limits their use to rigid
module technologies and demands great crystallinity and purity of the matedalapensate

for the thickness to maximize the carrier diffusion length. On the upside, silicon photovoltaics
benefits from the decades of advances in microprocessor technology, as they share the same
substrate, and as the oldest and the most estabpsioéololtaic technology, constituted 95%

of the global market share in 2Q2D



The other major group of photovoltaic technologies are the conventional thin film cells, namely:
amorphous silicon (&i:H), cadmium telluride (CdTe) and chalcogenides (CIGS). Their total
market share is about 5%, distributed betw@dme (78% of thirfilm), CIGS about 19% and

aSi:H below 2%9]. Here, the photovoltaic material has a direct bandgap and very high
absorption coefficient, meaning a | ayer of
This, together with the sputtering and evaporation methods of material deposition opens up the
technology to a wide range of substrates, including flexible polymetssheed allows for
semitransparency (through adjusting the absorber thickness) that can be wused in

building-integrated photovoltaics (BIPV) applications.






2 Cu(ln,Ga)Se

2.1Cu(In,Ga)Se solar cells

Copper indium gallium selenide (Cu(In,Ga)SEIGS) is one of the most commonly used
materials for thin film photovoltaics, wi t h
CulnSe) [10, 11] It crystallizes in a chalcopyrite structure, and what is remarkable about it is
its ability to handle ofstoichiometric compositions with regards to the copper deficigiitly
Actually, it is the stoichiometric CIGS that posseaspeor photovoltaic properties, with cell
efficiencies in the range of 10% and increased recombination at the int¢tfakdsis likely

caused by a formation of a £&8e phase at the surface of coppehn grains (more about the
grain boundaries can be found in cha@&) [14]. Currently, most of the cells are prepared
with 80% CGI Cu/(In+Ga),meaning 80% of the stoichiometric contation of Cu), and
although their grains are smaller than those ofiCu cells[14], it is offset by the improved
junction properties. and recombination happening mostly in the depletion layer. Because of
their off-stoichiometry, CIGS materials are rich in defects, mostly copper vacancigsa(\d
In(Ga)xuantisites What is also remarkabletise benign character of structural defects in CIGS,
such as grain boundari¢$5]. An important defeetelated property found in CIGS issit
selfcompensatiofi although the defect density is in the range dfd@3, the carrier density
(holes) is the range of ¥@m?3 i donors(antisites)and acceptor§Cu vacanciesgounteract

each other.

Another important feature of the Cu(ln,Gaj$® the possibility of bandgap tuning through
adjusting the In/Ga ratio, from 1.02eV for Culn$%€IS) to 1.68eV for CuGaS€CGS]16].
This can be used both to find an optimum bandgap with regards to the SHQakisger limit
[17] and in tandem solar cellgl8]. For singlejunction solar cells, the typical GGI
(concentration of gallium divided by that of both gallium and indium) is abot8026,
corresponding to a bandgaparbund 1.2eVSometimes bandgap grading, namely satian

of the GGI throughout the sample, is used to maxireefficiency[19].



2.2 CIGS solar cell gructure and manufacture methods

A CIGS solar cell can be prepared on a glass, polymer, ceramic or metal substrate covered by
a molybdenum layer acting as the back contact. The active material, CIGS, forms the absorber,
which main function is the absorption of light and generation of free charge carriers. The thin
CdS buffer layer forms thepjunction, and acts as a mediator between the lattice constants of
CIGS and the window layer. The next layer is the window, a teaesp conductive oxide
(TCO), which acts as the front electrode. Sometiamesdditional metallization grid is used to
improve carrier collection. Usually, an angflection coating is used to reduce reflection losses

and to maximize energy efficiency (gocells used in this work do not possess AR coating).

NiAINi (4 - 5 um)

m) Antireflection coating

\
o Al-blocking layer

Mo (0,5 pm) Absorber

Back electrode

Substrate

Glassubstrat (3000 pm)

Figure 2.1. Scanning electron microscopy image of a cross section of a CIGS solar cell without AR
coating andyrid front electrode (left). Schematic of a complete solar cell with description of each layer
(center and right). Adapted from Z920].

2.2.1Substrates

Currently, the most commonly used substrate material is regularlisaglass (SLG). It is

not only cheap and readily available, but also &asnilar thermal expansion coefficient to
CIGS, reducing the impact of thermal str§%]. However,probably the biggest benefit of

SLG is that it contains sodium, which is both beneficial to the CIGS morphology and increases
the doping density in CIGS by orders of magnitude (see Ch@ptéra controlled amount of
sodium is needed, for instance in laboratory testing, a thin layer of a sbtiiaking material,

such as Si@ Al>Oz or SiONy can be dposited on top of SLE22]. Borosilicae glass (BSG,
known also as Pyr €28E24]and zirGaia (ZiQfGi 27]Gareaatss )

sometimes used to limit diffusion of sodium from the substrate, mostly in the laboratory setting.
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As CIGS is a thirfilm technology, also flexible substrates may be used fposi@on. Those
include metal foils: stainless stg@8i 31] and titanium[25], as well as polymers, such as

polyimide (also known as Kapt%)[SZ, 33}

2.2.2Back electrode

On top of the substrate, a 5001inick molybdenum back electrode is deposited. It is virtually

the only metal currentlyusédor t he back contact, as it does!
CIGS deposition, does not diffuse into the CIGS layer, possesses matching thermal expansion
coefficient, and most importantly, produces good ohmic contact to the CIGS n{8#ridhe

most common way of Mgontact deposition is through DC magnetron sputtdB6g

2.2.3Absorber

Cu(In,Ga)Seabsorbers are manufactured using mostly one of the &uo pnocesses:

Sequential deposition / Selenization method

Sequenti al deposition was devel op¢36],ahdyis Si e me
or wasformerly employed by: Honda Soltec, Miasole, Bosch CIStech, Showa Shell and Solar
Frontier on either rigid glass or stainless steel f@lg 39]. It consists of DC sputtering of

metals (Cu, Ga, In) and subsequent annealing in Se atmosphere in the form of hydrogen selenide

H>Sei highly flammable and tac gas[40].

Coevaporation

In the coevaporation method, the elements are evaporatedeiemental sources with no
selenization step, at the substrate temperat
easier inline processing, including retb-roll methods. This types of processes are used by,

among others: ManzW¢ r t h S ord and Hane&BT, 88p

Coevaporabn deposition comes in three main forms:
A In thesingle-stage processill of the elements are evaporated at oate constant rate,
and Cu is kept lower than stoichiometry (typically 80%).
A The two-stage process (Boeing proces§}1] of two steps, where the first layer is

prepared Cuich (close to stoichiometry) and the second ispGar.
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A Thethree-stage processurrently produces the most efficient CIGS c¢4g], and
allows for a bandgap grading through the variation in In/Ga concentration between the
layers. It consists of three steps: first indium, gallium aidrsum are deposited at a
moderate temperature of -dapeo depositddOad High, f ol
temperature of about 600AC, then again In
enough to ensure the intermixing of the elements to form CIGSialatehile at the

same time the time duration does not allow for their homogenous distribution.

2.2.4Junction / buffer

Cu(In,Ga)Se with typical gallium concentration is growntppe [12, 43] therefore another
material is needed to form a heterojunction. Most commonly, a thin layer, about 50nm thick, of
CdS is used as the buffer layer due to its very good latieteh and band alignment. It is
typically deposited using chemical bath deposition (CBD). In order to get rid of the wet
chemistry process and cadmium incorporation, sometimes alternative buffer layers, such as zinc
compounds are used, but the CBD CdIbysalds the best resul{46].

2.2.5Window / front contact

On top of the absorber, a transparent front contact, known as the window is the deposited. It is
made of a transparent conductive oxide (TGQOnaterial with a large bandgap and good
electrical conductivity. In CIGS it is typically a D@agnéron sputtered 0:2 e m Al : Zn O
layer, (due to its high conductivity, in the range of 2000 S/cm). To inhibit the interdiffusion of

Al into the CdS/absorber, a 8@0nm #ZnO barrier for diffusion of Al is deposited using
RF-magnetron sputteringd 4, 44, 45]

12



3 Defects

3.1 Defectsin solids

Deviation from an ideal crystal lattice may be manifofdom point defects, such as misplaced
ions or impurity atoms, to structural modifications such as dislocations or grain boundaries. In

this part, | will focus mostly on the first type.

The mostcomon way of descri bing po-Yinkhotatoa[#6&€ct s i n

! (7)

where A denotes the type of atom (In, Ga, etc.) or lack ther@ehcancy (V), B describes the
relative charge to the lattice site (sometimes omitted), ainth€ lattice site, either by naming
the expected ion, or an interstitial (i). In examgle, would refer to a vacancy occupying the
copper lattice site and resulting inlachange in the charge, and describes and interstitial

In ion, with a charge of 2+. The most common point defects are:

A Vacancies \t where a void is located in place of an ion

A Interstitial ions Xi where an ion, either intrinsic or impurity, is located on an interstitial
site

A Substitutional defects X, where a lattice site is occupied by a different ion, be it

impurity ions (extrinsicpr an antisite$ misplaced intrinsic ion

Defects can create states in the band structure of the material. If the level is located inside the
bandgap, we define its energy as the difference between the defect level and the VBM or CBM.
With regards to thelectrical properties, we can divide defects into:

A Shallow defects i.e. donors and acceptoisdefects that are fully ionized at room
temperature, creating free electrons (donors) or holes (acceptors). If more acceptors than
donors are present in the madért exhibits ptype properties, if donoiisn-type.

A Deep defects which depending on their effective capture cross section for charge
carriers, can either be:

O Traps, with large capture cross section for one carrier type and small for the

other, leadindo the capture and release of one type of carrier
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O Recombination centers which have similar capture cross sections for both
types of carriers, resulting in recombination after trapping two oppositely

charged carrieretrimental for device efficiency

Metastable defectsare a separate group of defects that can be either shallow and deep. They
can change their properties depending on the electronic configuration. An example would be

the DX centers.

3.2 Important electrically active intrinsic point defects in
CIGS

Cu(In,Ga)Sg due to its complicated stoichiometry as well as copper deficiency is rich in
intrinsic defects. Some of the most important onegther because of their sheer quantity, or
their suspected impact on the electronic propeitiese desdbed in this chapter. Among
extrinsic defects, the most impactful ones will be those connected to the alkali incorporation.
Those will be described in chaptepf.3

The most common defect in Cu(In,GaSee it in coppepoor or copperich stoichiometry,
is thecopper vacancyrj+ It is very shallow, with the defect energy level located between
30meV from the VBM in CIS to 10meV i@GS(exact location depending on the GGI) and a

low formation energyl5, 43] It is the dominant acceptor in CI{A4].

Another type of defect with a very low formation energy arestifestitutional defectsg i,

and ¢ - Those are the main donors in the CIGS materjals. is a donor, which is also
though to act as a naadiatve recombination cent¢47]. It is likely benign though, as it is
readily passivated by cy forming (2Vew-Incy) defect paird12, 48] This explains why the
measured concentrations of free holes, typicalf#ill®'%cm? in the material are orders of
magnitude lower than thecV concentration (in the range of #010%m?®), as Wy and Ircy

are mutually compensatirjg9].' A on the other hand is a deeper donor, and it not likely to

be passivated by copper vacancies.

Another importantntrinsic defectis theselenium vacancyj, -4 It is a double donor (thus the

+2 relative chargg)4].

