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The work presented in this thesis was carried out at the Catalonia Institute for
Energy Research (IREC) in Sant Adria de Besos (Barcelona), Spain, from 2015 to 2018, in
the frame of SUNBEAM project (ENE2013-49136-C4-1-R) with an FPI fellowship (BES-
2014-068533) from the Spanish Government. The main subject of the thesis is the
development of high efficiency thin film photovoltaic technologies based on kesterite
Cu,ZnSnSe, absorbers, using a sequential process (sputtering of metallic stack
precursors followed by reactive thermal annealing) through the implementation of
innovative doping strategies.

Each chapter of the thesis is structured around several articles, which are
published in high impact peer-reviewed journals. According to the requirements for the
Doctor of Philosophy in Engineering and Applied Sciences at the University of Barcelona,
this thesis is constituted of the following seven articles:

S. Giraldo, C. M. Ruiz, M. Espindola-Rodriguez, Y. Sdnchez, M. Placidi, D. Cozza,
D. Barakel, L. Escoubas, A. Pérez-Rodriguez, and E. Saucedo, “Optical and

electrical properties of In-doped Cu,ZnSnSe,,” Sol. Energy Mater. Sol. Cells, vol.
151, pp. 44-51, 2016. IMPACT FACTOR (IF): 4.784

S. Giraldo, M. Neuschitzer, T. Thersleff, S. Lépez-Marino, Y. Sanchez, H. Xie, M.
Colina, M. Placidi, P. Pistor, V. Izquierdo-Roca, K. Leifer, A. Pérez-Rodriguez, and
E. Saucedo, “Large Efficiency Improvement in Cu,ZnSnSe, Solar Cells by
Introducing a Superficial Ge Nanolayer,” Adv. Energy Mater., vol. 5, no. 21, p.
1501070, 2015. IMPACT FACTOR (IF): 16.721

S. Giraldo, T. Thersleff, G. Larramona, M. Neuschitzer, P. Pistor, K. Leifer, A.
Pérez-Rodriguez, C. Moisan, G. Dennler, and E. Saucedo, “Cu,ZnSnSe, solar cells
with 10.6% efficiency through innovative absorber engineering with Ge
superficial nanolayer,” Prog. Photovoltaics Res. Appl., vol. 24, no. 10, pp. 1359-
1367, 2016. IMPACT FACTOR (IF): 6.726

T. Thersleff, S. Giraldo, M. Neuschitzer, P. Pistor, E. Saucedo, and K. Leifer,
“Chemically and morphologically distinct grain boundaries in Ge-doped
Cu,ZnSnSe, solar cells revealed with STEM-EELS,” Mater. Des., vol. 122, pp. 102-
109, 2017. IMPACT FACTOR (IF): 4.364

S. Giraldo, E. Saucedo, M. Neuschitzer, F. Oliva, M. Placidi, X. Alcobé, V.
Izquierdo-Roca, S. Kim, H. Tampo, H. Shibata, A. Perez-Rodriguez and P. Pistor,
“How small amounts of Ge modify the formation pathways and crystallization of
kesterites,” Energy Environ. Sci., 2017. DOI:10.1039/C7EE02318A. IMPACT
FACTOR (IF): 29.518

S. Giraldo, M. Neuschitzer, M. Placidi, P. Pistor, A. Pérez-Rodriguez, and E.
Saucedo, “CuZnSnSes-Based Solar Cells With Efficiency Exceeding 10% by



Adding a Superficial Ge Nanolayer: The Interaction Between Ge and Na,” IEEE
Journal of Photovoltaics, vol. 6, no. 3, pp. 754-759, 2016. IMPACT FACTOR (IF):
3.712

M. Dimitrievska, S. Giraldo, P. Pistor, E. Saucedo, A. Pérez-Rodriguez, and V.
lzquierdo-Roca, “Raman scattering analysis of the surface chemistry of
kesterites: Impact of post-deposition annealing and Cu/Zn reordering on solar
cell performance,” Sol. Energy Mater. Sol. Cells, vol. 157, pp. 462-467, 2016.
IMPACT FACTOR (IF): 4.784

The thesis is constituted of five chapters. At the beginning of each chapter there
is a short review of the literature and summary of the most important results presented
in the articles on which that chapter is based. After that, each chapter concludes with
the full text of the included articles.

