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abstract

Solar cells, thin films, chalcogenides, Cu(In,Ga)Se,, CIGS, Cu,ZnSnSe,,
CZTSe, Cu,ZnSn(S,Se),, CZT(S,Se), hybrid system, growth and
characterization of semiconductors.

Thin film solar cells have in recent years gained market quota against
traditional silicon photovoltaic panels. These developments were in a large part
due to CdTe solar panels on whose development started earlier than their
competitors. Panels based on Cu(In,Ga)Se, (CIGS), despite being more
efficient in a laboratory and industrial scale than the CdTe ones, still need a
growth technology cheaper and easier to apply in industry. Although usually
presented as a good candidate to make cheap panels, CIGS uses rare and
expensive materials as In and Ga. The price evolution of these materials might
jeopardize CIGS future.

This thesis presents three different studies. The first is the study of different
processes for the incorporation of Ga in a hybrid CIGS growth system. This
system is based on sputtering and thermal evaporation. This technology is, in
principle, easier to be applied in the industry and solar cells with efficiencies
around to 7% were fully made in Aveiro.

In the second part of this thesis, a new material to replace CIGS in thin film
solar cells is studied. The growth conditions and fundamental properties of
CuyZnSnSe, (CZTSe) were studied in depth. Suitable conditions of
temperature and pressure for the growth of this material are reported. Its band
gap energy was estimated at 1.05 eV and the Raman scattering peaks were
identified. Solar cells made with this material showed efficiencies lower than
0.1%.

Finally, preliminary work regarding the incorporation of selenium in Cu,ZnSnS,
(CZTS) thin films was carried out. The structural and morphological properties
of thin films of Cu,ZnSn(S,Se), have been studied and the results show that the
incorporation of selenium is higher in films with precursors rather with already
formed Cu,SnS; or Cu,ZnSnS, thin films. A solar cell with 0.9 % of efficiency
was prepared.
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CZTSe, Cu,ZnSn(S,Se),, CZTSSe, crescimento e caracterizagdo de filmes
finos.

As células solares de filmes finos tém nos udltimos anos ganho cota de
mercado aos tradicionais painéis fotovoltaicos de Silicio. Estes
desenvolvimentos devem-se em grande parte ao painéis baseados em CdTe
cujo desenvolvimento comecou mais cedo que 0s seus competidores. Os
painéis baseados em Cu(In,Ga)Se, (CIGS), apesar de serem mais eficientes
tanto numa escala industrial como em laboratdrio, necessitam de uma
tecnologia de crescimento que seja barata e de facil aplicacdo na industria.
Apesar de se apresentarem como um bom candidato para painéis baratos o
CIGS usa materiais caros e raros na crosta terrestre como o In e 0 Ga. A
evolucéo do preco destes materiais podem comprometer o seu futuro.

Nesta tese sdo apresentados trés estudos diferentes. O primeiro € o estudo de
diferentes processos de incorporacédo de Ga em CIGS crescido por um sistema
hibrido de pulverizacéo catddica e evaporagédo térmica. Esta tecnologia €, em
principio, mais facil de ser aplicada a nivel industrial e células solares feitas em
Aveiro com eficiéncias proximas dos 7% foram produzidas.

Numa segunda parte, outro material cujas propriedades o aponta como
possivel substituto ao CIGS é estudado. As condi¢des de crescimento e
propriedades fundamentais do Cu,ZnSnSe, (CZTSe) foram estudados. Sdo
apresentadas condicfes de temperatura e de pressao para o crescimento
reprodutivel deste material. O seu hiato energético foi estimado em 1.05 eV e
descobriu-se que podem existir flutuacées de bandas de potencial que
influenciam as suas propriedades Gpticas. As células preparadas com CZTSe
mostraram eficiéncias baixas, inferiores a 0.1%

Finalmente uma abordagem inicial a incorporacdo de Selénio em filmes finos
de Cu,ZnSnS, é feita. As propriedades estruturais e morfoldgicas de filmes
finos de Cu,ZnSn(S,Se), foram estudadas e os resultados mostram que a
incorporagdo de Selénio € maior em filmes precursores do que directamente
em filmes finos de Cu,SnS; ou Cu,ZnSnS,. Uma célula solar com eficiéncia de
conversao de 0.9 % foi preparada.
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1 - Introduction

1 Introduction

1.1 The world’s ever increasing demand for energy

The world we live in is hungry for more and moresggy. Economical, social and
humanitarian reasons lead to an increase in ermgsumption worldwide. Most of the
energy used nowadays is coming from polluting andtéd fossil fuels. There is an
evident group of problems concerning pollution ahbrtage of resources that will get
even worse in the near future if nothing changdbenenergy supply systems. Not only the
demand for energy is increasing, both in develogpeti developing countries, but also the
reserves of some fuels, such as oil [1] and uranjlimare limited and scarce when
comparing with the actual consuption. Oil, for arste, is located in limited regions of the
planet, and its consumption causes the green heftsgt through the COemission. Its
location, already verified by historic events, cause wars and tensions among countries.
In addition, the emission of more @@to the atmosphere can cause irreparable damages
to the world climate. The dependency on limitecbueses has already started to trigger
huge changes in the way of living. If these facesavnot enough to raise awareness that
swift measures have to be taken to tackle the isSlimited resources, the world’'s wealth
is not equally spread across the population. I, facthe beginning of the 21st century
there are still people facing death by hunger nyamideveloping countries in Africa. For
these people, basic conditions like affordable tat®ty could improve their life
immeasurably.

Some countries have expressed concerns over thete dnd several renewable
energy and energy efficiency measures have stastbd put into action in order to foster
their implementation and exploitation. Recentlytie Copenhagen Climate Conference
2009, a minor agreement has been reached to sattimd targets in C®emissions.
Although this agreement is noble, it is simply aid®n and not a solution, the way to do it
is unclear and uncertain. Efficiency energy actiareslimited and the forthcoming actions

leave the major changes to be taken by renewaklggn

Ph.D. thesis presented to the University of Avéyd®.M.P. Salomé 1



1.2 - Evolution of photovoltaics and its market

Renewable energy sources depend on nature andtchemswitched on at any
desired time. They depend on solar insulation amdi \ior instance. Therefore, it is more
likely to have electricity derived from renewableeegy sources if there are several types
in use. In the case of solar energy, for examgie, énergy that arrives at the earth’s
surface during one hour, 4.3 x?10, is greater than the world’s consumption duong
year, 4.1 x 18 J [2]. This energy is spread around the earth'fase, it is dependent on
the weather and varies during the day. Despitesilnply variation problem, photovoltaic
(PV) technologies can play a major role among ti&erént production systems that

renewable energy needs in order to be a solidisalér production of electricity.

1.2 Evolution of photovoltaics and its market

A PV module is an array of solar cells connectedenes and/or in parallel. In
general terms, a solar cell is a device that cdauaght into electricity. The PV effect is
known since 1839 and was discovered by Edmund Bxeq(8] who observed that when
illuminated, a silver coated platinum electrode iensed in an electrolyte, produced an
electric current. The first “modern” solar cell waside of silicon and was produced at Bell
Laboratories in 1954 [4] with an efficiency of camsion of light into electricity around
6%. In the years following the first silicon soleell, namely in the 1960s, solar cells
started to be used to power up communication #gatel[5] making it a real Space
technology. With the energy crisis of the 1970s they startedbe used to produce
electricity in remote areas on earth and, sincenth@ve been seen as a clean and
renewable energy source. Typical turn-key PV syst@mces have decreased from 30
€/Wp to 3-4 €/Wp [6]. With some feed-in tariffs, Y now affordable in home systems
connected to the electrical grid and it is a comtigetsolution for off grid systems [7]. As
a reference, the actual price of installation fibrstiore wind energy is around 5 €/Wp.

Since 2005 the PV market is seen as a billion ddlissiness (it passed a market
sales value of 1000 million US dollars) [8] and2@08 almost 8 GW were sold [8]. In
2008, out of the total PV panels production, 75 &ewpanels based on crystalline silicon
[9] while the rest were thin films. Crystallineisdn solar cells can be of two types, mono-
crystalline and poly-crystalline silicon. In spaétheir different growth methods, they both

2 Chalcogenide Thin Films for Solar Cells: Growttd &roperties



1 - Introduction

require expensive solar grade silicon and theyesttee same production line to make cells
and panels. So, although they may not have singficiency values, most of the
production line is shared and therefore their pigceorrelated. In 2006 more than 50% of
silicon wafers produced were used as solar cetlslaat value continued to grow, meaning
that the solar industry is taking the lead in thatenal use from the multi-billion dollar

micro electronic industry.

1.3 Different types of solar cells

Because silicon is an indirect band gap semicomduits absorption coefficient is
relatively low, around I0cm?, and therefore a thick absorber layer around 1®0is
required. This fact and its costly preparation rad#) like the Czochralski method, make
silicon an expensive material for solar cell apgilcns. The first modern thin film solar
cell was made in 1963 and was based in a juncfi@dde/CdS already with an efficiency
close to 7.5 % [10]. Earlier, in the 1950s, the tpbonductivity of CdTe was presented
along with some optoelectronic devices [11-13].c8ithen much has improved and in the
recent years photovoltaic modules using thin filnave been affirming themselves with
several industrial initiatives. There are seveygles of thin film PV technologies like
amorphous silicon (a-Si), cadmium telluride (Cd@aayl copper indium di-selenide (CIS).
All these technologies have one feature in commdmch is the use of materials with a
higher absorption coefficient than crystalline cgilh and as a result thinner layers are
needed. This reduces the amount of material used@msequently a reduction in the price
of solar modules is expected. Among the thin fisohnologies referred to, the one that
shows the highest conversion efficiency value gtitlito electricity is the CIS [14]. CIS has
a laboratory champion cell with an efficiency of206 [15], the other thin films are CdTe
with an efficiency of 16.7 % and amorphous siliddhl %, whereas in solar modules CIS
has an efficiency of 13.8%, CdTe has 10.9% and phows silicon has 8.2 % [14].
Despite the apparent technological lead, economiuatorical and industrial reasons
created a PV market where CIS is not the domiregtirtology in thin films. In fact that
place belongs to amorphous silicon. But in recestry, this appears to be changifigst

Ph.D. thesis presented to the University of Avéyd®.M.P. Salomé 3



1.3 - Different types of solar cells

Solar* alone will have a production line of over 1 GW/y&a 2010 making it the largest
PV producer in the world. Also, recently, severdb @ompanies appeared with rather
small pilot plants, a few MW/year [9], and sinceD@@entrotherm sells a turn-key CIS
factory of 50 MW/year. Although CIS appears to ledibd when compared with the other
two technologies, it is gaining momentum in indystnd in the markets.

The reason whyrirst Solar has been economically successful and has such high
manufacturing capabilities is the price of its miedu Although the modules have a lower
efficiency than traditional crystalline modulesgyhare much cheapeFirst Solar has
announced in 2010 that its fabrication costs aceirad 0.80 US$/W and other thin film
solar cell companies are announcing that they ndch such values in the coming years
[16]. For the author, the more important playersgha market are the Japane3earp
company using a-Si and micro-amorphous Si; the &heQIGS base&olibro owned by
the German and previous leading PV manufactQetells if they are able to recover
from the financial restructuration of 2009-2010 @rhimade them have highly negative
turnovers; the North-AmericalanoSolay a roll to roll CIGS company if they finally start
selling what they promised and last but not lehst Japanese and Dutch Oil company
Showa Shelvhich is seriously investing in CIGS. The lackimfestment in CIGS is what
iIs deemed to be its main drawback in arriving atrtrarkets [16]. Smaller companies like
Avancis, SulfurCell, Wirth Solar, Global Solar, ERvhong many others, either are not
large enough for the high investments alone or fdek aggressive American style of
getting highly funded and the politically neededhmmections. Despite this, the efficiencies
of CIGS laboratory solar cells and modules contittuase and can hopefully draw more
attention from the investors.

Finally, it is worth mentioning that one of the &Gand other thin film
technologies’ major advantage over crystallinetait is the capability of controlling the
production chain from cell to module through thenwigthic integration of the cells. That
procedure is done by including patterning stepsi@lthe production line [17]. This
procedure reduces the number of operations andriatiaries that exist in the traditional

Si industry.

! First Solar, Inc. (Nasdaq: FSLR): CdTe PV company.
2 Centrotherm photovoltaics AG , Photovoltaics Equent.
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1 - Introduction

1.4 CIS solar cells

The absorber layer for thin film CIS based soldlscean actually be a family of
compounds derived from CIS. CIS has the structuréhe chalcopyrite and several
variations of this material can be used, CulSE€uInS, Cu(ln,Ga)Sg or even
Cu(In,Ga)(S,Sey. All share a high absorption coefficient and styanfew micrometers
of material are needed in order to absorb modtefricident light. That fact, together with
cheaper growth techniques and easy transfer tamdumsirial application, makes the CIS
compound family a promising candidate for cheapér P

The first device based in this family of compoumds made in 1974 by Wagner et
al. [18]. The cell was prepared from a p-type CebsSngle crystal with an evaporated n-
type CdS thin film. It took 36 years, but in 201@deatory solar cells with efficiencies
greater than 20% [19] were reported for the firaet

CIS solar cells are semiconductor p-n hetero-jonctevices. When illuminated,
electrons and holes are created and some are sphyethe electrical field existing in the
depletion region of the junction. These carrieesthen collected at electrodes and so when
illuminated electrical power can be extracted frivea device.

In Figure 1-1, a typical CIS solar cell in the swéie configuration is represented.
These cells are usually grown on soda lime glas&{&nd the back electrode is usually a
layer or a bilayer of molybdenum with thicknessween 0.5um and 1um. The absorber
layer comes next with a thickness ranging fropmiup to 3um. To complete the junction
an n-type material is required and CdS with a théds of around 50 nm is used, this layer
is called the buffer layer. Atop the buffer layewandow layer is deposited, for this a
transparent conductive oxide layer such as alumindoped - zinc oxide (ZnO:Al),
gallium doped zinc oxide (ZnO:Ga) or tin doped urdioxide (ITO) are used. At the top
there can be a metallic grid for better chargeeatibn, for this, usually a grid of nickel
and aluminium is used, afterwards an anti-reflectayer, generally made of magnesium

fluoride, can also be used.

3 In this thesis the chosen nomenclature for Cuin&b and without Ga is CIGS and CIS.
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TCO

Absorber layer

Figure 1-1: a) Layer sequence of a thin film solarcell device with the following sequence:

1 pm

0.4-1 um
50 - 200 nm
1-3 um

SLG/Mo/absorber layer/CdS/TCO. The figure is not tothe scale. b) SEM micrograph of a thin film
solar cell cross section, the CdS layer is not Vide.

This typical solar cell structure was first desedbin 1985 by Potter et al. [20].

Since then some modifications have been made toowephe efficiency but the structure

of the cell is the same and the changes were fdcreber on the understanding of the

physics of the materials and of the

S
1.5 The availability of indium w b [ 20 cu by weight
10" -
One of the problems that the CIS | a

industry will be facing in the future will be .| - c .
the high prices of indium. Indium is mined .|

as a by-product of Zn [21] and it is quite ol Te
scarce on the earth’s crust, 0.049 ppm [2: oo

23]. For comparison, one can see in Figur
1-2 the abundance in the earth's crust ar 1o}
prices for different elements. Because In i

so scarce, the demand can be

the supply and this leads to high variation:

in the price.

cells.

larger thi

8§ /kg

10° -

Figure 1-2: Abundance of elements (upper part
of the figure) and 2007 prices of raw elemental matials
(lower part of the figure) for thin film PV. Adapted from
[23].
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1 - Introduction

Green has estimated that in order to keep theibatitn of In below 0.20 US$/W
in the cost of a solar module, indium prices wolbéve to be lower than 1600 US$/kg
[21]. As B. Schubert et al. point out, by dividitige known indium reserves by its current
annual consumption, indium will be exhausted witthia next 14 years [24]. However, if
the same calculation had been done 10 years agdicpons would indicate that indium
would have been completely exhausted by now. Buthd statements make us realize that
estimating the future prices and availability akaource and its influence on an industry is
a hard task. If one considers the scarcity of imdand assumes that in the near future, CIS
will have production plants with capacities of G\&#dy, it is quite clear that indium will be
a limiting factor for reduction of the cost per Waf a solar module. Some short term
solutions for the problem rely on raising the eéficcies of the solar modules or use thinner
layers of the absorber material. These actionsaleady being taken in the industry but
will not solve the problem.

Another alternative solution for the indium probl&to replace the absorber layer
with a material that does not use scarce elemé&usZnSnSg (CZTSe) or CeZnSnS
(CZTS) are possible options. These materials stadebe studied in the late 1980s and
1990s [25-28] but it was in the last decade thay tpained more attention. They are both
p-type materials and only need a few microns ofematin order to absorb almost all the
incident light. Moreover their crystalline struatus similar to the CIS one.

1.6 Scope of this thesis

This thesis focuses on two subjects: the optinonatf CIGS’s growth by the
hybrid method which is the follow up of previous nkoand the study of GAnSnSeg and
CwZnSn(S,Se)as possible alternatives as absorber layers far sells.

Different approaches for Ga incorporation in ClGfvédnbeen studied in this work.
Three different setups were analysed: sputteringGaf using a liquid target, direct
evaporation of Ga and the use of a CuGa target.

Regarding CZTSe, different approaches have beeresslell during this work as
well. At the beginning of these studies, almost thermodynamic growth data was
available for the latter material, therefore a éapart of the studies conducted focused on
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finding the right conditions to grow single phaséTGe. After the right conditions to grow
CZTSe were found, more detailed studies of the gnt@s of this material were possible
and solar cells were prepared. In the last patth@thesis, preliminary work on the growth
of CwZnSn(S,Se)was carried out and some results are shown.

A significant part of the work leading to this tieesimed at improving the solar
cell base-line production of the research grouptaedefore some work on the other layers
was also done. The most important and detailedvese the study of the molybdenum
bilayer.

The thesis is divided in 6 chapters. Chapter 1lhes introduction followed by
chapter 2 where a review of the state of the adltthe properties of CIGS and CZTSe is
done. In chapter 3 the experimental techniques usddis work are described and in
chapter 4 the growth and properties of the absdeyars are presented. The solar cell
results, as well as the optimization studies fa dther solar cell layers can be found in
chapter 5. Finally, in chapter 6, the conclusiohthe thesis are drawn and suggestions for

further work are presented.
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2 Solar cells and new absorber materials

This chapter is divided into three different sextioThe first one is the electrical
considerations of p-n junctions and its relationhwsolar cells. Then follows a section
devoted to each material studied in this work. st important properties of CIGS are
presented in section 2.2. There, the objectiverveaso have a fully detailed description of
the material but rather a small introduction sitlee studies of CIGS are a follow up of
previous works. CZTSe is explored in section 2.8 @GZTSSe is the main topic of section
2.4,

Before addressing each of the subsections, lebusider the several requirements
for the absorber material used in thin film solalls These will allow a better
understanding of some of the concepts explaineddaimethe text.

In order to obtain the maximum efficiency, the mialeused as absorber needs to
have a band gap energy close to 1.4 eV as stipulatehe Shockley-Queisser limit [29].
This already limits the efficiency of a p-n juncatibased solar cell to 33%. Basically this
constraint comes from the fact that photons witergy lower then the band gap are not
absorbed and the ones with higher energy generdtedtriers, losing their energy to
increase the absorber temperature.

Electrically, the material should be capable ofwi#ing charge carriers. For that,
high diffusion lengths both for electrons and haes required, but since the films used are
polycrystalline, the life time and diffusion lengththe carriers are not as high as in mono-
crystalline films, this requires the films to beths as possible. Having that in mind, the
material has to absorb as much incident light assipte, thus having a high absorption
coefficient, q, is crucial. For close to 10 cm, 2 um thick films can absorb most of the
incident light.

The material must also form an ohmic contact wihrnetal used as electrical back
contact, and have a suitable band alignment with riktype material. This will be

addressed within each material section.
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2.1 Basics of p-n junctions

Solar cells are devices based on p-n junctionsohetconsider a p-junction or a
diode. The current that flows through a biased’ gumction can be calculated using

Shockley’s model:

foce(V) = Jo(ex{ﬁ—m —1] (eq 2-1)

wherej is the current densitk the Boltzmann’s constant, the temperature/ the applied
voltage,jo is a current factor called the saturation curdentsity,q the electron charge and
A is the ideality factor for a diode. In a more gt model than Shockley’s, the losses are
accounted for by including a series, Bnd a parallel, R or shunt, resistance as presented

in Figure 2-1. Then the current can be described by

. . V —qj V-jR
Jdiode(V) = Jo(exl{%} _1j +$ (eq 2-2)
Fs
— + A
+
. % Rp
a) b)

Figure 2-1: a) Solar cell usual schematic symbol)solar cell equivalent circuit.

The exact form ofy depends on the transport mechanism of the junctisnally
the transport is set by a group of mechanisms rétiae by only one. One of the dominant
mechanisms that are usually accepted is the diffusiechanism, thejeis described by:
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2 - Solar cells and new absorber materials

_A9NcNy D, ex;{qv - EgapJ (eq 2-3)

Jo = laiif = NALp KT

whereNc andNy are the effective densities of states of the cotidn and valence band
respectivelyN, is the acceptors’ densitip the diffusion length of electrons ailmyg, the
diffusion constant for electrons in the p-type mate

Under illumination, the electrical properties oktjunction are modified because
electron-holes pairs are generated and separatethebyelectric field existing in the
depletion region, thus creating a photogeneratedecu Electron-hole pairs are also
generated outside the depletion region but onlyaies at the distance of the diffusion
length contribute significantly to the photogenedaturrent because the others are lost
through recombination. The creation of the photegeted current happens mostly in the
absorber layer due to most of the depletion widtingp located in this layer. Since in
thermal equilibrium the electric field far from tl@nction at either side must be zero, the
total negative charge per unit in the p-side measeqQual to the total positive charge per
unit area in the n-side [30]:

Nade = Nden (eq 2'4)

whereN, is the concentration of acceptors in the p-typaisenductor, Wy, the depletion
width in the p-type semiconductolNly the concentration of donors in the n-type
semiconductor antlVy, the depletion width in the n-type semiconductonc8 the p-type
material has a higher absorption coefficient thanr-type material, let us consider a’p-n
junction. In this caselNy will be much greater thaN, and thereforeWg, will be much
larger thanWg,. This is why most of the photons that participetehe generation of a
photo-current are mostly absorbed in the deplategion of the p-type semiconductor or
also called the absorber material. Under illumomtithe equation that describes the

current of a solar cell is given by:

J = Idiode = I ph (eq 2-5)

wherejgioge IS the current from (eq 2-2) amgh is the photo-generated current. Note that in

the situation wher®=0, R,= o and V=0, jgiode IS zero and then the current that passes
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trough the cell is the photogenerated current daleort circuit currenjg. If j=0 the open

circuit voltage V., takes the value from (eq 2-7):

Jdiode=0= jph = Jsc (eq 2-6)
AKT (]
Vog =—— n(—_ph +1J (eq 2-7)
q Jo

Another important parameter to evaluate the perdowwe of a solar cell is its
conversion efficiency of light to electrical powdrhis efficiency,y, is the ratio between

the maximum produced electrical power, giverjhgndVy, and the incident powelPc,:

— ijm — jSCVOCFF

n
Pinc Pil’]C

(eq 2-8)

where FF is the fill factor which describes the area of jhé curve given by the point
(jm Vm)- High values of fill factor means that the cellyn@ovide more powelrF is given
by:

JmVm
j SCVOC

FF = (eq 2-9)

2.2 CIGS absorber layers

CIS is a p-type direct band gap semiconductor andtrinsically doped since the
p-type conductivity comes primarily from Cu vacawi[31]. The compound Culn
xGaSe derives from the chalcopyrite compound CulnBg replacing some of the In by
Ga atoms. CIGS has a high absorption coefficigoyrad 10° cni* and a band gap energy
that changes with the quantity of Ga present. Sorcehemical grounds Ga and In are
similar, CIGS has properties close to the ones I&. The introduction of Ga into the
structure is used because its presence increasebathid gap value by changing the
minimum of the conduction band. The band gap vafug€lS is 1.02 eV and CuGaSleas
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a band gap value of 1.69 eV. The band gap valueCuwin.,GaSe where x is
[Ga]/([Ga]+[In]) varies according to the followirgguation [32]:

Egap(X) = 102+ 067x + 011x(x - 1)eV] (eq 2-10)

Thus band gap engineering is achieved by changegntdepth Ga concentration.
Through this band gap engineering it is possiblenisance the solar cell’'s performance.