14



3.3 Grain boundaries

Generally, grain boundaries diked with point defectsas well asmpuritiestend tosegregate

on them This is why most materials are better in monocrystalline form (Si and GaAs being
prime example). However, polycrystalline CdTe and CIGS cp#sform better than
singlecrystal[50, 51] In alkali-dopedCIGS, conductive atomic force microscopyAEM)
showed enhanced current collection at GB2], and the Kelvin probe force microscopy
showed that recombination at GBgeduced, meaning they could separate charge carriers due

to the builtin electric field rather than lead to an increased recombirja8pn

The studies shown that there are three major types of GBs in CIGS materials with regards to

their electronic impadb4]:

A Neutral, typically symmetric, twin GBs with no change in stoichiometry with regards
to bulk CIGS[55].
A Beneficial, typically random higkangle GBs (RHAGB), at which sodium segregation
of about 2at% is observed, together with Cu depletion and an increase in selenium
concentratiorj56] (more about the impact of sodium on GBs can be four@hapter
5.1.3.
A Detrimental, RHAGB with little sodium (0.5at%), increased copper concentration and

reduced selenium concentration, sometimes oxidatid

In the work of Raghwanshi et al[56] electron beam induced current (EBIC) measurement
showed that in a sodiurdoped devices about 27% of GBs were neutral, 58% beneficial, and

15% detrimental.
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3.3.1Models explaining the electronic impact of grain boundaries

There were multiple models explaining the impact of grain boundaries on &il@Scells

proposed, here the most common ones will be presented:

Structural barrier model (downward band bending + neutral charge)

The structural barrier model assumes that the grain boundaries act as uncharged barriers. Here,
band bending of the VB sbserved close to the GB surface. This results in a neutral barrier for
holes, and creating a hefleee path for electrons through the GBs, suppressing recombination
[50, 51, 57] This model postlates the presence of electrically inactive defects at the GB
surface, as the active defects, i.e. in GaAs and Si create recombination centers. Density
functional theory calculations by Persson and Zunger support this model, with Cu depletion at
GB surfae, leading to the lowering of the VBM and the formation of a hole barrier at GBs
[50]. Additionally, calculations by Yan et 467] showed no deep defect centers at GB surface

due to surface atomic relaxation, as well as no charge

Electronic barrier model (downward band bending + positive chege)

In the electronic barrier model, the GBs cause downward band bending in both the conduction
and valence bands, resulting in a hole repulsion similar to the one in the structural barrier model,
but on top of that, the GBs are positively charged, furthBuencing charge separation by
attracting electrons while creating a barrier for h{@&60]. This again wald result in a better

carrier collectiori electrons, the minority charge carriers, need to only diffuse to the closest
grain boundary, through which they are then channeled into their respective electrode. As the
grains in CIGS are usually columnar, moéthe free holes would not need to cross aiGB
barrieri on the way to the electrode. If they do need to cross it though, the energy barrier would
limit the hole mobility as well as could lead to recombination, killing botiviseand FH61].
Scanning Kelvin probe microscopy measurements often show positively charged GBs, and the

charge dipoleat them could lead tadownward banéending[58, 59]
Type inversion at the GBs

The type inversion model is a more pronounced variation of the downwarebbaduhg,
where it is strong enough to cause type inversion in the vicinity of the GBs, causing the

formation of local pn junctions on the GBs, improving the electron collection. On the other
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hand, the existence of thetype regions (and downward bahdnding in general) would limit
the overall doping in the absorber bulk, especially in the sgnaihed materigl61, 62]

Upward band-bending

There are some reports in which upward band bending was observed ons@®BKelvin
Probe Force Microscopy. Upward band bendwguld result in attraction of holes and
repulsion of electrons. Such effect was obsdiwy Raghuwanshi et abn detrimental grain

boundaries and linked to Cu enrichmfgat].
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Figure 3.1 Energy band diagram of a grain boundary with: downward bbaddirg caused by donor
defects (left), upward bargending caused by acceptor defects (middle), downward shift of the VBM
caused by a region with a different stoichiométstructural barrier(right). E denotes barrier height,

gEv i change in VBM.

3.3.2Simulation studies of GB effects in CIGS

Taretto and Ra[63] as well as Gloeckler et §64] studied the effect of horizontal and vertical
GBs on the photovoltaic paramees of CIGS solar cellsusing 2D simulationdn generalthey
found thatan increased amount ofiargeddefects at the grain boundariesl€d to a decrease
in calculated efficiency due to reduce@dd/and FFE In more detail, the results on the three

studied cases can be expressed as follows:

A Valence band offset with positive chargeresulting from donor defects at the GBs,
attracting electrons and repelling holes. A small barrier was found by Gloeckler et al. to
increase recombination, while a larger barrier, leading to type inversion is supposed to
reduce it[64]. Similarly, Taretto et al. observed a small increase in predigtefibr]

inverted GBs. Due to expected doping and grain size, existence wented GB is
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unlikely in real CIGY63]. In general, higheband bending was attributed to increased
carrier collection, but an overall loss of efficiency due to reduced voltage.

Valence band offset without chargewhere different stoichiometry at the GBs results
in a downward shift in VBMwasfound by Taretto etlato beslightly beneficial in
vertical (reduced recombination), and detrimental in horizontal GBs (reduced mobility).
On the other hand, Gloeckler et al. deemed such columnar GBs as detrimdatate
efficiency, while horizontal GBs within the SCRgren of the junction beneficial due

to suppressed recombination.
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4  Persistent photoconductivity

4.1 Experimental observation of PPCin CIGS

A typical property of Cu(ln,Ga)Sesolar cells,observed also in other semiconductor
compounds includingmong otherssaAs, AlGaAs and CdZnTe is the secalled persistent
photaconductivity (PPC)T a metastable increase in conductivity of CIGS layers after
illumination that can persist for hours up to days depending on the temp¢é&futa Figure

2.1 a typical conductivity vs temperature measurem@(t) is shown. The bottom curve,
labeled with(r represents a typical dark measuremeter illumination and subsequent
cooling, the metastable state is fixed and the conductivity increase3 bgdérs of magnitude,
and the slope (activation energy) becomes lower. During heating, PPC persists until reaching
the anneabut temperature, Visle as a change in slope of tiies curve. The annealut
temperature is linked to that of the liggdaking[66], and the effect created at room temperature
typically anneals out betweeB@K-300K [67, 68] The magnitude of the PPC does not depend

strongly on the illumination intensity, pridled the LS duration is sufficiently lorj§6].

In solar cells PPC is visible as an increase in capacitance. This was linked to an increase in free
hole concentration as measured by C\DaCP [69i 71], typically by an order of magnitude

(in the range of 19-10'%n). An example result from a DLCP measurement in both relaxed
and metastable state can be seefigure 2.1. Additionally, PPCin solar cells leads ta
temporary increase in efficiency caused by, among others: an increase inctlirie/to
increased doping density and reduction in the SCR width, reducing the recombination in the
SCR[72]; an improvement of the fill factor and the reductdthe doublediode behaviof23,

67]. A decrease otfhefill factor, correlated to an increase of the diode ideality factor due to

metastable defectsas also reportef¥3, 74]

PPC is observed in both solar cells and thin fié@s 75, 76] made from either polycrystalline
or singlecrystal CIGS[65, 75] in cells incorporating CdS, 48; and Znbased buffer layers
[23, 77, 78] as well as in both alkafree and alkalidoped devicef79i 81]. This all points to

the effect being strictly linked to the chalcopyrite material itself.
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Figure 4.1 Charge carrier concentration in a CIGS material in a relaxeg) gnd metastable state @
(left). Conductivity vs time relation in CIGS material in relaxed and{ggietked state (right).

4.2 Models of persistent photoonductivity in CIGS

Over the decades, multiple modelglaining thdPPC were propose@he most prominenare:

A Macroscopic barrier model in which a macroscopic barrier inhibits thehe
recombinatior{82, 83] On the interface§.e. grain boundarieshacroscopic potential
barriers exist and the charges are separated by the band bending, an¢hessing the

barrier heightThen,oncethe sample is cooled down, the barriers inhibit recombination

andthe lifetimes of carriersdcome very long.
A Copper interdiffusion. Copper in CIGS was found to be prone to electromigri@iéh
It was speculatethat Cu" ions could be moving in the SCR away from the interface

andinto the bulkwhile Vc/ would move towards the interfachis would result in a

change in the electric field in the device, as well as could influence its defect chemistry

[85]. This model does not explain the PPC effect in-fiims.
A Large lattice relaxation / DX center The most accepted theory,valving an

amphoteric defect changing its state under illumination from donor to acceptor

configuration with subsequent large lattice relaxation (it is, a barrier impeding

relaxation[86]. Its precise mechanism will be described in the next chapter.
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4.3 The Lany-Zunger model

The model proposed by Lany and Zunger describes t@eaBMPeing caused by an amphoteric
vacancy complex (8Vcu). In CIGS, almost all ¥e will be in complexes with ¥, at room

temperaturg¢87]. This defect complex can existmong othersn two distinctconfigurations:

A (VseVcu)* which is a shallow compensating donor/donor state, which creates a
perturbed host state (PHS) right below CBM. It is linked to the larde diistance
A (VseVcu), a shallow acceptor state, similar to an isolated Nhked to the short kin

distance

An amphoteric defect levendescribedby the transitiortevel, herelJ ( -} which denotes the
position of Fermi energyd=where the defect complex changes from + (donai)(sxceptor)

state temporarily increasing the free hole concentrati@theconversioris linked to thdarge

lattice relaxation, more precisely to the change in the distance between neighboring indium
atoms (eh-in), the metastablestate can persist for a long period of time after thelanges

back, as an energy barrier neealb¢ crossed to relax back.

The complete reaction of transition from the donor to the acceptor state can be summarized as:

O W Q @ o 0 (8)

where thep k denotes the activation across the energy barrier. The relaxation process requires
the activation across thp & barrier:

SN CQ o 9)
From the practical point of view, the transitem er gy U and the position
the relaxed state should give us the magnitude of the PPC. If we denote the free hole

concentration in the relaxed state asapd in the metastable state as g@s in Maciaszek and

Zabierowski[88], then the magnitude of the PPC can be described as:

)

m n n (10
and tpidtie eqgapto double the number ofsgW cy) complexes that changed state from

the donor to acceptor configuration during LS. If we then assume that in the LS state almost all

21



of the complexes are in the acceptor state, the magnitude of the PPC would be given by the
concentration of the vacancy miNv and the percentage of the complexes already in the

acceptor configurationfin the relaxed stat@8]:

)

YN cO p Q 11
where & is equal to:
. P
Q
> - 12
P I AoEsy ¢

In principle, the lower the free hole concentrai®im the relaxed state, it is, the further above

U i sr, the mere dEthe vacancy pairs are already in the acceptor state before the illumination
I so the magnitude of the PPC is lower. In a hightype CIGS, most of the vacancy pairs are

in the donor configuration and can be converted to acceptor configydaaoimg to a higher

PPC. This relation is graphically pressthin Figure4.2.

Figure 4.2 Schematic representation of the magnitude of PPC im}YHew doped CIGS, with Fermi
energy high above Uyandd\coldr intgrsity gorrgsporidyopthe sh@re & e N
(VseVey) pairs in an acceptor or donor configuration in the relaxed state.
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5 Alkali doping

In this work, the influence of alkali metdlssodium and potassiuinon the device properties

will be studied. To fully understand the significance of those, one can |éaduaie5.1, where

the evolution of CIGS efficiency versus time is presented, together with the biggest

I mprovements made to the devices. I n the | at
to thinning of tthk¥0nQ.cP&assivmydescussédrindhms wérle atlows for

the deposition of an even thinner layer of the CdS and betters the junction properties. The most
significant increase so far was seen in th
manufacture@n sodalime glassjntroducing doping with sodiurgpink shading irFigure5.1)

[89, 90] Around the same time, thrsgage cells were developfd]. Lastly, doping with other

alkalis, such as potassiuandrubidium, gave rise to another efficiency jump inthe-@i@ 1 0 6 s ,
followed by a steady increase in efficiency, taking place up to(gellow shading)33, 91

93].

In this chapter, the main topics of alkali doping will be discussedcluding different
incorporation methods, observed chage the device properties as well as proposed

mechanismof the alkalieffect.
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Figure 5.1 Evolution of CIGS begesearchcell efficiencies Graphbased or{91], data taken from
NREL[94]. Shaded regions correspond to leaps in efficiency caused by sodium doping (purple) and
heavyalkali introduction (yellow shading).
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5.1 Sodium

Fromtheearly 906s, when the beneficial effect of
cells has been observed for the first tifag, 89, 90] sodium has been a crucial part of highly
efficient CIGS solar cells. In this chapter, methods of sodium incorporation, its location and the

various effects it has on CIGS materials will be described.