The first chapter is a brief introduction into photovoltaics, centered on the
importance of solar energy at this time, where the transition from traditional energy
sources (fossil fuels) to cleaner and efficient technologies has become a matter of
urgency. Following this, an explanation of the basic operation of photovoltaic devices is
presented, along with relevant parameters and phenomena occurring in the p-n
junction of a solar cell. Besides, this section describes the main photovoltaic
technologies, including first generation (mainly based on silicon wafers, including mono-
crystalline and multi-crystalline silicon), second generation (based on thin film
materials), and third generation technologies (including emerging, novel technologies
and more advanced concepts), and further discussion about strengths and weaknesses
of the most relevant ones. The next sub-section is focused on kesterite thin film
technologies, which are the main topic of this thesis. The emergence of kesterite as an
absorber photovoltaic material overcomes the major limitations, regarding scarcity
and/or toxicity issues of other chalcogenide thin films, like chalcopyrite CIGS and CdTe,
since it is composed of low toxicity and earth abundant elements. In addition, there is a
long list of advantages (described in the thesis) that make kesterites a suitable and very
promising absorber photovoltaic material, although they still have some way to go due
to their novelty and short history compared to more mature technologies. This chapter
also presents a complete and updated review of the best reported kesterite solar cells
as well as some of the current challenges of this material derived from its crystal
structure and associated defects. Finally, the objectives of the thesis are presented.

The second chapter is focused on the study of selective doping strategies in
kesterite Cu,ZnSnSe,. In the first sub-section, before going deeper into more advanced
strategies, a previous optimization of the thermal processes for the synthesis of CZTSe
absorbers is presented, by analyzing several critical selenization parameters (including
temperature, total pressure, chalcogen quantity, ramp rates, etc.), and comparing one-
, two-, and three-step annealing profiles. After that, a preliminary screening of doping



elements is presented, involving cation-substitution or doping with the elements: Ag, In,
Si, Ge and Pb, as first candidates. The importance of studying these particular elements
is discussed and why we decided to focus on Ge and In as dopants. This chapter includes
the following three publications: “Optical and electrical properties of In-doped
Cu,ZnSnSe,”, “Large efficiency improvement in Cu,ZnSnSe, solar cells by introducing a
superficial Ge nanolayer”, and “Cu,ZnSnSe, solar cells with 10.6% efficiency through
innovative absorber engineering with Ge superficial nanolayer” with a more exhaustive
study about In and Ge elements as dopants in kesterite CZTSe.

The third chapter, in line with results presented in the previous chapter, is
intended to shed light on the origin and the mechanisms underlying the beneficial effect
of small amounts of Ge, and further explore the role of this element in high performing
CZTSe solar cells. In the literature, the incorporation of Ge in kesterite-based solar cells
has demonstrated a positive impact on several device properties, leading to significant
performance improvements. A brief review from 2012, when IBM reported the first Ge-
alloyed kesterite device, until now is presented. In summary, Ge incorporation has
demonstrated: the possibility to increase the Voc by widening the band-gap; the
potential for graded band-gap concepts; remarkable improvements of grain growth and
crystallinity; increased minority charge carrier lifetimes; and large potential to reduce
the Voc deficit in current kesterite technology. But, with the drawback of relying on large
amounts of Ge (20-40% Ge-substitution), thus compromising the sustainability of the
technology. In this context, the study of alternative strategies using small amounts of
Ge becomes crucial to further develop long-term sustainable technologies, based mainly
on earth-abundant elements. With regard to the origin of the beneficial effect of Ge
doping in CZTSe solar cells, several hypotheses have been proposed and are discussed
throughout the chapter; surface modification, formation of a flux agent, defect levels
modification, interaction with Na, or the influence on grain boundaries nature are
among them. This chapter includes the following two publications: “Chemically and
morphologically distinct grain boundaries in Ge-doped Cu,ZnSnSe, solar cells revealed
with STEM-EELS”, and “How small amounts of Ge modify the formation pathways and
crystallization of kesterites” with a detailed investigation of grain boundaries nature in
Ge-doped CZTSe, the mechanisms underlying the Ge boost and how Ge affects the
formation pathways of kesterite CZTSe.