Usually when growing CIGS, Ga has the tendencyctumulate in the back of the
film [33-34]. This, in fact, leads to cells with ter efficiencies [35] and the normal
explanation for this is due to the formation ofumsj-electric field which leads to reduced
recombination at the back contact.

The quasi electric field:a, is the effect created by a Ga profile as seeRigare
2-3. This variation in the concentration of Ga tesaa gradient of the electronic affinity
since the conduction band is changing and therébgtrens are directed towards the
junction [32]. Since Ga content also increaseshidwed gap, it has been found that the
maximum solar cell efficiency is obtained when ha concentration is increased at the
front as well, creating this way a double gradedfilg as shown in Figure 2-2. This
double grading is only considered beneficial if thp grading does not create a bang gap
value higher than at the back and if it is inside tiepletion width [33]. There is also the
possibility of increasing the band gap at the sugfaf the film, by replacing Se by S which
also increases the band gap. Culn$ also an interesting material for solar cell
applications, due to its higher band gap energywais not studied in this thesis so it is not
reviewed here, for more information on this compbtime reader can see for instance R.
Klenk et al. [36].

_._Pf_#ﬂ

e

1.1 eV g ey 13 eV

¥ ¥ )

Figure 2-2: Double graded profile on band gap of &£IGS film. The left part is the top of the
film and the right part is the back. Adapted from [37].
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CIGS S aae IAEQ

Figure 2-3: Band diagrams of a CIGS thin film solarcell. The dotted line illustrates the effect
of increasing the Ga content at the valence band.ndadditional “electric field” is obtained due to the

band gap variation. Adapted from [32].

One of the most important and interesting propeieCIGS is its distinct shift of
properties when passing from a Cu-poor phase to-adB phase. Cu-rich CIGS is formed
with large grains and therefore good crystallinepgrties but its electrical properties are
poor to be used in solar cells, mainly becauseay grow with n-type conductivity. Cu-
poor CIGS films have usually smaller grains anddfare worse crystalline properties but
electrically are much more suitable than Cu-riclSI1[38]. In order to try to use both
properties, a bilayer process was first tried bghdisen et al. [39]. This process is usually
called the Boeing process, and basically congistgowing CIGS using co-evaporation in
two steps. The first step is Cu-rich and therelmdpces films with large grains, followed
by a Cu-poor step where the film reaches the désteichiometric point with larger
grains and good electrical properties.

Nowadays, the best CIGS thin film solar cells aotamed when the absorber is
grown by co-evaporation using a 3-step methodeadsof using the bilayer process, the
film is initially grown in a Cu-poor state, then @ieh and finally finishes in a Cu-poor
state [35, 40-42]. What makes this transition ewame interesting is that due to a change
in the film's emissivity, the thermal energy, negd& sustain a certain substrate

temperature, changes from one state to another 443, This makes than situ
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identification of the Cu-poor/Cu-rich transition gsible during the growth of the film
simply by looking at the substrate temperatureaatér power needed during the different
steps. Thisin situ technique to evaluate the Cu-state of the films vestly used by
Kohara et al. [45]. Afterwards several researchugso started to call it End Point
Detection, or EPD [46, 47]. The change of the fdremissivity is associated with abrupt
change in the hole concentration caused by theaCancies [43].

The author with this section does not intend to enak exhaustive review of the
CIGS’s properties but rather an introduction tcs ttype of materials. This is so, mainly
because the studies done on CIGS in this thesis st a small part of the whole work
which was focused on CZTSe. Nevertheless, if theleewould like to acquire a more in
depth knowledge of CIGS, there are some paperstaheuproperties of CIGS that the
author recommends. Theoretically the electroniacstire of CIS compounds has been
studied by Zunger’s group [31, 48]. Regarding thengh of CIGS, there are at least three
good reviews that cover most of the techniques tsgdow CIGS, Kemmel et al. [49] and
Niki et al. [50]. Non-vacuum methods are explorgdHibberd et al. [51]. CIGS structural
properties have been the topic of several reviepera[52-55]. The electrical properties
with a special focus on the grain boundaries haenlreviewed by Siebentritt et al. and
Hafemeister et al. [56, 57]. The influence of Naswlae topic of study of Rudmann’s PhD
thesis [58]. The Ga profile was studied numerones by several research groups, see for
instance [32] and a detail study on the changem$svity of the films is done in [59].

Since the Ga profile plays a very important rolehie solar cells’ performance and
is considered a challenge to be used at an industoale, in this thesis different
incorporations of Ga are tested in the hybrid methbhe first one was an attempt of
sputtering films of Ga using a target of Ga. Thetrame was to evaporate Ga and finally

the use of a CuGa target to introduce Ga in timesfiby sputtering.

2.3 CZTSe absorber layers

The idea of using CZTSe as a replacement for CI&8)e result of an argument
for the need to replace In by cheaper elementsarthSn were introduced to replace In
and form CZTS for the first time by Ito [25]. CZTSelar cells were first presented by
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Friedimeier in her Ph.D. thesis [28]. CZTSe appe@a®a good replacement, because there
were some reports that showed the material to bge-and had a high absorption
coefficient.

The CZTSe structure is somewhat similar to the C#86cture. CIGS crystallizes
in the chalcopyrite structure which belongs to tegagonal system. Basically it is a
tetragon made of two sphalerite structures on fagaoh other. This makes-b andc~2a
The stannite structure is obtained by loweringspametry of chalcopyrite and replacing
the element of group 1l by two of groups Il and. [Whis decrease of symmetry is obtained
by the substitution of the metals, but also by dwagp the metal ordering, i.e. the
arrangement of the cations on the structural sitedke unit cell. The kesterite structure is
obtained by further changing the order of the cetiolrhese modifications can be seen in

Figure 2-4.

AY diamond type structure Fa/d32/m

-V sphalerite type structure  F 43m
1-1-VI; chalcopyrite type structure  /42d

I - IV-VL stannite type structure I42m

Figure 2-4: Evolution of the adamantine family. Adgted from [60].

—

2= -1V - VI; kesterite type structure r4
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The names of these structures come from the mineaahes, kesterite is
CwZnSng and stannite is GEeSng. The mineral kesterite was first mentioned in the
literature in 1958 by Orlova [61]. As stated befdbeth structures are derived from the
chalcopyrite structure, mineral CukbeShe family of all these compounds is called
adamantine. These materials were studied by Parffinwhere he first described that
these materials should obey the octet rule, ileeret should always be eight electrons
around each chalcogen atom.

The difference between stannite and kesteritean seFigure 2-5 and in Table 2-1.
The CIS chalcopyrite structure is represented gufé 2-5 as well. The difference of the
two structures relies on a switch of positions lesw Cu and Zn, being the kesterite
structure more disordered. The ions'@nd Zi* have the same number of electrons and
these elements are neighbours in the periodic.tableir atomic scattering factor, which is
proportional to the measured intensity in an X-thfyraction experiment, is identical.
Hence these ions are not distinguishable by corwmaltX-ray diffraction (XRD). Schorr
[60] has suggested using neutron diffraction asssiple technique to distinguish between

stannite and kesterite.

o @ @ )-@=(
Q7 * w | ecy i #& o
T4 @ o @ @
~ @ N Q9 0 Zn
R AY re o ! A i
@ . oS
o] (b N @ ) % n 2
; ? 4 < e N
o%._o " o & ol @Se @ o o
1!'%_‘—_0_‘_;\_{‘_-*0 ‘ %‘ ‘
Chalcopyrite CIS Stannite CZTSe Kesterite CZTSe

Figure 2-5: Crystal structure of chalcopyrite, keserite and stannite. Highlighted in red, the

differences in the Zn and Cu atoms are shown. Adaptl from [54, 63].
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Table 2-1: Position of atoms for the stannite andésterite structures.

bosition Slt:r?r?ile I-4 kesterite
Wyckoff / Wyckoff /
atom atom
(0,0,0) 2a Zff 2a CU
(¥2,%,0) 2b SH 2b St
(0, Y2, ¥a) 4d  Cld 2d Cd
(0, %, 3/4) - 2c A
(x,X,2) 8 S& -
(x,y,2) - 8g Se

Despite this identification problem, several stgdassign CZTSe to the stannite
structure as is shown in the historical overviewTable 2-2. This historical overview
shows that regardless of the identification problsaveral research groups stated that the
structure is stannite. This probably happened aascade process where the first author
stated to have the stannite structure. After timat since the position of the peaks for
stannite and for kesterite are exactly the sanmeeratesearch groups followed the same
interpretation. To complicate even further the peoh in the International Centre for
Diffraction Data, there is only a datasheet fometee CZTSe. Later in this thesis, this

identification problem will be addressed.

Table 2-2: CZTSe structural identification reported.

Year | Reference a c c/2a| Structure
1965 64 5.681 11.34| 0.998 stannite
1974 65 5.681 11.34 0.998 stannite
1979 62 5.69 - - sphalerite
1980 66 5.681 10.843| 0.954 stannite
1997 28 - - - kesterite
2000 67 5.693 11.333| 0.995 stannite
2002 68 5.689 11.337| 0.996 stannite
2005 69 5.597 11.2163 1.002 stannite
2005 70 5.693 11.33 0.995 ?
2006 71 - - - stannite
2007 72 5.776 11.677 1.011  stannite
2008 73 5.68 11.36 1.000 kesterite
2008 74 5.69 11.41 1.008 kesterite
2009 75 5.684 11.353| 0.999 stannite
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The growth of CZTSe thin films has been firstly sged by Pamplin et al. [62].
Guen et al. [66] reported the growth of CZTSe hgine transport with the objective to
study electrical and magnetic properties. Aftes tearly work, only Friedimeier [28] in
1997 presented results on the growth of CZTSe s@lls grown by co-evaporation with
an efficiency of 0.6%. Although it was never calted directly, Friedlmeier estimated the
band gap energy to be around 1 eV. Matsushita &y CZTSe crystals and obtained
samples with a p-type conductivity, a band gap gnef 1.44 eV and a melting point
around 805 °C. Olekseyuk [68] studied single cigstnd reported Ritveld analysis
proving that the crystallization of CZTSe was dam¢he stannite structure. The first and
only thermodynamic study of the CZTSe phase equalivas done by Dudchak in 2003
[76]. Using ab-initio calculations Raulot [69] estited the band gap energy of CZTSe
around 0.9 eV. Matsushita [70] estimated the bamanergy of CZTSe single crystals to
be 1.5 eV. In 2006 Altosaar [71] reported preparabf CZTSe monograins solar cells. In
the latter they show different studies and properta photoluminescence emission at 0.81
eV; a XRD diffractogram in which the stannite stuue was presented; express doubts
over the band gap energy which is as high as 1.5amed/ present solar cells with an
efficiency of 1.8%. Wibowo et al. [72] presentee thprowth of CZTSe thin films by RF
magnetron sputtering from binary chalcogenide targ¢ a substrate temperature of 175
°C, then they show a XRD diffractogram with 5 refiens. In that work a band gap energy
of 1.56 eV was also reported. In 2007 Wibowo eff&f] have also grown CZTSe thin
films by selenization of sputtered binary compoyntsvas basically an annealing of the
samples grown in the previous report. Still in 20&/ibowo et al. [78] reported the growth
of CZTSe thin films by pulsed laser deposition @fuaternary target. In that work, the best
films were grown at a substrate temperature of ®D@&nd the following properties were
calculated: band gap energy of 1.5 eV, a free @adensity of 2.2 x 70 cm® and a Hall
mobility of 1.5 cnfV*s™. In 2007 Herbert et al. [79] predicted that thare two paths for
the formation of CZTSe:

Path 1 Cu,Se/CuSe + ZnSe + SnSe/SpGd-Se)— CZTSe
Path2: a) Cu,Se/CuSe + SnSe/SnSe CuSnSe
Path2: b) Cu,SnSg + ZnSe— CZTSe
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Later in this thesis, it will be shown that it ikdly that in some cases, both paths
happen at the same time. Babu et al. [73] grew @Zh$ films by co-evaporation and
estimated that the best growth temperature unaeseticonditions was 350 °C without an
annealing step, and 450 °C with an annealing Jtepy obtained XRD peaks as broad as
0.3° and by looking at the (1 1 2) peak they wéile # identify CZTSe and ZnSe. A band
gap energy of 1.48 eV and an optical absorptiorfficent higher than 10cm™* were
reported. The same results were presented by Babli e another paper [74]. In 2008
Altosaar [80] revealed for the first time Raman tegang studies of CZTSe. They
identified the peaks at 173 &m196 cn® and 231 crit as CZTSe Raman scattering peaks.
In the same work, the authors saw a PL emissi@BateV and presented solar cells based
in mono-grains with an efficiency of 2.16 %.

With the record efficiency of a CZTS solar cell®@¥ % reported by Katagiri et al.
in 2008 [81], the whole family of materials, CZT8daCZTSe, started to attract more
attention from the research community. In 2009rthmber of papers with the main topic
being CZTSe suddenly increased.

The photoluminescence emission from CZTSe monograwas studied by
Grossberg et al. [82] in 2009 and a broad emisatdnh946 eV was found for the CZTSe.
With these experiments, they estimated the bandegapgy of CZTSe to be around 1.02
eV. Volobujeva et al. [83, 84] presented in 2009TGE thin films grown by selenization
of metallic evaporated precursors. In the same whekauthors showed Raman and XRD
studies and only obtained good quality CZTSe fishtemperatures higher than 370 °C but
were not able to grow single phase films. Wahadl.g85] studied CZTSe films grown by
the melt quenching technique. They showed very mppality films with a band gap
energy of 1.7 eV. In 2009 Zoppi et al. [75] repdran efficiency of 3.2 % for a CZTSe
solar cell grown by selenization of metallic presars deposited by magnetron sputtering.
They estimated the band gap energy to be 0.94 &g tise external quantum efficiency.
Until the date of writing of this thesis, this igllghe best reported efficiency for solar cells
using CZTSe thin films. The electronic structure @ZTSe was studied using first
principles calculations by Nakamura et al. [86k\theported a band gap energy of 1.7 x
10° eV. Liu et al. [51] grew slightly Cu-rich CZTSeystals to study its thermoelectric
properties. Shi et al. [87] analysed CZTSe ingaoid geported the following parameters:
electrical conductivity of 4500 Sh a Seebeck coefficient of 130VK™, a thermal
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conductivity of 3.2 WritK™* and a hole concentration of 1 x*@n® An additional
possible structure has been suggested to appe@Zirse by Chen [88]. They have
suggested that not only kesterite (KS), I-4, armhiste (ST), 1-42m, could appear but a
primitive mixed CuAu-like (PCMA), P-42m was alsogsible. They have estimated, by
first principles calculations, that KS is the masable structure because of its lowest
formation energy value, however the difference ToiSonly 3 meV. To complicate even
more, the same research group suggested anothetusty, a partially disordered KS (PD-
KS). They estimated the band gap energy to be &\Q&nd despite all these phases, the
ordering of the Cu and Zn atoms should not inflégestrongly the electrical properties
since the band structure barely changes. Usingitgdnsactional theory, Sevik et al. [89]
stated that the density of states and band stegtirthe different possible structures, KS,
ST and PCMA, is so similar that no changes in tinecture, mechanical and electronic
properties should be seen. Chen et al. presentedlifferent papers [90, 91] where the
results for the properties of CZTSe and other madterwere calculated by density-
functional theory. Their main conclusions were:tkgte has a value af/2alower than 1
and it is the most likely structure, the reportehsite structure in the literature is probably
a partially disordered KS, the band gap energy estisnated to be 1.0 eV for the kesterite
and there should not be a difference larger tha2 €¥ in the band gap energy for the
stannite structure.

In 2010 a high number of publications with CZTSetss main topic continued to
appear. CZTSe nanocrystals were chemically degbbiteShavel et al. [92]. Krustok et al.
[93] found a value for the band gap energy of M(bg analysing the quantum efficiency
curves on CZTSe monograin solar cells and estim#hed the material had spatial
potential fluctuations with an average depth ofi2&V. Todorov et al. [94] announced a
new record for kesterite based solar cells growingua non vacuum ink process. He
presented a solar cell with a conversion efficiermfy9.66% with an absorber layer
consisting of CeZnSn(S,Se) (CZTSSe). It is expectable that this value, whiklose to
10%, will bring even more research groups intoarea. Krustok et al. [95] continued the
analysis of monograin CZTSe solar cells and repgodedegradation of the gy with
temperature of -1.97 mV/K. Babu et al. [96] congduo grow CZTSe thin films by co-
evaporation and presenting XRD diffractograms shgwilms with broad peaks. The

latter authors estimated a band gap energy ranggtgeen 1.37 eV and 1.62 eV for
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samples with a ratio [Cu]/([Zn]+[Sn]) of 1.14 to83, respectively. CZTSe nanocrystals
formed by hot injection were presented by Hao Weale [97]. The first interesting
theoretical in-depth study of CZTSe and CZTS waseday Person et al. [98]. Their main
conclusions were: both structures have similar teda@c band structure, dielectric
functions and optical absorption coefficients; fraime possible different structures,
kesterite structure is the most likely becauséneflower internal energy; the band gap for
the kesterite was calculated to be 0.89 eV anditerstannite 1.05 eV; the dielectric
constant is between 8.2 and 9.0 and the effectimgeses of holes and electrons were
estimated. Very recently, Ahn et al. [99] using iledent method has reported the band
gap value of CZTSe to be between 1.02 eV and NM@ach is in accordance with the
findings of this thesis. In the same work they usetlonly XRD but also Raman scattering

to confirm the presence of CZTSe.

2.3.1 Phase identification problem with XRD

A problem that is usually overlooked in the puliicas where CZTSe is addressed
is its XRD peak assignment. Resolving CZTSe fronwamed secondary phases is
difficult using XRD data. In Table 2-3 the unit kslzes for CZTSe, cubic ZnSe, cubic
Cw,SnSg and cubic Cp5e, are presented and one can see they are almasirhe. Other
phases, namely CuSe, SnSe angb8rare also presented, but these can be idenigied
XRD analysis. The biggest difference is for,Sea which can be resolved using XRD. The
difference in the lattice parametaris less than 0.004 A for the cubic SnSeg and less
than 0.02 A for ZnSe. Given that CZTSe has thenitaror the kesterite structure that
comes from the tetragonal family which is basicalgouble-cubic structure, most of its
reflections are in the same position as the abosetioned phases. This is seen in Table
2-4 where the most intense peaks for these phasgsesented. There is also a row where
the angular differences between the position ofulwanted phases and the position of
CZTSe are shown. For ZnSe, the largest differen€eli5®. For CZTSe the peak is situated
at 72.48 ° with an intensity of 76, whereas the&p8&ak is situated at 72.63° with intensity
331. Note that these intensities are normalizetlO@0, which means that these peaks are
quite weak. Usual system resolutions for XRD systeane close to these angular

differences. With broad peaks, this distinctioneigen harder to detect. For the cubic
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CwSnSe, the biggest difference is 0.16°. The two preskmipper-selenide phases are
easier to identify since the differences to CZT8ekagger than the previous compounds.
For the cubic and for the hexagonal phase the peakions are quite dissimilar as they
have different structures. Despite the fact thattte# cubic ZnSe and cubic ¢3nSe
diffractions peaks are extremely close and/or sapgmsed with those of CZTSe, the latter
possesses additional peaks that are not common twdbe unwanted phases. Such
examples are the peaks at 15.61° and 17.42° andotitde peaks at 53°, 65° and 72°.
Usually, the intensity of the single peaks anddbeble peaks at 65° and 72° is low and
therefore the double peaks at 53.39° and 53.53beamsed to evaluate the presence or
absence of CZTSe. Using these peaks, one can délyenhsether CZTSe is present or not.
However, nothing can be said regarding the othersgfr Most of the works reported
before, only use XRD to evaluate the presence obrstary phases and so, the author
believes that some of the presented propertieposgally belonging to CZTSe, may be, in
reality, the effect of unwanted phases. Such exarngkhe band gap energy, for which
until 2010 there were reports for values rangirmgnrl.0 eV to 1.5 eV. As reference, the
band gap energies for CZTSe and other phases likejppear during its growth are
presented in Table 2-3 .

In order to overcome the identification problene #uthor has suggested the use of
Raman scattering as a complementary techniquealysanthe different phases present [I].
Raman scattering can provide phase identificatioth ia well studied materials can be
used to assess nano-scale structural changes. dferiniormation on Raman scattering

the review paper of Gouadec is recommended [101].
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Table 2-3: Unit cell properties: differences betwer CZTSe, ZnSe, CTSe, CiSe and CuSe.

Compound CZTSe ZnSe CuSnSe Cu,Se CuSe SnSe Snse
structure tetragonal cubic cubic cubic hexagomal thashombic hexagonal

a(A) 5.6882 5.669 5.684 5.763 3.984 4.460 3.810¢

b A) 5.6882 5.669 5.684 5.763 3.984 11.570 -

c(R) 11.3378 5.669 5.684 5.763 17.288 4.190 6.1410

cell volume (&) 366.8 182.17 183.64 191.4 237.64 216.21 77.23
ICDD ref [100] 04-010-6295 04-007-474L 03-065-414B61-071-4843 ( 00-027-01845 04-004-4281 01-089-319y
1.4 indirect | 1.4 indirect
Band gap energy (eV| 1.05 2.6 0.74-0.44 2 2 direct 5 2 direct 1.26 0.92
Reference This thesis 80,
[99] [102] 10[3'10 4] [105, 106] [105] [107] [108]
Table 2-4: XRD peak positions for different selenid compounds [100].
CZTSe | Intensity ZnSe | Intensity Difference Cu,SnSe Intensity Difference| Cu,Se | Intensity Difference
angle (a_rb. Planes | angle (a_rb. Planes to angle (%) (a_rb. Planes to angle (a_rb. Planes to
) units) © units) CZTSe (°) units) CZTSe (°) ) units) CZTSe (°)
27.16 999 112 27.22 999 111 -0.06 27.15 999 111 10.d 26.88 473 111 0.28
45.12 493 204 45.2 585 220 -0.08 45.07 597 220 0.5 44.61 999 220 0.51
53.39 230 312 - - - - - - - - - - - -
53.53 233 116 53.57 315 311 -0.04 53.41 321 311 2 0.1 52.86 152 311 0.67
65.59 52 400 - - - - - - - - - - -
65.84 34 8 65.84 70 400 0 65.64 71 440 0.2 6492 7 11 400 0.92
72.36 42 332 - - - - - - - - - - - -
72.48 76 316 72.63 94 331 -0.15 72.41 96 331 0.0y - - - -
83.19 87 424 - - - - - - - - - - - -
83.35 57 406 83.46 110 422 -0.11 83.19 113 42p 0.6 82.2 180 422 1.15
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2.3.2 Phase diagrams, band diagrams and electrical properties

For the CZTSe system there is a work done by Dudebal. [76] that covers most
of the binary and ternary combinations of Cu-SnSnphases. Among many results, the
most significant one showed that there was lowlslity of CZTSe with binaries and the
composition intervals where it is formed are narrdwis shows that the formation of non-
stoichiometric CZTSe is hard, if not almost impbssi

Regarding the electrical properties, for CZTSedhermot yet a detailed study, but
there is a theoretical one made by Chen et al.][fld9CZTS. CZTS and CZTSe should
have some similarities in the electronic structame therefore it is relevant to take a look
at those studies. Chen et al. reported that theirdorh p-type defect is Gup with an
acceptor level higher than the one for the chalatgs; which suggests that p-type doping
in CZTS is more difficult than other chalcogenidempounds such as CulnS&hey
propose the growth of CZTS in Cu-poor/Zn-rich caiotis, and thus ¥, and Zr, should
become the dominant defects in the system sinderitgation energies are lower, however
this condition may lead to the formation of unwahphases like ZnS. Similar studies for
CZTSe are needed to understand if the underlyingsiph is the same or not. It is
necessary to correlate that future information ik one provided by Dudchak et al. [76]
to evaluate if the intrinsic doping of single ph&g8ZTSe is possible and under what
conditions.