5.1.1Methods of sodium incorporation and concentration cotrol

The oldest, and most widely used method of sodium incorporation into the CIGS layer is by
preparing the cells on top of standard sbtioee glass substratg95, 96] Then, during the
evaporation process, elevated temgtures lead to the diffusion of the Na ions through the
molybdenum back contact and into the absorber. It is the cheapest and the easiest method,
however not devoid of its problems: it makes precise control of sodium concentration
impossible, and some of t mi g ht even diffuse | ater, dur
especially important, as elevated sodium concentration could influence the pételittzd
degradation (PI0%5, 97] Moreover, this approach would not work on sodine®e substrates

such as polymer or steel foils. To mitigate that alternative sodium incorporation methods were
developed over the years that can be used both on rigiiedlaibstrates such as borosilicate

glass BSG, i.e. Corning 705998]) ceramics Al>0s[22, 99] ZrO2) or SLG covered with
diffusion barriers such &iOz, Si(N,O) orAl203[22]. Those include, but are not limited to:

A Sodium-containing precursors, deposited on top of the molybdenum layer before the
deposition of CIGS, such as thin alkdtiped silicate layers (thin layers of SL@b],
NaF layers [22, 32, 95, 100, 101]or atomic sodium being incorporated into the
molybdenum layer in the form of Mo:Na or Mo:Na sandwiched with88 102, 103]
This allowsgrowth of the CIGS layer in theresence of sodium, much like on top of
SLG, but with better concentration control.

A Incorporation of sodium during CIGS growth, where NaF is cevaporated during
absorber growth, typically during one of the stages in a-tesge proceg$2, 104]

A Postdeposition treatments in which a thin alkali layer, most often NaF of KF
(sometimes also Rbér CsH, is deposited on top of the absorber and annda(si
110]. As the alkali residue is then removed before the CdS deposition, the concentration

of alkalis can be controlled through both the layer thickness and annealing temperature.
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This type of methods limit the impact of alkali metals on the morphology of absorber,
and as such are particularly useful in research.

Sometimes multiple methods are usedthe same cell. A typical example would be-RBT
on samples prepared on sduae glass to achieve mixed Na and K doping, or PDT with both
NaF and KH108, 110, 111]

5.1.2Location of sodium andits typical concentrations

The concentration of sodium in typical CIGS solar cells prepared on SLG, including
commercial ones, is normally equal to about-600pm[112/114] In cells prepared on
nominally alkalifree substrates, such as BSG, steel or polyimide, thesakke much lower,
typically in the range on single ppih01, 112, 14]. Sodium incorporation techniques allow

for concentrations from single ppm up to over a thousand, depending on the incorporation
method[114i 116]

Sodium, however, is not distributed uniformly across the entire absorber. First of all, secondary
ion mas spectroscopy (SIMS) measuremshiswved an increase in Na concentration at the
front and back contacts, especially at the CIGS/CdS inteffdde 118] This may be due to

the increased concentration of grain boundaries in those regions, as sodium is heavily
segregatedtahose[114, 119122] Atom probe tomography (APT) results on Sh@&sed
devices indtate Na concentration of about L %at% at the GBEL23, 124] as compared to
20-80ppm in the grain interiofl21i 123, 125] Additionally, Na was found to form small
clusters in the grain interior, with local concentrations reaching tipgat96[114, 121]
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Figure 5.2 Left: an example of a 3D atomic probe tomography image showing Na enrichment on grain
boundaries (red arrows) and-grain clusters (black arrows). Right: concentration of elements across
a GB extracted from APT measurementith visible Na enrichment. Both pictures were taken from
Choi et al.[114]
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5.1.3The effect of sodium incorporation

The most visible effectf@sodium incorporation, and the one which caused the widespread use
of SLG substrates is that it causes an increase in efficiency, up to double that offtee Na
cells[21, 89, 105, 126128]. This is caused mostly by an improvement in the FF and ¢ae V
[96, 105, 124, 128with no significant impact on thes) The improvement of thedé is linked

to the increased hole concentration in the atikalted absorbers as measured by CV and DLCP
i from about 1&fcm? in the alkalifree cells up to 16cm® [62, 105, 127, 129]n the
sodiumrich ones. However, the increase in free hole concentrhiatself is not enough to
explain the total increase ino¥, therefore it is likely that Na also promotes passivabiothe
interfaceggrain boundariesand suppresses recombination (especially visible in combined
treatment with KFJ111, 126] In thin films, the effect of sodium is observed mostly as an
increase in conductivit6, 112, 130]

There is an optimum amount of sodium in the CIGS layerlarger doses of Na can be
detrimental to device performanfds1, 132] mostly in terms of reduceddand FF due to an
increase in shurelated lossegl33, 134] Additionally, samples with excess sodium might be
prone to delamination from Mo layer.
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5.2 Potassium

After the discovery of the beneficial effect of sodium on the CIGS cells and the development
of postdeposition treatments, heavier alkali metals, such asgioim, cesium and rubidium
were investigated, typically simultaneously with Na treatment. This resulted in a further
improvement of the device efficiency. In this chapter | will focus on the effect of

potassiurAPDT, omitting the effects of heavy alkaliflog.

5.2.1Location of potassium and iorexchange mechanism

Similar to sodium, potassium is mostly located at the grain boundaries, with very small
concentration visible in the grain interior, but the segregation is even more pronounced than in
case of Na[135]. Typical concentrations at the grain boundaries reach about 0.3at%.
Additionally, the concentrain of K at the CIGS/CdS interfacetigher than in case of sodium
[136]. Just like with sodium, the concentration of potassium during PDT can be achieved by
adjusting the annealing temperature, betsgame PDT temperature will result imachhigher
concentratiorof K than Ng[127].

A commonly observed phenomenon in cells treated with both sodium {ten PDT or the

substrate) and with heavier alkali metals, such as potassium, is-tadlexsbion exchange
mechanism. | tbés principle is that the | ighte
Na by K[108, 121, 135]and the resulting light ion concentration is considerably lower than

in cells with only the light ion treatment, possibly due to washing away during the CdS bath
[137, 138]
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Figure 5.3 Left: concentration of elements across a GB extracted from APT measurements with visible
Cu depletion and alkali enrichment. Right: the same picture scaled to show Na and K concentration
across the GBBoth pictures were tan fromKim et al.[121]
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5.2.2The beneficialand detrimental effects of potassiumincorporation

The beneficial role of the potassitdDT is similar to the one of sodium. Devices treated with
potassium exhibit increased free hole concentraf@h 107] just like those treatd with
sodium. However, most of the reported studies focus only on samples treated with both sodium
and potassium at the same time. In those solar cells, higleth&h in the pure Nakeated

cells was observed, while the reports on the impact oraéitbf or the skvary[99, 108, 110]

What is different between the impact of sodium and potassium is that the only negative effects
of Nawere observed for its very high concentrations, while in casétbe effecs are not as
straightforward. When low doses of potassium were used together with sodium, for instance
through subsequent N&DT and KFPDT, the resulting efficiency{138] and hole
concentration§l07, 132]were reduced with regards to pure NaBT (but still higher than in
alkali-free devices). Once sufficiently large amounts of potassium were used this effect was no
longer obsered[132]. When KFPDT was made on cells on SLG substrates with Balrier

or alumina, namely cells with very low initial alkali content, theeM~F and overall efficiency

were increased, but theclvas reduced compat¢o the alkalifree devce[99, 139, 140Q]

5.2.3Postulated models of alkali opeation

When the beneficial effect of sodium was first observedad thoughto cause changarough
morphological changeas samples grown on M@antaining substratg§ge. SLG) or on top of
precursor layergypically have better morphology and biggeraips [21]. However, the
improvement is also seen in samples which were subjected to PDTs, soimridyed
crystallinity mayplay a role in the benefidigffect of Na it is not enough to explain it. Since

then, the following models were proposed:

A Elimination of the compensating donor Iy with Nacu [130]. Nacy is electrically
inactive, so this would lead to an enhancegige doping. This would explain why the
Cu-poor devices benefit more from the-Naping[141]. An argument for this model is
the low formation energy of Nai calculationsshowNacy to be the most probable Na
location in CI9142 144]. This however, could be a dout#dged sword, as after fillin

the available lpy sites, Nau could start replacing thedf acceptorgl41].
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A p-type enhancement through fast diffusion of Nanto the grainst high temperatures
throughoccupation of Cisites followed byfast outdiffusion at lowetemperatures
(during cool down) leaving enhanced number of Cu vacancies H@di2[d This model
should work for alkali doping during growth of CIGS at high temperatures, but it is hard
to apply to PDFreated cells.

A Oxygen mode] in whichNacatalyzegheformation ofneutralOseinstead of donor ¥
at GBs[141, 145, 146]Vse being a donor, could lead to a type inversion at grain
boundaries, reducing the average hole concentration throughout the absorber, while at
the same time could also act as a {lf®]. The reasoning behind it is that annealing in
oxygen atmosphere yieddomewhat similar results to sodium treatnf@dl, Na seems
to be correlated with O on the CIGS surf§isg, 96, 146] both tend to be segregated at
grain boundaries, and s sodium in known for its oxidating properties. However,
measurements by Raghuwanshi et al. suggest oxygen to be linked to detrimental, rather
than neutral GB§56].

A Passivation of the grain boundariegositively charged donor atoms at the GBs could
acts ashole barriers, impeding the hoteansport across GBs, as well as cause carrier
depletion stretching far into the grain interjé2]. Additionally, those donors could act
as recombination centers, increasing recombination and reducingdtan¥ FF61].

Passivation of donors at the GBse. Incy i by sodium would mitigate those effects.

Although the effects of potassiumcorporation are similar to those its sodiuta,location in
the cell and the coexistence of both positive and detrimental effect suggests further possible

explanations:

A Improvement of junction properties. KF-PDT was found to result in the depletion of
Cu and Ga at the top surface of absordéd8, 147] which in turn can lead to the
lowering of the VBM and widening of the bandgap at the CdS/CIGS interface,
potentially due to the formation of a-lK-Se phasdq148, 149] Additionally, the
depletion of Cu together with the reported enrichment if108, 135]may lead to the
creation of shallow donoiGdcy at the interface, causing a type inverdib@7]. Either
of those effects would result in an improvement of charge carrier separation at the
interface and inhibit recombination, arglsuch increase the junction qualitp0]. To
that explanation points the increase of the Uponthe KF treatment, which is higher
than expected for the repedincrease in free hole concentrati@®7].
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A Grain boundary passivation[99]. Similar to sodium, potassium is located mostly at
the grain boundaries, and similar ta N thought to be able to catalyze the oxidation of
Vsedonors into neutrdDse[138]. Also, KPFM measurements showed reduced potential

fluctuations at the GBs in kieated cells, pointing to GB passivatjd®0].
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6 Motivation

The beneficial effect of alkali incorporation into the CIGS absorbers has been known since the
19906 s, but the preci s eAlhoaghl otnof research lsas eeni | |
done in this subject, most of fibcuses simply on the comparison between afkeé and
alkali-rich devicesor differences between alkadbped cells prepared with different methods
withouta systematic studpoking deeper into theorrelation between alkali concentration and
changesnduced in the electrical characteristidhere are some studies, in which sodium
concentration was varied betweewiaer set of devices, howevatmost allof those concern
sodium incorporation from the substrate or precuf88y 101, 112, 115]As sodium can act

also on the morpholggof the absorber during growth, it makes the insight into the purely
electrical impact not straightforwardn order to mitigate that, sodium supply through a
postdeposition treatmenthich does not introduce changes in crystallinity and morphology of
CIGS absorberswould be preferableAs it is postulated that sodium and potassium could
impact the CIGS performance through similar pathways, it is important to study the similarities
and differences between sodiuamd potassium doped devices. However,trabthe available

data is focused aimecomparison otheimpact of sodium and combined sodium and potassium
treatment, without studying the pufedoping.This is important, as combined treatment leads

to the best results, but makes the distinction betwthe alkali effects harder if not impossible.