The fourth chapter covers two of the most well-known factors that can clearly
impact on device performance and are of great importance to obtain high efficiency
solar cells: post-deposition treatments (PDT), and the presence and control of alkali
elements during thermal processes. The text includes the main effects of alkalis in CIGS,
in particular Na, essentially leading to an enhanced performance, reported
systematically in several publications. Following this, the effect of alkalis in kesterite are
reviewed, showing similar device properties improvements. Furthermore, an interesting
complex interaction between group IV elements (Ge, Sn) and alkalis is revealed,



affecting the doping level of the absorbers and the optoelectronic properties of kesterite
solar cells. Finally, post-deposition treatments, especially low temperature post-
deposition annealing (PDA), are presented. In the literature, several groups have
reported beneficial effects of these thermal treatments, either in air or inert
atmosphere, to increase device efficiency, and have associated them with the well-
known Cu-Zn interdiffusion. In particular, after PDA, the formation of a Cu-depleted and
Zn-enriched absorber surface has proven to be mandatory for high device efficiency.
This chapter includes the following two publications: “Cu,ZnSnSes-based solar cells with
efficiency exceeding 10% by adding a superficial Ge nanolayer: The interaction between
Ge and Na”, and “Raman scattering analysis of the surface chemistry of kesterites:
Impact of post-deposition annealing and Cu/Zn reordering on solar cell performance” in
which detailed information about the mentioned results is presented.

The final chapter of the thesis includes the conclusions and outlook of the work.

Finally, the following articles, which are co-authored by Sergio Giraldo,
contributed to the preparation of this thesis, but are not included in the text:

I. Becerril-Romero, S. Giraldo, S. Lépez-Marino, M. Placidi, Y. Sanchez, D. Sylla,
A. Pérez-Rodriguez, E. Saucedo, and P. Pistor, “Vitreous enamel as sodium source
for efficient kesterite solar cells on commercial ceramic tiles,” Sol. Energy Mater.
Sol. Cells, vol. 154, pp. 11-17, 2016. IMPACT FACTOR (IF): 4.784

M. Neuschitzer, J. Marquez, S. Giraldo, M. Dimitrievska, M. Placidi, I. Forbes, V.
Izquierdo-Roca, A. Pérez-Rodriguez, and E. Saucedo, “Voc Boosting and Grain
Growth Enhancing Ge-Doping Strategy for Cu,ZnSnSe, Photovoltaic Absorbers,”
J. Phys. Chem. C, vol. 120, no. 18, pp.9661-9670, 2016. IMPACT FACTOR (IF):
4.536

C. Ros, T. Andreu, S. Giraldo, Y. Sanchez, and J. R. Morante, “Conformal
chalcopyrite based photocathode for solar refinery applications,” Sol. Energy
Mater. Sol. Cells, vol. 158, pp. 184-188, 2016. IMPACT FACTOR (IF): 4.784

E. Kask, J. Krustok, S. Giraldo, M. Neuschitzer, S. Lépez-Marino, and E. Saucedo,
“Temperature dependent electrical characterization of thin film Cu,ZnSnSe,
solar cells,” J. Phys. D. Appl. Phys., vol. 49, no. 8, p. 085101, 2016. IMPACT
FACTOR (IF): 2.588

