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ELECTROCHEMICAL DEPOSITION AND CRYSTAL QUALITY
ENHANCEMENT OF COPPER INDIUM DISELENIDE

SUMMARY

Nowadays solar cells supply 2.6% of the total energy consumption of Europe. In our
country, energy produced from solar cells, despite having more sunny days, is 0.1 W
per person, which is well below the average of Europe. Therefore, research has to be
done on solar cells and new solar technologies have to be produced. In literature,
instead of Silicon based solar cells there is a common diversion towards thin film
technologies. From thin film technologies CIS and CIGS, which have % 20.8 photo
conversion efficiency, have % 2 of total share from solar panel sales. CIS and CIGS
are good candidates to conduct a research on rather than less toxic other alternative
thin film technologies (CdTe).

Adsorbing material of CIS/CIGS solar cells either produced at low temperatures with
electrochemistry or at high temperature with vapor deposition techniques. In
literature and commercially CIS/CIGS grown with electrochemistry is
polycrystalline and has to be heated at high temperatures to improve crystal quality
of the material. However, because of different expansion coefficients of the
absorbing material, metal contacts and substrates, thin film is being damaged. As
well, use of flexible substrates, which is a promising material, is very hard with these
methods.

We studied to overcome these problems by synthesizing high crystal quality material
at electrodeposition step with several optimization procedures. High crystal quality
CIS semiconductor with electrochemical technique was synthesized. An X-Ray
diffraction (XRD) based approach was done with several parameter optimizations
such as salt concentrations, deposition potential and acidity of the solution. As-
deposited samples were characterized with XRD, SEM, EDAX, AFM and optical
microscope techniques. Crystallite size increase up to 17.31 nm was achieved by
increasing the acidity of the deposition solution. In addition to common tetragonal
phase of CIS, a new phase for electrodeposition of CIS, wurtzite, was assigned which
was thought to compete with tetragonal phase at electrodeposition.
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ELEKTROKIMYASAL YONTEMLE BAKIR INDIYUM DIiSELENUR
SENTEZi VE KRISTAL KALITESININ ARTIRILMASI

OZET

Giliniimiizde giines pilleri Avrupa’nin enerji ihtiyacinin yiizde 2,6’sin1 saglamakta ve
bu oran her yil hizlica artmaktadir. Istatiksel veriler giines pillerinden iiretilen
enerjinin oraninin yillik % 42 oraninda arttigimi ve gilines enerjisinin tim
yenilenebilir enerji kaynaklar1 arasinda en yiiksek artis oranina sahip enerji
kaynagidir.

Teorik olarak bakildiginda ise hali hazirda diinyada yiliksek oranda kullanilan
yenilenebilir enerji kaynaklarindan biyokiitle ve riizgar enerjisine nazaran binlerce
kat daha fazla potansiyele sahiptir. Ozellikle niifus artistyla birlikte biyokiitle gibi
enerji kaynaklarina tarim arazilerinden dolayr azalma olmasi beklenmektedir. Bu
nedenlerden dolayr diinyada hizla gelisen giines enerjisi pazarina ozellikle yillik
giinesli giin sayisinin fazla olmasindan dolayr Tiirkiye nin de girmesi kaginilmazdir.

Glines pilleri sektoriinde silis esasli tirtinler yillardan beri ¢alisilmakta olup bu tipteki
piller icin verimlilik artis1 beklenmemektedir. Ozellikle silis elementinin giines pilleri
icin yiliksek saflikta hazirlanmasi i¢in gereken yiiksek sicakliklar ve harcanan enerji
bu tipteki gilines panellerinin maliyetlerini artirmaktadir. Bu ylizden daha az madde
gerektiren ve daha kolay kosullarda elde edilebilen ince filmlerin arastirmasi
diinyada hizla ilerlemektedir.

Bu caligmalar arasinda bakir indiyum galyum diseleniir (CIGS) su ana kadar elde
edilen % 20,8 foto verimlilik ile 6ne ¢ikmaktadir. Bir giines pili i¢in kullanilan
madde kalinlig1 bu tarz ince filmler i¢in 1-2 mikron kalinliginda olmakla birlikte silis
esasli pillere gore (250 mikron) ¢ok daha az miktardadir.

CIGS ve bakir indiyum diseleniir (CIS) fiziksel veya kimyasal buhar kaplama
yontemleri ile sentezlenmektedir. Fakat bu yontem yiiksek sicakliklar ve yliksek
maliyetli cihazlar icerdiginden ticarilesme acisindan bakildiginda pahali bir tekniktir.
Alternatif olarak elektrokimyasal olarak yari-iletkenler sentezlenmektedir. CIS/CIGS
elektrokimyasal olarak polikristal halinde oda sicakliginda sentezlenebilmektedir.
Elektrokimyasal iiretim ile beraber bu malzemelerin fabrikasyonu igin gerekli
ekipmanlar i¢in anapara maliyetleri ve kullanilan hammadde maliyetleri 6nemli
oranda diismektedir.

Giliniimiizde CIGS giines pili tireten firmalarin 6nemli bir kismi1 daha ucuz maliyetli
olan elektrokimyasal yontem ile iretimi tercith etmistir. Ayni zamanda
elektrokimyasal teknigin diisiik sicaklikta uygulanabilmesi makaradan makaraya
sisteminin kullanilmast ve esnek tabanli malzemelerin kullanimina imkan
saglamaktadir. Tim bu avantajlar1 gz 6niinde bulundurarak elektrokimyasal CIGS
tiretimi iizerinde yogunlasilmasi gereken 6nemli bir konudur.
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Elektrokimyasal CIGS iiretiminin vakum yontemlerine gore en biiyilk dezavantaji
elde edilen malzemenin diisiik kristal 6zellige sahip polikristal veya amorf halde elde
edilmesidir. Sonrasinda ise termal 1sitma ile maddenin kristal Kalitesinin artirilmasi
gerekmektedir. Fakat gerek farkli genlesme katsayilart ve gerek karmasik yapida
olmasindan dolay1 olusan komplesitesi giines pilinin vakum yontemleri kadar yiiksek
verimlerde olmamasina yol agmaktadir. % 20’lerde olan vakum metodu ile elde
edilen foto verimlilik, elektrokimya ile elde edilen % 15 foto verimlilikten yeterince
fazla miktardadir.