There are still a considerable number of probleeslidg with the growth of the
CZTSe absorber and thereby the optimization or dhenstudy itself of the solar cell
structure is something that has not yet been dbhes, the best solar cells made with an
absorber layer of CZTSe, CZTS or even CZT(S,Se)stitemade with the structure:
SLG/Mo/CZTS/CdS/i-ZnO/ZnO:Al, which has been opteul for CIGS.

The problem of finding the right conditions for tigeowth of the absorber bring
severe problems to the optimization of cells sitlte absorber layer's properties are
unknown and hence there is less freedom to expldferent approaches to the cell
structure. In order to start grasping the bandrdiagof the actual structure, some of the
chalcogenides properties need to be known: bancegapy, electron affinity, the Fermi
energy level, carrier concentrations, effective seasfor electrons and holes, density of

states and the work function. Some experimentalsareaents like X-ray photoelectron
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spectroscopy (XPS) or C-V measurements of the ocedlg provide some insight on the
band alignments.

Without the experimental values, some theoretieddutations could be made in
order to estimate the band alignments, Avellanédéd ¢110] and Nukala et al. [111] have
both done attempts to draw them for the case of &4 our research group, Malaquias
[112] predicted that the band gap alignment of CEZOS should be close to the one
formed by CIGS/CdS. He was able to do such prentistwith regards to CZTS because
there are already some published values for tharefe affinity and the band gap value is
widely accepted to be around 1.5 eV. For the ca€&Zd Se however, one cannot say the
same and therefore better absorbers still neeck tobbained to start estimating some of

these parameters.

2.4 CZT(S,Se) absorber layers

The idea of using a mixture of CZTS and CZTSe coma® the same usage of
replacing selenium for sulphur in CIGS. By replacige for S in CIGS, the band gap
energy increases and as a result a band gap greaimge achieved. Having this fact in
mind and considering that the band gap of CTZS@aAdSe is around 1.5 eV and 1 eV,
respectively, it might be possible to make a grgdis well in this family of materials.
Henceforth, this material will be referred to asT&Se.

There are not many reported papers withZB®n(S,Se)(CZTSSe) being the main
topic of study, mainly due to the fact that CZT8r@ has been leading the record cell
efficiencies until 2010. The first report of CZTS®as done by Guo et al. [113]. They
have grown CZTSSe nanocrystals and reported a tehitiwer diffraction angles of the
CZTS (1 1 2) peak towards the CZTSe peak positianstok et al. [95] reported solar
cells made from CZTSSe “mono grains”, with the cosipon Cy ¢Zn;Sn(Se :S0.7)3.9
with efficiencies higher than 5%. Todorov et al][9eported solar cells with an efficiency
of 9.7% with a replacement of 60% of S for Se. T8otar cell absorber had a band gap
energy of 1.2 eV, which using a simple direct cittan of band gap estimations, 40% Xx
1.5 eV + 60% x leV gives 1.2 eV, which is a furteerdence for the 1.0 eV band gap
value of CZTSe. But exactly how the bands changenfone material to another is
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important to know because of band alignments. Idofov’'s work [94], the absorbers
were obtained by sulphurization of an “ink” prephresing hydrazine based solutions. In
that work, a solar cell with 9.3% efficiency withS& content of 94% and 6% of S was also
reported which indicates that CZTSe alone is capalblachieving high efficiencies as
well.

Those 3 papers are the only detailed studies ofjtbeith of CZTSSe but if the
individual materials, CZTS and CZTSe, are stilltguinknown, the amount of knowledge
of the material is even lower.

In this thesis, some preliminary work concernihg formation of this alloy was

done and it is presented in section 4.3.
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3 Experimental techniques

3.1 Growth of CIGS

The growth of CIGS was done using the hybrid methidds method combines
sputtering and evaporation. The main objective wastest different approaches to
incorporation of Ga into CIS. Three different setupere tested, in the first Ga was
evaporated and in the second the incorporationaoWw&s done using an alloy of CuGa, in
the last sputtering using a target of Ga was tested

3.1.1 CIGS growth using the hybrid system

The vacuum chamber where the growth was carried isuschematically
represented in Figure 3-1. The base pressure oftthmber was 1 x TOmbar but since
there was no load-lock installed the vacuum waskdmoeach time the substrate was
replaced. Two magnetrons and two evaporators vmstalied in the chamber. On the first
magnetron an In target was installed and on thergeone, a Cu or CuGa target was
installed. Ga pellets were used in the evapordioe. purity of the used materials is shown
in Table 3-1. The sample holder was moveable soould be positioned over the
magnetrons or the evaporation source, it also haeupled heater that enables the
substrate temperature to change from room temperafuto 600 °C. The temperature and
power supplied to the heater were monitored usirtgeamocouple. Typical maximum
temperatures were 580 °C. At higher temperatuebdnding of the substrate occurred. A
Se evaporator was attached to the sample hold=eftine the distance between them was
kept constant at 5 cm, regardless of any movenkigh purity Se pellets were evaporated
at temperatures of 255 °C and the heating rateg wérlO °C per minute for every
situation. The depositions were performed at aguresof 4.8 x 18 mbar and the sputter
gas was Ar. Similar growth systems but without EeD have been reported by other
groups [114, 115].

More detailed information on the exact growth cdinds for each method is
presented in section 4.
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Table 3-1: Purity of the used materials.

Elements| Purity
CuGa 99.99%
Cu 99.99%
In 99.99%
Sn 99.99%
Zn 99.99%
Se pellety 99.999%
Ga pellety 99.999%

Vacuum chamber

W V7 F Evaporator _\ GEMagnetron 2 i

Figure 3-1: Schematic representation of the chambarsed in the growth of the absorbers.

3.1.2 CIGS growth through Ga sputtering

In the traditional 2-step or 3-step methods to gOMsS by co-evaporation, the
control of the Ga quantity is possible becauselalinents are evaporated individually. The
incorporation of Ga in the hybrid system can berawack, thereby sputtering from a
target of Ga was tested. The advantage of usisghiihod would be the ability to control
the Ga quantity during the deposition which does mappen in traditional sputtering
systems using only one CuGa target. There, the waly to control the quantity of Ga
during the growth would be to use several targéts eifferent quantities of Cu and Ga.

The problem arising from this method is that Ga igjuid for temperatures above

32-36 °C. After melting, Ga suffers from super aogland keeps the liquid state down to
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temperatures as low as 15 °C depending on theypofrithe material. Considering the
temperature conditions that the sputtering targegsexposed to, it is evident that Ga will
be liquid during depositions. This raises a fewggieas, is it possible to sputter atoms
from a liquid target and deposit a film? Is theuldjstable enough to allow the deposition?
In the literature, there are the reports of Dunkale[116] and Beshenkov et al. [117] that
reported the successful sputter of atoms from targfea liquid In-Ga alloy and pure liquid
Ga targets, respectively. However, these works nmakesference to deposition of films.
Réansh et al. [118] report that after 200 °C Gaxiseenely reactive with steel and in the
presence of RF plasmas it has the tendency to fourmd shaped droplets.

On the first depositions it was noticed that aftdew minutes of sputtering at very
low power settings, Ga started to change from doliduid, therefore it was necessary to
take the target out of the chamber and cool it devith liquid nitrogen to ensure its
solidification. In some attempts the power was kaptafter the target melted and after a
few minutes some round drops were formed leaving @lathe magnetron exposed, see
Figure 3-2. This was probably due to the strondaser tension of liquid Ga. After the
power was turned off the droplets didn’t changepshar move. During the short period of
time on which the drops were not formed, less thamnutes, there was a thin film of Ga
deposited on the substrates. After the drops weradd, the sputtering power was turned
off since the target holder was exposed to thenpdaand it was being damaged.

This experiment showed that if there was a wayrevgnt the target holder to be
exposed, then sputtering from a liquid Ga targetildidoe possible. To do so, it would be
necessary to have a mass of Ga sufficiently laogiat its gravitic force would overcome
its surface tension. Due to technical limitationschs experiment was not done and

therefore this technique to incorporate Ga into £Bns was not used.

_,—'—'—'_'_'_'_'—\_\_\_‘_‘_‘——_

a)

™

b)
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Figure 3-2: Cross section views of the Ga liquid tget before a) and after the formation of the

droplets b).

3.2 Growth of CZTSe

Two different methods have been tested for the tiroef CZTSe, the hybrid
method and selenization of metallic precursorshénhybrid method the objective was not

only to grow single-phased CZTSe but also to evalifaan EPD signal was detected.

3.2.1 Growth of CZTSe using the hybrid method

For the hybrid growth, the same deposition chande=scribed before has been
used. This chamber is schematically illustrateBigure 3-1. The targets used were Cu and
Sn whilst Zn was evaporated. The deposition of@hbsee different materials was done
sequentially. The description of each differentfigds further explained in section 4. All
the depositions were performed using a pressudeBat 10° mbar, a substrate temperature
of 375 °C, and Se was evaporated at 255 °C.

3.2.2 Growth of CZTSe by selenization of metallic precursors

The growth of CZTSe by selenization of metalliccked precursors was also
studied. This growth method consists in two stdjpe first step is the preparation of the
metallic precursors and the second step is theEngation to form CZTSe.

The precursors were deposited by DC-magnetronesjngton 3 x 3 cfmon Mo
coated soda lime glass (SLG). The purity of thgats was N3 for Mo, N5 for Cu and N4
for Zn and Sn. The base pressure of the chambeswad0® mbar. All the precursors
were deposited with the same settings, namely paleesity of 0.16 W.cif, working
pressure of 2 x I& mbar and a substrate to target distance of 10Ténicknesses were
monitored with a crystal monitor Intellemetrics 1B60.

The selenization was done with elemental Se vaffaug avoiding the use of toxic
H,Se, and in the same chamber as previously descriDéférent combinations of
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substrate temperature, pressure and Se evapotetperature were tested and the details
for each study are presented in section 4.

3.3 Growth of CZTSSe

For the growth of CZTSSe, the only tested proceduas the selenization of
precursors that already contained sulphur. Sevgpas of films were selenized: binary
sulphide precursors; ternary £nS + Zn/ZnS films and finally CZTS films. The growth
method can be divided into four steps. Firstly tpr@cursors are evaporated and in a
second step are sulphurized to form CTS. The #steg consists on the deposition of a Zn
or ZnS layer by RF magnetron sputtering. In sonsesa sulphurization was performed in
order to from CZTS and then the fourth step wasslenization to form the CZTSSe
layer.

In the first step, precursors were sequentiallyodépd on a Mo coated soda lime
glass (SLG) in a PVD system, at the HZB, with elatak sources of Sn, S and Cu,
therefore allowing the deposition of different dutpes. The deposition order was
SLG/Mo/SnS/Cw,.,S. During the Sn deposition, the temperature ofStsurce was 500°
C, whilst the Sn source was kept approximately2&t01°C; the pressure during this step
was 1.8 x 10 mbar. As for the CuS deposition, its temperature ranged from 13550°C t
1400 °C at a pressure of 1.70 x>I@bar. The whole process was controlled by timeer af
a calibration process which involved weighing tlesttsamples. It was aimed at the
deposition of 807 nm of GuS and 810 nm of SaSThese thicknesses should give a
sample with a [Cu]/[Sn] ratio of 2.

In the second step, a tubular furnace was usedsdlmematics of that furnace are
represented in Figure 3-3. The samples were he@ated\, atmosphere with a flow of 40
ml.min?, at an operating pressure of 10 mbar in ordenvtidaSn losses by evaporation.
The sulphur evaporation source was a quartz tulesl fwith elemental S pellets. The
temperature profiles for the sample holder andtlier S evaporator are shown in Figure
3-4. The profile shows the heating of the substaai@ the sulphur evaporation starting at
the same time. The S evaporator takes 25 minutesach 130 °C and is kept there.
Maximum substrate temperature, 525 °C, is reaamé&d®d iminutes. Then the sample is left
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at this temperature during 20 minutes and aftersvaxchatural cooling occurs. The S
evaporator is turned off when the substrate read7és °C. Samples prepared in this
process were named CTS since Cu-Sn-S ternariesfavened.

PID

Thermocouple Contrc;ller

——Thermocouple

Mass N,+S Exhaustion

—N2 Aﬂ - 7 @&z P
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Figure 3-3: Schematic representation of the sulphuzation furnace.
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Figure 3-4: Temperature profiles of the S evaporato and the substrate holder for the
formation of the CTS films.

In the third step, either Zn or ZnS was depositgdRF- magnetron sputtering
system. The deposition was performed using an Wogphere at a working pressure of 2
x 10° mbar. The power density for Zn was 0.41 W-<and for ZnS 0.33 W.cth In situ
thickness monitoring was assured by a quartz drystaitor and it was aimed at the
deposition of 220 nm of Zn or 570 nm of ZnS; thsuits were then confirmed by step

profilometry. The sulphurization to form the CZT&svdone in the tubular furnace with
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the same profile and the selenization in the chamibee selenization profile and
conditions were the same used to grow the best €Zil®s and will be described in

section 4.

3.4 Removal of Cu.,Se or Cy.,S phases

To remove the highly conductive and unwanted.£3e phases, some films were
subjected to KCN etching [119]. This procedure ¢stedg of submitting the films for 2
minutes to the following baths: KCN 10% wi/w, ethbB0% v/v and finally deionised
water. The KCN removes the unwanted phases whéeother baths are for cleaning

purposes. Afterwards the films were dried usingd&Nx.

3.5 Characterization techniques

3.5.1 Composition and morphology

The composition of the absorber layers was measusaaly energy dispersive
spectroscopy (EDS). This technique is not veryipesbut for comparison purposes it is
possible to draw useful conclusions. For the ED&suements, the system used was a
S4100 Hitachi electronic microscope equipped witRantec EDS system and a typical
acceleration voltage of 25 kV was used. It was vemportant to use the 25 kV
acceleration voltage because otherwise the systemidwnot be able to distinguish
between the Cu and Zn, lines since these emissions nearly overlap ar@@dkeV as it
is shown in Figure 3-5. The solution is to use ¥5ak acceleration voltage and analyse the
L.-lines as well. For the CZTSSe samples, the quanfitsulphur is not possible to be
measured since the Mo and S L-lines are superindpdeanning electron microscopy,
SEM, was used for the analysis of the morphologyefsurface and of the cross sections.

For the composition of the precursors, both EDS iaddctively coupled plasma
mass spectrometry, ICP-MS, have been used. Thengagy this was done are explained

in section 4. An ICP-MS Thermo X Series was usedhHese measurements.
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ICP-MS dilutions were made with a solution of ils@aqua Regiawhich is a
solution with a molecular ratio of 3:1 of nitricid@and hydrochloric acid.

cps/eV
20

14

12

Mo O Zn
Sn Cu Se Si Mo Sn Cu Zn

0 1 5 7 8 9
keV

Figure 3-5: Typical energy dispersive spectrum foa SLG/Mo/CZTSe sample.

3.5.2 X-ray diffraction

X-ray diffraction (XRD) was used to identify the gdes present in the films. To
this end typicab-20 measurements were done with a PHILIPS PW 371@adiimeter
using the Cu-Kline,1.5406 A.

Texturing studies presented in this thesis wereedoy comparing the intensity
ratios of the peaks of the experimental diffactamgs with the corresponding data from
powders databases.

The lattice plane distancasy, are calculated using Bragg'’s law:
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nA = 2d sin(6) (eq 3-1)

wheren is an integer,A the wavelength of the incident wawk,the distance between
planes in the lattice ardtlis half of the diffraction angle.
For the calculations of the lattice paramegendc, the tetragonal relation where

a=b+#c was used:

1 _h%2+k? 12
a2, a +C_2 (eq 3-2)

For the plane (2 2 0§=0 and soa can be directly estimated. Thea can be

estimated using plane (1 1 2) accordingly to tHiewoang equations:

a=+/8d, (eq 3-3)
c= |2
\/ ( 11 J (eq 3-4)
dfi,  4dy

These planes were chosen not only to simplify takeutations but also because they
correspond to the two most intense peaks and &irrdason errors are minimized. From
these relations, the parameté?a can be calculated as well. For the tetragonatsira,

c/2agives additional information regarding the formtloé unit cell.

3.5.3 Raman scattering

In addition to XRD, Raman scattering was used asmplementary technique to
identify the phases present in the studied filmamBn scattering is a technique based in
the coupling of the incident light with the vibmagi modes of the crystal lattice or phonons.
Because this interaction depends strongly on tleeggnof the phonons and this changes

from phase to phase, Raman scattering may be asédrttify different phases.
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The system used in this work was a Jobin-Yvon Té4RB@man scattering system
with an Olympus microscope equipped with a 100 Xynifging lens in the backscattering
configuration. The excitation source was an argam laser typically operating at the
wavelength of 488 nm and with 180 mW output power.

For a semiconductor, the effective light penetratii@pth,d, is roughly evaluated
by d = 1/a, wherea is the absorption coefficient. In the case of Rarseattering analysis
using the back scattering configuration, one mossier that the light hast to return and
therefore the equation is theh-1/(2x). Using this equation and knowing one can
roughly estimate the depth to which the Raman egagf analysis extends when using
different excitation laser wavelengths. Such ediiona are presented in Annex A for
CZTSe and Annex B for CZTS.

3.5.4 Photoluminescence

Photoluminescence measurements were performediatisdemperatures, from 5
K to 300 K, using a Fourier transform infrared dpmmeter Bruker IFS 66v equipped with
a Ge detector cooled down to liquid nitrogen terapee. The 488 nm line of an argon ion
laser was used as excitation source. These measot®ailow a better identification of the

band gap energy and possibly the identificatiorsmhe defects located inside the band

gap.

3.5.5 Reflection and transmission

Reflection and transmission measurements were deimg a Shimadzu UV3600
spectrophotometer equipped with an integrating iplhiEhese measurements allow one to
estimate the band gap value of the absorbers whewngon SLG. The absorption

coefficient,a, is given by:

1| -@-R2+{-R)* +4T2R?
a=—-In
w 2TR?

(eq 3-5)
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where,w is the thickness of the sampR the reflectance and the transmittance [120].
For a direct band gap semiconductor [30,120]:

a0 (hw - Egy ]2 (eq 3-6)
wherev the radiation frequency the Plank’s constant arig} the band gap energy. Then,
with both equations and by using the linear fi{@hv)® v.s. hv we obtain the valu€gap
from RandT. This procedure is known as Tauc’s method [121].

An alternative method to estimate the band gapggneslies on the use of diffuse
reflectance data alone. In this method, it is aber&d that in the absorbance region T=0

and the maximum valu®&mnax Of diffuse reflectanceRyi, roughly corresponds to a point

of nearly zero absorbanc,
A= Rmax - Rdiff (eq 3_7)

The band gap energy is then obtained by extrapglatie absorbance curve until it
intercepts the zero line [122]. In order to obtamoere precise values it is necessary to
implement Murphy’s model derived from the Kubelkas#h model [123], however given
the greater complexity that was not done in thesith

3.5.6 Current-voltage measurements

Current-voltage measurements were done to estinsalar cell electrical
parameters. These were performed in a system thasumes current and voltage. It uses a
tungsten-halogen lamp to simulate the Sun’s liglat.calibrate the system for the 1000
W/m? 4 a calibrated silicon cell was used. To test i thystem gave accurate

measurements, a comparison, between measurememtsrneal in Aveiro and

* Standart measurement conditions, AM1.5 global.
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measurements made at ETahd at HZB was carried out. A CIGS solar cell preed an
efficiency of 12.3% at the ETH and 12.1 % in AveifoCZTS solar cell showed the same
efficiency, 1.4% in Aveiro and at the HZB. The \aions were mostly due to the

differences in the illumination rather than fromwhohe electrical

done.

measurements were

A typical current density versus voltage curve framere the solar cell parameters

can be estimated is shown in Figure 3-6.
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Figure 3-6: Current density versus voltage charactéstic behaviour for a

the maximum power point are shown.
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4 Properties of the new absorber materials

4.1 CIGS

The growth of CIGS was executed using the hybridhoe in two different
processes with the purpose of studying possibleswayincorporate Ga in a controlled
manner into the structure. In the first one, thaswlone through evaporation of Ga and in

the second through sputtering from a CuGa target.

4.1.1 Growth of CIGS using evaporation of Ga

In this study, the deposition of CIGS was carriedl using the hybrid system with
sputtering of Cu and In and evaporation of Ga aadTBe used deposition sequence was
an adaptation of a two stage process which providedmore crystalline films [ll, 11].
First, a 40 nm thick layer of In was deposited.sTtias done in order to prevent direct
selenization of Mo since contradictory studies be influence of MoSehave been
reported [124, 125] . Afterwards the temperaturehef Se evaporator was ramped up to
255 °C. After this step, Cu was sputtered duringr@dutes followed by Ga evaporation
during another 30 minutes. Afterwards, the tempeeabf the substrate was ramped from
300 °C up to 580 °C and In was sputtered. Se wasoeated at 255 °C and Ga at 950 °C.
An example of the substrate heater power profilesh®wn in Figure 4-1 and the
description of the highlighted steps is found irbl€ad-1. In all the cases where Ga was
deposited right after In, the sample would peel bfis worth noticing that between point f
and g there is a decrease of the power neededstairsuhe 580 °C as seen by the
decreasing line and between point g and h theidiferizontal what means that the end
point detection is seen. So, the EPD is seen at gand afterwards it was deposited an
additional 10 % in time of In in order to obtairetdesired Cu-poor film. The following

studied samples were grown with a similar profile.
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»

Figure 4-1: Time evolution of the power applied tdhe substrate’s heater during the growth of the CIG thin films.

Table 4-1: Description of the substrate heater poweprofile.

Time ( minutes) Description of the step
a 5 deposition of In, substrate temperature at 300 °C
a-b 20 ramp of Se evaporator to 255 °C
b-c 30 sputtering of Cu
c-d 25 evaporation of Ga at 950 °C
e start of In sputtering and substrate temperaturgnap to 580 °C
f power overshoot due to the temperature controller
o] end of transition
e-h 90 sputtering of In

Time (minutes)
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In Figure 4-2 a) and b) the SEM micrograph of thdexe of two selected CIGS
samples grown with evaporation of Ga are shownthlvse figures one can see two
different films, the one in Figure 4-2 a) althougtth an open structure shows less voids
than the one in Figure 4-2 b). In both cross saatmcrographs, Figure 4-2 c¢) and d), the
films appear to be more compact than showed institeace micrographs and they both
appear to have smaller crystallites at the bottbantat the top. This difference in the
crystallite size may be due to nucleation becadste proximity to the Mo or due to
change of chemical concentration. It is known Bathas the tendency to accumulate at
the back of the films [33] and induces smaller ggdil26]. The chemical composition of
the films is shown in Table 4-2 and it reveals &lmith similar composition. Both samples
are Cu-poor, as predicted by the EPD, with valdg€o]/([Ga]+[In]) close to 0.9 which
means that the EPD signal seen is real and nottafaect. Sample 2 appears to have
slightly more Ga than sample 1, because [Ga]/([l@ff) takes the value 0.1 for sample 1
and 0.2 for sample 2. These differences are noemdigigh to reveal a real difference since
the samples have deviations in the morphology amat tffects the EDS signal
significantly. Sample 2 showed a [Se]/[meta]l rabiol which indicates that the film is
fully selenized whereas sample 1 only has a vali®%which may indicate some lack of
Se.