M. Colina, I. Martin, S. Giraldo, Y. Sdnchez, R. Kondrotas, F. Oliva, V. Izquierdo-
Roca, A. Pérez-Rodriguez, A. Coll, R. Alcubilla, and E. Saucedo, “Influence of
Amorphous Silicon Carbide Intermediate Layer in the Back-Contact Structure of
Cu,ZnSnSe, Solar Cells,” IEEE Journal of Photovoltaics, vol. 6, no. 5, pp. 1327-
1332, 2016. IMPACT FACTOR (IF): 3.712



P. Schoppe, G. Gurieva, S. Giraldo, G. Martinez-Criado, C. Ronning, E. Saucedo,
S. Schorr, and C. S. Schnohr, “Discrepancy between integral and local
composition in off-stoichiometric Cu,ZnSnSe, kesterites: A pitfall for
classification,” Appl. Phys. Lett., vol. 110, no. 4, p. 043901, 2017. IMPACT
FACTOR (IF): 3.411

J. Krustok, T. Raadik, M. Grossberg, S. Giraldo, M. Neuschitzer, S. Lépez-Marino,
and E. Saucedo, “Temperature dependent electroreflectance study of
Cu,ZnSnSe, solar cells,” Mater. Sci. Semicond. Process., vol. 39, pp. 251-254,
2015. IMPACT FACTOR (IF): 2.359

D. Cozza, C. M. Ruiz, D. Duché, S. Giraldo, E. Saucedo, J. J. Simon, and L. Escoubas,
“Optical modeling and optimizations of Cu,ZnSnSessolar cells using the modified
transfer matrix method,” Optics Express, vol. 24, no. 18, pp. A1201-A1209, 2016.
IMPACT FACTOR (IF): 3.307

R. Kondrotas, M. Colina, M. Guc, M. Neuschitzer, S. Giraldo, X. Alcobé, F. Oliva,
Y. Sanchez, P. Pistor, V. Izquierdo-Roca, A. Pérez-Rodriguez, and E. Saucedo,
“Towards In-reduced photovoltaic absorbers: Evaluation of zinc-blende CulnSe,-
ZnSe solid solution,” Sol. Energy Mater. Sol. Cells, vol. 160, pp. 26—33, 2017.
IMPACT FACTOR (IF): 4.784

M. Placidi, M. Espindola-Rodriguez, S. Lopez-Marino, Y. Sanchez, S. Giraldo, L.
Acebo, M. Neuschitzer, X. Alcobé, A. Pérez-Rodriguez, and E. Saucedo, “Effect of
rapid thermal annealing on the Mo back contact properties for Cu,ZnSnSe,
solar,” J. Alloys Compd., vol. 675, pp. 158-162, 2016. IMPACT FACTOR (IF): 3.133

J. Marquez, H. Stange, C. J. Hages, N. Schaefer, S. Levcenko, S. Giraldo, E.
Saucedo, K. Schwarzburg, D. Abou-Ras, A. Redinger, M. Klaus, C. Genzel, T. Unold
and R. Mainz, “Chemistry and dynamics of Ge in kesterite: towards band gap
graded absorbers,” Chem. Mater., 2017. DOI: 10.1021/acs.chemmater.7b03416
IMPACT FACTOR (IF): 9.466

Y. Sanchez, M. Espindola-Rodriguez, H. Xie, S. Ldpez-Marino, M. Neuschitzer, S.
Giraldo, M. Dimitrievska, M. Placidi, V. Izquierdo-Roca, F. A. Pulgarin-Agudelo,
O. Vigil-Galan, and E. Saucedo, “Ultra-thin CdS for highly performing
chalcogenides thin film based solar cells,” Sol. Energy Mater. Sol. Cells, vol. 158,
pp. 138-146, 2016. IMPACT FACTOR (IF): 4.784

S. Lépez-Marino, Y. Sanchez, M. Espindola-Rodriguez, X. Alcobé, H. Xie, M.
Neuschitzer, I. Becerril, S. Giraldo, M. Dimitrievska, M. Placidi, L. Fourdrinier, V.
Izquierdo-Roca, A. Pérez-Rodriguez, and E. Saucedo, “Alkali doping strategies for



flexible and light-weight Cu,ZnSnSe, solar cells,” J. Mater. Chem. A, vol. 4, no. 5,
pp. 1895-1907, 2016. IMPACT FACTOR (IF): 8.867