Ayn1 zamanda esnek taban diye nitelendirilen polimerik altliklarin kullanimi
elektrokimya esnasinda diisiik kristal kalitesinde madde elde edilmesi ve sonrasinda
termal 1s1tma isleminin uygulanmak zorunda olmasindan dolay1 sorun yaratmaktadir.
Polietilen gibi ticari olarak kolay elde edilebilen, yaygin polimerlerin kullanimu,
diisiik camsi gecis sicakliklarindan dolayr neredeyse imkansizdir. Daha dayanikli
polimit gibi esnek tabanlar iizerinde durulan ve bir¢ok calismanin yapildigi esnek
taban adaylaridir. Fakat bu altliklarin camsi gecis sicakliklart 500 °C altinda
oldugundan termal i1sitma islemi tam olarak yapilamamakta ve verim kayiplar
olusmaktadir.

Bu yiizden elektrokimya esnasinda kristal kalitesinin yeterince artirilmasi durumunda
termal 1stma islemine gerek kalmayacak veya daha diisiik sicakliklarda
yapilabilecektir. Bu sayede yiiksek verimli pillerde polimerik esnek tabanlarin
kullanimina imkan saglanacak ve daha da dnemlisi maliyetli 1sitma islemleri ortadan
kalkacagindan olusturulacak piller daha ucuz maliyetle iiretilebilecektir.

Kristal kalitesinin artirilmast islemi elektrokimya esnasinda kaplanan maddenin
kaplama ¢ozeltisi igerisinde ¢oziiniirliglinii artirarak saglanilacagi onerilmis ve bu
calismanin sonuncunda daha yiliksek kristal kalitesinde filmler elde edilmistir.
Literatirde CdS gibi yariiletkenlerin ¢oziintirliigli ¢ozeltinin asitligi  arttikca
yiikseldigi bilinmektedir. Bu durumda CIS i¢in de ayn1 durumun s6z konusu olacagi
ve daha diisiik pH degerlerinde ¢oziiniirliigliniin artacagi ongoriilmiis ve bu ¢6ziinen
kisimlarin kristalin amorf kisimlarindan olacagi Ongoriilmiistiir. Elektrokimyasal
kaplama islemi devam ettiginden kristal bir yandan amorf kisimlarindan daha fazla
olmak iizere ¢6ziinecek ve diger taraftan devam eden kaplama ile olusan kristal
bliyliyecek ve daha biiyiik kristaller elde edilebilecektir.

Calismada oncelikle CIS i¢in kaplama parametreleri taranmis ve en uygun kosullar
bulunmustur. Ardindan ¢o6zeltinin pH degeri degistirilerek farkli kaplamalar
yapilmustir. Sonug olarak asitlik arttik¢a kristal boyutunun biiylidiigti X-151n1 kirmnimi
metodu ve Debye Scherrer formiilii ile gosterilmistir. Literatiirdeki ortalama degerler
1-5 nm kristal boyutlarina tekabiil etmekteyken yapilan deneyler sonrasinda 1,09 pH
degerinde 17,71 nm kristal boyutunda pargaciklar elde edilmistir.

Ayn1 zamanda literatiirde siklikla gozlemlenen fakat tam olarak neden oldugu
bilinmeyen 25,2 20 degerindeki pikin wurtzite fazindaki CIS yar iletkeninden
gelebilecegi  Ongoriilmistiir. CIS biiyimesi hem Cu,xSe hem de InySes
bilesiklerinden oldugu yorumlanmistir. Bu pikin InpSe; bilesiginden geldigi
diisiiniilmiis fakat bu bilesigin bazi piklerinin eksik olmasindan kesin sonuca
vartlamamistir. Calismamizda ise daha yiiksek kristal kalitesinde ince film elde
edilmesiyle pikler daha keskin oldugundan pikler daha ayr1 bicimde bulunmus ve
farkli parametrelerin taranmasiyla 28,5 20 degerinde baska bir pik varligi ile bu
bilesigin esasinda wurtzite CIS olabilecegi tahmin edilmistir. Literatiirde bu faz
nanopargaciklar i¢in gézlemlenmis olup elektrokimya deneylerinde rastlanilmamistir.

xXxii



CIS biyiimesi CuyxSe bilesiginden tetragonal yapida bliylimesi ve InpSes
bilesiginden wurtzite yapida biiylimesi olarak diisiiniilmiistiir. Bu bilesiklerle son
fazlarin kafes parametrelerinin yakin olmasindan otiirii bu sekilde bir biiylime
olabilecegi dusiiniilmektedir. EDS analizleri de bu tezi dogrulamakta ve SEM
gorlntiilerinden toplanmis ve diiz ylizeylerin analizinde toplanmis kisimlarda
bakir/indiyum orani fazla ¢ikmakta ve diiz kisimlarda ise daha az ¢ikmaktadir. Bu
sonu¢ diiz yiizey i¢in iki farkli bilesikten ziyade wurtzite tek fazi ihtimalini
kuvvetlendirmektedir.

Elde edilen kaplamalar SEM, EDS, AFM ve optik mikroskop ile de analiz edilmis ve
morfolojileri, piiriizliilikkleri ve kompozisyonlart analiz edilmistir.
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1. INTRODUCTION

Copper indium gallium diselenide (CIGS) is the leader of the thin film technologies
with significant rise at efficiencies recent years [1]. Efficiencies more than 20 %
were achieved by laboratory scale solar cells [2]. Thin film solar cells have higher
potential on the photovoltaic market due to reduced cost per unit area and no need for
expensive substrates or high process temperatures [3]. As well miscibility of these
compounds allows synthesis of quaternary alloys with desired band gap with respect
to stoichiometric ratios [3]. Large light absorption coefficient of CIGS/CIS
semiconductors gives the advantage of less material usage [3]. Typical thicknesses of
a few micrometers are enough for CIGS photovoltaic cell [4].

CIGS has the same growth processes as CIS and therefore understanding properties
of CIS has direct impact on CIGS thin film technologies. CIS (or CIGS) can be

grown with many techniques including co-evaporation [5] and sputtering [6].