Most studies focus on either solar cells or thin filAsthe two incorporate the same absorber,
but different interfaces (i.e. CIGS/CdS in cells vs CIGS/Au in thin films) comparison between
those will giwve insight into which effects are linked to the absorber itself, and which are linked
to the interfacesAdditionally, as the grains are columnar in shape, the difference in transport
in the planar (thin films) and vertical (cells) direction may highligig tmpact of grain

boundariesMoreover the electric field distribution is different in cells and thin films.

A similar story can béold about the metastable properties of CIGS aeith regards to alkali
doping These are typically studied on a verynmoa range of devices, often either alkinke

or sodiumrich. There area fewreports of alkali doping and persistent photoconductivity being
researched togetH&0, 80] butthe availabledatais focused only on Ndreei Narich pairs,

with no systematic studies across various sodium concentrations, or substrate types.

In this work, | want to present a systematigdstof the effects of sodium and potassium doping

on the relaxed and metastable properties of CIGS thin films and solar cells.
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This study is primarily aimed oansweringhe following questions

A is the dominant alkali activityied to the volume of the grains or to grain boundaries
A does it affect mobility and/or concentration of free carriers

A and does it creatdeep defects associated with metastafility

Forthe main part of this study the singitage coevaporatiqorocessed devicagerechosen

as it allows for the greatest stoichiometry uniformitiie singlestage devices were prepared
by ZSW on both SLG/Si@Ny and ZrQ substrates to study whether the morphology of the
substrate and the minideuamounts of sodium diffusing through the @\ barrier during
growthwill have an impact on the resulting CIGS thin filrostdeposition treatment with NaF
and KF was choseas a method of controlled introduction of alkali metadsit does not
influence the morphology of the absorlim¥causet is done aftelabsorbedeposition and at
lower temperatures. Th way the resulting alkali concentration can be adjusted in a range

spanning 3 orders of magnitude.

Singlestage absorbers, however, have two maj@wbacksi the grain size is reduced as
compared to the thregageprocess, anthe efficiency of resulting cells is lowek. series of
devices made usingsfage proceswasthereforestudiedin order to examine to what extent
the process type isportant in the context of alkali dopinginally, changes due to different
copper content or annealing in the selenium atmosphere were investigaaecbw down the

possible routes in which sample variati@uld influence the results.

All samples inestigated in this work were prepared at ZSW in the framework of Beethoven I
project. Structural and compositional characterization together with stand&d J

characterization of solar cells was also performed at ZSW.
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7 Methods

7.1 Conductivity as afunction of temperature

The DC conductivity can be measured by applying voltage to a device of known dimensions

and recording the current response:

Q0

- 13
NG (13

where d represents the distance between the electrodessatik 8rossection of the device.

Inapt ype semiconductor, the conductivity 0 ca
. nn' 14
where p is the free hole concentratigns thecarrierc har ge and € is the hol

measurement is made as a function of temperature, the dependence of the product of carrier

concentration and mobility on temperature can be obtained.

The mobility of charge carriers in a given semiconducttinisedto the types of scatteringr

trappingtaking place, includingl51i 153].

scattering on acoustic phonons Coxy T (15
ionized impurity scattering ©ox Y7 (16)
scattering on dislocations Cox Y a7

scattering on grain boundaries C x'YTA@POTQY (18

trapping at defects “ xXA@DPWO TQY (19

As the resulting mobilityollows the relation:

S (20)

the process with the lowest mobility limits the overall mobility in the material. As such,

scattering on acoustic phonons is typically the dominant mechanism limiting the mobility in
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singlecrystal semiconductors at higher temperatures, while scattering on ionized impurities
dominates in the lovtemperature region. In polycrystalline materialsig boundaries may

influencegreatly the overall mobility154].

Theoretically, in the temperature range coved by our measurements, the free hole concentration
in a doped semiconductor should follow the relations

moderate temperatufsaturation range) n o (21)

low temperaturéfreezeout) n o6o0Q 7 (22)

where Ecis the position of the acceptor level with regards to the valence band edgeiand k
the Boltzmann constant. As the G(T) relation
vs 1/T, the slope of the obtained relation should be 0 in the saturatige andE.J/ksT in the

freezeout range.

7.2 CapacitanceVoltage Measurements (CV)

Capacitancevoltage measurements are a common way of measuring free carrier concentrations
in semiconductor junctions. CV use is, however, limited only to asymmetric jugictibrs is

those, which have one side doped considerably higher than the other.lEsggdecharge

region SCR ) stretches to the lowatoped side onlyin our case we will consider &mdevice,

where the CIGS absorber is théype and CdS is the'nThen, the SCR widtktretches into

the CIGS layer and its widi¥ is equal to

w . : (23

whereV it is the diffusion potential, V is the applied voltagasltihe relative dielectric constant
of CIGS, and W and Nb are concentrations of acceptors and donors respectivelynip a

junction, Nb>>Na, and equatioi23) can be simplified to:

C- - )
) 24
® o (29
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As can be seen (24), theonesidedjunction width is a function of applied bias and the doping
density(mostly) on the lowerdoped side. Through applyiran electric field to a devicgehe
width of the SCR can be decreased (forward bias) or increased (reverse biashelftank

of the sample as a capacitor, then by changing the W, which wbelicorrespond to the

distance between the capacitor terminidds,capacitance C will be affected

S-B

0 .
&)

(29)
where A is the surface area of thevice. If we then introduce a small AC voltage, the capacitive
response can be rewritten as:

Q0

0 —.
Qw

(26)

As charge is here equal to the product of the density of ionized acceptdheN charge and
the volume, relatioi26) can be rewritten as:
Qw
f o A >
6 N 5o (27)

By differentiationof equation(27) with regards to voltage we get:

Q6 --060Q6
06 "o Qo

(29)

Then, bycombining equation(27) and(28), the change in capacitance after a change in bias

can be defined as:

Q6 -- 0 29
Qw w no
This relation is the basis of the CV measurenidnt applying a combined DC offset bias and

smaller, fixed amplitude AC voltage on top of it, it allows for the probing of free carrier

concentration as a function of distance from the junction (equé&Bidy). In CV, the AC
modulation (dV inequation(29)) is responsible for the determination of charge carrier density
by causing a capacitive response, while the varied offset bias (V in fo(gf)jaallows for
probing as a function of distance, influencing the SCR width W, as the majority of the signal
comes from the edge of the S9]:
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where W can be calculated from the capacitance as:
--0
W - (3D
0

In most cases, the resultidgpingprofile is theoneof thefree charge carrierddowever, this

method is strongly influenced by interface states, as well asrslgponding defects.

7.3 Drive Level Capacitance Profiling (DLCP)

Drive Level Capacitance Profiling is a modified version of CV developed by Michelson and
Gelatosi n t h e[15%]9C®rarénsto CV, it is insensitive to surface & interface states,
therefore comparing CV arddLCP measurements on the same device may give insight into

the bulk and interface response.

In CV, an AC voltage is applied on top of a DC bias, and the AC amplitude dV is kept constant
while the DC bias is varied. In DLCP however, the AC drive voltagplitude is swept over

each DC bias, while adding a small DC offset so that the maximum forward voltage is kept
constant with increasing amplitud@9, 155] Typically, a series of measurements are made
with increasing temperature, and the frequency of applied bias is selected according to device
properties and the desired resuldoping ensity (high frequency, 100kHIZMHZz) or defect
response (low frequencyjor each (angular) frequency of AC bias and temperature pair there

is a specific limiting energy &equation(32)). In a ptype material onlythe gap statelselow

Ee can follow the changes in applied AC baxd contribute to the capacitarié&5]:

: T~ongn ]
where g is the thermdaY & m,i,awrebentstiperefeftied©OD r
in the valence band\Waverage thermal velocity <v>andaa pt ur e c h.Dmettheect i o
band bending at the junction, the crossing point between dla@dEthe Fermi level will be

linked to a spatial positiore. Close to the interface, where xtke Fermi energy s below

Ee, and the states respondwer than the applied bias, not contributing to the response. At
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X=Xe, gap states betweer Bnd E (including shallow dopants) will respond at AC frequency,
and beyond «i much faster than the modulation.

In CV, the applied AC perturbation was snaitbugh so the capacitance could be described as:

5 O (33)
° 770 o

where xis the spatial distance from junctidei s t he e | e gidthechargefdensity.d, an

In DLCP, an increase in the AC amplitude calls for the use of the higher orders of correction to

junction capacitance:

:Q‘?’ B
6 — O 06Qm o6 Qv E (34
Qw
where:
™- - 07
" 3
0 0 & (39

From this, the spatial doping profile can be calculated as the carrier depsity N

g )
n ci- - 06

as a function of the distance from the junction W:

W

(37

3

In practice, the oly parameteswe neededi s t he di el rpand sammple amao nst ar
Measuring it correctly is crucial for the obtained carrier density.

Space charge density (cm™)

Distance <x> (um)
Figure 7.1 An example of a series of DLCP measurements taken at different temperatures
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7.4 Current -voltage characterization as a functiorof
temperature

By performinga series of currertoltage measurements and plotting the¥s a function of
temperature for a given illumination intensity, one can get a closer look into the recombination

mechanismdn a solar cell, the operircuit voltageV oc follows the relation:

, 0 087Q"Y, 0
w — —a &€— (39

n n Y

where A is the ideality factor and: 5 the activation energyand Jo is the timeindependent

part of the diode saturation curtetensity J:

Y o AgRo 39
0 0 Bgﬂ (39

In order to maximize the efficiency of a solar cell, it is important for the diode saturation current
density dto be as low as possible a ptype materialassumingecombination in the SCRo
can be expressed Hs]:

, NO U O

U ETEre— (40)

OV

Where DO is the diffusion constant of electrons, anglis the diffusion length oélectrons. In
order for the gto be low, the doping dengiandminority carrier lifetime havéo be high. In

order to maximize carrier lifetimes, unwanted recombination should be suppressed.

By extrapolatinghe Voc(T) relationto OK, the activation energy and through that, the type of

dominating recombination mechanism may be asspk3ed
O
Y W = 41
) 9 (41)

whereEa will be equal to g for recombinationn the space charge region or in the bulk of

absorberand may be reduced in case of recombination at the interface.
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8 Experimental

8.1 Sample preparation

All samples and SIMS measurements were made lyembers ofthe group of dr. Roland

Wuerz at ZSW, primarily by Alexander Eslam.

Series | Batch | Process Cell Thin film

SLGist| 1% | Lstage| gnoy oo MMOCUINGASE 51 G/siany/cu(inGa)sgAu
ZrOx-1st| 2 | 1-stage (Z:LC)SZ;;A“OC/)C;;[%Z?,)\I?&I/NI ZrO,/Cu(In,Ga)S¢Au
7r0-3st| 3¢ | 3-stage é:%;;"nogfzurggﬁl";‘l)\ﬁ/il i Zr0/Cu(In,Ga)Sg/Au
sories | 4" | Lstage (ZZLOSZ;;AnOC/)C/:ZUrgICr;ﬁl?I)\I?&I/Ni Zr0,/Cu(in,Ga)SeAu
lé?a:ﬁ]id 5" | 3stage | oymnorza O NIAUN 210G,/Cu(In,Ga)Sg/Au

Tablel. List of the measured CIGS solar cell and thin film series.

In each case absorbers for solar cells and thin films were prepared in the same run

Substrates
Solar cells and thin films were prepared on two types of substrates:

A SLG/SiOxNy 2mmtthick sodalime glass (SLG) substrate covered with@dnm thick
SiO«Ny barrierlayer made by reactive sputtering

A ZrO 2 zirconia substrates

In all cases, half of theubstrate$ future cellsi were covered with a DC sputtered 550nm Mo

layer, half were left as is for planar devices.

