UNIVERSITY OF WEST BOHEMIA
FACULTY OF MECHANICAL ENGINEERING
DEPARTMENT OF MATERIAL SCIENCE AND TECHNOLOGY

Ph.D. Thesis

To acquire academical degree Doctor of Philosophy
in Material Science and Technology

Lucie PruSakova

DEVELOPMENT OF TRANSPARENT
CONDUCTIVE OXIDES FOR
PHOTOVOLTAIC APPLICATIONS

Supervisor: doc. RNDr. Pavol Sutta, Ph.D.
Date of state doctoral exam: 23.9.2011
Date of submission: 30.8.2012



Declaration

The author hereby declares that her Ph.D. thesstisely her own work and has not been
submitted in any other form for another degree mmodha at any university or other
institution. The information obtained from the pshkd or unpublished work of other authors
has been acknowledged in the text and in theflistferences.



Acknowledgement

There are many of those, to whom belongs my deapk# At the very first place |
need to thank to my parents llona and Josef Prugaikowhom | need to express my deepest
gratitude for all they have taught me and donerfer

Great thanks belong to Doc. RNDr. Pavol Sutta, B2 head of our department and
my mentor. Without him | could not find and feektatmosphere and enthusiasm of the work
in the labs. There is no doubt in my mind that esslacknowledgement belongs also to Prof.
RNDr. Vladimir Tvarozek, Ph.D. for sharing his ideand knowledge with me. | would like
to express my thanks to members of our departmeonneretely Ing. Veronika Vavitkova,
Ph.D.; Ing. Marie Netrvalova; Ing. Jdtiha, Ph.D. and Ing. Petr Novak and Ing. Erik
Vavrinsky, Ph.D.; Ing. St Flickyngerova and Ing. lvan Novotny, Ph.D fromp@gment of
Microelectronics, STU Bratislava — for inspiringdaenriching discussions. Special thanks, of
course, belong to my close friends, who make neydright and joyful. Thank you.

Plzen, 2012

The result was developed within the CENTEM  projectyeg. no.
CZ.1.05/2.1.00/03.0088 that is cofunded from the DER within the OP RDI
programme of the Ministry of Education, Youth anub8s

Contents



Introduction

1.1 Photovoltaics: Government Policies and Busirigsportunities
1.2 Thin Film Solar Cells

1.3 Transparent conductive oxides

Aim and outline of the work

Recent development of TCO’s focused on zinc oxide
2.1 Doped oxide-based thin films: overview

2.2 Zinc oxide thin films (ZnO)

2.3 Structure of ZnO

2.4 Doping and electrical properties of ZnO

2.5 Optical behaviour of ZnO

Methods of TCO films fabrication

3.1 Preparation methods of the TCO films
3.2 Diode sputtering

3.3 Magnetron sputtering

3.4 Reactive sputtering

3.5 Phases of thin film formation and growth

Characterization of TCO films

4.1 X-ray diffraction analysis

4.2 Hall measurement

4.3 Four point probe measurement

4.4 Optical Spectroscopy - Transmission/Reflecépectra
4.5 SEM and TEM microscopy

Experimental details

5.1 Deposition system

5.2 Substrate preparation
5.3 Deposition process

5.4 Post-deposition treatment

5.5 Thin film characterization
5.5.1 Film thickness evaluation
5.5.2 Structure determination
5.5.3 Electrical properties
5.5.4 Optical properties



6

Results and discussion
6.1 Effect of dopant (Al, Ga and Sc) on the chimmastics
of ZnO thin films prepared by rf magnetrqutering

6.2 Influence of substrate position onto physical props
of ZnO thin films

6.2.1 Target erosive zone
6.2.2 Static and dynamic deposition mode

6.3 Study of post deposition treatment of transpiaconductive
oxides for application in thin-film solarlkse

6.4 Pilot thin-film solar cells grown on differeRCO’s

Conclusions

References

Summary

Publications

About the author



Aim and outline of this work

This work is motivated by applications of ZnO tHiimns as a top electrode and back
reflector in thin-film solar cells and the needtbé light scattering improvement to increase
the thin-film solar cells performance. The reseapriesented in this thesis has been
particularly focused to investigate in detail thehaviour of doped zinc oxide films in
dependence on conditions of both, deposition bynatign sputtering and post-deposition
treatment.

Aims of the thesis are addressed to:

* Obtaining new knowledge and deeper understandinghefinfluence of chosen
technological process parameters on the structleetrical and optical properties of
doped ZnO thin films.

e Estimation of difference among various doping o©OZf#Il, Ga, Sc).

» Comparison between static rf diode sputtering amdhdhic rf magnetron sputtering.

« Development of post-deposition treatment to achieffective light trapping and
electrical conductivity

» Verification the application of developed ZnO filméth different dopants in the pilot
thin-film solar cells.

In chapter 1 you just went through the brief introtion to the problematics. In
chapter 2 resent knowledge about transparent ctimduoxides, specially zinc oxide is
described. The chapter is focused on descriptioelexdtrical and optical behaviour of ZnO
important for solar cells applications. There al® asome information about structure and
doping of ZnO. Chapter 3 describes the brief owenwof deposition techniques used for the
TCO fabrication. The attention is mostly paid tatsering process and description of phase
of thin films formation. The detailed descriptiohanalytical method used for evaluation of
structure, optical and electrical properties ofrigdded films can be found in chapter 4.
Chapter 5 introduces into the experimental detallee deposition system, substrate
preparation, deposition process steps, postdepodittatment and procedures used for thin
film characterization are described here. Chaptecoftains results and discussion of
performed experiments. Each section of this chapgerdivided into introduction,
experimental, results and conclusions parts foreeawientation in the concrete studied
problem. In final chapter 7 the contribution of thesis is concluded.
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