Electrodeposition is also a widely used technique [7-16] with advantage of lower
capital and lower energy requirements, as well as roll-to-roll process compatibility
[17]. However, material obtained by electrodeposition is polycrystalline [11,18] or
amorphous [10,19]. Therefore, the deposited film has to be annealed at high
temperatures which limit the efficiency of the cells prepared with flexible polymeric
substrates [3,20].

To overcome this problem and reduce the cost we aim to increase the crystallinity of
the films, which was targeted by Lincot et al. [21], as much as possible at
electrodeposition step. This can be applicable for more acidic conditions with taking
advantage of increased solubility [22-23] of the deposit itself in the deposition
solution and dissolving from amorphous sites and recrystallize again with ongoing
electrodeposition finally resulting higher crystallinity. We adapted trending pulsed

electrodeposition method [24-29] for our experiments.



1.1 Experimental Techniques

1.1.1 Pulsed Electrodeposition

In pulsed electrodeposition the potential is changed between two different values as
shown in Figure 1.1. This results a series of pulses with same duration and
amplitude. Pulses consist of on and off time intervals. Depending on the pulse
parameters such as potenatials and on-off time it is possible to control film

composition and thickness of the deposit.

In electroplating a negatively charged layer is formed around cathode. This layer
makes it harder for ions to reach cathode. In pulsed electrodeposition by switching
off the potential applied, this layer is discharged and ions move more easily at the
next pulse period. By using pulses ion depletion zones are eliminated and ion deposit
more uniform on the surface [30].

ON-time Time Period
f—— f—F

<
1

Current density (Ad m‘z)

—t
OFF-time

v

Time (ms)
Figure 1.1 : Example of pulses at pulsed electrodeposition [30].

1.1.2 X-Ray Diffraction

X-Rays generated from an X-Ray tube are used to understand crystalline properties
of the material being analyzed. Typically, X-Rays are formed after radiation of the
Tungsten filament and exposure to a metal to produce characteristic X-Rays. Most of
the X-Ray tubes include copper as X-Ray generator. Cu Ko X-Rays having
wavelength of 1.54 A are formed by this way. These X-Rays are used to analyze the
sample. Only diffracted X-Rays satisfying Bragg’s Law (nA=2dsin6) are counted by

the detector. Diffraction of the X-Ray beams are shown in Figure 1.2. By analyzing



the diffracted beams atomic or molecular positions, composition, crystallinity and
grain size of the material can be found [31].

Figure 1.2 : Diffraction of the X-Ray beams from the sample [31].
1.1.3 Scanning Electron Microscope

Scanning electron microscope uses focused beam of electrons to visualize a sample.
Electrons focus on very small field on the sample. These eletrons interact with the
sample to produce signals that can be detected and give information about the
topography of the sample. The instrument invented by Manfred von Ardenne in
1930s. Most commonly secondary electrons mode are used to give better information
of the surface. Moreover, defects or voids can also be observed with the aid of a

scanning elecron microscope. Resolution of the instrument can go down to 1 nm.

To visualize a sample with SEM, sample must be conductive. If not, specimen is
covered with conductive metal such as gold or palladium with using a sputter or an

evaporator. Typical operating voltages are between 1 kV to 30 kV.

1.1.4 Energy Dispersive Spectroscopy

EDS uses X-Rays for excitation of the elements present in the sample. Each element
has its own response to the X-Ray resulting from the K and L electron shell of the
sample elements. To measure characteristic response of the elements specimen is

trgeted with a high energy beam of electrons or X-Rays.

These beams cause electron transfer from the inner shell to the outer shell of the
element. This act creates an empty electron hole at the inner shell in most cases

ground level shell. Electron from outer shell may fill this hole and energy difference



between two shells are released as characteristic X-Rays which can be measured by
EDS equipment for elemental analysis.

1.1.5 Atomic Force Microscopy

By using a mechanical probe surface is scanned fast with the aid of piezoelectric
elements. A sharp tip is used to scan the specimen surface. Such tips can be either
Silicon or Silicon Nitride with having tip radius dimensions of nanometer scale.
When the tip approaches the surface, it is repelled according to Hooke’s Law. A
constant force is adjusted at the scanning of the surface to eliminate the risk of
breaking of the tip. Three different modes can be applied as contact, tapping and

non-contact modes.

1.1.6 Optical Microscope

Optical microscope is used to magnify objects illuminated with visible light and the
aid of system of lenses. Optical microscope is among the oldest imaging techniques
and alternative to SEM and TEM. Maximum magnification achieved by an optical
microscope is 1000x obtained by eyepiece and objective lenses. Many illumination
techniques such as bright field, dark field, cross polarized light and phase contrast
can be used to get better view. Optical microscope technique give informtion about
the focused surface. High roughness samples usually are mixed with focused and

defocused zones.

1.1.7 Fourier Transform Infrared Spectroscopy

FTIR is a technique to obtain infrared spectrum of the sample either solid, liquid or
gas. FT term is Fourier Transform and comes form the transformation of the raw data
into actual spectrum. Absorption of the light by the sample is measured and these
characteristic wavelength responses are used for analysis. Such specific absorptions

are the result of molecular vibration of the bonds.

1.2 Solar Cells

Crystalline silicon and multicrystalline solar cells hold % 80 of the total photovoltaic
market. Rest is covered by CdTe, CIGS and a-Si based photovoltaic cells. Bulk Si
photovoltaics take advantage of advanced growth and fabrication processes. More

than 20 % power conversion efficiencies achieved by Si solar panels approach to the



28 % theoretical conversion efficiency. As well, because of bulk Si wafer price, solar
panel costs can not be decreased enough to compete with the potential costs of the
thin film technologies[3,20,32].

Market share of CdTe based solar panels reached to 12.3 % with doubling its share in
the recent years. Thin film solar panels have advantage of less material usage
because of higher absorption coefficients. As well, they have direct transitions unlike
indirect transitions of Si solar cells. 30 % maximum efficiency is calculated from the
optimum band gap range of 1.2-1.4 eV of the absorbing material. CdTe (1.44 eV)
and CI(G)S (1.02-1.6 eV) fits well in this range as shown in the Figure 1.3 below.
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Figure 1.3 : Optimum band gap — theoretical efficiency calculation graph [32].