Table 4-2: Atomic ratios for the CIGS studied sampds grown with evaporation of Ga.

Atomic ratios | sample 1 sample 2
[Cul/([Ga]+[In]) 0.9 0.9
[Ga)/([In]+[Ga]) 0.1 0.2

[Se]/metal 0.9 1.0
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Figure 4-2: a) and b) SEM micrograph of the surfaceof samples 1 and 2, respectively. ¢) and

d) cross section image for of samples 1 and 2, resgpively.

Raman scattering analysis, not shown here, showat kioth fiims had the
chalcopyrite structure. This analysis only showeed €IS peak at 175 ¢h This is an
indication that very little Ga is found at the sué since the CIGS main peak shifts to
higher energies with higher Ga concentration. Secidence can also be drawn from
Figure 4-3 that shows a transition in the refleceaaround 1250 nm which corresponds to
1 eV. If some Ga would be present at the surfaoen it would be expected to see a
transition at a lower wavelength due to the raidetlee band gap energy. XRD
measurements would be needed to evaluate the taft€da in the film, but the XRD
system was not available at the time and it wasdddcto process the film to solar cells

rather than waiting.
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Figure 4-3: Total reflectance of the two analysed IGS films.

In section 5.2, just one solar cell result is shdenthis set of films. This was
partly due to the fact that the deposition of tli&0Twas already poor at that time. Most of
the cells made had a TCO with a large resistartgtgesistivities higher than 508,
and so the cells were poor with most of efficieadie the range of 1-3%. Despite that
problem, the hybrid system with evaporation of Gaswapable of growing CIGS films
with some reproducibility in composition.

A Cu-poor to Cu-rich growth was tested in ordetrioto improve the grain size,
but the EPD signal was too low to have a reprodeciay to growth the films. Different
steps and profiles were studied but the describedqusly was the best one.

4.1.2 Growth of CIGS using a CuGa sputtering target

In this study, the incorporation of Ga was madespyttering from a CuGa target
with 25% of Ga. The used deposition sequence wasséme as the described in the
previous chapter but without the evaporation of Gae transition corresponding to the
EPD signal was much lower and so the control wasevo

The first results were disappointing since Ga lnedténdency to accumulate to the
back of the film. In fact, in most of the films tE>S measurements gave such low values

of Ga that practically the system was not receidng Ga signal. In order to understand if
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Ga was disappearing or not, EDS measurements orbdbk side of the film were
performed. The samples were prepared by scratchihgparts of the film onto a
conductive tape. The EDS measurements then showiggh @ontent of Ga, with a ratio of
[Cu]/[Ga] near 2. The composition of the target tioe same ratio would be 3. Such high
value shows that Ga accumulated at the back dfiltheand would even probably form a
CuGaSe layer. Once again, to clarify this point XRD arssdg would be needed but were
not accessible at the time. The Raman scatteriatysia of the surface of the films, not
shown here, revealed only CIS to be present wightythical Raman scattering CIS peak at
175 cm'.

From this set of samples, the only sample wheeeetiwvas some high content of
Ga detected by EDS at the surface, was the onemgegkin Figure 4-4. The likely reason
why some Ga was seen was the open structure thaathple revealed. By looking at both
the surface and the cross section, it is visiblaesgolumnar grains that leave voids in the
film exposing the back part. The composition osthlm is shown in Table 4-3 and it
reveals a Cu poor film with a replacement of ld&nfi0% of In for Ga. The [Cu]/[Ga]
ratio is 8.6 but the value for the target is 3sthmeans that even with this open voided

structure, some Ga is still hidden to the EDS asisly

BFea3es 2S.8kV

BAFa3as

Figure 4-4 a) SEM micrograph of the surface and byross section of a CIGS sample grown

with a CuGa target.

Table 4-3: Atomic ratios for the CIGS samples growrwith a CuGa target.

Atomic ratios
[Cul/([Ga]+[In]) 0.8
[Ga)/([In]+[Ga]) 0.1

[Sel/[metal] 0.9
[Cu]/[Ga] 8.6
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The total reflectance spectra of the studied samp@own in Figure 4-5 and as in
the previous samples, the band gap energy tramsgidocated around 1200 nm which
corresponds to values around 1 eV confirming thatsurface is mostly CIS.

In order to try to have more Ga in the front of the, it was tried to grow CIGS
films using the inverse 2-stage method, i.e. stétht a long deposition of In followed by
CuGa. In this case the transition seen would b fBu-poor to Cu-rich. To place the film
back to the desired Cu-poor state, an additionadrlaf In was deposited at the end with
duration being 10% of the initial deposition. Seleruns were made but in this
configuration, the EPD signal was hardly detected $o the control of the composition of
the films was non-existent. Due to this no filmshathe desired composition were grown.

For this Ga incorporation test, due to the pooultesno solar cells were prepared.
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Figure 4-5: Total reflectance for the CIGS films gpwn with a CuGa sputtering target.
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4.2 CZTSe

4.2.1 CuyZnSnSe, by selenization of precursors

When the author decided to grow CZTSe films litHermodynamic data about the
growth of CZTSe could be found in the literatune.dddition the few research papers
published at that time addressed several diffegemvth conditions, namely temperature
and pressure, without a systematic approach. Toveret was necessary to study at which
temperature and pressure CZTSe could be grownadldet this issue, the first method
tried was the selenization of metallic precursors.

In one of the few papers studying the growth of G&TFriedimeier et al. [127], it
was reported that the growth of this compound bgpevation was done with poor
adhesion to the substrate and with an open steif28; 127]. Considering these problems
the initial idea was to prepare the CZTSe filmsabiyvo-step method, where the first step
was the preparation of metallic precursors, folldviy a second step which consisted of
the selenization of the precursors to, consecytiierm the CZTSe. There was already
some work done about CZTS regarding the qualitpretursors that indicated that there
was a strong influence of the precursors’ morphpioghe CZTS final film quality [128].
Having this in mind it was decided to deposit thecprsors by DC magnetron sputtering.
Films deposited by sputtering usually are compadtuniform, thus it was hoped to obtain

compact precursor films.

4.2.1.1Preparation of precursors

The successful growth of CZTSe required reprodecdeposition of precursors
with controlled composition. The desired compositieas Cu-poor, with [Cu]/([Sn]+[Zn])
~ 0.9 and Zn-rich with [Zn]/[Sn] ~1.2 which was thame composition for what Katagiri
et al. has the best solar cells [81]. Assuming bulss densities and using molar mass

values for each element, initial thicknesses offilhes were estimated and later deposited.
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The first problem encountered was the depositioZrof The deposition of this
material proved to be unstable, i.e. from one samplanother, during the same round of
depositions, the thicknesses of the films could betpredicted either by the crystal
monitor or by deposition time. Each round of deposs had four samples deposited
sequentially. After the end of each round the vatwhamber was opened to change the
sputtering target. The exact cause of the variatM@s never identified but it was
minimized by cleaning the surface of the targeewatry round of depositions and by
minimizing the air exposure time. The likely caudehis instability was an oxidation of
the surface due to the exposure to air. Due toptoblem, the thickness of the samples
grown at each position changed slightly. This haevesould be corrected because the
deposition of Sn and Cu were reproducible and soctintrol of the final thickness was
possible.

A characterization of the precursors was required the optimization of the
composition since initially it was assumed that thass density of bulk samples is the
same as that of the films, however, this is nat tfue to roughness. The first samples were
characterized by EDS even though it was known ti@tEDS composition estimation is
only valid for samples that are flat and homogesedthis is a case where the samples
may be considered flat, but are not homogeneoudemth due to its layered structure and
therefore it is expected that the EDS measurenveiitbe flawed. However, since EDS is
an easy and fast technique to use, it was impottasee whether measurements would
have a big error due to the stacking or not. Thie & the thicknesses, Cu/(Sn+Zn), and
the composition ratio [Cu]/([Sn]+[Zn]) given by EDSf this set of precursors are
presented in Table 4-4. The thicknesses were measising a step profiler. Due to the Zn
deposition problem and the composition correctithwg, four films have different total
thicknesses. The results show that for the thidamnples, the EDS yields a higher
concentration of Cu when comparing with Sn and Zmley in fact, the ratio of the
thickness shows that there is actually less Cu wdmmparing with Sn and Zn for the
thicker films. These variations are more visiblehe double axis plot of Figure 4-6. The
figure shows evidence that EDS measurements ang ladiected by the layered structure
since the thickness ratio lowers while the EDSoraticreases with increase of the total
sample thickness.
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Table 4-4: Total thickness, ratio of the thicknesse(Cu/(Sn+Zn)) and the composition ratio given by
EDS of the first set of precursors deposited in théollowing order SLG/Mo/Zn/Sn/Cu.

Total Thickness comEgiition
Sample thickness ratio rgtio
(nm) Cu/(Sn+2zn) [Cul/(Snl+[zn))
1 810 0.37 1.2
2 955 0.37 1.4
3 1110 0.34 1.6
4 1165 0.35 1.7
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Figure 4-6: Variation of the thickness ratio Cu/(SAZn) and EDS ratio [Cu)/([Sn]+[Zn]) as
function of the total thickness for four precursors

Simulations using the Casino software [129] shotted most of the energy of the
incident electrons is absorbed in the Cu layerFilgure 4-7 it is represented the cross
section of an energy absorption iso-energetic nmgpfor a 25 keV beam of electrons in a
structure similar to the one of sample 4 in Tablé. 4nside the yellow line, which is
enclosed by the Cu layer, 50% of the energy ofitblent beam is absorbed, and that is
why the Cu composition appears to be larger indilmhere the Cu top layer is thicker. As
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a result, it is not possible to estimate the eledalezomposition of the precursors for this
layered structure using EDS.

Cu 300.00 nm

1312.1 nm

5.0% 1749.4 nm
10.0%%

26.0%
50.0%
75.0%
90.0%

Mo 2165 am3 g pm SB1T Mo _ A00mm 6617nm_ _ _ __ __ ___ 13333 nm_ __ __

Figure 4-7: Cross section of an iso-energetic mapq for an incident 25 keV beam of electrons
simulated using CASINO software. The simulated strature is a stacked precursor with the following
order: Mo/Zn/Sn/Cu. The iso-energetic lines represa the energy that is outside the area of the curve
For instance, for the red line, only 10% of the norabsorbed energy is outside of this line and 90% of

the observed energy is inside of this volume.

The final composition of the films could be conkedl if a calibration of the
thicknesses ratio measured by the profiler andfitred composition of the film was set.
Once this was stabilised no further measurementhefcomposition of the precursors
would be required. Another technique that can gtewnformation on the composition of
the samples was needed. For this, ICP-MS was chdseet of samples with different
thickness was prepared. In Figure 4-8 is presethiedatio [Cu]/([Sn]+[Zn]), determined
by ICP-MS, versus the thickness ratio, Cu/(Sn+Zi)e plot shows that there is a
correlation between the thickness ratio and thepomition ratio. It is then possible to
control the elemental concentration ratio using tiiekness ratio. Samples that have a
thickness ratio, Cu/(Sn+Zn), between 0.21 and Ol2&e a compositional ratio,
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[Cu)/([Sn]+[Zn]), between 0.85 and 0.95 and therefthe mean value, 0.22, was the
aimed value. Furthermore, the same thing was don2rf and Sn but since the roughness
of these layers is greater than the Cu one, theregieater errors when measuring the
thickness of these layers and the correlation betvibe thicknesses and the composition
Is to some extent lower. Regardless of this, therobof the elemental composition using

thicknesses is still possible.
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Figure 4-8: Composition ratio, [Cu]/([Sn]+[Zn]), edimated by ICP-MS versus the thickness

ratio, Cu/(Sn+Zn). The points between the dashedres, have the desired composition.

4.2.1.1.1 Order of the precursors

For the CZTSe studies no optimization of the omlethe precursor stacking has
been done, however, this has been done for CZT8§ parallel work. Two different
stacking orders have been studied; Mo/Zn/Cu/SnMotZn/Sn/Cu [VI]. In practice, the
Zn deposition shows some instability and in liglittliis situation to have the desired
precursors' composition, it was decided to alwagsehthe Zn next to Mo. This way the
composition could be corrected by varying the theds of Sn and Cu according to the Zn
variation. Furthermore, since Zn is the most vtdaif the three elements, it is convenient
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to have it at the bottom of the stack to minimize lloss during sulphurization or
selenization. Since the sulphurization method, iadpin this study, is similar to the
selenization process and there are similaritiewdx®n CZTSe and CZTS, it was followed
the same stacking order that the study suggestbd the best one, Mo/Zn/Sn/Cu. It must
be pointed out that this latter order, when comgbaviéh the order Mo/Zn/Cu/Sn showed
that the Cu layer at the top could lower the lossfesoth Zn and Sn during the heating
process. It was also pointed out [lll] that the &oms were the first to diffuse in the
layers, which is a typical case of the Kirkenddieet [130]. In this situation, having the
Cu at the bottom could increase the roughnesseotséimples because it has the tendency
to diffuse into the other layers.

4.2.1.1.2 Properties of the precursors

The average roughness values of the resulting fdeposited by DC magnetron
sputtering are presented in Table 4-5. These seshtw that Zn and Cu are quite smooth,
with values of average roughness between 10 antd@r Zn and between 1 to 10 nm

for Cu. Sn is quite rough with values varying frdthto 100 nm.

Table 4-5: Roughness of metallic layers deposited/ lDC magnetron sputtering on SLG.

Compound Average roughness
(nm)
Zn 10-40
Sn 40-100
Cu 1-10

In Figure 4-9 a) and b), the SEM micrograph ofgh&ace of a Zn layer grown on
SLG is shown. The Zn layer shows a smooth, compadace with grains smaller than
100 nm. Figure 4-9 c) and d) show the surface $hdayer grown on SLG and a rough
surface is present. Large crystallites are visitiley can be as big asp@n. For the Cu
layer no images are shown because the SEM’s remoligt not big enough to reveal any
features in the surface. In Figure 4-9 e) andh®, surface of a precursor with the order
SLG/Mo/Zn/Sn/Cu is shown. The similarities betwélea Sn layer and the final precursor

are evident which proves that the morphology o$¢herecursors is rough due to the rough
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Sn film. These SEM micrographs are in accordandé wie results of the roughness
measured using the profiler. Both methods showttietn layer is the one roughest one.

Figure 4-9: SEM micrographs of the surface of the gecursors. a) and b) Zn on glass. ¢) and d)

Sn on glass. e) and f) precursors with the stackingo/Zn/Sn/Cu.
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Several tests have been conducted in order tmthywer the roughness of the Sn
layer, namely by varying the deposition pressuré e substrate-to-target distance, but
no gains were obtained with these variations. éndase of the pressure, several samples
were deposited at 1 x Fambar, 2 x 16 mbar, 6 x 10 mbar, 8 x 1§ mbar and 10 x Id
mbar. The standard deposition was made at 2 ribar and was the one with the lowest
roughness. A possible way to lower the roughnesdduvoe to deposit the layer using RF-
sputtering instead of DC-sputtering. Since forshee power the sputtered atoms with RF
are ejected with lower energy than with DC, itilely that the roughness of the layer
decreases. During this work, depositions of Sn BysButtering were tested and confirmed
to have a lower roughness, however an extra RFEEsauas not available to be installed.

The XRD diffractogram of a precursor is shown igufe 4-10, and the following
phases are present. hexagonal-Zn, tetragonal-3nc-Qu, bronze CipeSrs and brass
CusZns. Cu atoms are sputtered with enough energy ta nedlc Sn and Zn and form
bronze and brass. No phases of Zn and Sn are pre&sdhese do not react during the

deposition of the precursors.
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Figure 4-10: XRD diffractogram of a precursor with the following order SLG/Mo/Zn/Sn/Cu.

The analysis confirms the presence of the followinghases: Zn, Sn, Cu, bronze and brass.
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4.2.1.2Precursors’ selenization temperature profile

The goal of this initial study was to establish thBuence of the temperature of
selenization on the properties of the films. By pemature of selenization we mean
substrate temperature. The final objective of ttisdy was to establish the minimal
temperature for which single phased CZTSe can bermgr

The precursors were prepared as described befateinamhe following order:
SLG/Mo/Cu/zZn/Sn. They were Cu-poor and slightly &gk with similar thicknesses
among them. This test was done before knowingrifieence of the precursors’ order and
that is why the order is different than the othetesizations. In this initial test, 5
precursors were prepared. The heat treatment wasedtby raising the substrate
temperature from room temperature to 150 °C and helthat temperature for 30 min.
After this step, the temperature of the Se sourge naised to 255 °C, and held there for 30
min. Finally, the substrate temperature was ratseithe final value and again held there
for 30 min. This heating profile is represented~igure 4-11, in this case, the maximum

temperature was 375 °C, and afterwards the sangdecaoled down naturally.
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Figure 4-11: Temperature profiles for the selenizabn process.
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The profile was chosen in order to first deposip8t the layers and then, with the
last temperature increase, form the CZTSe. Elerh@ntand SnSe have low temperature
values for a vapour pressure of“l@bar, see Table 4-6, and therefore it is likelp¢our
some losses at high temperatures. This is in agmneemith previous works [28]. From
those two materials, Zn is the most critical ond #rerefore the profile described before
was chosen to minimize Zn losses by selenizatiotheflayers before the last substrate
temperature increase. For the maximum substrateebeture it was used: 200 °C, 255 °C,
300 °C, 350 °C and 400 °C. The samples were nartedtheir maximum temperature:
Se200; Se255, Se 300; Se350 and Se400. All thelsamvpre grown at a pressure of 5 x
10° mbar.

Table 4-6: Temperature for 10 mbar of vapour pressure [131].

Element | Temperature (°C)
Zn 250
Sn 997
ZnSe 660
SnSe 400

SEM images for samples Se255, Se300, Se350 and Sed@lisplayed in Figure
4-12. With the temperature increase, it seemsth®afilms are more crystalline and more
compact. In the sample Se255, Figure 4-12 a), therasome visible voids. The number of
voids tends to decrease with increasing temperasiwell as its apparent depth. In sample
Se400 almost no dark areas are visible which m#aatsthere are few voids and if any
they are not as deep as in sample Se255.

By analyzing the films’ composition and elementaiosg Table 4-7 and Table 4-8,
it is perceptible that the quantity of Se in then§ilincreases with temperature. But with the
temperature increase there are also Sn and Znslo$bese losses are reflected in the
increase of the ratio [Cu]/([Zn]+[Sn]). The selatipn at low temperatures is preventing
the losses of Zn since [Zn]/[Sn] increases, thimmsethat Sn losses are greater than Zn
losses. The losses of Sn at 400 °C are in agreewitdntresults reported by others [28,
127]. It is evident that following this procedure even higher temperatures and at this
pressure will not produce CZTSe due to the lossesth Sn and Zn [IV].
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Table 4-7: Composition of the films for samples S€&®; Se255; Se300; Se350 and Se400.

Cu (%) | Zn (%) | Sn (%) Se (%)
Se200 42 21 24 13
Se255 39 26 19 16
Se300 35 25 17 23
Se350 32 18 12 38
Se400 31 14 9 45

25.08kV X15.86K

Figure 4-12: SEM surface micrograph of samples: a$e255; b) Se300; c) Se350 and d) Se400.

Table 4-8: Ratios of the element concentrations anthicknesses for samples Se200; Se255; Se300;
Se350 and Se400.

[Cul/([zn] +[Sn]) | [zn] /[Sn] | [Sel/[metal] Thz‘;':;‘)ess
Se 200 0.9 0.9 0.15 0.9
Se 255 0.9 13 0.20 1.0
Se 300 0.8 15 0.30 1.0
Se 350 11 14 0.61 15
Se 400 15 2.2 0.82 16

In Figure 4-13, the XRD diffractograms of the saesplre presented. For the
samples grown at the lower temperature, traces@if and Sn compound, €Sns, are
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found in the XRD analysis with peaks at 30.14° ahd2.89° [100], the same phase was
present in the precursors. The amount of this camg@dends to diminish with increasing
selenization temperature. Moreover, the metalliglsi layers present in the precursors,
Cu, Zn and Sn are not found in any of the filmsameg that even for low temperatures,
diffusion of the atoms already occurs. For sampke255, Se300 and Se350, the compound
CwZn was detected in the XRD analysis with peaks7a6®’, 41.93° and 43.27° [100].
According to the XRD data, GBe appears to be present in all samples with patks
26.90° and 44.69°. However, the intensity of thpeeks is relatively small compared to
the peaks of other compounds; this may indicatetltee is only a small amount of 3¢

in the films. It is also quite clear from Figure &-that the relative intensity of those peaks
tends to decrease with increasing temperature. fohmation of Cu-Sn and Cu-Zn
compounds proves the theory that Kirkendall ditfmsoccurs under these circumstances
as was also seen in the context of CZTS developrsemte Cu is so mobile, placing it in
other position rather than on top could lower tilrad” adhesion. In all the films, the XRD
showed the Mo peaks. At the temperature of 400h#Zetare two XRD peaks at 30.66°
and at 32.11° that could not be identified.

Regarding the detection of CZTSe/ZnSe, the onlibhasdifference in XRD is a
double peak of CZTSe at 53.39°, planes (3 1 2),581d45° planes (1 1 6) while in cubic
ZnSe there is only a peak at 53.56° which corredpda the planes (3 1 1) [100]. Using
this double peak difference, it is possible to tdgrCZTSe in samples Se350 and Se400.
Having identified CZTSe one cannot say anythinguabloe presence of ZnSe by looking
only at the XRD data. Raman scattering analysisyelver, shows the presence of ZnSe
with a peak at 252 cthand at 202 cit for samples Se200, Se255 and Se300 [132], see
Figure 4-14. For samples Se350 and Se400 no ewdaiZnSe were found. However, in
both samples, the three peaks of CZTSe identifiedltosaar et al. were found: 173 ¢
197 cm?, and 231 cnt [80]. With these two analyses, it is possible ay that samples
Se350 and Se400 contain CZTSe and do not contée.Afor samples Se200, Se255 and
Se300 one can say that ZnSe is present, but canatany conclusion about a residual
presence of CZTSe because Raman detects a brdadtpk27 cm'. In the sample Se400,
there are two XRD peaks that were not associatéd any phase. It may be possible that
these peaks are from elemental Se but since ne phdsnatch both peaks, it is difficult to

say from which phase they come from exactly.

Ph.D. thesis presented to the University of Avéyd®.M.P. Salomé 59



4.2 - CZTSe

53.50
a— CZTSe/ZnSe 53.35

b Cu,Se
71 ¢—nCuZn

d- Cue.zesns Se400

i Mo Se350

a ™
¢ cc baw Se300
? 1

53.1 \ q 540

Se400

W
&NWMAWWMWMMMMMM/ Mﬁ\Mw Se350
I

itm@t
i

\““w 56300
i mwwmjkﬁwwwmwwmmww Se255
| Se200

I; ' | ' | ' : : ' | ' |

20 25 30 35 40 45 50 55

Difraction angle (26°)

Figure 4-13: XRD diffractogram of samples Se200, 285, Se300, Se350 and Se400. The inset
at the top right corner shows the presence of theadible peak of CZTSe observed in samples Se350 and
Se400.