H. Xie, S. Lopez-Marino, T. Olar, Y. Sdnchez Gonzalez, M. Neuschitzer, F. Oliva, S.
Giraldo, V. lzquierdo-Roca, I. Lauermann, A. Pérez-Rodriguez, and E. Saucedo,
“Impact of Na Dynamics at the Cu,ZnSn(S,Se)4/CdS Interface During Post Low
Temperature Treatment of Absorbers,” ACS Appl. Mater. Interfaces, vol. 8, no.
7, pp. 5017-5024, 2016. IMPACT FACTOR (IF): 7.504

E. Garcia-Llamas, J. M. Merino, R. Gunder, K. Neldner, D. Greiner, A. Steigert, S.
Giraldo, V. Izquierdo-Roca, E. Saucedo, M. Ledn, S. Schorr, and R. Caballero,
“Cu,ZnSnS, thin film solar cells grown by fast thermal evaporation and thermal
treatment,” Solar Energy, vol. 141, pp. 236-241, 2017. IMPACT FACTOR (IF):
4.018

S. Lopez-Marino, M. Espindola-Rodriguez, Y. Sdnchez, X. Alcobé, F. Oliva, H. Xie,
M. Neuschitzer, S. Giraldo, M. Placidi, R. Caballero, V. Izquierdo-Roca, A. Pérez-
Rodriguez, and E. Saucedo, “The Importance of Back Contact Modification in
Cu,ZnSnSe, Solar Cells: the Role of a Thin MoO, Layer,” Nano Energy, vol. 26, pp.
708-721, 2016. IMPACT FACTOR (IF): 12.343
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Contribution of the author to publications in the thesis

The author of this work, Sergio Giraldo, has been responsible for the design,

coordination and execution of experiments as well as the analysis and interpretation of

the experimental results included in this thesis.

Chapter 2:
(1)

(2)

S. Giraldo, et al., “Optical and electrical properties of In-doped Cu,ZnSnSe,,”
Solar Energy Materials & Solar Cells, vol. 151, pp. 44-51, 2016.

Impact Factor (IF): 4.784

1% quartile in categories: Electronic, Optical and Magnetic Materials;
Renewable Energy, Sustainability and the Environment; Surfaces, Coatings
and Films

This work investigates the effects of In doping in CZTSe thin films. Different
In thicknesses were introduced (from 0 to 10 nm) corresponding to nominal
In concentrations ranging from 0 to 2.6 x 10 ¢cm™. We demonstrate a
uniform distribution of In throughout the CZTSe absorber, without affecting
the main elements distribution, but impacting on the Na quantity at the
surface. Additionally, remarkable changes in the morphology are observed,
where the increasing In concentration leads to the formation of a bilayer
structure. No deterioration of efficiencies was observed for In concentrations
below 2.6 x 10" cm, while for higher doping levels, a significant drop in FF
led to lower efficiencies. In the manuscript, we propose a phenomenological
model supported by a complete characterization of absorbers and devices,
showing that a conductive phase deteriorates devices properties that we
associate with the possible presence of mixed Sn oxides and In oxides.

In this work, Sergio Giraldo was responsible for the synthesis of all absorber
layers used in the study, the fabrication of solar cell devices as well as the
optoelectronic characterization (J-V and EQE), and further analysis and
interpretation of results.

S. Giraldo, et al., “Large Efficiency Improvement in Cu,ZnSnSe, Solar Cells by
Introducing a Superficial Ge Nanolayer,” Advanced Energy Materials, vol. 5,
no. 21, p. 1501070, 2015.