Solar cells make rapid progress in the recent years reaching two-third of the quasi
limit of the theoretical cell. In the Table 2.1 below, maximum efficiencies obtained
by each type of photovoltaic cell is given progressively [1].

1.2.1 CdTe Thin Film Solar Cells

CdTe having 1.44 eV band gap lies in the middle of the optimum band gap. Large
light absorption coefficient of the material ensures 99 % of the incident photons with
energies larger than the band gap is absorbed by the material. 2 micron thick CdTe is
enough for the maximum light absorption. Efficiencies up to 16.5 % for research
cells and 10-11 % module cells were obtained by CdTe based thin film solar cells.
CdTe based thin film solar cells are cheap as it was assumed 0.52-0.63 $ Wp by 2014
[3,20,32].



Table 2.1 : Best research solar cell efficiencies table [1].

icienci INREL
']
Best Research-Cell Efficiencies <NIKEL
50
Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies
LM = lattice m: © CIGS (concentrator)
48 = metamorphc ® CiGs Spectrok > (lM?JIann)Zx)
= inverted, metamorphic 0 Cdle M.384) s ‘ v
V' Three-junction (concentrator) O Amorphous Si:H (stabilized) ( LEI'R:!EZLH)
44 |- 'Y Three-junction (non-concentrator) @ Nano-, micro-, poly-Si 3
A Two-junction (concentrator)
A Two-junction (non-concentrator) X
B Four-junction or more (concentrator) Boeing-
40~ O Fourunction or more (non-concentrator) Spectrolab (5-J)
Single-Junction GaAs .--W¥ Sham (IMM)
| A Singlecrystal «**"Sharp (IMM
36 A Concentrator 2EL (IMM . Sharp
V' Thin-film crystal NREL spectroiab N L) o te
Crystalline Si Cells japan  Spectolat T——
—~ 32[~ @ Single crystal (concentrator) erg — ES-UPM F("‘%f)s Ata LA
x W Single crystal (non-concentrator) X Devices 45
—~ E Multicrystalline Jev
= Thick Si fim
5 28 @ Siicon heterostructures (HIT)
= V' Thin-film crystal
0
o 241
=
w R
20+
16—
12~
8
4
oL 1 o—T% V"0 4oy ovow vy by by b b Ly )
1975 1980 1985 1990 1995 2000 2005 2010 2015

As illustrated in the Figure 1.4 below, solar cell consist of 2-5 micron thick CdTe
absorbing layer, 50 nm thick CdS buffer layer and ZnO window layer. CdS buffer

layer was kept thin to avoid absorption at CdS and maximize absorption of CdTe.

Back contact of the cell is problematic because work function matching cheap metal

is unavailable.

The main issue of CdTe based solar cells is toxicity of the Cadmium and abundance
of the Tellurium. Therefore, progress of CdTe based solar cells may slow down in

the future.
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Figure 1.4 : Typical CdTe solar cell [3].



1.2.2 CI(G)S Thin Film Solar Cells

Large light absorption coefficients of the CI(G)S layer allow a micron of material is
enough for maximum light absorption. Power conversion efficiencies more than 20
% were achieved for research cells and module cells up to 13-15 % efficiencies are
readily available. 500 nm of molydenum is used as metal contact and 1-2 micron
thick CIGS is used as absorbing material. Then 50 nm thick CdS is used as buffer
layer and ZnO as window layer [3,20,32]. Typical CIGS solar cell was shown in the
Figure 1.5.

One advantage of the CIGS based solar cells is, it is grown over a substrate and allow
work with flexible substrates. Current techniques use vacuum co-depositon and cause
higher module costs. Therefore, non-vacuum techniques are focused by many groups
to reduce the cost of the CIGS based thin film solar cells. Scarcity of indium and

toxicity of cadmium also causes problems for CIGS based thin film solar cells.
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Figure 1.5 : Typical CIGS solar cell [3].
1.2.3 Dye-sensitized Solar Cells

DSC, mostly known as Gratzel cells, because of its inventor Michael Gratzel use a
mesoporous titania layer covered with Ruthenium dye. The semiconductor is in
contact with an ionic redox couple. High internal surface of mesoporous titania allow
rapid injection of the electons from dye to the titania. Redox couple compensate for

the loss electron of the dye. DSC module efficiencies up to 8 % are achieved using



the same design as research cells. Most recently, flexible DSC prepared over
titanium foil are developed. Typical DSC design was given below in the Figure 1.6
[32].
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Figure 1.6 : Dye-sensitized solar cell [32].
1.2.4 Organic Photovoltaic Cells

OPV devices progress rapidly in the recent years. The cell consists of bulk
heterojunction of an electron donor material such as P3HT and an electron acceptor
material such as PCBM as shown in Figure 1.7. Such heterojunction is vital because
of small exciton diffusion length of the polymeric substances present in the device.
In the orders of few nanometers of exciton diffusion length causes complex
conditions and inconsistent results because of 300 nm thick material need for the
device. Layer-by-layer approaches result very low efficiency values. Despite
necessity of obtaining bulk heterojunction the cost of the materials and thickness
needed are promising for such solar cells. Layer of PEDOT:PSS is used to make one
side selective for holes so electrons can move one side and holes another. Companies
achieved up to 8 % efficiencies with test cells and research is mostly based on the
identification of new materials and long-term stability [32].



Figure 1.7 : OPV device [32].
1.3 Deposition Techniques of Copper Indium Diselenide

1.3.1 Co-evaporation

Coevaporation of CI(G)S is a process that alternates between Cu-rich and Cu-poor
conditions to obtain large grains. Evaporating elemental sources to obtain CIGS film
is the main focus of the coevaporation. Commercial CIGS solar panel companies also
using this technique for higly efficient modules. However, because of the cosine flux
distribution of the evaporation technique, sharp compositional changes or large scale
uniformity is problematic. As well, top-down configuration of the sources and high
application temperatures also result problems. To control composition AAS or XRF
is used in the system to control and manipulate the flux of the elemental sources.
Another problem is the constant supply of non-reactive Selenium in excess which
causes condensation and material management problems. Despite all these problems
module efficiencies more than 11 % is achieved with coeavporation of CIGS

absorber layer [20].