In Figure 4-14, it is also visible a small pealk&8 cm™ assigned to G$e [105] in
samples Se200, Se255 and Se300, confirming, thaseten at low temperatures, some
Se is reaching the Cu layer and forming,&a1 Differences in the information obtained
from XRD and the Raman scattering may be associaittddifferent points and area of
analysis.

In Table 4-8, it is presented the films' thicknes3dg increase of thickness with
the temperature even with less material might besicdered a paradox but can be
attributed to the CZTSe formation with a correspogaxpansion of the film. It is known
that this material has a smaller density, 5.698§[68], than the metallic precursors. The
thickness values are the highest ones in the fimas ére believed to contain CZTSe,
namely Se350 and Se400.
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Figure 4-14: Raman scattering spectra of samples 3@0; Se255; Se300; Se350 and Se400.

It is important to point out that when using thi®wth method, all films grown
directly on soda lime glass (SLG) peeled off.

To conclude this study, it was shown that at temjpees as low as 350 °C CZTSe
is already formed. However at this working presstueze are losses of elemental Zn and
SnSe by evaporation. Also, it seems that evervatdmperatures there is the formation of
binary compounds of Cu with Se, Sn and Zn. Zn seenisrm compounds with Cu and
with Se but not with Sn until the temperature remcB50 °C and CZTSe is formed. The
results show that the best temperature to prep@ESE films, in these conditions, is
between 350 °C and 400 °C. After this initial tastwas important to see whether the
conditions were reproducible and capable of growingle phase CZTSe thin films.

Knowing the quantity of Zn and Sn that is evapatataring the growth of CZTSe
it is possible to deposit the precursors with efoagtra material to compensate for the
losses. An intermediate temperature of 375 °C vilsen because the CZTSe presence
was confirmed in Raman scattering spectra for 80t this temperature the spectra had
a low signal to noise ratio showing the best restithe series regarding the presence of
CZTSe, whereas the XRD diffractogram was betteittierone grown at 400 °C, because

the CZTSe double peaks at 53 ° were more visible.
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The final elemental composition desired is the oemorted for the best cells by
Katagiri et al. and Todorov et al. [81, 94] of [G{Zn]+[Sn]) ~ 0.8 — 0.9 and [Zn]/[Sn] ~
1.1 — 1.3. Bearing in mind the losses for both terajures, a precursor with
[Cu)/([Zn]+[Sn]) = 0.5 and [Zn]/[Sn] = 1 was pregal. Both values were estimated
considering that the Sn evaporation losses ardayrea temperatures closer to 400 °C due
its vapour pressure and the previous results. &tie [Zn]/[Sn] is expected to have a value
higher than 1 because in the temperature test,Stmelosses were greater for all
temperatures with the exception of the lowest dies precursor was selenized with the
same temperature profile described before, witblengzation temperature of 375 °C and
at 10° mbar.

The SEM surface micrograph of the CZTSe is showRigure 4-15. It shows an
open structure with relatively big voids betweelystallites. This situation has been
addressed previously and is probably due to therlafySn prepared by DC sputtering that
Is quite rough. This morphology with voids is nonsistent with the closed one seen in the
last study. There were changes from the last stondynly the composition and therefore
this difference can be explained by the fact tmathis case more losses could occur
worsening the morphology. The SEM surface charaetigon of the precursors and the
resulting CZTSe films points to a certain corr@atbetween the two morphologies. There
is a striking resemblance between Sn crystallitesilution in the precursors’ surface, as
shown in section 4.2.1.1.2, and the open struatitee CZTSe films.

235.08kV X135.8K 2.8060rm

Figure 4-15: SEM micrograph of the surface of the @TSe film prepared with Cu-poor

precursors.
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Table 4-9 shows the composition of the film befarel after selenization. Before
selenization the film shows the desired compositiiter selenization the films were Cu
rich with the ratio [Cu]/([Zn]+[Sn]) being higheh&n 1, Sn rich with the ratio [Zn]/[Sn]
0.9 and the selenization of the layers is inconeplgiven that [others]/[Se] is slightly
higher than 1. It seems that under the same condithe film lost more Zn than Sn seeing
that prior to selenization [Zn]/[Sn] was 1.0 anteaiards 0.9. At the same time there were
simultaneous losses of Zn and Sn as demonstratedthey fact that the ratio
[Cu)/([Zn]+[Sn]) started with a value of 0.5 and nteup to 1.1. It is likely that the
evaporation losses are not the same from sampsartgple inspite of having the same
composition. This is because of the different thesses the precursors have which results
from the lack of reproducibility of the Zn depositi Since the thicknesses of the films are
different detailed studies would be needed to wstdad how the composition and the
thickness of the precursors influence the loss @isms of Zn and Sn. This issue is out
of the scope of this work and therefore no furgpewth studies were conducted.

Table 4-9: Elemental composition of the Cu-poor preursors and its resulting selenized films.

Elemental Before Selenization Af'ger .
compositional ratios (ICP —MS) Selenization
(EDS)
[Cul/([Zn]+[SN]) 0.5 1.1
[Cu]/[Zn] 1.1 24
[Cu)/[Sn] 1.1 2.2
[Zn]/[Sn] 1.0 0.9
[Others]/[Se] - 1.1

The film was analyzed using GI-XRD with the followj incidence angles: 0.3 ©,
0.59, 0.7 9,1° and 2 °. The results are shownguar€ 4-16. On one hand, with the increase
in the incident angle the presence of the Mo pea&snore evident, as expected, meaning
that the analysis is being done deeper in the santph the other hand for the lower
angles, 0.3 ° and 0.5 °, the Mo peaks are notleigihich means that the analysis is being
done closer to the surface. CuSe can be ident#te?i °, 1 © and 0.7 °, even though the
peaks are weak and close to the CZTSe main peakydahks at 30.36 © and 31.00 ° are
very distinct. For the incidence angles of 0.3 8 &®b ° the peaks of CuSe are barely
identifiable, which could mean that the phase tspnesent near the surface, however since

the signal to noise ratio is low a definitive cargibn is not possible. There is no evidence
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of other phases other than CZTSe and CuSe. Noreadef any metallic layers is seen,

therefore it can be concluded that the selenizatfdhe precursors was complete.
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Figure 4-16: Grazing-Incidence XRD diffraction patterns for the CZTSe film.

The XRD pattern of the resulting film using nornradidence is presented in Figure
4-17. A much better signal to noise ratio is ol#dimnd a finer analysis is possible. The
CZTSe presence is confirmed by several peaks. ffaegspeak at 27.14 ° corresponds to
the plane (1 1 2). This peak is quite stronger tth@Mo one and has a full width at half
maximum of 0.14° which indicates that the sample &agood cristallinity. Planes (2 2
0)/(204) and (31 2)/(1 1 6) are also quite sirddther planes are present: (10 1), (4 0 0),
(4 2 4)/(2 2 8). Traces of CuSe were present witlery small shoulder in the peak (2 2
0)/(2 0 4) of CZTSe at 45.91°, plane (1 1 0) folSEuand two small peaks at 30.36° and
31.00°, planes (1 0 3) and (0 0 6), respectivebgdrding the detection of €anSg and
ZnSe in the top inset there is what seems to lbeietgre of three peaks. Those peaks may
be the CZTSe peaks at 53.39° (3 1 2), 53.53° (1 &r&CypSnSeg at 53.41° (3 1 1) or even
ZnSe at 53.57° (3 1 5). In the region between 82utd 83.6 ° it is even more complicated
to analyze the differences. A detailed look at tegion, shown in the bottom inset, shows
the presence of three peaks at 83.12 ©, 83.32 8248 °. The first two peaks, 83.13 ° and
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83.32 ° can be attributed to the CZTSe’s (4 2 /@) planes and CZTSe (4 0 6) plane,
while the peak at 83.45° could be from ZnSe (4 .2Beix these differences are hard to
evaluate due to the small number of points of tleasarement and because there may be
some small shifts of the peaks due to stress.

The lattice constanta andc of the tetragonal unit cell were estimated and the
values found were 5.683 A and 11.342 A, respegtivEhese are in accordance with
published data [100] and/2a takes the value of 0.998. This value is close twhich
means that the cell maintains its tetragonality endot distorted. The crystallite sizes
were estimated using Scherrer’s equation and a@&w#l@11.7 nm was obtained. Analysing
the SEM surface image it can be seen that the gabeerved appear to be larger than the
value obtained with Scherrer's equation. Howevee anust keep in mind that the
estimated value is an average of the crystallite shtnd what is visible may be
agglomerates of crystallites and not single crgstahe width of the diffraction peaks may
also be influenced by stress states which couldentiaik approach invalid. To resolve this,

Ritveld or Le bail refinements would be necessary.
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Figure 4-17: XRD diffractogram with the identification of CZTSe phase. The insets are zooms

of the double peaks of CZTSe. The colours are onbuides to the eye.
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Raman scattering analysis confirmed the presen€ZdSe with peaks at 174 ¢m
1195 cm*and 232 crit, see Figure 4-18. Some regions of the samplepatsented small
traces of Cp,Se phases as had already been hinted by the XRD Tas film revealed a
value of [Zn]/[Sn] slightly smaller than one, whiateans that there is an excess of Sn, but
even in these circumstances no significant trat&3T&e were found. The strongest peak
of CTSe should be seen in the region of 180" chut with the broadening of the CZTSe
peaks at 195 and 172 &nit is unclear whether the CTSe peak is hiddersarot there at
all. XRD suggested that ZnSe could be present, Rarman scattering discarded that
possibility.
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Figure 4-18: Raman scattering analyses for two diffrent points of the same sample.

The growth of CZTSe on SLG glass was tested, baitatthesion of the samples
was very poor. Some films peeled-off during thewghg while others presented a visibly
non-uniform surface. Samples on Mo showed a batteesion and uniformity. Since the
growth of samples on SLG proved not to be posasiklag this method, only samples on
Mo were available. This is a problem if one wamtsestimate the band gap energy from

the absorption coefficient since this is normallgicalated from transmittance and
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reflectance measurements. From films grown on Masitnot possible to measure
transmittance therefore only reflectance is avélab

The diffuse reflectance measurements were usedtimate the absorbance, the
result can be seen in Figure 4-19. Since the stébe curve is not sharp, the band gap
energy estimation is difficult. Different slopesnche fitted and values ranging from 1.13
eV (1130 nm) to 1.42 eV (900 nm) can be obtaineehde this method proves not to be

accurate enough to be used.
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Figure 4-19: Absorvance calculated from the diffuseeflectance.

The results demonstrate that it is possible toeahCZTSe films with composition
close to stoichiometry and the kesterite/stannitacture starting with DC magnetron
sputtered Cu-poor stacked elemental precursors iBha positive result given that this
approach is suitable for large scale depositionthstbased in losses of material which are
not desired in real life applications. In the negttion, the study of the influence of the

pressure in the selenization of the precursorsied
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4.2.1.3Pressure influence on the selenization of precurssr

To study the influence of the pressure on the ptegseof the CZTSe films [V, V1],
the precursors were prepared with the followingeo8LG/Mo/Zn/Sn/Cu. The thicknesses
of the layers were: Zn — 380 nm, Sn — 460 nm and-C2B0 nm. According to the
estimations needed for the thickness of the precsir¢his should give Cu-rich and Sn-rich
films. This set of precursors was selenized at 3Z5with the temperature of the Se
evaporator at 255 °C and at different pressures.

In Table 4-10 the values of the EDS measuremestprasented. In the case of the
Sn losses, the ratio of [Cu]/[Sn] varies betweeh &)d 5.3 with no apparent correlation
with pressure. This points out to losses of Srafbthe studied pressures. For Zn [Cu]/[Zn]
decreases with increasing pressure which indictias the Zn losses are reduced. For
[Cu)/([Zn]+[Sn]) the same pattern is observed amd ts mainly due to the Zn losses. At
10* mbar, all the ratios exhibit a singular behavisimce they do not follow the trends in
the other pressures and there are more Zn losskdeas Sn losses. This fact is not
understood. The selenization of the layers is redweith the increase of the pressure, this
is seen by the increase of the ratio [others]/[Sdjis fact shows that if pressure is
increased any further to prevent the losses oflfenselenization will be harder. Therefore,
at high pressures this temperature is too lowlawathe diffusion of Se.

Table 4-10: Elemental composition of films selenizkeat different pressures at 375 °C.

Fzrrﬁgz‘r‘)re [Cul(Znl+[Sn]) |[Culizn] |[Cul/Sn] |[zn}/[Sn] |[Others]/[Se]
10° 2.3 4.2 5.3 1.3 1.1
10* 2.0 5.0 3.4 0.7 1.3
10° 1.7 2.5 4.8 2.0 1.6
10? 1.6 2.4 4.6 1.9 1.7

These conclusions suggest that in the pressure rmom 10° mbar to 16 mbar,
heavy losses of Sn occur and there is a deficienttye selenization.

A new set of samples was selenized in the presange from 18 mbar to 1 mbar.
The samples selenized at pressures lower than 1 mallaa substrate temperature of 500
°C, while at 1 mbar were selenized at a substesgpérature of 520 °C. This time, Se was

evaporated at 345 °C. During the cooling down phtiee Se source was turned off only
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when the substrate temperature reached 270 °C wlsislone to prevent Se losses by re-
evaporation from the film.

For this test, the precursors were selected nairdiw to thickness, but according
to the composition measured by ICP-MS for a grezdetrol. Five similar precursors were
selected and the elemental ratios were the follgwin[Zn]/[Sn]=1.1 and
[Cu)/([Zn]+[Sn])=0.9. There were some changes ia thickness from film to film but
these were small. The resulting films’ compositwas measured using EDS and the
results are shown in Table 4-11. For the first feaimples, selenized at low pressures, it is
clear that there are significant losses of Sn amdAgsuming that there are no losses of Cu
in the film, one can compare these losses by laplah the ratios of [Cu]/[Zn] and
[Cu)/[Sn]. The value of [Cu]/[Zn] seems to be approately constant for the three lowest
pressures, changing only from 4.4 to 4.7. Howeaet,0> mbar that value lowers which
indicates that the rise in pressure is preventisperation of Zn. At 18 mbar, this ratio is
lower than 2, which indicates no losses of thisemak For the Sn losses, in the four
lowest pressures the value of [Cu]/[Sn] varies withapparent relation with pressure as
seen in the previous study. This is probably duentasurement uncertainties since in
those cases the amount of Sn was so little that BB not have had enough resolution.
However at 18 mbar, [Cu]/[Sn] takes a value close to 2 which nsethat the loss of Sn
by evaporation of SnSe was drastically reducedhWitle losses of Sn and Zn at 40
mbar, it is clear why the [Cu]/([Zn]+[Sn]) value is. Despite the improvement in
controlling the losses of Sn and Zn, the valuedi[Se], is still 1.4 which indicates that
the film is not fully selenized since this valueosld be close to 1. To overcome this
problem the substrate temperature was increased 30 °C to 520 °C what would allow
more Se to diffuse to the film. To prevent an iasein the losses due to the temperature
rise, the pressure was also increased to 1 mbar.

The film grown at 1 mbar and 520 °C had an elenmh@at@position very close to
stoichiometry as shown in Table 4-11: [Cu]/([Zn]n]$-0.9, others/[Se]=1 and
[Zn]/[Sn]=0.9. After this film, several other wegegown using the same conditions. Those
were the best CZTSe films grown during this workd ats properties are analysed in

section 4.2.3.
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Table 4-11: Elemental composition ratios of the CZ$e films grown at different pressures, from 18

mbar to 1 mbar.

Pressure Substrate
(mbar) temperature | [Cu)/([Zn]+[Sn]) | [Cu]/[Zn] [[Cu)/[Sn] |[Zn])/[Sn] |[Others]/[Se]
(°C)
10° 500 35 4.4 17.5 3.9 1.5
10* 500 2.9 4.7 7.7 1.6 1.4
10° 500 3.3 4.4 13.7 3.1 1.4
102 500 2.7 3 21.2 6.9 1.6
10* 500 1.0 1.8 2.1 1.2 1.4
1 520 0.9 1.9 1.7 0.9 1

4.2.2 Growth of CZTSe using the hybrid method

In the temperature test, section 4.2.1.2, the nahit@emperature at which CZTSe
was formed was established and so the hybrid methaties are taking this information
into consideration.

In the hybrid method, as described previously,ghgra combination of sputtering
and evaporation. The sputtered materials were Gili &n while Zn and Se were
evaporated. Zn and Se were chosen to be evapobatealise of their high vapour
pressures at relatively low temperatures. It isallg@argued that using sputtering instead of
evaporation leads to lower energy consumptionshé growth process when compared
with the sole use of evaporation for all elemerit83]. In this method, where Se is
evaporated in excess, it is assumed that onlyekded Se is captured and the excess is re-
evaporated. This is something that occurs bothi®SJ134] and CZTS [128].

As mentioned before, one of the advantages of usieghybrid method when
growing CIGS, was the ability to control in reahg the final composition of the films.
Due to the change in the films emissivity, whenspas from Cu-rich to Cu-poor films
during the growth, there is a change in the amaofdifiteat that is needed to maintain the
sample at a certain temperature. By monitoring \theation in the temperature of the
sample or the power needed to sustain the sameetatape, it is then possible to predict
the Cu-state of the film. This change of emissiv@yusually assigned to the change of
electrical conductivity of CIGS films from n-type tp-type which occurs when Cu
vacancies are introduced [43]. This method is Wgualled the end point detection, EPD.

In the case of CZTSe there are no evidences ofrdmsition in the literature and since the
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EPD is quite useful, it is important to verify pigesence or not. Since there may be other
phases creating this signal before growing the GZiSs important to grow Cu-Sn-Se

phases to see if there is any EPD.

4.2.2.1Preparation of Cu-Sn-Se compounds using the hybrithethod

For the hybrid growth of ternary phases, a 3-stewvth process was established. A
phase likely to be present is £8mSeg (CTSe). Table 4-12 shows the substrate temperature
temperature of the Se evaporator, the duration varat material was being sputtered for
each step. Step 1 consisted of deposition of aldlygr of Sn, the purpose of this layer was
to prevent the selenization of the Mo. Then, ip 2ethe Se evaporator was ramped up to
255 °C during 15 minutes and at the same time Ca spaittered. This step lasted 30
minutes. Finally Sn was sputtered again with theation of 40 minutes. The working
pressure was 4.2 x Tanbar. Several tests were done with different dematfor the final
step and in none of them an end point signal waecthsl.

Table 4-12: Description of the 3-step growth of CT&

Temperature of the | Substrate RF .
magnetron Time
Step Se evaporator | temperature .
o o sputtered (min.)
) ©C) :
material
1 100 200 Sn 5
2 ramp to 255 (15min 350 Cu 30
3 255 350 Sn 40

The absence of an EPD signal meant that the regpitutity of CTSe growth
process was low since no detection of the stoichtoyrpoint is achieved. From this point
on, the depositions were controlled using time. réhevere many variations in the
composition of the different samples grown. Thissvpartly due to the variations in the
sputtering rates of Cu and Sn that were identiied mainly due to the likely Sn losses
during the last stage. The variation of the rates wlue to the impedance matching
capacitance differences there were in the RF sowoce deposition to deposition since

this was done manually.
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The best CTSe samples were analysed in terms opasition, morphology,
structure and some electrical measurements. Fg2@ shows a SEM micrograph of the
surface of a CTSe film, it shows grains with siazesund 200 nm and some voids. The
composition of this film was measured using EDS tedelemental ratios were [Cu]/[Sn]
= 2.5 and [others]/[Se] = 1.0.

" L ! (‘) _—
Q B P y

SU_70 25.0kV 15.0mm x20.0k SE(M) 2.00um

Figure 4-20: SEM surface micrograph of the best CT& film prepared using the hybrid
method.

In Figure 4-21, the XRD diffractogram of one of tG&Se samples is shown. The
figure illustrates three different phases pres€utbic CTSe has been identified with the
following planes, (1 1 1) at 27.15°, (2 2 0) atO¥=°, (3 1 1) at 53.41°, (4 0 0) at 65.64° (4
22),(331)at72.41° and (1 1 3) at 83.19 PicCwSe was found with a strong peak at
44.61 ° which corresponds to planes (2 2 0) ancktisea shoulder at the peak (1 1 1) of
CTSe at 26.88° that corresponds to planes (1 1 CQusse. The Mo reflections are seen as
well. Since these phases are hard to distinguisfRDB, Raman scattering was performed
and it confirmed the presence of CTSe becauseallgeak centred at 180 ¢ris present,
see Figure 4-22. The Raman scattering peaks belprigiCTSe, 180 cthand 236 cni
were also seen by other groups [80]. For the sdepbint Raman analysis did not show
the presence of GySe, which means that there are regions of the samipére Cpl,Se is
not present. There were other locations wherg, 8@ phases were identified. If single
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phased films would be required for further studitb®se could be prepared by a KCN
etching to remove the GySe phases [119]. The presence of these phasepl@ned by
the excess of Cu in the films, which was seen leyrdtio of [Cu]/[Sn] = 2.5 which is
greater than 2, the expected value for single phiase of Cu,SnSe.

Regarding electrical properties, the type of comgiitg was determined using hot

point probe and the measured samples were p-type.

Intensity (arb. units)

f
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Diffraction angle (26 ©)

Figure 4-21: XRD diffractogram of a CTSe sample grasn with the hybrid system, over Mo.

The presence of Mo, cubic CTSe and cubic G8e is confirmed.

236

Raman intensity (arb. units)
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Figure 4-22: Raman scattering spectra of a CTSe saite. This analysis confirms the presence
of CTSe with peaks at 180 ciand 236 cnf.
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4.2.2.2CZTSe growth using the hybrid system

For the growth of CZTSe, the same 3-step approadbrahe CTSe was followed.
The temperature study presented in section 4.8Ho®%/ed that the growth of single phase
CZTSe films was only possible for substrate temijpees higher than 350 °C. In this range
of pressure and temperature, it is likely that sdosses of Sn occur. In the last step, Sn
was sputtered and Zn was evaporated.

The detailed steps are presented in Table 4-13 aan@éxample of the power
monitoring graph is shown in Figure 4-23. The badea was to make a Cu-rich to Cu-
poor transition identical to the one observed iG8E] The first stepg, was the deposition
of a thin Sn layer. This was done in order to pn¢\&edirect selenization of the Mo layer.
The next step was the deposition of a layer of @d its selenization, stepto e. It is
worth noticing that the Se evaporator is rampedauthe beginning of this step, which
means that the Se evaporator only reaches the maxitamperature after 15 minutes
while the whole step lasts 30 minutes. At painthere is a transition which is possibly the
point where this layer is selenized. Pomthere was a power correction made by the
proportional-integral—derivative (PID) controll@lso called a power overshoot. The last
step is the formation of a Cu-poor film by sputtgriSn and evaporating Zn and Se, fiom
to g. Se is evaporated in excess as mentioned befbiiks the deposition rates of Sn and
Zn were to be identical. No variation in the powanal was detected and therefore, no
EPD signal was observed. Several samples withrdiftetimes for step 3 were grown and
the EPD signal was never seen. This probably mewtsn CZTSe, the Cu-rich to Cu-
poor transition does not originate any significeahange in the emissivity of the film and
therefore an EPD signal is not visible. This braugjgnificant difficulties to the growth of
CZTSe films in a reproducible way since there waargation in the deposition rates of the

different materials and there was no means of tiatgthe stoichiometric point.
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Power (arb. units)

Time (minutes

Figure 4-23: Time evolution of the power applied tadhe substrate’s heater during the growth
of the CZTSe thin films.