CIGS layer

A SinglestageA 2em t hi ck | ayveas coevdporaied (nlasingliage S e
process in an Octoplus 500 growth chamie#ng MBE components, with a nominal
substrate temperature of about 450AC

A Three-stagedeviceswere prepareth the same setupsing a threetage protoccht a
substrate tempernate of about 608 C
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Postdeposition treatment

After absorber/thin film evaporation and subsequent cooling, NaF/KF layers were evaporated
with a rate of about 0.3/ s under l ow Se flux (about 2 i
specified). The final alkalconcentration controlled by adjusting the substrate temperature
during the PDT (o) , bet ween 110 and 400AC (no PDT

Samples denoted with SRDT were annealed under-8ex without prior alkali evaporation.

Cells

After PDT, CIGS layers prepared on Moated substrates were rinsed to remove NaF residue,
and covered with 60nm CBD CdS layer, 80nmsphittered ZnO, 350nm sputtered ZnO:Al.
The top electrode was made from Ni/Al/Ni using a shadow mask, without AR coating.
Compkte cells had an area of ab@ubcnm?. For DLCP measurements a smaller part of the

sample was defined using mechanical scribing.

Planar devices

Absorbers were etched in 10% HCI to remove excess NaF and etched in KCN to remove
oxidation from the surfaceTwo Au contacts of 160nm thickness, 1mm separatine

deposited using a mask

Figure 8.1 Photographs of devices on Zr@sed in this study. Leit solar cell used for DLCP
measurement, with active surfaeduced through mechanical scribing. Middlehin film used for
conductivity measurements, with measured area defined by mechanical scribing (rectangle in the top of
the device). Rigtit 50mnd solar cell used for STC JV measurements by ZSW.
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coarse grained CIGS (3-stage process)

fine grained CIGS (1-stage process)

%
500 nm
Detektor Intens Sample 1D = ZrO-206 ohne Mo WD= 4.8mm Detektor InLens Sample ID = ZrO-802 mit Mo

500KV 2r0_206_07tif - Mag- 2000kx  Tif 00° 5.00kV 2r0_802__07.tif N

Figure 8.2 SEM crosssection images of singltage (left) and threstage (right) solar cells before
deposition of CdS.

Average grain size was estimated to be roughly 250x250x750nm in csisglestage CIGS
and about 80x500x1250nm in case of thregage CIGS.
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8.2 Alkali concentration valuesand photovoltaic
parameters of investigated devices

Alkali concentration in the cells and thin films was measured by Alexander Eslam at ZSW by
Time of Flight Secondary lon Mass Spectrometry using a TOF.SIMS 5 instrument from
IONTOF, allowing for the detection of alkali elements down to lower region of ppm. As sputter
source an oxygen ion beam was used over an a
Bi*beam, over a smaller area of ©50-frdeCEB8 &m]j.
devices implanted witfftNa ( d o s é*cn#?land®®K 1 0 d 0 s e *ca'?) to&dlclldre

absolute values of alkali concentration. To avoid surface artefacts, the wh alkali
concentration is taken as amean from 2 t o 1 . The GBIM(Cul(6g3Ih)hand GGI

(Ga/Ga+In)) ratios were measunasingX-ray Fluorescence Spectrometry (XRF).

All standard testing condition (STC)current-voltage, SIMS and XRF measurerantswere
performed by ZSW

SLG T single stage,®lbatch

General Planar Cells Composition
POT PUAC) ol Goml | Gom ol Ba i bo  maey | OO GO
X 25 7 - 22 - 9.4 545 60.1 288 | 0.80 0.31
Se 340 <0.1 - 2 - 9.8 553 59.8 295 | 0.81 0.29
NaF 110 52 - 77 - 9.9 553 63.2 285 | 0.80 0.30
NaF 150 88 - 190 - 12.0 588 72.1 284 0.83 031
NaF 190 167 - 261 - 12.8 613 73.7 28.5 0.80 0.31
NaF 250 474 - 504 - 15.1 654 77.7 29.9 0.80 0.31
NaF 340 534 - 473 - 16.1 673 78.3 306 | 0.80 0.29
NaF 400 927

Table2. Chemical compositioand photovoltaic parameters singlestage solar cells and thin films
prepared on SLG/Si®y substrates. Batch subjected to NBBPT, x denotes devices without PDT,iSe
devices which underwent PDT procedure, but without alkali deposition

Values of ¢(K) were not measured. For NdBTat 400AC only a planar d
as the CIGS layer peeled off during the chemical bath deposition of CdS.
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ZrO 27 single stage2™ batch

General Planar Cells Composition
POT PURc) Goml Gom | Gomd bem b i bo o | OO GO
NaF 101 67 4 67 0.9 10.0 539 62.3 299 | 081 0.29
NaF 131 114 0.45 93 0.5 11.8 573 70.0 29.4 0.81 0.28
NaF 153 135 1.6 161 0.6 11.8 584 71.6 28.3 0.80 0.29
NaF 198 280 1.5 408 1.2 12.9 611 73.9 28.6 0.77 0.33
NaF 250 513 14 553 1.2 14.6 642 76.9 29.5 0.78 0.33
NaF 275 - - 648 3 14.6 650 76.5 294 | 0.78 0.33
NaF 314 957 4.2 619 3 15.2 648 77.7 30.3 0.79 0.29
X 25 15 1.2 0.17 0.72 9.9 547 60.3 30.0 0.82 0.29
KF 105 44 133 2.7 237 0.9 266 225 15.1 0.81 0.29
KF 130 16 245 55 488 4.0 384 39.0 26.5 0.81 0.28
KF 191 79 755 16 1076 13.5 636 68.4 31.1 0.81 0.29
KF 247 63 1703 22 1606 13.9 625 71.7 31.0 0.81 0.28
KF 315 47 2219 30 1508 14.2 618 75.5 304 0.81 0.28

Table3. Chemicalcomposition and photovoltaic parameters of sirgjkge solar cells and thin films
prepared on Zr@substrates. Batch subjected to NBBT and KFPDT, x denotes devices without PDT

ZrO 2 - 3stage 39 batch

General Planar Cells Composition
POT PUAe) ol ol | Gom ol B i b e | OO GO
NaF 126 46 1.9 33.7 0.04 111 555 65.2 30.8 - -
NaF 147 66 21 65 0.1 11.7 563 68 30.7 - -
NaF 197 144 1.2 114 0.15 12.5 584 69.5 30.7 - -
NaF 250 186 21 166 0.3 13.0 600 70.5 30.6 - -
NaF 341 232 2.5 288 2.8 134 607 70.9 31.2 - -
X 25 17 1.4 5 0.3 10.3 548 60.0 314 - -
Se 150 0.8 055 | 0.02 035 116 551 66.3 31.8 - -
KF 130 0.9 39 0.4 180 3.0 378 31.0 25.4 - -
KF 200 0.6 225 1.7 195 13.3 610 67.6 32.3 - -
KF 350 4.7 606 6.3 495 - -
KF 350 0.2 502 5.5 501 - -

Table4. Chemical composition and photovoltaic parameters of tistage solar cells and thin films
prepared on Zr@ substrates. Batch subjected to both NaRd KRPDT, x denotes devices without
PDT, Sei devices which underwent PDT procedure, but without alkali deposition. Note the different
temperature of SBDT as compared with the SLG batch.
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Copper-series,single-stage 4" batch

General Planar Cells Composition
POT PUhc) boml Goml | Gom ol B9 i bo a3 | OO GO
X X 35.7 24 3.0 1.7 8.5 489 58.2 29.8 74.0 -
X X 33.0 0.9 1.6 0.8 9.0 521 57.9 29.8 | 79.5 -
X X 15.1 1.2 0.2 0.7 9.9 547 60.3 30.0 82.1 -
X X 19.8 0.6 - - 10.0 551 60.9 30.0 86.5 -
NaF 312 801 1.6 423 6.6 15.3 669 77.6 29.4 72.9 -
NaF 314 957 4.2 619 31 15.3 648 77.7 30.3 78.5 -
NaF 307 1040 4.3 642 21 15.0 657 76.7 27.8 83.0 -
NaF 313 680 1.7 - - 14.6 657 76.7 28.9 86.4 -

Table 5 Photovoltaic parameters and alkali concentration oigte-stage devices prepared on ZrO
with different copper content, with and without NaF PD&vices with CGI used throughout the first 3

series are in bold.

Large-grained CIGS, 5" batch

General Planar Cells Composition
PDT-T | c(Na) c(K) | c(Na) c(K) PCE Voc FF Jsc
POT "[Acy peml  [pml | fppml  [pml [ VI [ [mAemy | CG1 GGl
X X 0.2 0.2 <0.1 <01 10.6 552 62.0 31.0 | 0.80
NaF 311 0.3 259 293 0.8 12.1 588 66.6 30.8 | 0.80
KF 311 145 1.6 2 355 15.1 660 74.0 31.0 | 0.79

Table6 Devices prepared on Zgisinglarge-grained threestage process.
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8.3 Conductivity measurements

Conductivity vs temperature measurements (r

devices. Gold contacts were spaced by 1mm, and the measurement area was defined through
mechanical scribing, by enclosing a-A.5mm wide, 4mm long part of the devi{de5mm each

contact, 1mm spacing, sdeégure 8.1). The total area was kept small to ensure uniform
distribution of light during lightsoaking proced@: Ohmicity of the contacts was checked for

each sample by measuring a curresitage curve.

Measurements were conducted using apwimt probe method in a nitrogen cryostat in vacuum
(typi canbanwusing b dustouilt setup based on Keithley28 current amplifier and
National Instruments DAQ 6122 card, usiatpck-in amplifier as a voltage source, with the
temperature adjusted throughakeShore temperature controller.

As a relaxed state we considered the state after at least 24 haolesdark at an ambient
temperature, in vacuum. The metastable state LS was achieved through illumination with a
980nm, 5mW laser (2x6mm spot size) at 300K for 30min and subsequent cooling to 100K under
illumination. Light was set up by measuring the curresponse of a biased device (typically
0.5-1V) and adjusting for maximum current while changing the position of a laser. To ensure
repeatability of the LS conditions, | tested the illumination intensity effect on the PPC
magnitudeon both alkalifree andalkali-rich devicesand cross checked it with literaturemall
differences in intensity due to suboptimal light alignment, below an order of magnitude, will

not affect the GTn a significant way66].

Typical cooling time was about ZZDminutes from 300K to 90K, corresponding to an average
cooling rate of 8K/min. Typical heating rate was about 3.5K/min from 100 to 200K, then
2.5K/min and down to about 1K/min for temperatures above 3@@Kboth relaxed and
light-soaked measurements. This is a compromise between the desired heatir}) 5&iern

for metastable effect not to relax, and the limitations of the heater. Analogically, there were
multiple measurements performed on a few nettsamples to see how the cooling down or

heating up speed influences the GT curves, and whether the results are congruent (they are).

As the samples show small variations over time, samples within a series were always measured

in random order, so thatdheffect of time and the parameter measured can be distinguished.
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For all devices, we observe a metastable increase in conductivity after LS, and a decrease in the
slope of thel(T) curve.For the heating rates used, relaxation of the metastable state was
typically observedat about 22250K [66, 68, 75] In following chapters, metastable
conductivity U.s and the metastable increase in conductigiyrc will be evaluated and

comparecht 200Ki as it isthe highest temperature before h@® C6 s r sbbaexvadt i o n
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Figure 8.3 Left: an example of &(T) measurement result in the relaxed and lighdked statefir
denotes t he \vséighttse adkfe drped matasigtlie inci@ase in conductivity at 200K.
Right typical result of DLCP measurements in the relaxed (solid squares) andtigked state (open
squares). Rand Rsdenote the free hole concentration in the relaxed and-fghked state at 200K,
wh i |pgis tigwmetastable increase in doping densit

8.4DLCP

Drive-level capacitance profiling measurements were performed using -a@oiwb probe

method on solar cells, with the am@fz3-8mn? defined using mechanical scribingigures.1).