1.3.2 Metal Selenization

Selenization of pre-deposited alloys is also used for synthesis of CI(G)S. Method is
achieved with two steps. First sputtering of the metals on the surfce of the substrate
is done and then these metals are converted to CIGS by annealing in selenium
atmosphere. Many commercial CIGS solar panel producers also follow this



technique. These two steps mimic champion cells composition by adjusting
parameters at sputtering and annelaing steps. Selenization can be done either with
elemental selenium or hydrogen selenide gas. H,Se is more reactive than elemental
selenium and easy to handle. However, H,Se is highly toxic and safety is a concern.

Best module effciency achieved by this technique is 15.7 % [20].

1.3.3 Solution Processing

Solution processes are the third technique for CI(G)S preparation and vacuum is
eliminated in this technique. Solution processing is also two step process in which
first a layer is coated on the surface and finally layer is annealed at high temperatures
to obtain large grain sized CIGS. Solution processing have many advantages as
reduced capital requirements, potentially lower energy requirements and
compatibility with roll-to-roll processing. Main challenge of the process is the
contamination of the material by either precursor compounds or solvents. Producing

dense and uniform layers is challenging [20].

Coating of the surface with CIGS and thermally annealing the material at high
temperatures to increase the grain sizes is needed for final material to be used in the
solar device. Module efficiencies of 11 % is achieved by solution processing
techniques.

1.4 Electrodeposition of Copper Indium Diselenide

Electrodeposition of CIS was done by Jeyakumar et al. in 1994 [7]. They
cathodically electrodeposited CIS films on tin oxide coated glass substrates from
aqueous solutions. In their work, depostiton potential was spanned between -350 mV
and -750 mV vs. Saturated Calomel Electrode (SCE). Citric acid was used in the
precursor solution as a complexing agent. Sulfate salts of 5.26 mM CuSQ,, 18 mM
In2(SO4)3 and 3.28 mM SeO, were used in the aqueous solution. 5.33 mM of citric
acid also added to the precursor solution. They used pH value of 1.8 for the
electrodeposition experiments. They used citric acid for complexing with copper ions
and bring down the deposition potential closer to the other depositing ions especially
indium. By checking the thickness of the electrodeposit they found 30 minutes of
deposition time is for a micron thick film. Films were characterized with XRD and

tetragonal phase was found however films were polycrystalline as deposited and a
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thermal annealing step is required improve the crystal quality of the film. To improve
the crystal quality of the film they annealed at 425 °C in Argon atmosphere.
Crystallite sizes were not calculated in the paper but FWHM values larger than 1 26

value can be predicted from the XRD pattern given.

Vedel and coworkers also studied electrodeposition of CIS in 1994 [8]. They used
the same pH value of 1.8 as Jeyakumar did and as well 2.45 pH value with H,SO4
was also tried without using citric acid in the precursor solution. They referred the
potentials as Mercury Sulfate Electrode (MSE) and potentials below than -0.9 V
suitable for electrodeposition of CIS.

In 1997 Tzvetkova and coworkers used thiocyanate as a comlexing agent for the
electrodeposition of CIS [9]. In this work, they used molybdenum coated glass
substrates as work electrodes. CuCl, In,(SO,)3; and SeO, with a total concentration of
8.5 mM but in different ratios used as precursor solution. By adding acetate buffer to
the deposition solution, they fixed pH at 5. They found 1 V vs. SCE suitable for
electrodeposition of CIS. XRD data of the as-deposited samples, which was given
below in Figure 1.8, show weak polycrystalline properties because of broad
reflections from the characteristic tetragonal CIS peaks. To improve crystalline
properties they annealed the samples either argon atmosphere or selenium

atmosphere.
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Figure 1.8 : XRD data of the as deposited film [9].

In 2000, Kemell and coworkers electrodeposited CIS the same way as Tzvetkova did
by using thiocyanate as complexing agent [10]. However, they used more acidic
condition (pH 2.7-3.1) for electrodeposition. They used 100 nm molybdenum
sputtered glass samples as work electrodes and Pt plate as counter electrode. They
kept CuCl and SeO, concentrations constant as 0.05 M and 0.001 M respectively.
They spanned InCl; concentraiton from 0.02 M to 0.125 M. They used 4 M KSCN as

complexing agent and dilute HCI to adjust pH. They found the film composition
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independent of the Cu/In ratio and speculated CIS formation proceeds via Cu,4Se
formation. They analyzed the films by XRD and found amorphous as deposited.
They also needed an annealing step under argon atmosphere to increase the crystal

quality of the film electrodeposited.

In 2001, Dharmadasa and coworkers electrodeposited CIS films on Titanium
substrates at room temperature [11]. Salt concentrations of 0.005 M CuCl,, 0.005 M
InCl3; and 0.001 M SeO, were used in the precursor solution. They adjusted pH at 1.5
with dilute HCI. They stirred the electrodeposition solution in the experiment. As
deposited films were polycrystalline because of broad and weak reflections of
characteristic tetragonal chalcopyrite structure of CIS as shown in Figure 1.9.
Annealing of the films to improve crystal quality of the films was also studied by the
group. From XRF measurements, they ended with possibility of the occurrence of
more than one phase because of the high content of Cu and Se. Both possible

compounds of CIS and Cu,Se give rise to the same peaks.
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Figure 1.9 : XRD data of the as deposited film [11].

In 2009, Benouttas and coworkers electrodeposited CIS on Mo substrates using
thiocyante as a complexing agent [19]. In electrolyte solution, they used 1 mM CucCl,
5 mM InClz, 1 mM SeO, and 3.5 M KSCN. They fixed pH at 4 and spanned the
temperature of the electrodeposition solution from 20 °C to 80 °C. However, increase
of the temperature increased the Cu content of the film. As deposited films showed

poor crystallinity and had small grains. SEM images of the films were given below in

Figure 1.10.

In 2009, Gujar and coworkers electrodeposited CIS from 10 mM CuSQO,4, 10 mM
SeO; and 10 mM Iny(SO4)3 precursor solution [12]. By using dilute sulfuric acid they
adjusted pH of the solution between 1.5-2.0 range. They used indium tin oxide,
fluorine-doperd tin oxide, nickel, molybdenum and stainless steel substrates.
Depositon potential range of -600 mV to -1000 mV vs Ag/AgCI reference electrode

12



was applied without stirring the solution. They found -700 mV as best condition for
high crystallinity and composition.