Table 4-13: Description of the 3-step growth of CZ%e. The step letters correspond to the points in

Figure 4-23.
Substrate Material | Temperature
Duration | Temperature of the being of Zn
Step . temperature
(min) | Se evaporator (° C) ©C) sputtered | evaporator
(target) O
a 5 100 200 Sn 100
b-e 30 ramp to 255 (15min) 350 Cu 100
: Ramp up to
f-g 45 255 350 Sn 300

Given that there was no way to know when to step &t several deposition times
were tested, the composition of those films is @nésd in Table 4-14 . With the increase
of the duration of this step, two trends in theiatawn of the composition were noticed.
Those can be observed in Figure 4-24. One is ttrease of the ratio [others]/[Se], it starts
around 1.2 and increases up to 2.8. Values closk neean that the samples are fully
selenized. For all samples there is a deficiencgefind this gets worse with the increase
of duration of the last step. It is likely thatthis temperature the Se atoms do not have
enough energy to diffuse into the sample and sedeanly a certain thickness near the
surface. Since the overall thickness of the samwplg increased and only a certain layer is
selenized, the relative amount of Se diminishedagxipg the evolution of this value. This

question will be addressed later. Another trend ¢ha be seen is the decrease of the value
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[Cu]/([Zn]+[Sn]). This is expectable, consideringat the quantity of Cu is kept constant
with a fixed deposition time in step 2. At the satn@e, no losses of Cu are predicted, and
as the last step consists of depositing Zn and &mnsequently makes the relative quantity
of Cu to diminish.

Regarding the quantity of Sn and Zn in the film somad variations are noticeable.
By looking at the value [Cu]/[Zn], which should b®se to 2, it was noticed that with the
increase of the duration of step 3 and with theepiion of the second sample, this value
tends to decrease from 2.2 to 1. The increasehirsecond sample from 2.2 to 2.4 is
minimal. In addition with the increase of the duwatof step 3, the deposition rates of Zn
are somewhat stable and predictable. The firstfivws have a value of [Cu]/[Zn] close to
2 so if one was looking only at this value, thisubbe an acceptable duration. However
one must have in mind Sn and Se as well. Concethmguantity of Sn in the films, this
gets fairly more complicated. The first film shoawsery high value of [Cu]/[Sn] meaning
that there is little Sn present, this is also aoméid by the value [Zn]/[Sn] which is 2.9 and
should be close to 1. For the second sample [(uj]iESclose to 2 as wanted and since the
quantity of Zn was also close to what was desitieid, gave a value of [Zn]/[Sn] of 0.8.
With regards to the third film, the trend of theu]gSn] ratio deviates and instead of
observing a decrease of this value, an increaseen to 2.4. For the last film the value
[Cu)/[Sn] goes down again to 1.4. This variationlasge and it is probably due to
evaporation of SnSe. This variation could also cdrom some eventual non-uniformity
present in the samples. While no Zn losses weetist, it is possible that these elements,
Zn and Sn, form compounds with Se as soon as &esat the surface of the sample. If
SnSe compounds are formed, evaporation of thesepmamds is expected since the

working pressure was 4.8 x iénbar and the substrate temperature 375 °C.

Table 4-14: Elemental composition variations for far samples grown using the hybrid system with

different durations for step 3.

[cul/ Duration

# Sample name [Zn)/[Sn] | [Cu)/[Zn] | [Cu)/[Sn] | [others]/[Se]| of step 3
([Zn]+[Sn]) (minutes)

1 2008_07_04 1.7 2.8 2.2 6.7 1.2 24
2 2008_06_16 11 0.8 2.4 1.9 15 45
3 2008_08_19 0.9 1.7 1.4 2.4 2.2 55
4 2008_08_04 0.6 1.4 1 1.4 2.8 62
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7 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
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Figure 4-24: The evolution, with the duration of sép 3, of the elemental ratios [Cu]/[Zn],
[Cu]/[Sn] and [others]/[Se] for samples grown usinghe hybrid system.

Film number 2, with a duration of 45 minutes foepst3, was further studied
because the composition appeared to be interegthg/([Zn]+[Sn])=1.1; [Zn]/[Sn]=0.8
and [others]/[Se]=1.5. These values show that mmgeof Cu, the film is near the
stoichiometric point but it is Zn-poor and the ogfinthers]/[Se] is greater than 1 show that
the film is not fully selenized as discussed befditee SEM surface micrograph is shown
in Figure 4-25 and illustrates an open structuith wihat appears to be round grains with a
size of about 300 nm. Raman scattering analysigur€i 4-26, shows the presence of
CZTSe with peaks at 172 ¢hmand 194 cni and CTSe with a peak at 180 ¢niThe
sample was not uniform since for different regiodgferent results were obtained. The
XRD analysis, Figure 4-27, demonstrated that séy#rases were present, namely: Mo,
CuwsSn, CZTSe/CTSel/ZnSe, Sn, and SnSe. This large nuailghases present was not
expected when looking at the Raman scattering aisalyhe difference is probably due to
the different area of analysis of the two techngjugaman is a laterally micro sensitive
with an effective depth analysis that should belaxger than 100 nm for the used
wavelength, which was 488 nm. The fact that the filas not fully selenized is confirmed

by the XRD analysis with the presence of Sn angSBuXRD cannot resolve between
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CZTSe, CTSe and ZnSe but Raman indicates that CA&Tpeesent and saw no traces of
ZnSe. The sample temperature is not high enoughdw the diffusion of Se into the film,
as it can be observed by the metallic alloys pres&ithough there are a few phases
present, the CZTSe diffraction peaks are stronigan tany other peaks. This is seen in
Figure 4-27.

Figure 4-25: SEM surface micrograph of the best CZ®e film prepared using the hybrid
system.

CZTSe 194 r
4 CTSe 180

= CZTSe 172 -

Raman intensity (arb. units)

A
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Raman shift (cm™)

Figure 4-26: Raman scattering analyses for two diffrent points of the same sample.
Measurement done using a 488 nm Ar lon laser as thexcitation source.
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Figure 4-27: XRD diffractogram of a CZTSe film grown by the hybrid method.

The objective of this study was twofold, first tesass if there was an EPD signal
during the growth of CZTSe and the second was toyvé this method was suitable to
grow CZTSe. Raman scattering analysis confirmetttiafilm have parts where CZTSe
is dominant and in some cases even the only phasent. Unfortunately, XRD and EDS
measurements indicate that CZTSe must be concettrata layer near the surface. XRD
reveals strong CZTSe peaks, hence one can assamthith layer is not residual. In the
rest of the film, no Se reaches the metals anctmifit alloys of Cu-Sn and Cu-Zn are
formed. By knowing that CZTSe is formed one canctae that this material does not
suffer from the same emissivity change seen in GMa&n passing from a Cu-poor state to
a Cu-rich state since no EPD signal was ever obderwn order to work with the hybrid
system, a pressure of 1 xLéhbar to 10 x 18 mbar is required to sustain the sputtering
plasma. The biggest problem encountered was thesiih of Se into the film. One way of
solving this problem could be raising the tempemtof the substrate. But at these
pressures there was already evidence of losses ah® hence increasing the temperature
would even worsen this problem. It is then evidéat the hybrid method is not the most

suitable method to grow CZTSe.
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4.2.3 Properties of the best CZTSe thin films

The best CZTSe thin films were grown by selenizatid metallic precursors at a
substrate temperature of 520 °C, Se evaporatorai&iype of 345 °C and at a pressure of 1
mbar [VI]. Several samples with similar precursassre grown and were subjected to a
KCN etching. The results of the composition andatibesion of the films are presented in
Table 4-15. It can be seen that most of the samiplas are Zn-rich showed a poor
adhesion. The samples grown on SLG even peeleahdfisome of these samples showed
some dots with a yellowish colour after the KCN hot before. This indicates that there
was some ZnSe at the back of the films.

Table 4-15: Elemental composition of various CZTSsamples grown at 1 mbar and 520 °C.

adhesion
sample name substrate [Cu]/([Zn]+[Sn]) |[others]/[Se]| [Zn)/[Sn] | [Cu)/[Zn] | [Cu}/[Sn] after
KCN
CZTSe_2009_12 04 Mo 0.9 1.0 0.9 1.9 1.7 good
CZTSe_2010_02_11 Mo 1.0 1.0 1.3 1.8 2.3 peeled off
CZTSe_2010_02_114 Mo 1.4 0.9 0.9 3.0 2.7 poar
CZTSe_2010 _02_17 Mo 1.0 1.1 0.8 2.3 1.8 poar
CZTSe_2010_02_1( SLG 0.9 1.0 1.1 1.6 1.8 peeled off
CZTSe_2010 _02_172 SLG 0.9 1.0 1.1 1.7 1.8 peeled off

The best sample of this series was sample CZTS8& 2@004 and so it was
decided to study it further. The corresponding aeef SEM micrograph of the film is
shown in Figure 4-28 a), and it shows an open nawqgy with some voids, however, at
the bottom part of Figure 4-28 b) the cross sectibthe sample reveals a compact film
with some small grains at the bottom. The film appdo have aroundlm of thickness.

Figure 4-29 a) and Figure 4-29 c) shows an atoorimef microscopy, AFM, surface
topography image of the sample CZTSe 2009 12 0#. ilfage indicates a rough, but
compact, surface in agreement with the SEM crosstiose observations. The
corresponding electric force frequency shift imagbtained with the AFM system, is
presented in Figure 4-29 b). No significant cortdsanges are observed in this image,
revealing that different grains of the sample haggy similar electrical properties. From
these images, it is possible to conclude that thtenal is single phased and has no large
composition variations. The AFM images show a roag compact thin film with small
grains of approximately 325 nm of diameter at thattdm, and bigger grains of

approximately 1000 nm of diameter at the top. Toat imean square roughness of the
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sample was 77 nm which seems a rather low valuenwdeking at the apparent rough
surface of the sample. This difference comes frioenféct that in the SEM micrograph the

small grains at the bottom were not visible wheiedabe AFM image those can be seen.

Mag= 4976 KX EHT= 8.00KY  Signal A=InLens Date 18 Mar 2010
WD = 8.8mm File Name = SE2009_12_04_50k_pos1_EDXf E43

25.8kV Xz28.8K

Figure 4-28: a) SEM micrograph of the surface of th sample CZTSe 2009 _12_04; b) SEM

micrograph of the cross section of the same film.

Figure 4-29: AFM images of the surface of the samplCZTSe 2009 12 04. a) topography
image; b) electric force frequency shift image. The-scale in images a), b) are 400 nm, 10 Hz. ¢) 3D

view of the surface.
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The EDS mapping of the cross section was doneirafdjure 4-30 the normalized
EDS intensity counts for each element as functiothepth is represented. The shape of the
curves does not show an abrupt variation becaugbkeointeraction volume of the EDS
probe, see Figure 4-31 where different interactiolumes are illustrated. That is also the
reason why Mo appears to be mixed with the filmdaimple inspection of the SEM cross
section image, shown in Figure 4-28, shows th#é @n artefact of the measurement as
shown in point 3 of Figure 4-31. These results ssg@ higher concentration of Zn at the
top of the CZTSe film than at bottom. The concdidraof Sn exhibits the opposite
behaviour while the concentrations of Cu and Sestasgimilar variation. Other than this,

the sample seems uniform in depth.

Normalized counts
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Figure 4-30: Representation of the normalized EDSntensity counts for each element as

function of depth for a cross section of the CZTS&Im.
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CZTSe Mo SLG

Figure 4-31: lllustration of different EDS interaction volumes for measurements 1, 2 and 3 for

a CZTSe cross section.

The presence of CZTSe with the kesterite/stannitectsire was confirmed using
XRD, see Figure 4-32, where the main diffractiomisefor this structure are presented.
No compounds other than CZTSe and Mo were founds@&Mmesults show that the sample
has a good cristallinity as confirmed by the loviueaof FWHM, less than 0.11 °, and the
higher intensity of the (1 1 2) peak than thathef Mo main peak. To further confirm the
presence of CZTSe and the absence of unwanted ylthsesamples were also analysed
using Raman scattering and the three main peakZ®5e were found at 174 ¢m194-
197 cm', and 232-236 cih as depicted in Figure 4-33. Although the EDS miagpi
showed an apparent higher concentration of Zneatdp of the film, no ZnSe phases were
detected. Since these measurements are done incranmeier spatial scale, several
measurements were carried out and in a small numb#&rem, traces of GuSe were
found. Despite the fact that this compound wadoatd in XRD, one can assume that it is
present in very small localized spots. After theNK€tching there was no change in the

XRD spectra and the GuSe peaks were no longer found in Raman scattering.
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Figure 4-32: XRD diffractogram for the best CZTSe fim.
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Figure 4-33: Raman scattering analyses for two difrent points of the same sample before the
KCN treatment.
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The film was analysed by XRD with the objectiventakeLe Bail refinements. To
this end a long time measurement with a small si@p needed. Therefore a measurement
with a step of 0.01° and 2.55 seconds per pointmade. The result is presented in Figure
4-34. The resolution is so high, that even the diffractions are detected. To analyse this
kind of diffractograms, with several peaks preseatsimple manual check is not enough
so alLe Bailrefinement was done. Besides Mo and CZTSe, vesllgmces of SnO were
detected as well. The peaks are so low that thdifamtion was not done in the figure.

The general results of the refinement are shownrable 4-16. The method
compared the kesterite and the stannite structinelattice parameters are the same, since
the method is based on the fitting of the positbthe peaks. Changes were noticed in the
value of the anisotropic stress, in which the k#istesample showed a slightly smaller
value, 9.42 % against the 9.48 % for the stanmiie ia the grain size, 637 nm in the
kesterite versus 571 nm in the stannite. Sincentimbers of reflections in both structures
Is not the same, a statistical analysis is needexValuate which is the most likely phase.
For this the Hamilton method was performed [13%)c8 the results are important but it
was not the author himself who performed theseyapalonly the results are discussed and

not the specifics of the method.
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Figure 4-34: Long time XRD diffractogram for sampleCZTSe_2009 12 04.
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The Hamilton method proved with a 99% certaintyt i@ structure present was
kesterite rather than stannite. Also according ecsén [98] the band gap energy for the
kesterite CZTSe is 1.05 eV and for the stannit® @8. The kesterite’s value is identical

to the band gap energy value that was estimatedttearéfore there are two different
methods pointing to the kesterite structure.

Table 4-16: Results from theLe Bail refinement.

Stannite | Kesterite
142m 14m
a(A) 5.6799 5.6799
c(A) 11.37993| 11.37993
Vol. (A% 367.131| 367.131
number of reflections 192 278
Average maximum strain
and standard %eviation (anisotropy) (%): 9.4847 9.4215
size (nm) 571.334 | 637.742

The absorption coefficien, was estimated from the transmittance and refieeta
measurements made in samples CZTSe_2010_02_10 An8eC2010_02_12 using the

equations described in section 3.5.5. The refleetaand the transmittance of the film are
shown in Figure 4-35.
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Figure 4-35: Transmittance and reflectance valuesof sample CZTSe_ 2010 _02_10 grown on
SLG at 1 mbar and 520 °C.
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The behaviour of the absorption coefficient witk fthoton energy is shown in the
inset of Figure 4-36. The absorption coefficientigher than 4 x Dcm* for photon
energies higher than 1.5 eV. This value is smalflan the usual referenced value of 10
cm® for CIGS but it is still high enough for the desirebjective. From the linear fit of
(ahv)? vs. photon energy one obtains the valyg as shown in Figure 4-36. The band gap
was then estimated to be 1.05 eV + 0.05 eV. Thiseves consistent with the one reported

experimentally by Grossberg [82].
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Figure 4-36: Band gap estimation for sample CZTSe @0 02_10. The inset shows the

absorption coefficient versus photon energy.

Figure 4-37, depicts the photoluminescence spémtrdifferent temperatures of the
sample CZTSe 2009 12 04. This sample was chosethdse measurements because it
was the best characterized until then. The obsezw@dsion is a broad asymmetrical peak
centred at 0.935 eV and is similar to the emisseported by Grossberg et al. [82] for
CZTSe mono-grains. As temperature increases, itisteagified a decrease in the intensity
of the photoluminescence as expected owing this ttache thermal activation of non-

radiative de-excitation channels. This emission waly measured in samples grown on
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SLG/Mo, for the samples grown directly on SLG ngnsil was detected. A detailed study
of the PL emission was not done during the worklileg to this thesis but some results
were obtained and are the following: i) the emisgeak shifts from 0.93 to 0.88 eV when
the temperature changes from 20 K to 300 K; ii)gh@ssion is broad with a width varying
between 120 and 150 meV; iii) the variation of thiensity with temperature suggests a
defect with an activation energy around 140 meV, andthere is a red shift in the peak
position with the increase of temperature. The simisindicates a mechanism based on
fluctuating potentials but extra electrical analy/seould be needed to confirm it. All of
these findings are in good agreement with the aigliypade in CZTS which also pointed
to an emission due to fluctuating potentials [i,ihese PL results are consistent with the

band gap energy value estimated above.

— 70K
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— 200 K
— 280K

PL intensity (arb. units)
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Figure 4-37: Photoluminescence at 70 K, 100 K, 200and 280 K, with an excitation power of
300 mW using a wavelength of 488 nm for the sampgown at grown at 1 mbar and 520 °C.
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4.3 CZTSSe

The first tests to grow CZTSSe were based in thensmtion of CZTS. CZTS thin
films were grown by sulphurization of metallic puesors at a substrate temperature of 525
°C at a pressure of 5 mbar and next were selemizédo different pressures, 20nbar
and 10° mbar at a substrate temperature of 450 °C. Nereifices were noticed in the
analysis made of the films prepared at both pressun terms of composition, only small
traces of Se were found with none of the samplesnbaa ratio of [Se]/[S] higher than
0.02. The quantity of S is problematic to evaluateause of the coincidence of its X-ray
emission with that of Mo. All samples showed snhadises of Zn and Sn. But the quantity
evaluation of Se in the sample is a problem. It &dlesady been shown that EDS is not a
suitable technique to evaluate the compositionageided structures, as it is the case.
Without the proper techniques like SIMS, XPS withian gun to wear out the surface or
even GI-XRD it is extremely difficult to evaluateet quantity of Se in the sample.

In Figure 4-38, the SEM micrograph of the CZTS fémd the selenized film are
presented. There is a noticeable change in thehotogy of the sample and it appears that
in certain areas the selenization promoted a smeoatirface but with some cracks. Due to
the small quantity of Se present, one may askesehchanges are due to the influence of
the Se in the structure or if the selenization amdyed as an annealing. This question is
answered by looking at the reflectance of the sampl Figure 4-39, where substantial
changes are observed. The reflectance for a C4AimSidishown, black line, in that line a
well defined band gap transition curve is seerniataaround 850 nm, 1.47 eV. However,
for the selenized CZTS samples, such well defimadsition is not observed, instead a
more diffuse and less steep transition occurs. pituses that some surface modification of
the samples was made and is probably due to incrpo of Se in the surface, thus

diminishing the band gap energy.
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Figure 4-38 a) and ¢) SEM micrograph of the surfacef the CZTS films before selenization, b)
and d) SEM micrograph of the surface of the selenéd films.
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Figure 4-39: Reflectance of CZTS and CZTSSe samples
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Since a XRD analysis showed no difference in tHiieaditograms before and after
the selenization, Raman scattering analysis wdsnpeed as shown in Figure 4-40. It was
detected CZTS with peaks at 288 tm38 cn* and 352 cnf [VII]. Despite being only a
small peak, CZTSe was identified with a broad paak95 crit. The existence of GySe
may not be discarded because a very small peakbmayesent around 262 ¢mMore
information on the Se-compounds and S-compoundsaRgmaaks is found in Annexes A

and B, respectively.
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262: Cu, Se
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Figure 4-40: Raman scattering spectra for a selereédd CZTS sample.

After these initial tests, it was decided to useesies of different precursors
deposited by thermal evaporation at the HZB. Theatlve of this test was to understand
better the Se diffusion into CZTS films. The detdibr each precursor are presented in
Table 4-17. There were six different samples, elitsized in the same conditions, 1 mbar
and a substrate temperature of 520 °C. Sample Zd@hSsted of a multi-layer stacking of
SLG/Mo/ZnSISngCw, xS deposited by thermal evaporation. ZTC metal haxtaltic
layers of Zn and Cu and only had sulphur in thenfof Sn$ making the following order:
SLG/Mo/Zn/Sn%/Cu. In all the other samples, the only layers dépd at HZB were
SnS/CuS. In those samples and prior to the incatjpor of Zn, the samples were
submitted to a thermal treatment in an S atmospineoeder to form a phase of Cu-Sn-S,
probably cubic CEnS [iii,iv]. In sample 60Se, elemental Zn was depesitoy RF
sputtering in Aveiro and CZTS was formed befored@kenization. In sample 64Se instead
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of Zn, ZnS was deposited and CZTS was formed aks lwedamples 63Se and 59Se, CZTS
was not formed and it was deposited ZnS and Zpeatwely. This way there are several
questions regarding the formation of CZTSSe that lba raised and answered. Is the
formation of ZnS prejudicial? Is CZTS stable enongi to allow the diffusion of Se into
the film? What is the difference between havingshphur already in the film and using

metal layers?

Table 4-17: Growth details of the CZTSSe samples.

Sample name Precursor details
ZTCS ZnS/SnS/CuS
ZTC metal Zn/SnS/Cu
60Se CZTS Zn CZTS formed by sulphurization of ShfS/Zn
64Se CZTS ZnS CZTS formed by sulphurization of /80S/ZnS
63Se CTS ZnS CTS/ZnS
59Se CTS Zn CTS/Zn

The sulphurized precursors were analysed by SEMogn¥§RD. The cross section
micrograph, shown in Figure 4-41, shows a comphuntwith a columnar structure where
the surface micrograph shows a rough surface. TR Hiffractogram is shown in Figure
4-42 and several phases were identified other ManThe diffraction peaks associated
with the structures of G8nS tetragonal and G&nS cubic, which have the same peak
positions, are identified as well as £SaS monoclinic and CgnS orthorhombic [100].
Due to the higher intensity of the peaks,.&8uS cubic/tetragonal seems to be the

dominant phase.

% g

Figure 4-41: a) SEM micrograph of the cross sectionf the CTS film and b) SEM micrograph

of the surface.
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Figure 4-42: XRD diffractogram of the CTS film.

For the analysis of the CZTSSe films, XRD and SEMragraphs of the cross
sections were used. The XRD allows the estimatidhe quantity of Se by looking at the
shift of the 112 peak. It is known that for CZT®estpeak is centred at 27.14 ° and for
CZTS is centred at 28.44 °. The SEM micrographhaf tross section and the EDS
mapping with the counts for Se can both reveal mambd information about the
morphology.

The EDS mapping analysis, shown in Figure 4-43wslaofor all the samples that
Se was mainly concentrated at the surface. Thiseai® useful information and indicates
that the Se diffusion is low. The morphology of tiesulting CZTSSe films is depicted in
Figure 4-44. Sample ZTC Metal is the most compaet showing large grains at the top
and smaller ones close to the back. The samplerevatiehe precursors were deposited at
the HZB show a similar open columnar structure. s@mmple ZTC S, the cross section
micrograph shown has the complete cell structire,image illustrates a rather compact
film. Sample 60Se CZTS Zn has a voided columnaicgire. Sample 64Se CZTS ZnS has
likely a Zn(S,Se) layer at the top which is visilbkethe micrograph and was identified
using the EDS mapping. Underneath that layer, saisiple has the voided columnar

structure similar to the other samples. Sample 595 Zn has larger grains than the other
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samples but at the same time the voids are biggeredl. Sample 63Se CTS ZnS has the
generic structure that all the other samples shatvabthe top it appears to have a different
layer, however, the EDS mapping showed no sigmifichanges in the metal composition.