Measurements were done with a HP4284A LCR meter in a He ebysézicryostat in vacuum
during the heating ramp. The temperature was increased from 50K to 300K in 50K increments.

AC frequencyvalue was set to a valletweerB800kHzand1MHz.

As a relaxed state | considered the state after at least 24 hours in the dark at an ambient
temperature, in vacuum. The ligbhaked state (LS) was created by illumination with a halogen
lamp (1sun) in vacuum for 30 minutes @A@K followed by cooling down to 58, still under

illumination.
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As both deep defects and shallow dopants will contribute to the DLCP profile depending on the
frequency, an Admittance Spectroscopy scan (capacitance vs frequency) was first made to find
the appropriate frequendy high enough to fall below the admittance step, where only the
shallow defects respond, but at the same time low enough to reduce the artifacts from i.e. cable
capacitanceAll hole concentration values referred to in this papetess specified otherwise)
correspond to the minima of the DLCP curves atR{®eeFigure8.3). This temperature was
chosen as it is the higheshtperature before the metastable effects start to anneal out within

the timescale of our experimdidb6].

Another source of potential artifacts is in the resistance faimple itself. As the cap#ance
measured is relatively small, the LCR meter is set t&#rallelCircuit Mode where the series
resistance is considered insignificdaee Figure € in theinstructionmanual[157]). This

works well in highly doped devices or in higher temperatures. Howeverddped devices

(i.e. alkalifree cells)measured at lower temperatures, for which the series resistance is not
negligible, might exhibit artificially higher capacitance and as stiah,reported free hole
density might be substantially higher than in reality.example of such measurementfaci

can beseen inFigure8.4. The distortion brought by series resistance, pronounced at forward
bias, is alsdhereason why the lowest value of BP profile was chosen as the closest to the

real free hole density (the increase observed at reverse bias is interpreted as due to the

contribution of deep leveld56].
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Figure 8.4 Artifacts in DLCP resultsBlack squares denote measurements, in which artificially high
free carrier concentration was observed at low temperatures due to measurement setup constraints
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9

Results

9.1 The impact of seleniumannealing

As the PDT process takes place in selenium atmosphere, it is important to see what the

annealing in selenium atmosphétgelf does to the cellso exclude the possibility that the
observed effects are due to selenium almgat various temperatureatherthan alkali PDT
treatmentIn order to see that, a thin film and a ¢bdt were subjected to PDT treatment but

without alkali layer, were analyzed. As can be sedfigaure9.1, annealing of the SLGeries
thin film in selenium atmosphere at optimdivor (3404C) made virtually no difference to its
conductivity vs temperature characteristise we concluded that ahges in the electrical
propertiesare due to alkali doping not an annealing effecDLCP, the only visible difference
was observed in the metastable state, where theniSealed cell exhibited slightly higher

metastable increase in free hole concemmati
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Figure 9.1 Conductivity vs temperature measurements for afkeé devices with and without-B®T
(left). DLCP measurement on alkdilee singlestage cells on SLG/SiR, with and withouSePDT in
the relaxed (solid) and ligkgoaked state (open squares).
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9.2 Sodium-dopedsamples

9.2.1 Free hole concentration in the relaxed state
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Figure 9.2 Relaxed DLCP profiles as a function of temperature fkalafree, medium Na and Na rich

solar cells prepared on SLGEd\y (top row) and Zr@(middle row) substrates and 3 stage CIGSe cells

on ZrG substrates (bottom row). Please note the spectra for alkali free devices at lower temperatures
might exhibit arificially high carrier density (se€hapter8.4).

Substrate Process X medium-Na high-Na
SLG/SIO«Ny Singlestage 22 190 473
ZrO; Singlestage <1 95 554
ZrO; Threestage 5 114 166

Table 7. Concentration of sodium for the alkdiee, mediunNa and highkalkali cells presented in
Figure9.2.
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DLCP spectra taken at high frequency as a function of temperature for investigated series of
solar cells are presented Figure 9.2. For each of the 3 series: singlage devices on
SLG/SOxNy and ZrQ as well as 3tage devices on ZgOthree devices were chosen,

representing alkaliree, mediurdNa and Narich compositions.

In the left column DLCP curves for Neee devices are shown. As can be seen, all of them look
similari U-shaped, leaning on the back contact (as 0 corresponds to the CdS/CIGSe interface,
2em to the back contact interface). The obséiivee hole concentration, taken at the minimum
of the DLCP curve, at 25800K is about 18cm, which corresponds well to the literature
data available for alkafree solar cells, where p was shown to lay betwe2r @*“cm3 be it
singlestage or 3tage deviced32, 88, 158] For undoped samples high series resistance
distorts the results of measurement: the observed freera@rnisity increases with temperature
decreasingThis can be clearly seen gure9.3 where the values of free hole concentration
taken at low temperatures are higher than those at higher temperatargsary to what is
expected. The increased apparent hole concentratiow &&mperaturess a byproduct of the
high series resistance, unaccounted for in the model used he@h¢gater7.3). Therefore, in

this work aily values of free hole concentration at 200K and above will be taken into

consideration.

Upon addition of even a minuscule amount of sodium, free hole concentration is increased by
about an order of magni tude, d e p ednsddiumg o n
concentration. The curves also become wider, stretching for the most part of the albberber.

free hole concentration increaseith increasing temperature, partially due to the ionization of

deepedefects anadlsoto the effect of deeper defeatesponding to ac frequency

Once a high concentration sodium is added the curves become narrower, takstwapa ¥nd

move closer to the CdS/CIGS interfa@ewer series resistanceffree hole concentration is
further increased, to about1®cm3i 10*%cm(300K), two orders of magnitude higher than

it was in the Néree case. These values are again comparable with the data available for
Na-containing cells, including those used commercidys, 117, 129, 159]

In all, the hole concentration values for all three categories of dévidedree, mediurdNa
and Narich cellsi are consistent throughout all three series of devices and increase with an

increase in sodium concentration/PDT temperature.
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Figure 9.3 Values of the free hole concentration obtained from DLCP for cells in the SLG series as a
function of temperature in the relaxed state. Dashed area represents the region of artificially high
apparent p. Values on the right represent the sodium concemtnathge.

52



9.2.2 Free hole concentrationi metastable state
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Figure 9.4 Comparison of the relaxed and light soaked DLCP spectra of dheaj intermediate and
high sodiumdoped devices prepared on SLG afdD, substrates using singleand threestage
evaporation methods. All measurements were taken at 200K.

In Figure9.4, a comparison between relaxawldightsoaked DLCP spectra of selected cells
taken at 200K is presented. tine alkali-free devices, the relaxed free hole density equals
10%cm?®. The difference in the absolute position of the back édgetween about 1£8n to
2.2mi is not significat, as it can be attributed both to the difference in the absorber thickness,
as well as to thencertainty of the sample surfacehe metastable curves look virtually the
same in both of the singltage devices with carrier density at abodfd@r3, while the PPC
effect in the largegrained, 3stage device is considerably lower &t@“ni3. The same can

be said about the mediulta cells, where the PPC effect for thetdge device is lower as well,
although this may be in part attributed to theatéon in alkali content. The greatest variation
can be seen in the higita cells, where both the relaxed and metastable free carrier density is
an order of magnitude higher in the SLG series than in-$tage one, and the PPC is barely

visible in the angle-stage, ZrQcell.
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9.2.3Conductivity of thin films T steadystate properties
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Figure 9.5 Conductivity vs temperature measurements of thin film devices preparktp8L(G and
(centej ZrO, substrates usinpthe singlestage method, and thin films prepared on Zs@bstrates using

a 3stage methodright). The same color scheme was used across all three plots with regards to the
PDT temperature.

Series of conductivity vs temperature measurements for thn devices with different
concentrations of added sodium are presentdedgare 9.5. As can be seen, samples which
underwent NaFPDT exhibit considerably higher conductivity than aléedie ones (black line),
up to over 2 orders of magnitude at room temperature. Thisssstemt with the literature data,
where an increase in conductivity was observed afteddyéng, independent on the supply
method [96, 112, 130] Additionally, this difference in conductivity becomes even more

pronounced at lower temperatuieseaching about 5 orders of magnitude at 150K.

In thin films prepaed on SLG substrates, already an addition gbf® Na (as compared to

7 ppm in Nafree device) resulted in an about 4x increase in conductivity, followed by a small
increase with further sodium addition. This increase is even more evident in thessggle

CIGSe films prepared on ZpGsubstrates, with the difference reaching over an order of
magnitude. In both series we then reach a plateau, when increasing temperature or sodium
concentration does not influence the conductivity case of SLGitlayp et ween 150U0UC

2 0 0 U @pn( aBB16ppm respectively), in Zrgi bet ween 110U Gpnaandl 200 U
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280ppm respectively). Additionally, some of the curves in this region are curved, with
significantly higher slopes at low temperatures. This featwe/ever, seems not to depend
monotonically on the temperature or Na cont e
behavior. This could be caused by the PDT process itsadf those PDT temperatures are

outside of the normal PDT temperature range ¢vhs considerably higher), the process
parameters might not be optimizedsulting in unwanted effects. For instariberemay be

some defect property (i.e. thermal activation from deep defect states), which may be influenced

by annealing sodium or sele@m atmosphere in this temperature range.

Bet ween 200UC and 2500UC a stepi asmacresgiase i n
conductivity is observed in both series. However, in SLG series after reaching a maximum
conductivity for NaFP DT at 2 ppth D& futhérindrease in temperature or addition

of sodium results in a decrease in conductivity. There are some reports showing that excessive
amount of sodium can negatively influence the mat§tizl], i.e. could lead to a decrease in

hole concentration[132], which could in turn impact conductivity. The sample annealed at
400UC exhibits signifiannealédty 2v00 B@. plrro ptelrd i e
cellstheonewithNaP DT made at 400 UGubgratd, solitis pdssbbe thatr o m |
a second, Naich phase is forming, reducing the beneficial effect of Na (just as destybed
Kamikawa et al[132]). In samples prepared on Zr8ubstrates, no such effect was observed,

even though the maximumoncentrati on of sodium was compa
from the SLG series. This may point to the effect being influenced by temperature rather than

Na concentration itself, as the highest PDT for the, &A@ r i e s W éower tBah 4h&) C

3 4 © &i which the decrease is first observed in Sk@es.

While the results for the two singtage series looked fairly similar, the conductivity of films
prepared using the-&age method follow the same trend with regards to alkali incorporation,

but the conductivity is always higher by about an order of magnitude (at room temperature),
and the changes are observed already for lower sodium concentrations. It is to be expected, as
3-stage devices are known for their bigger grains and overall bettealbmytst [42], so the

reduced grain surface would impact the amount of alkali that can enter the CIGSe layer. Again

we see the reductiempeofatiirenceachesPBB0 UC.

Another interesting aspect, seen across al/l

curves (or the activation energy of conductivity) with an increase in sodium concentration. It is
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visible most clearly in thbow-Na threestage devices, where the alkige layer (black) and
the 45ppm layer (blue) have fairly similar conductivity at room temperature, but the slope of
the curve is vastly different. This likely caused by the impact of sodium on the hole nitgbil

in the material and its temperature dependence.

A hypothesis that potential barriers influenced by alkaktals determine conductivity

dependence on temperature will be further explored in the next chapters.
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9.2.4 Conductivity of thin films 7 metastable properties
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Figure 9.6 Conductivity vs temperature measurements foecdlataining devices in relaxed (solid lines)
and metastable state induced by ligbtking (dashed lines). Discussion of thlaxed properties can
be found irpreviouschapter

In all cases, the slope of LS curve is lower than that of the device in stead¥Hsitate clearly

visible in the lowalkali films, where the relaxed slope is the sharpest.