Figure 1.10 : SEM images of the films prepared at different temperatures [19].

Despite claiming no secondary phases present in the deposited film it is clear from
the XRD results, which were given in Figure 1.11, a shoulder corresponding to either
Cu,Se or In,Ses phase predicted by other research groups is present. As well, they
predict the crystallite size of the samples around 60 nm but again an estimation of

FWHM value from XRD results gives less than 10 nm of crystallite sizes.
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Figure 1.11 : XRD data of the as deposited films [12].
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In 2010, Lincot and coworkers studied electrocrystallization mechanism of CIS [13].
They used 1 mM CuSQy, 1.7 mM SeO, and 6 mM In,(SO4); as precursor solution.
They adjusted pH at 2 and used supporting electrolyte. They found at low

overpotential values no indium deposition was observed.

Sanz and coworkers in 2010, found pulsed electrodeposition of CIS enhances
microstructure of the CIS film [24]. They carried electrodepositon on ITO samples.
Two different deposition concentration and three different pulse durations evaluated
in the paper. pH of the solution was adjusted with dilute sulfuric acid in the range of
2.10-2.70 values. All precursor solutions kept constant and 2 mM for each for high
concentration precursor solution and 0.3 mM for each for low precursor solution.
However, electrodeposited films given in the Figure 1.12 below showed poor
crystallinity with broad and weak reflections. The films obtained had more uniform
grain sizes with pulse technique. They predicted the film uniformity and
improvement on the film morphology because of more controlled diffuse regimes

under control of the pulse durations.
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Figure 1.12 : XRD data of the as deposited films [24].

In 2011, Li and coworkers electrodeposited CIS films and worked on their
microstructures [14]. They found the Se/Cu ratio plays an important role on the
composition and microstructure of the film. They advise high concentrations of Cu
and In for high crystallinity and large grain sized chalcopyrite phase. They used 1.28-
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1.92 mM SeO,, 1.00-1.15 mM CuSO4 and 0.8-3 mM Iny(SOy); in the precursor
solution. They adjusted pH at 1.8 by dilute sulfuric acid solution. 0.3 M K;SO4 was
used as supporting electrolyte. The applied potential was 0.95 V vs. MSE. They
proposed a deposition mechanism for CIS as shown in the Figure 1.13. Small grain
sized films were obtained with Cu-poor conditions and large grain sized obtained for
Cu-rich conditions. As well they concluded Cu,.Se formation for large grain size

CIS film formation.
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Figure 1.13 : Deposition mechanism of CIS films [14].

In 2012, Mallouk electrodeposited CIS nanowires in the pores of anodic aluminum
oxide templates [18]. They found as deposited wires consist of 2 nm crystallite sizes
and crystallinity improved up to 40 nm upon annealing. XRD data of the deposited

films were given below in Figure 1.14,
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Figure 1.14 : XRD data of the as deposited and annealed films [18].

In 2013, Lin and coworkers studied the effect of supporting electrolyte on the crystal

quality of the electrodeposited CIS film [16]. They found the concentration of the

supporting electrolyte enhances the crystal quality of the film but excess of the

supporting electrolyte causes formation of aggregates and decreases the crystal

quality of the film. Good quality films also achieved without addition of supporting

electrolyte. XRD results were given below in the Figure 1.15.
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Figure 1.15 : XRD data of supporting electrolyte experiments [16].
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2. EXPERIMENTAL

2.1 Materials

All chemicals used in the reaction are analytical grade. InCl; (%99.99) was supplied
from Alfa Aesar. SeO, was supplied from Merck. CuCl,.2H,0O was supplied from
Riedel. HCI %36,5 was supplied from Sigma Aldrich. MilliQ pure water (18.2 mQ)
was used in the electrochemical synthesis.

2.2 Electrodeposition

2.2.1 Optimization of the Deposition Potential

Electrodeposition of CIS was done on Commercial Molybdenum coated glass layers
having sheet resistance of 0.55 Q/sq with a Gamry 600 potentiostat. Deposition area
was 1.5x1.5 cm? which was larger than typical values in the literature. Before
electrodeposition all samples were cleaned with deionized water, acetone and

deionized water again.

Electrochemical cell was a three-electrode cell consisting of Pt wire as an auxiliary
electrode, Ag/AgCI as a reference electrode and Molybdenum coated glass layers as
work electrode. Deposition was done at room temperature with potentiostatic pulse
method with 0.1 s on and 0.1 s off time without stirring the solution. Deposition time

was chosen as 30 minutes. Deposition was done without stirring the solution.

Initial concentrations of 1 mM CuCl,, 1.7 mM SeO,, 6 mM InCl; and 0.2 M HCI
were chosen as starting point for all parameter optimizations. To investigate
parameters individually, first spanning the deposition potential was chosen. In
literature, for electrodeposition of CIS very large potential range was applied. As a
start point, -0.5 V vs. Ag/AgCI reference electrode was tried because this voltage
was mentioned in many papers. Potential was decreased down to -0.65 V by

checking every 25 mV values.
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2.2.2 Investigation of the Precursor Concentrations

Concentrations of CuCl,, SeO;, and InCl; were spanned by checking higher and
lower values of starting parameters. Concentration of salt precursors was varied for
CuCl; from 1 mM to 1.5 mM, for SeO, from 1mM to 1.7 mM and for InCl; from 4.5
mM to 7.5 mM. HCI was used to increase the acidity of the solution and changed
from 0.01 M (pH 2.16) to 0.2 M (pH 1.09).