The EDS mapping only revealed a higher concentratfdse at the top.

ZTCS ZTC Metal

Map Map 918
MAG: 15000 x  HV: 15.0 kv WD: 12.6 mm s oeamy MAG: 25100 x __ HV:26.0 kV _ WD: 14.9 mm

60Se CZTS Zn 64Se CZTS ZnS

Map 1115

Map 917
MAG: 25000 x  HV: 25.0 k. WD: 15.0 mm

MAG: 20000 x  HV:25.0 k¥  WD: 14.3 mm

59Se CTS Zn 63Se CTS ZnS

Map 918 Map
MAG: 256000 x  HV: 25.0 kv 'WD: 14.9 mm MAG: 25000 x  HV: 25.0 kV_ WD: 15.0 mm

Figure 4-43: EDS mapping representing the presencef Se in the cross section of various
CZTSSe samples.
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Figure 4-44: SEM micrograph of the cross section ofarious CZTSSe samples.

In the XRD analysis, the position of peak (1 1 2)he studied CZTSSe samples is
depicted in the diffractogram of Figure 4-45. Thal diffractogram is represented in
Figure 4-46. The position of peak (1 1 2) for CZT8e27.14 ° and CZTS, at 28.44 °, is
shown as a vertical line for reference. All the paa show a peak corresponding to CZTS
which indicates that they all have a layer of pG&#&TS. This layer is, then, located at the
back of the samples, and Se does not reach thkerthk EDS mapping illustrates. Also, all
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the samples demonstrate a complex structure bet@&dise and CZTS which may be
from several phases like €4nSn(S,Se) CwSn(S,Se) Zn(S,Se) or even a broadening of
the peaks originating from a Se grading from togpdttom. One possibility to precisely
evaluate the origin of these emissions is to makm&h scattering on the cross section as
well. Such measurements are very hard to do becaiuiee focusing of the spot and
mostly due to the size of the laser spot whichesbetween fim and 10um. Besides it
would require a high resolution and very stable @anstage which the group does not
have. Instead the interpretation of these XRD difiograms will be made assuming that
the emissions observed between the two positiomdram CZTSSe. Assuming that the
shifting of the peak follows a linear trend, theakosition as function of [S]/([S]+[Se]) is
presented in Table 4-18. From the relation of thakpintensities, one can assume that it is
likely that high intensities mean that the phadgiating that peak is more present than

another phase.

Table 4-18: Linear interpolation of the position ofthe (1 1 2) Kesterite peak as function of the S

content.
(1 1 2) peak position| [S)/([Se]+[S])

©) x 100
27.14 0
27.24 8
27.34 15
27.44 23
27.54 31
27.64 38
27.74 46
27.84 54
27.94 62
28.04 69
28.14 77
28.24 85
28.34 92
28.44 100

Sample ZTC metal is the only one showing a welblresd peak at the CZTSe
position, indicating the existence of a layer of &2 in its structure. This sample is also
the one with the second peak closest to the CZatenr than to the CZTS. The latter is

also stronger than the CZTS or the CZTSe peaksn Fnis observation one can say that
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this sample is the one with the higher content ®fa8d is comprised by at least three
different layers. Although this sample had the dastggrains and best morphology, one can
not say that this is due to the influence of Seesithis precursor was different from the
others

Sample ZTC S shows a strong broad peak at 28ddfAp@ring the position of this
peak with the estimated values in Table 4-18, pleisk indicates that the sample must have
a layer with a content of 70% of S on average less@a pure CZTS layer. Both ZTC
samples have the strongest peaks which are not @&aks, this may indicate that CZTS
Is not the dominant phase and the incorporatiddeoivas somehow successful.

Sample 60Se CZTS Zn shows a strong peak at 27a88 s the one, along with
samples ZTC S and ZTC metal, which has a peak thenmixture stronger than the CZTS
peak. This position points to a mixture of 60% # 40% Se. Along with sample ZTC S,
these are the only two samples that showed no ewgdeof CZTSe.

The broadening of the CZTS (1 1 2) peak for highegles in sample 64Se CZTS
ZnS may suggest that there is some ZnS presemtdbobnclusion can be taken regarding
the presence of ZnS. The intensity relation betwhersecond peak present and the CTZS
peak is also low which indicates that there wasnaller incorporation of Se into the
sample.

Sample 63Se CTS ZnS showed, in the SEM micrograps$iructure at the top
which might be ZnS but no significant shoulder gghler angles in the CZTS peak is
found. The EDS mapping shows a layer of Se at tpe do0 the difference in the
morphology could come from the Se incorporatiorfrom the formation of Zn(S,Se). In
this sample, a peak can be found at 27.7 °© whiakddme from a CZTSSe phase with 40%
S and 60% Se.

As mentioned before, Sample 59Se CTS Zn has a ped#lke CZTSe position
which indicates that CZTSe is present. From allghalied samples, this is the one that
appears to have a smoother grading of Se sinceintieasity of the peaks lowers
continuously from the CZTS to the CZTSe peak.
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Figure 4-45: XRD diffractogram centred at the (1 12) kesterite peak for the CZTSSe samples.
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Figure 4-46: XRD diffractogram of the CZTSSe sampls.
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From these structural and morphological analydesretwere three samples that
presented more distinctive results: ZTC S, ZTC imata 59Se CTS Zn. Sample ZTC S
confirmed a strong and broad intermediate diffacieak and was chosen to be finished
as a solar cell. The sample with the best morplyoleggs ZTC metal and it also revealed a
strong intermediate peak closer to CZTSe. Duedqtiesence of the CZTSe peak and the
fact that it showed a quite strong peak near CZ1i8g was probably the sample with the
highest Se content. Sample 59Se CTS Zn was thefrome the sulphurization of
precursors that indicated a continuous of peakwdmt CZTS and CZTSe and is the one
with the smoothest Se grading. The samples wher€#TS was formed presented both
strong CZTS peaks and the 64Se CZTS ZnS had ad%m@®. [The fact that the CZTS was
not formed and Zn was in its metallic form was @olly an important factor to allow the

diffusion of Se into the film.
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5 Solar cells using the new absorber materials

5.1 Solar cell structure

In the first chapter, the structure of a solar eedls presented. The usual structure
for this type of thin film solar cells is SLG/Mo/sdxber layer/CdS/TCO/ metallic
grids/anti-reflection layer. In this thesis, aletpresented Mo films are bilayer-type and no
anti-reflection layer or grids were used. For tHeOr different materials were used. In a
first approach and for the CIGS films, it was udé® deposited by DC-magnetron
sputtering in Aveiro. The CZTSe solar cells have iadznO/ ZnO:Al window layer
deposited at the HZB and the CZTSSe solar celle raGZO. In this chapter, only the
deposition of the ITO layer is explained becauseass the one prepared by the author.

Before presenting the results for solar cellsdétils of the properties of the used
substrate are given and next an explanation ofdinelopment of a Mo-bilayer is
described. Afterwards the CdS deposition processxglained and finally a brief

elucidation of the ITO deposition process is présegn

5.1.1 Substrate

The substrate is not only a mean of mechanical aupfor the cell, its
characteristics have influence in the propertiesthef absorber and there are a few
requirements for the substrate that must be fefill

- it must withstand the harsh growth conditionstioé absorber, mainly high
vacuum, high temperatures and not react with Se;

- the thermal expansion coefficients of the sulbstead of the other layers must be
similar so that during a panel’s lifetime the streaused by temperature variation is low;

- have a smooth surface so that the cell layersatr influenced by the substrate’s
morphology;

- be cheap, light, abundant and have low energguwaption.
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Nowadays, the standard material for CIGS solarsdslisoda lime glass (SLG).
Amongst the points stated above, the most criboal is the thermal stability. SLG around
540 °C starts to deform and loses its mechanis@tesce.

A relevant fact in SLG is that it may be used asoarce of Na for doping of the
absorber layers. As shown in Table 5-1, there ssgaificant amount of sodium in the
substrate. For CIGS solar cells, it is known tHadasbers grown in the presence of Na
have better efficiencies [58]. For the kesteritady preliminary tests on CZTS have been

done that give evidence that the presence of Naases the grain size [136].

Table 5-1: Composition of the SLG substrates used ithis thesis [137].

Compound Sio Na,O CaO MgO K,0 Al,O4 SG; Fe,O;

Composition

(%) 72.20 14.30 6.40 4.30 1.20 1.20 0.30 0.08

5.1.1.1Cleaning of the substrates

When working with semiconductors, cleanness is wwked. Since the work
conducted was not made in a clean room, more cawtas needed. The cleaning of the
substrate started by a mechanical hand cleanirgag#tone, ethanol and deionised water.
After the manual cleaning, the samples were subdjitfor 15 minutes, to a 70 °C
deionised water bath. Next, three ultrasonic batmsisting of 3 minutes each of acetone,
ethanol and deionised water were done. After thedi@p, the substrates were passed again
by deionised water and were dried with aflNix. Until being used, the substrates were

kept in a dry box.

5.1.2 Mo bilayer as back contact

The work described in this section refers to theklmontact layer [VIII]. This layer
has one main purpose which is basically to makets#ive electrical contact of the cell.
Although that is the main purpose, there are a déver requirements for this layer that
need to be fulfilled: low resistivity, good adheasido soda lime glass (SLG); low
roughness; to be chemically inert with the matsr@dgposited on top, mainly Cu, In, Ga,
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Se, Zn, Sn and S; be stable during the high grderperatures of the CIGS; allow Na
diffusion from SLG since the properties of CIGS are influenced by the Na doping
that occurs during growth; have a high reflectaimcthe visible spectrum; have a thermal
expansion coefficient similar to SLG and CIGS amahf an Ohmic contact with CIGS.

One material that meets almost all of those reqerdgs is molybdenum. Mo is
used by a large number of research groups andeb@i@S industry and it is already in the
market as shown in Table 5-2. For comparison, ials presented the CIGS growth
method and the substrate. Despite the differenhoadst and substrates used in all these
companies, Mo, used as back contact, is commoh ¢ them. Mo is a metal which can
be deposited as thin films with a low resistividlygood adhesion and with a fairly smooth
surface. It does not react with Cu neither Ga naarld although it reacts with Se, forming
a MoSe layer [138], there are small positive consequenep®rted for the solar cell
performances [139]. Mo is also able to allow diffusof Na [58] during CIGS growth,

and withstands its growth conditions.

Table 5-2: Substrates, CIGS growth methods and backontact material for several CIGS companies

[140].
Back
Company Substrate Contact CIGS Growth Process
Shell Solar (now Showa-Shell|) Glass Mo Sputter/idestion
Global Solar Steel Mo Co-evaporation
Miasole Glass Mo Sputter/Selenization
Wiirth Solar Glass Mo Co-evaporation
Avancis Glass Mo Sputter/RTP
Daystar Tech Glass Mo Sputter
EPV Glass Mo Sputter/evaporation
Ascent Solar Polymer Mo Co-evaporation
ISET Glass/Flex Mo Ink/Selenization
Nanosolar Flexible Mo Nanoink print/ RTP
Heliovolt Glass Mo FASST
SoloPower Steel Mo ED/RTP

One weak point that is usually acknowledged whenguklo is its low reflectance
in the visible part of the spectrum. Some resegroips [141] are trying to decrease the
thickness of the CIGS, and their motivation is t@ake PV modules cheaper by using lower
quantities of material. With lower thickness of thbsorber layer, the amount of light
absorbed in a single passage will decrease andftinera good reflectance of light in the

back contact is required. The basic idea is toeia®e the number of absorbed photons by
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reflecting those that are not absorbed in the fiestsage. Other metals with low resistivity
and high reflectivity values, for example Pt, or,Awsually diffuse into the CIGS layer
during the deposition [142]. Other reports haveficored that cells made with Mo perform
better than cells with a back contact layer withidyereflectivity than the Mo one [142].

Mo is usually deposited by sputtering, mainly bessathis method is used in the
industry and it is easy to work with. Although Mppears to be a good material to be used
as back contact, its deposition is not without f@ots. When depositing Mo by sputtering,
the low resistivity and the high adhesion of tHend are contradictory effects making it
difficult to have a film with both properties maxied. The reason why this happens is
usually attributed to the film stress state [1434]1 Films that are deposited under
compressive stress have low resistivity but alsoddhesion. On the other hand, films that
are deposited under tensile stress have good adhesi high resistivity. To overcome this
problem Scofield et al. [144] suggested the dejmwsivf a bilayer. If one can have a first
layer with good adhesion followed by a layer withod resistivity, it might be possible to
have a layer in which both properties would be adés

Despite the fact that the properties of Mo are vkelbwn and several research
groups have already been using a Mo bilayer foorgg Itime, the clear deposition
conditions of such a layer have not been repodedar. Therefore the objective of the
work presented in this chapter is not to studytledl referred properties but to present
suitable deposition conditions of a Mo bilayer. 8om the listed requirements laid down
at the beginning of this chapter, only the studyhef properties that can be changed by the
deposition method will be done. The properties #natrequired to make suitable Mo films
are: thicknesses no bigger than 1000 nm; shestaases lower thanQ.; good adhesion;
being able to withstand temperatures up to 580 € & the same time maintain its

original properties.

5.1.2.1Influence of the sputtering pressure
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Sputtering working pressure influences the propsrtif sputtered atoms mainly by
changing the mean free path [145, 146]. With ineeeapressure in the chamber, the
probability of a sputtered atom colliding with arr Atom exchanging the energy and
momentum increases. The energy with which the smdtatoms arrive at the substrate is
an important factor to determine the stress statthe films. When sputtering at low
pressures, Mo films have the tendency to beconmdyigacked, which tends to form films
with a compressive stress and this leads to a dsena its resistivity. On the other hand,
when sputtering at high pressures Mo films haveasenporous columnar grain growth
causing intergranular voids and tend to have aileeistress. This happens due to the
reduced energy of sputtered atoms that arriveeastiostrate. In terms of film properties,
these voids make the resistivity higher but simezd is not a reorganization of the arriving
atoms, the adhesion is good. The tensile forcewdmet these grains are attractive and
inversely proportional in strength to the intergran spacing [143]. Although these two
explanations seem to be adopted by different reegnoups, there is an effect that is not
yet fully explained. It has been reported that Mmg$ have a maximum value in tensile
stress with increasing deposition pressure whiamn tbven turns to compressive stress.
This effect is not explained by anyone, so far.

The stress state of the films is dependent on tleostructure of the Mo films
which is also related with the deposition condifiom ideal situations one would require
to have the electrical behaviour of the compachdildeposited at low pressures with
compressive stress and the good adhesion thatwithscolumnar grains show when they
are in a tensile stress deposited at high presstinesstress state of the films studied in

this work will be estimated using the rocking cumaethod.

5.1.2.2The Rocking curve characterization method

The rocking curve method is a non destructive Xd#fyaction based method that
allows one to estimate the stress state of a tinm k is a complex technique that explores
the strain in a film. Let us consider tlzat, is the elastic lattice strain in a direction defin
by the Euler angle® andy with respect to the specimen frame of referenee,Hgure
5-1.
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Figure 5-1: Definition of Euler anglesy and ® with respect to the overall stress state.

The strain depends on the components of the stees®ro; [oj = o (i#);
ois=o03i=0] [143, 147] as:

o —dg< 1
52}1}'/ :%dT:S:Fkl(all*'dzz)*'iihklaqzsmzw (eq 5-1)
0
0, = 01,C08 @+ 03,SiN20+ 0,y Sin° @ (eq 5-2)

wherey is the angle between the normal to the diffracBegof lattice planes (h k 1) and

the normal to the specimen surfages the rotation angle within the plane of the lafgse

Figure 5-1).d2‘§}, is the lattice spacing of (h k I) planes in theediion defined by andy,

hkl

anddy™ is the corresponding strain-free lattice spacihth 1) planesS,™ and ™ are

elastic constants for lattice plane (h k I). Fopalycrystalline specimen with random

hki
crystallite orientation and a negligible variatiohs; over the probed depthg,‘/"w depends

linearly onsirfy.
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For the case of Mo, the lattice planes used wer2 13. The diffraction peak is
found around the@range 129-137 °. For the measurement of the MbXBpeak, a scan

321
between 0° and 63° in thedirection was done. Bragg’'s law was used to cateub” .

The curves were fitted using a pseudo-Voigt functio

321
By using the slope ofj’/’v‘” versussiny and eq 5-1 it is possible to estimate the

value of%sg’”aw . The linearization was done in the interval d®to 0.7sirfy. S

takes the value of 4.76 x T0MPa* according to [143, 144] and therefore it is posstb
calculate 7. Although it is also possible to determine bi-&xdiamponents of the stress

tensor, since these follow the general behaviouramc this component is enough to

evaluate the stress state of the films.

5.1.2.3Mo film deposition and characterization

Deposition of Mo was done by DC magnetron sputterithe Mo target purity was
N4 and Ar N5 was used as the sputtering gas. Musfivere deposited on 3 x 3 Tsoda
lime glass (SLG) substrates. The base pressuréeofchamber was 5 x fOmbar.
Thicknesses were monitored with a quartz crystahitoo Intellemetrics IL 150. The
working pressure in the chamber could vary in titerival between 1 x T0mbar and 1 x
102 mbar. This was done by changing the Ar flow ordpening or closing a butterfly
valve. In this study it was always used the samw fof Ar to calibrate the butterfly
position at a predefined pressure. Pressure theld @ changed using different Ar flow
values. It was used a sputtering power density.5fW/cnf and the substrate-to-target
distance was 10 cm.

The adhesion of the films was tested by the Sco#ge test [144]. It was
considered that the Scotch tape test or adhessdrhael only two results, good or bad. If
after the application of the tape the film was damaged, then the adhesion was good,

otherwise it was considered bad.
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The four point probe method was used to measurelhbet resistancgs, of the
films. Knowing the sheet resistance and the thisknle, of the films it is possible to
estimate the resistivity, using the following equation valid for squareform samples:

p=hlp, (eq 5-3)

5.1.2.4Results

5.1.2.4.1 Mo single layer films

Single layer Mo films were initially deposited test the different regimes
described by Scofield et al. [144] and the reprdallity of such conditions in the chamber
was analysed. In Table 5-3 the results of the &xperiments are given. For this set of
experiments the main purpose was to identify thengbs in adhesion and resistivity as
function of the working pressure. Table 5-3 sholws tame tendency that has been
reported by Scofield et al. [144] for all propestid-ilms sputtered at high pressure have
good adhesion and poor resistivity and films atdopressure have the opposite properties.
In Figure 5-2 it is possible to see the resistivag/ function of the pressure. The results
follow the same tendency as shown in previous studi43, 144].

Table 5-3: Properties of single layer Mo films.

Pressure . Resistivity
(mbar) Adhesion (uQ.cm)
10 x 10° Good 411.0
6 x 10° Good 330.4
4x10° Bad 82.7
1x10° Bad 36.3

From these results it is evident that there arerygimes when depositing Mo. The
first regime, at pressures between 6 X 48d 10 x 1§ mbar, produces samples with good
adhesion but with high resistivity. In the secordime, at pressures between 4 X #dd

1 x 10° mbar, the samples have bad adhesion but lowestirgs.
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This analysis demonstrates which regime one canaudeposit a Mo bilayer. The
first layer should be deposited at a pressure higen 6 x 10 mbar to ensure good

adhesion and the second at a pressure lower thd@Zmbar to obtain a low resistivity.

450 , . , . , . , . ,

400 1 -
350 1 1
300 1 i
250 i i
200 1 i

150 -

Resistivity (uQ.cm)

100 + -

50 -

0 T T T T T T T T T
2 4 6 8 10

Working pressure (10'3 mbar)

Figure 5-2: Mo single layer resistivity versus workng pressure.

5.1.2.4.2 Mo bilayer films

For this test it was decided to deposit a layehigh pressure at the bottom
followed by a layer at low pressure at the topvds decided to make the bottom layer 500
nm thick and to study the effect of varying theckimess of the top layer on the properties.
The pressures chosen were 10 X hibar for the bottom layer and 4 x dénbar for the
top layer. Between the two different pressuresethera period of 2 minutes. During this
time the pressure was lowered in 1 minute and dbéng factor of the thickness quartz
crystal monitor was changed in the other minutenc&ithis is not automatic, these
transitions may vary slightly from film to film anchn result in different final thicknesses
of the films.

By looking at the properties presented in Tableibe&n be seen that when the top

layer is thin, then the film properties are clogethose of the single layer samples
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deposited at high pressure. In the other extrerse, a@here the top layer is as thick as the
bottom layer, the film has bad adhesion and theegtwesistivity. The best sample of this
batch had a 500 nm thick bottom layer and the &yerl was 300 nm thick. For the top
layer of 400 nm there was poor adhesion and soreong to increase the thickness of the
top layer was useless. The value of @.8for the sheet resistance is not low enough and

therefore the deposition pressure of the top laxges further decreased.

Table 5-4: Description of the Mo bilayer process wi 10 x 10%4 x 10° mbar.

Quartz Total
sample | Step| "o o | neknees | Adnesion| Bl P
(nm) (nm)
1 ; ioxxlloff 288 685 Good | 45| 307.68
2 . zoxxllg 288 808 Good | 24| 194.07
3 . zoxxllg 288 911 Bad | 18| 163.98

In Table 5-5 the properties of the Mo bilayer filmgh the top layer deposited at 1
x 10° mbar are presented. Four top layers with thickesss0 nm, 200 nm, 300 nm and
450 nm were deposited. This time with increasingkiiess of the top layer no noticeable
degradation in the adhesion was observed. In the icawhich the top layer was 450 nm
thick it was noticed a degradation in the valugha resistivity as shown in Figure 5-3.
This was attributed to a poorer adhesion but sihedgape test only dictates a fail or pass
evaluation, the degree of adhesion is not quadtifiethe adhesion of a film is degraded,
then the morphology of the film is also degraded emnsequently the resistivity increases.

Sample number 3 presented the lowest resistivity faad good adhesion. This
sample showed a sheet resistance of ®.,6with a total thickness of 817 nm which
corresponds to a resistivity of 4u®.cm. This value of resistivity is very close tottbéa
Mo single layer deposited at 1 x 10nbar. There are some differences between the
monitored thicknesses and the ones measured watlpribfiler but these differences are
small and acceptable. This value is in accordanite values reported in other works

[138, 148].
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Table 5-5: Parameters and results of the bilayer d®sition with 10 x 10%1 x 10° mbar pressures.

Total
Sample| Ste Pressure gﬁ::tliﬁl(le(;; Adhesion measured Ps p
P P (mbar) thickness () (nQ.cm)
(nm)
(nm)
1 [ 10x10 500
1 5 Tx10° 0 Good 567 1.6 90.7
1 | 10x10 500
2 > Tx 107 500 Good 717 0.8 57.4
1 | 10x10 500
F3 > Ix 107 300 Good 817 0.6 49.1
1 | 10x10 500
4 5 T x 10° 250 Good 972 0.8 77.8
95:'"'|""|""|'"'|""|""|""|""|""|""|""
90 3 E
85 E
80 3 E
5§ 75 3
c ] ]
2 703 .
2 1 ]
2 65 .
A7) ] 1
(%3] 4 ]
§ o -;
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50 E
45:""I""I""I""I""I'"'I""I""I""I""I"":

500 550 600 650 700 750 800 850 900 950 1000 1050
Total thickness (nm)

Figure 5-3: Resistivity versus total thickness foiMo bilayer samples deposited with a bottom

layer of 500 nm deposited at 10 x Idmbar and different top layers deposited at 1 x T&mbar.

Since it was shown that for these pressure rarigefotvest achievable resistivity
was 49.1uQcm for the sample with thickness 500+300 nm at W% /1 x 10° mbar, it
was decided to study further samples depositeldeset conditions.