What is also interesting, fkat the films which exhibit the doubsope behavior in the relaxed
state show normal LS behavior. In Zr€eriesthe films with Teor betweernl 10UC and200T,
all of the device$ both those with and without kink in thig(T) curvesi exhibited virtually

the samei_s(T) characteristics.
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9.3 Effect of potassium

9.3.1 Free hole concentrationi relaxed state
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Figure 9.7 Relaxed DLCP profiles as a function of temperaturealkali-free, mediuralkali (and
alkali-rich solar cells: Nadoped singlestage devices on ZgG&ubstrates (top row) potassiutoped
singlestage devices on Zg@middle row) substrates and potassiaioped 3stage CIGSe cells on Z5O
substrates (bottom row)The spectra for alkafiree devices at lower temperatures might exhibit
artificially high carrier density

PDT Process X medium-alkali high-alkali
NaF Singlestage <1 95 554
KF Singlestage <1 554 1794
KF Threestage <5 189 495

Table 8. Concentration of sodium/potassium in ppm for the atkak, mediuralkali and highalkali
cells presented ifigure 9.7.
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DLCP spectra of the potassitthoped series, together with a reference soeioped cells are
presented irFigure9.7. The alkalifree series werdiscussed previously, as both the sodium
and potassium doped cells were prepared in the same cycles. Fhetassium singlstage
cell differs from tssodium counterpaitthe increase in the free hole concentration is very low,
and all of the DLCP spé@ taken below 250K wereighly distorted thus not shown here.
Similar results were obtained for thesgage cell, with the spectra differing from the typical U
or V-shape and pushed towards the back cornigutal of samples witla very low free hole

concentration

However, after an addition of large amounts of potassium (last column), thestaggedevice
exhibits similar characteristics to the hibjla onei namely, an increase therelaxed hole
concentration of over 1 order of magnitude comp#oeatie alkalifree cell, with narrowing of

the DLCP curve. The main difference between the -Nghand higkK cells here is the
temperature dependence, which is considerably less pronounced for the potassium cell. The
high-potassium threstage cell, orhte other hand, exhibited virtually no increa$éherelaxed

hole concentration as compared with the alkae one. This again might be in part caused by

the DLCP limitations regarding low doping densities. What is similar here to tidopéd

3-stage @vices is that the overall doping density increase is lower than in case ofstagge

cell and the spectrum is broader.

59



9.3.2 Free hole concentrationi metastable state
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Figure 9.8 Comparison of theelaxed and metastable (ligebaked) DLCP spectra of alkdliee,
medium and high potassiurdoped devices prepared on Zr€ubstrates using singland threestage
evaporation methods. In the first row, results onddé@ed singlestage CIGS wergresented for
comparison. Alkalfree cells are the same as previously presented fesexias. DLCP spectra for
low-potassium cells in the relaxed state are unreliable. All measurements were taken at 200K.

DLCP results taken at 200K iherelaxed and ntastable state of devices doped with potassium
are presented irFigure 9.8. Measurements on the leMv cells in the relaxed state at this
temperatureid not yield reliable resultsasthe junction was dominated by secondary barriers
and unfit for DLCP analysidHowever after lightsoaking the carrier concentration is increased
as would be expected, and appears similar to that in thesddium devicesalbeit its
magnitude is slightly lower. The highotassium singlstage cell (right column, middle row)
looks almost the same as the corresponding$aglium cell, with free hole concentration about
an order of magnitude higher than in the alkade. h the metastable state, p increased a further
order of magnitude, more than in case of Zsidglestage Nedoped device presented here,

but similar to that of the one from the SLG ser@=efigure9.4).
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9.3.3Conductivity of thin films
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Figure 9.9 Conductivity vs temperature measurements of sisigige thin film devices prepared on
ZrO, substrdes with [eft) NaFPDT and ¢ente) KF-PDT, and thin films prepared on ZsGubstrates
using a 3stage method subjected to #DT (right). The same color scheme was used across all three
plots with regards to the PDT temperature.

As wasestablished in the literature and previous chapters, addition of any amount of sodium

results in an increase in conductivity and free hole concentration with regards to th&redkali
CIGSe thin films and absorbers. In this chapter, the similarities iffiededces between the

impact of sodium and potassium doping will be discussed.

First, | would like to focus on the impact bigh concentrations of potassium (or potassium
added in PDT at or ab oRigee9.92 % @M @yrves have a verg n
similar shape and slope to those measured afterRlaF This would point to the general
mechanism of conductivity increase being similartfoth alkalis. One significant difference is
that potassium concentrations required for the change-4ren8s higher. Additionally, the
maximum conductivity achieved with KIEDT is still about an order of magnitude lower than
that of NaFPDT.

If we then look to the lowK (or low-temperaturek) we can see that in those cases addition of
potassium was detrimental to the device performance. In sstege thin films, adding
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conductivity of about 1 order of magnituds compared to the alkdfiee device Only once

755 ppm K was added (or annealing temperatur
though G was stil | -fleolayerrThig effetrieven morecpeosoanceslf t h e
in the 3stage devices, where the alkBibe conductivity is higher. There, addition of potassium

at 130UC resulted in an al (oTkigis a3proof thdteer s o f

deteriorating effect of loviemperature PDT is not limited to certain CIGS technology, kaut is

more general phenomenokiterrai s i n g

t he

PDT

10(38@Ke resambled e t o

that of the alkaliree device, but witlaconsiderably loweactivationenergy of conductivity

It is worth noting that the cells after lel@mperature PD;Twhich correspond to the layers

showing low conductivity and high slope $T) dependence exhibit extremely bad efficiency

(seeTable3 on paged3). Thus,the deterioration of conductivity for loW samples indicates a

presene of internal barriers in the CIGS material itself which hinder the carrier transport.

ZrO,-1st-NaF

Zr02-1 st-KF

Zr02-3st-KF

Conductivity (S/cm)

150
Temperature (K)

200 250300

150
Temperature (K)

" 200 250300

150

" 200 250300

Temperature (K)

Na ZrO, KZrO, K3st. Na ZrO, KZrQ,
R LS T ppm ppm ppm R LS T ppm ppm
— X 15 1 5 250°C 513 1703
110°C 68 133 - 300°C - -
—=-=-=- 130°C 114 245 38 —_—- == 315°C 903 2220
150°C 135 - - 350°C 0.09A/s
——=- -~ 200°C 280 755 225 ———=- -~ 350°C 0.3A/s short

K 3st.
ppm

435

606
502

Figure 9.10 Conductivity vs temperature measurements in the relaxed (solid lines) and metastable state
(dashedline) of singlestage thin film devices prepared on Zr€ubstrates withl¢ft) Na~PDT and
(cente) KF-PDT, and 3stage thinfilms subjected to KIPDT (right). The same color scheme was used

across all three plots with regards to the PDT temperature.
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In the lightsoaked state, potassium doped thin films exhibit similar characteristics to the
sodium doped ones in terms of both the activation energy and the overall magnitude of the PPC.
The majordifference can be observed in the films doped with smallatsaf potassium (dark

blue inFigure9.10). Here, not only did the potassium reduce the conductivity in the relaxed
state, but also significantly deased the observed PRQspecially in case of thes}age

device.

9.4 Influence of procesgype and Cu-content

In previous chapters, the influence of sodium and potassium on the electrical characteristics of
CIGS films and solar cells was presented. However, to fully understand the results it is crucial
to look deeper into othéactors which might influence th@operties of the materigguch as

the type of process (singttage vs threstage)theinfluence of the grain sizer the copper to

indium & gallium ratio (CGI). These factors will be discussed in this chapter.

9.4.1 Influence of the process type on thalkali-free and high-alkali
absorbers

No significant differences between thimglestageCIGSe sampleprepared orSLG/SiONy
and ZrQ substratesvas observed in the previous parere variationsin the electrical
characteristics between devices pregartesing different evaporation processes will be
discussed. In addition to devices described previously, a set oigeged 3stage solar cells
and thin filmsi alkali-free, NaF and KHreated’ was investigatedAll devices studied in the
main parts ofhis workhadcomparable values @Gl rangingbetween 0.77 and 0.82 to reduce
the impact of meamopper concentration. Values of CGI for the devices desciibehlis

chaptercan be found iTable9.

In Figure9.11 ((T) characteristic®f singlestage, threstage and larggrained threestage
thin films are presentedhe alkali-free 3-stage films, both regular (yellow) and largeained
(green),look virtually the same. They have about an order of magnitude higher conductivity
than thealkali-freesingle-stage film, but its slope meaning the activation energys similar
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across allthree devices. In DLCP measurements at 20€tkown inFigure 9.12 all three
alkali-free cells exhibip & 10*cm with the DLCP curve pushed to the back contact.

All high-sodium dopedhin films have very similar vaks of conductivity and its temperature
dependencebut the observed free hole concentration of the tbtage cell is smaller by a

factor of about 3/alues of conductivity of highk thin films were lower than those from
high-Na, and he smallesdifference was in threstage device, which also had the highest
conductivity. In solar cellen the other handhe highest carrier concentration was observed

for the singlestage cellThe lack of a systematic dependence of the properties of theratkali

devices on the process type makes it safe to assume that the main differences between those

devices are caused by variations in the alkali concentration
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10" ] "y
1074 | PPEE ST S ><
€ 10° B
L E
@ . 4]
297
2 ]
g10%°y .-~ .-
3 -
o — -~ Z10, 1-st.
107+ Zr0,, 3-st.
Zro,, LG
10-8 T v T v T A ) 10 T e T e T T 10 T . T e T T
150 200 250300 150 200 250300 150 200 250 300
Temperature (K) Temperature (K) Temperature (K)

Figure 9.11 Conductivity vs temperature measusms of alkakfree, sodiumand potassiurtioped
thin films prepared on Zr@substrates using the singiage (black), threstage (yellow) and
large-grained threestage method (green).
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Figure9.12 DLCP nmeasurements taken at 200K on solar cells complimentary to the thin films presented
in Figure 9.11.
Substrate Process Alkali-free NaFPDT KFPDT
ZrQ Singlestage 0.82 0.78 0.81
ZrQ Threestage - - -
Zre Largegrained 0.80 0.79 0.80

Table9 CGil of thin films presented iRigure 9.11 and cells presented iRigure 9.12. Dash denotes
lack ofanappropriate measurement.

Thin films Solar cells
Substrate Process Alkali-free  NaFPDT  KFPDT | Alkali-free NaFPDT  KRPDT
Zre Singlestage 17 956 2252 <1 553 1794
ZrQ Threestage <1 144 605 5 166 495
ZrQ LG threestage <1 156 259 <0.1 293 355

Table 10 Dominant alkali concentration in ppm of thin films presentedrigure 9.11 and cells
presented ifFigure 9.12. For alkali-free devices the sum of both alkalis was provided.

9.4.2 Influence of CGil ratio of the film and cell properties

All of the previowsly described thin films and solar cells had topper contenéqual to the

CGil ratio of about 80%. To study the impact of the copper content on device characteristics,

additional measurements on thin films with CGI between 74% and 86% were perforthed. In

alkali-free series, going from 74 to 86% CGI resulte@ Bteady increase in conductivity of
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about 1.5 orders of magnitude, with the impact on the metasiébjedependence being

similar. This result confirms the general opinion that increase ofeopntent leads to lower

compensation in the CIGS materighll of the NaFtreated thin films exhibit similar

conductivity and its dependence on temperature, and as such it is unlikely that copper would

play a significant role in the change in conducyivit the alkakitreated devices. However, it is

impossible taistinguish between the influence of copper content on the compensation level of

the material and impact of sodiutkepending Cu contenas the sodium concentration varied

largely betweemlevices possibly due to differergodiumdiffusivity in the material.
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Figure 9.13 Conductivity vs temperature measurements of afkedi (dark lines) and sodiwaioped
singlestage thin films withrarying CGl (left). Values of conductivity of those films at 200K as a function

of CGl (right).