2.3 Characterization of CIS films

All deposits were checked with XRD for crystallinity and phase analysis. Rigaku
Miniflex 600 diffractometer with Cu Ko (1.542 A) radiation was used as equipment.
Operation conditions were set as 40 kV and 15 mA. Analysis parameters were
chosen as 3-80° 20 measurement range, 0.02° for step size and 1°/min. Crystallite
sizes were calculated from Debye Scherrer equation with full width at half maximum
(FWHM) values of (112) CIS peak located at 26.6° 20. The morphology and
composition of the deposits was investigated by using a JEOL JSM-6510LV
scanning electron microscope with EDS attached. Optical microscope images were
taken by a Nikon LV100POL optical microscope with digital camera. AFM
measurements were done with Nanosurf Easyscan equipment. FTIR measurements

were done with Perkin Elmer FTIR-ATR reflectance spectrometer.
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3. RESULTS AND DISCUSSION

Deposition parameters were adapted from Lincot et al. [13] but pulsed
electrodeposition technique and more acidic media was used. Se(1.7 mM)/Cu(1 mM)
ratio of 1.7 and 6 mM of InCl3 was chosen as start point. Electrodeposition potential
was spanned between -500 mV to -650 mV. XRD results were given below in Figure

3.1. Voltage range of -525-575 mV gave highest intensities and therefore deposition

potential of -550 mV was chosen for further optimizations.
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Figure 3.1 : XRD data of potential optimization.

Then, concentrations were spanned separately. Decreasing Se/Cu ratio by increasing
copper concentration or decreasing selenium concentration from 1.7 to 1.36 and 1.27
respectively increased the intensity of an extra peak located at 25.2° 26 as shown in
Figure 3.2. This peak was also seen by many groups as a shoulder to peak at 26.6° 26
and speculated as In,Se; phase [33-34]. However, missing of several reflections

especially at 12.6° 20 made this assignment unclear [33].
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Figure 3.2 : XRD data of Se/Cu ratio experiments.

Increasing Se/Cu ratio either by increasing selenium concentration or decreasing
copper concentration to 2.12 or 2.27 respectively decreased the intensity of the
characteristic peaks of CIS. In the Figure 3.3, ratio of (112)/(204)(220) peaks are
plotted with respect to Se/Cu ratio. Se/Cu ratio is directly proportional to the ratio of
(112)/(204)(220) planes and (204)(220) planes are more oriented for low Se/Cu

ratios.
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Figure 3.3 : Intensity ratio of (112)/(204)(220) peaks wrt. Se/Cu ratio.
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To understand these changes Se/Cu ratio further decreased to 1.02 and 0.67 by
changing both copper and selenium concentrations at the same time and results are
shown in the Figure 3.4 below. In addition to the peak located at 25.2° 26 another
peak evolved at 28.5° 20. XRD analysis from database matched these peaks
including peak located at 26.6° 20 as wurtzite CulnSe; ((100),(002),(101), pdf card
no: 1-78-5190) found by Brutchey et al [35]. This metastable phase was assigned for

the first time for electrochemical deposition.
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Figure 3.4 : XRD data of low Se/Cu ratio experiments.

We believe deposition of CIS occurs with a competition between tetragonal phase
with Cu-rich nature because of Cu,Se lattice match and wurtzite phase with In-rich
nature because of In,Ses lattice match. In Figure 3.5, ratio of these two phases are

given with higher values of wurtzite phase for low Se/Cu ratios.

Change of indium concentration between 7.5 mM and 4.5 mM did not affect the

intensities much with 6 mM resulting the highest intensities as shown in Figure 3.6.

The acidity of the solution was changed to investigate pH effect on crystallite sizes.
HCI concentration is changed from 0.01 M (typical literature values: pH 1.5-4.0) to
0.2 M. Increasing the acidity of the solution enhanced the crystallization of the
deposit as shown in the Figure 3.7 with decreasing FWHM values of the
characteristic (112) peak of CIS.
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Figure 3.6 : XRD data of Indium concentration experiments.

Crystallite sizes were calculated based on Debye-Scherrer equation and given in the
figure below. Crystallite sizes increased from 7.57 nm (FWHM: 1.44° 20) for 0.01 M
HCI (pH 2.16), which is similar as common results of literature which have 1.5-3° 26
FWHM values [10,11,16,18,19], to 10.10 nm (FWHM: 1.08° 20) for 0.05 M HCI
(pH 1.58) and to 17.31 nm (FWHM: 0.63° 20) for 0.2 M HCI (pH 1.09).
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Figure 3.7 : XRD data of acidity experiments.
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Figure 3.8 : Crystallite sizes wrt. acidity of the solution.

Further increase in the acidity of the solution caused peeling off the deposited film
from the surface at electrodeposition step or at washing step because of low

roughness value of the commercial Mo substrates.
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Pulse duration was also checked by changing on-off time from 100 ms to 50 ms and
to 20 ms. XRD analysis of the pulse experiments did not show any considerable
change with resulting best values for 100 ms on and 100 ms off time as shown in
Figure 3.9 below. However, optical microscope images of the deposits show a trend

for smaller aggregates for short pulse durations.

—— 100 ms/100 ms|
—— 50 ms/50 ms
—— 20 ms/20 ms

Figure 3.9 : XRD data of pulse duration experiments.

Optical microscope images in Figure 3.10 and Figure 3.11 below, indicate two types
of growth one smooth and one with aggregates. In literature, this aggregate phase
was observed mainly with mentioned as dendritic type growth [12,15,19,24,25,26].
Wourtzite phase dominant samples have much larger portion of smooth type deposit.

Aggregate deposits were increased with diminishing wurtzite phase peaks.

Optical microscope images of low Se/Cu ratio samples consist of smaller aggregates.
Especially 0.67 Se/Cu ratio sample have more uniform and smaller aggregates on.
SEM images of these samples were given in the Figure 3.12 for 1.02 Se/Cu ratio

sample and in the Figure 3.13 for 0.67 Se/Cu ratio sample.

Scanning electron microscope images also confirm smooth-aggregate situation as
shown in the Figure 3.14 below. Wurtzite phase dominant 1.27 Se/Cu ratio sample
have smoother surface, with less portion of aggregates over, than Se/Cu ratio of 1.7

sample.



Figure 3.10 : Optical Microscope images of smoooth structures.

Figure 3.11 : Optical Microscope images of aggregate structures.
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Figure 3.12 : Optical imges of 1.02 Se/Cu ratio sample.

Figure 3.13 : Optical imges of 0.67 Se/Cu ratio sample.
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Figure 3.14 : SEM images of a) smooth structures, b) magnified aggregates of a, c)
magnified smoooth part of a and d) aggregate structures.