5.1.2.4.3 Characterization of the Mo bilayer films

An important question that had arisen from the tast was the reproducibility.
Given that there was a difference between the guamtstal monitor values and the

measured thickness values it was important to cldakther this error was systematic or
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random. To investigate this problem several sampie® deposited. This was done for
more than 4 runs, each with 4 films. It was theticed that all the films had good
adhesion. Their thicknesses were between 800 abch®0and the sheet resistance values
ranged between 0.5 and Q@B. These differences were most likely due to thesguee
transition time between the bottom and top lay&rss transition was done manually and
therefore variations may exist from sample to sampl

To ensure that the film could resist the growth gerature of CIGS, one of the
samples was placed in the deposition chamber aaiddheip to 580 °C for one hour. The
Mo film was able to sustain these high temperatwidsout degradation of its properties.

The XRD diffractogram presented in Figure 5-4 shaws typical cubic Mo
structure with the following visible peaks: (1 1@anes with a peak at 40.46 °, with;o =
2.22 A and a peak at 73.75 © which correspondBed?2 2 1) planes with,,; = 1.28 A.
The peaks of the (2 2 0) planes at 87 © and (3 4t @01 ° are very weak. The lattice
parametera, was estimated to be 3.13 A against the 3.14 8igted by the XRD database

[100]. This variation is smaller than 0.32% ani ivithin the measurement errors.

sovnaleeannneaalenonannnaloonnnnonalonnnnonnaloononnnnnloonnnonaslonononenaloononnnnalosnnnnney
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(221)
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(=}
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Diffraction angle (26°)
Figure 5-4: XRD diffractogram of a Mo bilayer film.
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The stress calculations were made for a Mo bildier. In Figure 5-5 a) it is
presented the pseudo-Voigt fit for a XRD measuremath v = 35.84°. In Figure 5-5 b) it

321

is plotted ~#¥ versus thesinfy. Calculations of the stress tensgr‘{’, were made as

previously explained.

m =358
Voigt Fit
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Figure 5-5: a) Example of Voigt fitting for y = 35.84 ©; b) the lattice spacing for the plane§3 2

1) versus sify for a Mo bilayer film.

As shown in Figure 5-5 not only the correlationvetn the points is low, but the

slope of the curve is also low. Althougt?,Rhe variation coefficient is 0.7, R, the

correlation coefficient is 0.83 which indicatesttiizere is a general tendency for higher
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values ofdjﬁ,} with the increase of sip. This means that the film is in a tensile statee T

result of the stress tensor componegi”,, is 17 MPa, which is a low value. For
comparison purposes, the values found by Vink.qtL4B] were in the order of magnitude
of GPa. This difference is possibly due to the fhett the film has relaxed due to its
thickness, but it is also possible that this iseamvalue for a film with the top half in a
compressive state and the bottom half in a tersédée. Nevertheless the important film
properties had the desirable values.

In Figure 5-6, a SEM image of the cross sectioa Mo bilayer is presented. The
film shows a columnar growth and it is possiblesé® the bottom layer with 500nm and

the top layer with 300 nm.

(I O I O O
SU-70 7.0kV 8.5mm x30.0k SE(M) 1.00um

Figure 5-6: SEM image of the cross section of a Mailayer.

The main goal of the study reported in this sectieas to clearly identify the
deposition conditions, missing in the literaturehiothh ensured the deposition of Mo
bilayers with good adhesion to the SLG, a sheastreisy lower than 1Q, and good
reproducibility of the former two properties.

In summary the results of the study where the &ffed varying pressure and
thickness of the top layer on the properties of @ blayer were presented. A detailed
study of the resulting Mo bilayers was made, amdaptimal result was achieved when the
bottom layer was deposited at 10 x*Ifibar with a thickness of 500 nm and the top layer
deposited at 1 x Tdmbar with a thickness of 300 nm. The Mo bilayemsdpced by this
method meet the desired properties by having a gamlitesion and a sheet resistivity
between 0.5 and 0@o.

114 Chalcogenide Thin Films for Solar Cells: Growatid Properties



5 - Solar cells using the new absorber materials

The resulting Mo bilayers were analysed and XRDRlis&ishowed a film with the
typical Mo cubic structure and a crystallite size 40 nm. Stress calculations gave
evidence that these films were in a low tensiléestihese calculations were difficult to
make due to the large dispersion of the data whatysing the rocking curves themselves.
The method proved to be reproducible and the fitmsld withstand the harsh growth
conditions of CIGS.

5.1.3 CdS buffer layer

Cadmium sulphide, CdS, is one of the most usedcmmuctors in thin film PV
applications since it is used in CIGS and CdTerso#ls, both in laboratory and in
industry applications. In those two types of saklis, CdS has the same function which is
being the n-type semiconductor in the p-n hetejon.

This compound is part of the 1I-VI family and haslieect band gap energy of 2.42
eV at room temperature [149]. CdS forms in two pmescrystal structures, wurzite and
zinc blend. CdS is an n-type semiconductor wheeectinductivity comes from the excess
of Cd in the lattice. The vacancies of S and therstitial defects of Cd are both donor
defects [149].

Another property of CdS that is useful for a bettgrctioning of the solar cell is its
refractive index [150]. This value is intermediaetween the value of ZnO and CIGS, as it
can be seen in Figure 5-7 and therefore reflecianinimized.

d =100 nm
n=1.37,£,=108eV
\ d ~ 350 nm
T n~19E,=366V
) \ d=0.85nm
] Cu(in Ga)Se, n~24,E,=24eV
l d=~2um
=29, E,=1.18eV

Figure 5-7: Solar cell structure showing the thickess, the refractive index and the band gap

energy for each layer according to Orgassa et al1$0].

Ph.D. thesis presented to the University of Avéyd®.M.P. Salomé 115



5.1 - Solar cell structure

Although CdS has interesting properties for soklis¢ efforts are being made to
replace this material since there is a big con@bout the toxicity and environmental
hazards of cadmium [151]. Placing the environmeotaicerns apart, there is also hope
that the replacement of this compound for anothiér higher band gap energy can bring
superior values of short circuit currents. Examplestudied materials to replace CdS are
ZnS and ZpM1.,g0, a good review of some materials that couldaapICdS is done by
Naghavi et al. [152]. A vast number of compoundsldotheoretically, replace CdS as the
buffer layer, but the best CIGS and CZT(S,Se) so#dis are made with CdS. The exact
reason why this occurs is not understood but sdondies suggest that during the CBD
there is a passivation of the CIGS surface [158haacing this way the electronic
properties of the absorber.

This layer is usually deposited using chemical psses and brings additional
concerns since all the other growth techniques va@ium based. The breaching of
vacuum brings extra costs and may lead to the oongion of the important interface

between the absorber and the CdS.

5.1.3.1Chemical bath deposition

There are several techniques for depositing Cd$ngnthem, the most used and
with the best results is the chemical bath depwstCBD). This method is easy, cheap and
quite reproducible. As mentioned before, it is dohe in vacuum and this is in fact a
problem since all the other depositions are vacunased. The main concern of this
process is the residues of Cd and ammonia whichazardous for the environment.

The interface between CIGS and CdS is still todeydbject of controversy. Some
authors argue that there is a diffusion of Cd ithe surface of the CIGS layer and that
dopes the layer n-type leading to the formation aofhomojunction instead of a
heterojunction [48, 54, 150]. Another factor th@tuences the behaviour of the CIGS/CdS
junction is the existence of Na coming from the sétdie [50, 58]. This is something
difficult to evaluate since during the bath Na bancleaned from the surface [58].

There are many reports where the thickness of Gd§udied but the optimum

thickness is usually considered to be between 4D68nnm [149-151]. In this range of
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CdS thicknesses the combined effect of the eleictlosses and the optical gain, result in
the most efficient CIGS solar cells. The structoféhe films deposited by this method is
usually a mixture of phases with the wurzite arelzimc blend structure [150].

The usual composition of the bath is:

- Cd(CHCOO), (cadmium acetate) in a concentration of 0.03M,;

- CS(NH), (thiourea) in a concentration of 0.6M;

- NH4,OH (25%) (ammonium hydroxide) in a concentratiory di4M.

In this recipe, cadmium acetate is used as theddtce, the ammonium hydroxide
is the complexing agent and thiourea is the soafc®. The deposition of the CdS films
occurs by condensation of Cd and S ions on theserdf the film, or by adsorption of
colloidal CdS particles in suspension [149].

The chemical reaction that occurs in this depasiisathe following [149]:

Cd(NH;3)2" +CS(NH,), +20H™ - CdS+CH,N, +4NH; +2H,0 (eq 5-4)

For this reaction, a buffer solution can be addedrder to control its pH by
assuring that the quantity of Ol constant. Usually ammonium acetate,sCE&,NH, is
used. That procedure was not performed duringth@sis. For more information on this
reaction, see reference [149].

For one deposition, the following quantities aredis

- 200ml of deionised D (18MQcm);

- 15ml cadmium acetate solution, Cd({CHDO);

- 10ml of thiourea solution, CS(NM3;

- 25ml of ammonium hydroxide, NJOH.

The solutions are added in the following ordepOHcadmium acetate; thiourea;
and finally ammonium hydroxide.

The deposition starts when the samples are dipgedhe hot bath and the timing
starts when thiourea is added to the solution. ddth is kept at a temperature between 65
°C and 70 °C. This variation is due to the immersibthe sample holder. The deposition
takes between 15 to 18 minutes and is controllethbycolour of the solution. Although

the control relies on visual perception, the resalte quite reproducible. As soon as the
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deposition ends, the samples are removed and degitie H,O and dried with a flow of
N». The utensils are cleaned with a solution of 10&.H

The control of the bath’s temperature is of crugigbortance since it is responsible
for the speed and quality of the deposition. Irs tthiesis, CdS films grown at different
temperatures were deposited. In Table 5-6 the ptiepeof films deposited at different
temperatures are presented and were in good agneentle other works [154].

Table 5-6: Effects of temperature in the CBD of Cd%dapted from [154]. The lowest temperature,*,

was not tested in this thesis and was taken from $4].

Temperature of the bath (°C) Rate Quality
Up to 55* slow surface not uniform
From 55 to 70 moderate good

rough and with poor

above 70 fast adhesion

5.1.3.2Properties of the CdS film

In Figure 5-8, the transmittance of a CdS film defsal by CBD is shown. The
figure depicts a transmission higher than 80% favelengths values higher than 580 nm.
The band gap value of CdS is around 2.4 eV or ab80t nm. In order to estimate
precisely this value, reflection measurements waaldequired as well. However this was
not the objective and with just these measuremernits possible to say that there is a
transition near 550 nm which should be due to Hredlgap absorption.

The diffraction pattern of a CdS film deposited 8bG by CBD is illustrated in
Figure 5-9. The green lines show where the peakth&CdS with the zinc blend structure
should be. This pattern points out that the filng bi@ zinc blend structure, but to verify
this statement because the layer is thin, a gramident measurement would be needed.
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Figure 5-8: Transmittance of a CdS film deposited o SLG by CBD.
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Figure 5-9: XRD diffractogram of a CdS film deposied by CdS.
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5.1.4 The cell window layer

The role of this layer is as the name indicatealltow light to be transmitted and at
the same time allow the collection of photogeneratearge carriers. Typically, in the best
CIGS solar cells and in industrial systems, a leitayf i-ZnO and ZnO:Al is used [40, 41].
Supposedly, the intrinsic layer of ZnO is able tmpssome short circuits between the two
electrodes because of its high resistivity and towghness [155]. The Al doped ZnO is
conductive and therefore capable of collectingftbe electrons [156]. The research group
in Aveiro instead of using the ZnO bilayer usesrgle layer of 1nO3;.SnG, indium tin
oxide, ITO. Previous results demonstrate that sokdls with only this layer do not
perform as well as the ones with the ZnO-bilayergmrform well enough to evaluate the
solar cells performances [157].

The ITO window layers were deposited by DC-sputigein a system without load-
lock. A 3-inch ITO target (10 wt% Sn{Pwas used for the deposition. The base pressure of
the vacuum system was 4.2 x°1@bar. ITO sputtering was done in pure Ar or Ar{@.5
vol.% ) gas atmosphere at a working pressure of thar with DC power density
varied from 0.8 W/crhup to 1.8 W/crh The deposition time for the optimized process
conditions lasted about 5 min and produced 300maok films. Since the chamber did not
have a load lock system, when the chamber was dpbeetarget was exposed to air and
its oxidation state changed, varying as well thedattons of the next depositions. So the
ITO deposition usually took several runs to optimilt is well known that the amount of
oxygen in the film changes significantly both thetical and electrical properties of the
films [158, 159].

Films with a thickness of 300 nm and with valuésleeet resistance of 1@, or
lower were used in the solar cells. In the latetisdhe production base line of solar cells
of the HZB was used instead.

All the CIGS solar cells were made with the ITO dow layer. CZTSe solar cells
were made at the HZB in Berlin and their baselirees wsed, hence they have a ZnO
window layer. In the case of the CZTSSe solar callBnO:Ga window layer, deposited at
CINEMAT in Lisbon, was used. A good overview of thperties of some TCOs can be

seen in the review paper written by Granqvist [160]
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5.2 Solar cell results

Several solar cells were prepared during this shemist of them were from CIGS
since at that time it was possible to prepare thelevsolar cell in Aveiro. With the
degradation of the ITO target, a fast preparatib@0TSe solar cells could not be done.

The results for the best cells of each materiapaesented in Table 5-7.

Table 5-7: Solar cell results.

Sample Voo [MV] | jsc[MA/cm?] | FF [%)] n [%]
CIGS sample 1 535 21.0 66.8 7.4

CZTSe 2009 12 04 85 25 25.0 0.1

CZTSe 2010 02 1 65 4.6 25.0 0.1
CZTSSe ZTC S 207 13.9 31.4 0.9

For the best CIGS solar cell the absorber was gnasimg the hybrid system where

Ga was evaporated. The film properties were distugseviously in section 4.1.1. The
best solar cell had an efficiency of 7.4% with g\0f 535 mV, a dc of 21 mA/cm?2 and a
fill factor of 66.8 %. The j-V curve is shown indtire 5-10. This efficiency value is very
close to that of the best cell obtained by the aedegroup at Aveiro, around 8% using
pellets of Ga-Se on top of the In and Cu sputtetargets. However, a solar cell with a
conversion efficiency of only 7.4% represents akwealue when compared with the best
cells that reach values as high as 20%. The reatgnthe cells do not have such high
values can be explained by several factors, fronthwthe strongest is the lack of a base
line procedure for solar cell production. Not oty other layers are not fully optimized
but the processes themselves are not mature enowdtain good results, for instance the
minimization of the exposure of the absorbers 19 e use of materials as pure as

possible or even simple things such as the handling
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Figure 5-10: j-V curve of the best CIGS solar cell.

For CZTSe solar cells, the results were weaker witist of the cells not showing
any photovoltaic effect and the ones that indicdted effect had extremely poor values
with efficiencies of 0.1 %, see Figure 5-11. Thasan why this happened can be mostly
attributed to the poor adhesion of the CZTSe fitmshe Mo. When they were submitted
to the KCN etching, most demonstrated poor adhdsoause some peeled off and visible
pin-holes were detected in the films which affectied efficiency of the cells. Also, the
absorbers were sent to the HZB, in Berlin, withitvet CdS layer which is known to protect
the absorbers from exposure to air. During thespartation the films may have suffered

some degradation both of the electrical propetiesxposure to air and by damage to the
surface. By comparison, one can look at the CZT&r slls whose absorber was also
prepared in Aveiro and were sent to Berlin to Ibésfied into cells. Those films showed a
much better adhesion and the solar cell propedresbetter, although not great. The
maximum solar cell efficiency obtained was arourfi% [v].

The CZTSSe based solar cell showed somewhat betiges with the best having
an efficiency of 0.9 %, 207 mV and 13.9 mAZgnthe j-V curve is depicted in Figure
5-11. The mix of S and Se improved the solar cetfggmance since the efficiency value

is better than for the best CZTSe solar cell bilitlstver than the best CZTS solar cell.
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Despite this fact, only one solar cell of this maewas prepared and more would be
needed to draw definitive conclusions.
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Figure 5-11: j-V curve of CZTSe and CZTSSe solar dis

Ph.D. thesis presented to the University of Avéyd®.M.P. Salomé 123



5.2 - Solar cell results

124 Chalcogenide Thin Films for Solar Cells: Growatid Properties



6 - Conclusions

6 Conclusions

In this thesis, three different studies were cdrioeit. The first was the study of
different processes for incorporation of Ga in CHB®& films grown by the hybrid system.
The second was the establishment of suitable grawthditions of CZTSe and its
characterization. The final stage of the work csiesl of preliminary studies on the growth
of CZTSSe by incorporating Se in CZTS and CTS films

In the Ga incorporation studies, one of the testglacted using a target of Ga was
not successful due to the low melting point of @d the high surface tension of liquid Ga
that created drops at the target holder. In thevidth evaporation of Ga, the growth of
CIGS was made with a 2-step Cu-rich to Cu-poorsitaon. A reproducible process for the
growth CIGS films with the desired composition veagcessfully implemented. Although
the film presented an open structure, this unwamterphology did not cause shunts in the
cells and the maximum efficiency obtained was adoti§o. This efficiency is in the same
range as previous cells made in Aveiro. The reslitawv that evaporating Ga can be a
possible process to be installed in hybrid sputgeand evaporation growth systems. The
use of a CuGa sputtering target gave results ofdoality since in this case most of Ga
concentrated at the back of the films. The morpiylof the films was poor and the
reproducibility was low hence no solar cells werepared. The CuGa targets are usually
used for growing GIGS by selenization of precurseingch is a different method from the
one used here, so the extrapolation of the reaa$snot successful.

The thermodynamic conditions for the growth of C&Wgere fully studied. It was
noticed that for substrate temperatures lower &@h °C the diffusion of Se is not good
enough. Another problem that arose was that atspres lower than 1 mbar, there are
losses of Zn and Sn by evaporation due to the vapoessure at that temperature for
elemental Zn and SnSe. Two different methods wamdmented to grow single phased
CZTSe, the first was to perform the selenizatiopmcursors at TOmbar with excess of
Zn and Sn to compensate for the losses; and thendeone was the selenization of
precursors done at 1 mbar. In both cases a KCNngtahas needed to remove GSe
phases even for final Cu-poor films. The secondooptvas better since it avoided the

unnecessary loss of material and the control ofdbmposition only depended on the
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composition of the precursors. The properties afglsi phase CZTSe films were
thoroughly studied. The characteristics found aeefollowing: the band gap energy was
estimated to be around 1.05 eV, it was observet anfission around 0.935 eV at room
temperature, the Raman scattering peaks weredaiigned and there is evidence that the
crystalline structure of the films is kesterite.dpe the encountered problems, a recipe to
prepare single phase CZTSe was achieved and theslghe way to understand and refine
the properties of this material.

Regarding the CZTSSe films, the study reveals fitws with CTS or CZTS
formed before the selenization are less homogeti@sthe ones where the precursors are
stacked metal sulphides. Due to the XRD impos$bio distinguish Zn(S,Se) from
CZT(S,Se) and the wavelength limited depth analggiRaman scattering, conducting the

analysis of the crystalline structure of such filregealed to be quite difficult.

6.1 Suggestions for further work

The performance of CIGS based solar cells was pdwn compared with the
actual world records. It would be important to hévegter conditions for the preparation of
the cells in order to verify if the actual limitati is coming from the material or rather
from the process of preparing the cells. For thiglean room, less air exposure time to
mainly the Mo films and the absorbers and the lgeglability to prepare TCOs would all
be major improvements for the preparation of scklts. With regards to the material
properties, in the evaporation of Ga an improvenoétihe morphology of the films would
be needed. The resulting open structure with kedhtismall grains is not desired and a
study of the influence of the grain boundaries widug important to understand how this is
limiting the cells’ performance.

The solar cell performance of both CZTSe and CZT®& quite poor. In the case
of CZTSe, adhesion of the films is still a problamd possible solutions for this problem
would be: make slower heating and cooling profigagen that the thermal expansion
coefficient of the absorber is unknown; depositrtiiged precursors instead of stacked for
a better mixture in order to avoid secondary phakesto non uniformity; increase the
control of the precursors composition and test roffases to increase the pressure during
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the selenization for replacement of Ar like, fostence, N. The most important studies that
now can be done are electrical ones. It is ratimortant to understand CZTSe electrical
properties to assess if this material is reallyadle for solar cells and its major limitations,
since being a p-type semiconductor with a high giigm coefficient is not enough.
Carriers’ concentrations, carriers’ mobility, pasit of Fermi levels, electronic affinity,
influence of Na, influence of defects, and somespffarameters are important and should
be measured. Other studies that should be doneslhsne structural ones. In the case of
CIGS, having more or less replacement of Ga pes imot a problem since the structure
will be the same, but in the case of making Zn-@&T Se films, where is the excess of Zn
going? The direct replacement of Zn per Sn is matightforward and for this a better

knowledge of the structure and of the physics efdéfects of the material is needed.
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Annex A: Selenium compounds Raman scattering paaéigelevant information

Annex A: Selenium compounds Raman scattering peaks

and relevant information

The following table shows the peaks of several @agounds that may be present
as spurious phases in CZTSe thin films.

Table A-1: Position of Raman scattering peaks foreveral Se-compounds.

Compound Structure Pea_lis Reference
(cm’)
CZTSe kesterite/stannite 174,195, 235 this th{&0§,
ZnSe zinc blende 206, 250 this thesis, [132]
Cw,SnSe cubic 180, 236 this thesis, [80]
MoSe hexagonal 245, 282 this thesis, [161, 162]
Cuw,Se cubic 91, 260-270 this thesis, [105]
SnSe orthorhombic 33,71, 105,130,151 this thes63][
SnSe hexagonal 185 [162, 164]

The following chart shows the absorption coeffititar a CZTSe film grown over
SLG. The values were used to fill the following leabwhich shows the effective
penetration depth mentioned in chapter 3.
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Figure A-1: Absorption coefficient versus wavelendt for CZTSe.
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Table A-2: Estimated values of the effective penedtion depth for different wavelengths of CZTSe.

Wavelength| Absorption | Effective penetration depth
(nm) (cm®) (hm)
488 47287 106
514 46331 108
633 45727 109
785 38253 131
1035 22828 219

Annex B: Sulphur compounds Raman scattering peaks ral

relevant information

The following table shows the peaks of several ®maunds that may be present
as spurious phases in CZTSe thin films.

Table B-1: Position of Raman scattering peaks foreveral S-compounds.

Compound Structure Pea_lgs Reference
(cm”)
CZTS kesterite/stannite287, 338, 370, 351 this thesis [I]
MoS, hexagonal 228, 384, 410 [165]
ZnS cubic 276, 350 [166]
CwSnS tetragonal 297, 337, 352 [iii, iv]
CwSnS cubic 267, 303, 356 [iii, iv]
CwSng orthorhombic 318 [iii, iv]
SnS orthorhombic 160, 190, 219 [i, iii, iv]
SnS hexagonal 314 [1,167]
SnS; orthorhombic 52, 60, 307 [167]
Cw,S hexagonal 475 [i]

The following plot shows the absorption coefficidat a CZTS film grown over
SLG [vi]. The values were used to fill the followjirtable which shows the effective
penetration depth mentioned in chapter 3.
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Figure B-1: Absorption coefficient versus wavelengt for CZTS.

Table B-2: Estimated values of the effective penedtion depth for different wavelengths of CZTS.

Wavelength| Absorption | Effective penetration depth
(hm) (cm?) (nm)
488 35254 142
514 34194 146
633 30465 164
785 14851 337
1035 7610 657
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