74% 36 801
80% 33 957
82% 15 1040
86% 20 680

Table11 Sodium concentrations of thin films from the copper series preserfgglire 9.13
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10 Discussion

10.1Relaxed properties

10.1.1The effects of sodium and potassium

What can be immediately taken from the results presented before is the similarity between the
effect of sodium and potassiuon Cu(In,Ga)Se Doping with both alkalis (excluding low
concentrations) resulted am increase in thedé¢, FF, and the solar cell efficiency, with little to

no change in thesd(see ChapteB.2). This is a consequence of the changes in the electrical
properties of CIGS absorbers resulting from alkali doping. | obsahestbllowing effects

which have been in detail discussed in the previous clsapter

an incrase in free hole concentration in solar cells
T an increase in conductivity with subseq
dependence (likely linked to decreased mobility barriers)

9 increase in the absolute value of the PPC

What stands out is the strikirgymilarity in the results obtained for sodium and potassium,
pointing to a similar pathway in both cases. However, in order to come to some definitive
conclusions, it is important to be able to compare data available from different measurement
and devicaypes. As about 4x more potassium than sodium was needed to achieve the same
beneficial effect, a common variable, effective alkali concentratigifalk), could be

introduced:
O OaQOL O ™ WL (42)

Where c(Na) and c(K) is the sodium and potassium concentraiging effective alkali
concentration we can construct graphs in which properties -oaiNh K-treated samples are
directly comparedif we then look aFigure10.1 we can see that both free hole concentration
in solar cells and the conductivity in thin films follow similar trendlines for sodium and
potassiuni stable, low value untilgg(alk) reachesbout 100ppm, followed by a steep increase

until a second plateau between 100 and 400ppm and another smaller increase for higher
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concentrationsThe exception are three samples fabricated under IBWPBT temperatre

which will be discussed separately.
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Figure 10.1 Free hole concentration in sodium and potassioped singlestage cells in the relaxed
state (left), and conductivity of corresponding thin filteft). All measurements taken at 200K.
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Figure 10.2 Free hole concentration (stars, left axes) and conductivity of corresponding thin films
(diamonds, right axes) in Na anddoped singlestage devices ithe relaxed state as a function of
effective alkali concentration. On the left the X axis is in the logarithmic scale, on thé figéar to
better show the highlkali region.

A relationbetween the free carrier concentration and conductivity depeadm the effective

alkali concentrations presentedni Figure 10.1. As can be seen, they both follow the same
trendline @gainexcept the three loypotassium thin films), with the only difference being that
there are 2 orders of magnitude increase in conductivity per each order of magnitude in free

hole concentration.
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Conductivity in CIGS can be denoted as:

., na (43

where p is the free hole concentration, e 1is
would mean that, if we assume the lateral and horizontal mobility within the CIGS to be the
same (which may not be the casewdl be shown inFigurel0.8 on pager4), free hole desity

rises hand in hand with mobility:

xn (44)

Thus we conclude that the same factor has impact on thetimobility and free hole
concentration Mobilities calculated using DLCHetermined free holeoncentrationare
presented iFigure 10.3 andrange from 0.006n?/Vs for the alkalfree materials up to about

0.6 cnm?/Vs for the high alkali oneJhis is consistent, although on the lower end side, with the
mobilities measured fgpoolycrystalline CIGS films available in literatuf@60, 161] Lower
mobility goes hand in hand with the higher slope ofstfl® dependence. These features point
towards a model of barriers at grain boundaries limiting both free hole density and mobility
which will be presented in the subsequent chapters. Atpiiist it has to be concluded that
amount of sodium and potassiumrgttuced to CIGS directly correlateot onlywith the free

hole concentration but also to the mobility value.

In order to better study the effect of alkalis on mobility, Hall measuremeniisl be preferable.
Within the Beethoven project a set of corresponding thin films with Hall electrodes was studied.
However, due to a very slow, logarithmic in time, transients due to the PPC observed in the
conductivity anchence in thesymmetryvoltage which surpassed by orders of magnitude the

expected Hall signal, the measurements were unsuccessful.
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Figure10.3 Values of relaxed free hole concentration (stars, left axis) and conductivityofalisnright
axis) at 200K as a function of alkali concentratinsinglestage devices. On the far right, an additional
axis was added with approximate values of mobility calculated asi n

The sodium and potassiurnduced changes in the condud and free hole concentration
are also manifested in the photovoltaic properties of CIGS esltanbe seen iithe results of
standard testing conditialVV characterization results performed by ZSW plotted as a function
of alkali concentratiorfFigure 10.4 andFigure 10.5). In sodiumdoped cells,ite Voc and FF
increase with the addition dfa, while the dc staysmostly unaffectedTheefficiencyincreases
from about 10%in the alkalifree cellsto roughly15-16% for highNa cells.In general, high

K devices follow the trendline established Mgdoped device's The main difference jgust

as was the casin the conductivity and DLCP measuremeintghe outlier cells with lowK,
which are visibly worse than both the trendline and respectable-fib@lilevices with regards

to all of the parameters, with the efficiency of the worst cell being below 1%.

3 As more potassium diffuses into the device at the Same127], resulting in a smaller effect per

ppm, in Figure 10.13 potassium concentrations were scaled by a factor of 0.25 for clarity.
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Figure 10.4 Photovoltaic parameters of solar cells prepared on SLG (purple); @@ck) and on 7O,

using the 3stage method (yellovgs a function of sodium concentration.
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Figure 10.5 Photovoltaic parameters of solar cells prepared on Ar€ing singlestage(dark blue) and
3-stage method (light bl) as a function of potassium concentration. Gray points represent the results
for sodiumdoped cells presentedigure 10.4. For clarity, the concentration of potassium was scaled
by a factor of 0.25.
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If we compare the effects of the two alkalis, wa sae two mainlifferences:
1) about four times more K than Neneeded to achieve the same beneficial effect

2) addition of small amounts of potassium (or addition of potassium at low temperatures)
resulted in a decrease in conductivity and efficiency as compared to thdrakali

devices.

There are a few possibikts as to why the effect of potassium could be slightly different than

that of sodium, namely:

a) higher concentrationsf K than Naare needed for the same effea. because of a

higher energy needed for & Kn to passivate a given defect

b) the concentran itself might not be as important as the temperature at which the PDT
took place, either through an increased diffusion into the grain or through the

formation of potassiuacontaining phase(s) at the grain boundaries.

It is evident thatwhile theory @) may explain the difference in needed concentrations of
potassium for the beneficial effects, it canbygtitself explain thenegative impact ofow K
concentrationsOne possibility discussed in the literature is the-eamnhange mechanism,
where potassim is thought to be pushing out sodium from the absorber. This mechanism,
however, does not explain the changes in the scflieendevices. A more likely alternative

could be a formation of a-Kontaining phase on the grain boundaries, resulting in acmemxt

an energy barrier, limiting mobility and doping concentrat®rowth of that phaseould then
occurwithin anarrow range of temperatures and outside of this range other processes become

morefavorable.

72



10.1.2The effect of process type
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Figure 10.6 Free hole concentration (stars, left axes) and conductivity of qooreting thin films
(diamonds, right axes) in Na andd6ped devices in the relaxed state as a function of effective alkali

concentration.
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Figure 10.7 Free hole concentration (stars, left axes) and conductivity of corresponding thin films
(diamonds, right axes) in singi#age and threstage devices in the relaxed state as a function of
effective alkali concentration.

In this work,the effect of sodim and potassium was studied not only on shstgge, but also

on threestage devicedn Figurel0.6 carrier concentration and conductivity of all aimseries

is presented, divided into Nand K-doped devicedn Nadoped devices, we can see that both
singlestage materials (prepared on SL&My and ZrQ) show similar dependence. The
difference is in the threstage seriesThin films showabout an order of magnitude higher
conductivity than their singlstage counterparts. Analogous situation can be seen in the

potassiurrdoped series.
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If we then present the same data differently, dividing between the proesssesvn ifFigure

10.7, we cansee that the main difference lays in fact betweerdépmsition processeather

than thealkali dopingused.n thin films, the conductivity iskaout an order of magnitude higher
than expected, as well as shifted towards lower alkali concentrations, although its shape follows
the behavior of cells. The increased conductivity in thin films, without a change thexefls,

may be caused by a diffent pathway of currefitin the three stage process, material is not
uniform laterally, with regions of higher and lower CGI and GGI. This might cause the current
to choose a path with higher conductivity rather than through the whole layer thickniss, wh
in the solar cells current has to pass through the entire dtagkr€ 10.8). Moreover, the
samples investigated in this study had big grainsecto the CIGS/CdS interface and a thin
layer of a finegrained material closer to the back contact. This was not the case in the

singlestage material, which had a uniform stoichiometry as well as grain size in the horizontal

direction.
Conductivity measurement DLCP / JV measurement
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Figure 10.8 Schematic of a fingrained (singlestage, top) and coarsgrained (threestage, bottom)
CIGS layer incase of a lateral (conductivity of thin films, left) and horizontal measurement (DLCP or
IV in cells, right). Arrows show the general direction of current flow, while the intensity of color
highlights probable current density.
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Threeof the possible soursef difference between singitage and threstage devices are the
copper concentratignndium to gallium raticand grain size. In the left part &figure 10.9
presented is the sarpe/ #(c(alk)) relation as shown previously, this time for singtage thin

films prepared with different copper stoichiometry. As can be seen, all but the tw@ulow
low-alkali thin films follow the singlestagetrendline. The two outliers show decreased, rather
than increased, conductivity, so the copper concentration gradient is likely not the cause of the
increased conductivity in the thrseage thin films from the main serids. the rightpart of

Figure 10.9 largegrained devices are presented. Those were manufactured using a modified
threestage processyherethe resulting film hadlightly bigger grais than tlese from the
standard3-stage process used at ZS\Were, both the results for cells and thin films,
independent of doping, fall on the thstage trendline. This points to the process, rather than

grain size itself being responsible for the chaimgconductivity of thin films.
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Figure 10.9 Conductivity at 200K as a function of sodium concentration for theddies, comparison
with results for other series described within this work (left). Corsparibetween free hole
concentration (stars) and conductivity (diamonds) at 200K for the {grgmed series and the 3 stage
series (right).

Anotherquestionconcening the PDT process whether the alkali concentration itself sas
theobservedhanges or is it the annealing temperature. As can be sEegune10.10, in the
singlestage series the relation with PDT temperatureeiarby visible for solar cells, while no

such relation can be seen in the thin films. Unfortunately, with this samples it is impossible to
determine which of the twb alkali concentration or annealing temperature in the presence of
alkali metals’ is moreresponsible for the changes in parameters, as the temperature is used to

control the amount of diffusing alkalis.
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Figure 10.10 PDT temperature dependence of free hole concentration (left) and condycitiity of
singlestage devices

What can be deduced from the analysis presented in this chapter is that almost all of the studied
devices, both thin films and solar cells, doped with sodium and potassium, and independent of
the evaporation methahow a similar dependence of free hole concentration/conductivity on
the alkali concentration with the major difference being that about 4x more potassium than
sodium has to be used for the same effect. This all points to theeffieali being an intrisic

property of the CIGS absorber and not a junction/interface phenomenon.

The choice between the alkali effect being linked primarily to the PDT temperature or alkali
concentration is hard to settle with the available devi@ssthe two are directlylated to each
other, with KFPDT leading to higher alkali concentrations than Nd&F due to easier
dissociation of KH127].
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10.2Persistentphotoconductivity

Figure 10.11 Free hole concentration (stars, left axes) and conductivity of corresponding thin films
(diamonds, right axes) in Na andd6ped devices in the relaxed state (left column)thadnagnitude

of persistent photoconductivity effect (right column) as a function of effective alkali concentration from
singlestage and threstage devices.

Similarly as was the case for measurements in the relaxed state, the magnitude of persistent
phaoconductivity, heré the difference between the conductivity/free hole concentration in

the relaxed and metastable statwas presented as a function of the alkali concentration. As
can be seen iRigure10.11, in almost all of the cases the shape of the dependence is virtually
the same, albeit in all cases the valaessabout an order of magnitude higher than in the relaxed

state. This points to thier:

T The mechanism of PPC being directly tied
1 Both the relaxed and ligisoaked properties being limited by a common cause, i.e. by

barriers at the grain boundaries and their alikaluced reduction

As the metastable increase seemsa@roportionally the same for all devices, to further study
this the pacalh deguére flottegh pFigure10.12 as a function of the relaxed

properties.
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