Energy dispersive X-ray spectroscopy (EDS) analysis gave Cujsplng7sSerqs for
smooth surfaces of 1.27 Se/Cu ratio deposit which is consistent with wurtzite phase
of Cups2lngesSesoo given by Brutchey et al. Se/Cu ratio of 1.7 deposit gave
Cuy 09lng s3Sez.0s atomic ratios consistent with increased selenium concentration also
increased selenium amount at the deposit [35]. Aggregate type structures were more

copper rich with Cuy4slngss5Sez00 atomic ratios. Cu-rich nature of these aggregates
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may be influenced by the higher tendency of Cu-Se phases present with tetragonal
growth as lattices match.

An FTIR measurement of the material was shown in the Figure 3.15 below. Peak at

472 cm’* corresponds to the metal-selenium bonds of the CIS.

472 cm”

L T T T T T T T T T T T T T l
400 500 600 700 800 900 1000
cm”

Figure 3.15 : FTIR spectrum of CIS.

By using AFM technique, suface analysis of commercial molybdenum coated glass
substrates were done and surface roughness was measured. AFM results for

commercial substrates are given in the Figure 3.16 below.

Topography - Scan forward  Line fit Topography - Scan forward Line fit

. * ]
S H _

...
Figure 3.16 : AFM topography of commercial Mo coated glass substrate.
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Sample used for high acidity experiments in which CIS layer did not peel off from

the surface was also checked with AFM and results are given in the Figure 3.17
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below. Surface roughness of the commerical substrates was 0.94 nm but evaporated
samples created for the experiments was 3.87 nm. This four-fold surface roughness

difference accounts for the stickness of the deposit on the surface.

Topography - Scan forward Line fit

Line fit 24, 1nm

Line fit 24 1nm

Topography range

Opm

Figure 3.17 : AFM topography of Mo evaporated glass substrate.

After understanding the surface topology of the substrates, electrodeposited samples
was checked to understand the difference between the aggregate and smooth
surfaces. Se/Cu ratio of 1.7 sample in which more aggregate phase present and small
wurtzite peak present, have surface roughness value 18.5 nm. AFM results of this

sample was given below in Figure 3.18.

Topography - Scan forward Line fit Topography - Scan forward Line fit

Line fit 144nm

Line fit 144nm

Topography range

Opm

Opm X* 1,01pm

Figure 3.18 : AFM topography of Se/Cu ratio of 1.7 sample.

However, Se/Cu ratio of 1.27 sample which was smoother and wurtzite peak was
more obvious, had surface roughness value of 13.03 nm. AFM results of this sample

was given below in Figure 3.19.
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Figure 3.19 : AFM topography of Se/Cu ratio of 1.27 sample.

As well, Se/Cu ratio of 1.36 sample had surface roughness value of 13.77 nm which
is more than but close to 1.27 Se/Cu ratio sample. AFM results of this sample was
given in Figure 3.20. These both samples were shown less rougher than the 1.7

Se/Cu sample. This result also support SEM and optical microscope results.
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Figure 3.20 : AFM topography of Se/Cu ratio of 1.36 sample.

Electrochemical impedance measurements were done in 0.1 M NaClO4/H20
solution between 10 mHz - 100 kHz frequency range. Ag wire was used as reference
electrode, Pt wire was used as counter electrode and electrodeposited CIS samples
were used as work electrodes. Electrochemical impedance measurement results were
shown in Figure 3.21, Figure 3.22, Figure 3.23 and Figure 3.24 below.

Bode phase and magnitude results give higher values for 0.2 M sample. These results

show higher resistive characteristics for 0.2 M sample which may be caused because
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Figure 3.22 : Bode-phase graph
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Figure 3.23 : Bode-magnitude graph
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Figure 3.24 : Admittance graph

of higher acid content of the electrodeposition solution. Admittance graph show the
same characteristics for lower values.
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4. CONCLUSIONS

In conclusion, electrodeposition of CIS was done with pulsed potentiostatic
deposition technique. Applied voltage optimization was done before checking other
parameters. A new phase for electrodeposition of CIS, wurtzite phase, was assigned
which dominates for smaller Se/Cu ratios. Indeed, a competition between wurtzite
phase (smooth surfaces) and tetragonal phase (aggregates) was speculated at
electrodeposition with both phases present in all samples varying depending on the
conditions. Moreover, crystallite size increase up to 17.31 nm was found for high

concentrations of acid.
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APPENDIX A

Pulsed Electrodeposition Experiment Data
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Figure A.1 : -500 mV pulsed electrodeposition experiment data.
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Figure A.2 : -525 mV pulsed electrodeposition experiment data.
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Figure A.3 : -550 mV pulsed electrodeposition experiment data.
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Figure A.4 : -575 mV pulsed electrodeposition experiment data.
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Figure A.5 : -600 mV pulsed electrodeposition experiment data.
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Figure A.6 : -650 mV pulsed electrodeposition experiment data.
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Figure A.7 : 2.125 mM SeO; pulsed electrodeposition experiment data.
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Figure A.8 : 1.275 mM SeO, pulsed electrodeposition experiment data.
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Figure A.9 : 1.25 mM CuCl; pulsed electrodeposition experiment data.
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Figure A.10 : 0.75 mM CuCl, pulsed electrodeposition experiment data.

Figure A.11 : 7.5 mM InCl; pulsed electrodeposition experiment data.
§Azcsnm

Figure A.12 : 4.5 mM InCl; pulsed electrodeposition experiment data.
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Figure A.13 : 2.125 mM SeO, and 1.25 mM CuCl, pulsed electrodeposition data.

-5,000 mA
\
10,00 mA
415,00 mA
-20,00 mA
00008 1,000 ks 2000ks 3,000k 4000ks

Figure A.14 : 2.55 mM SeO, and 1.5 mM CuCl, pulsed electrodeposition data.
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Figure A.15 : 50 ms on-50 ms off time pulsed electrodeposition experiment data.
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Figure A.16 : 20 ms on-20 ms off time pulsed electrodeposition experiment data.
gvmunm (
Figure A.17 : 0.05 M HCI pulsed electrodeposition experiment data.
:
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Figure A.18 : 0.01 M HCI pulsed electrodeposition experiment data.
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Figure A.19 : 0.5 M HCI pulsed electrodeposition experiment data.
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Figure A.20 : 1 M HCI pulsed electrodeposition experiment data.
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