Impact Factor (IF): 16.721

1 quartile in categories: Materials Science; Renewable Energy, Sustainability
and the Environment
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(3)

In this publication, we present a remarkable improvement in Cu,ZnSnSe,
solar cell efficiency based on the introduction of a Ge superficial nanolayer.
In particular, the use of 10 nm of Ge evaporated on top of metallic precursors
leads to a paramount efficiency improvement, from about 7% for reference
samples (Ge-free) to 10% for Ge-containing best cells, together with a
markedly improved crystallinity. A detailed compositional and structural
characterization demonstrates that Ge is barely incorporated in the CZTSe
absorber, therefore we propose a mechanism how Ge could assist the
crystallization via the formation of a liquid Ge-Se phase. Additionally, several
reasons are presented that could explain the device performance
improvement, including: (i) the formation of a GesSe; phase that
incongruently decomposes into volatile GeSe, and a Se-rich liquid phase,
which assists the crystallization of CZTSe, improving the crystalline quality;
(ii) the reduced formation of Sn +II species (commonly associated with the
formation of harmful deep defects that deteriorate cell voltage) in presence
of Ge, as suggested by preliminary XPS analysis; (iii) the presence of GeO,
nanoinclusions apparently associated with SnO, inclusions revealed by high
resolution TEM/EELS analysis, which might have a passivation effect or
somehow act as electron reflectors, enhancing the voltage of the solar cells.

This paper was published along with a frontispiece cover offered by the
journal, included in the Appendix section.

In this work, Sergio Giraldo was responsible for the synthesis of CZTSe
absorbers and subsequent fabrication of solar cells. Additionally, he
performed the morphological SEM characterization as well as the
optoelectronic characterization, including J-V characteristics, EQE and
reflectance measurements.

S. Giraldo, et al., “CuyZnSnSe, solar cells with 10.6% efficiency through
innovative absorber engineering with Ge superficial nanolayer,” Progress in
Photovoltaics: Research and Applications, vol. 24, no. 10, pp. 1359-1367,
2016.

Impact Factor (IF): 6.726

1% quartile in categories: Condensed Matter Physics; Electrical and Electronic
Engineering; Electronic, Optical and Magnetic Materials; Renewable Energy,
Sustainability and the Environment

This work includes the complete optimization of the approach presented in
the previous article, in which the positive effect of a Ge nanolayer introduced
into the processing of CZTSe absorbers was demonstrated. In this
publication, the optimum Ge thickness range is defined in order to achieve

12



an improved device performance, obtaining a record efficiency of 10.6%
thanks to the international collaboration with IMRA in France. With this
optimization, the Vocis boosted for our pure selenium CZTSe up to 489 mV,
leading to Voc deficits among the lowest reported so far in kesterite
technology. Additionally, first indications of the Ge-Na interaction and its
effect on charge carrier density are shown. Finally, evidences pointing to the
origin of the deterioration of devices properties for higher Ge amounts are
presented.

In this work, Sergio Giraldo was responsible for the fabrication of the
complete set of samples, including the synthesis of CZTSe absorbers and
subsequent finishing of solar cells. With regard to characterization, he
performed the optoelectronic characterization, J-V analysis and quantum
efficiency measurements as wells as morphological/compositional analysis
by SEM/EDX.

Chapter 3:

(4) T. Thersleff, S. Giraldo, et al., “Chemically and morphologically distinct grain
boundaries in Ge-doped Cu,ZnSnSe, solar cells revealed with STEM-EELS,”
Materials & Design, vol. 122, pp. 102-109, 2017.

Impact Factor (IF): 4.364

1% quartile in categories: Materials Science; Mechanical Engineering;
Mechanics of Materials

This publication presents a detailed analysis of structural, morphological and
compositional trends in Ge-doped CZTSe samples with efficiencies over 10%
(among the state-of-the-art for this material and fabrication route). Most
relevant findings reveal the existence of at least two morphologically and
distinct types of grain boundaries present in this system. These are
concentrated in the upper and lower regions of the absorber layer, and the
subsequent analytical STEM investigation reveals that they have different
compositions. The deeper and more detailed EELS analysis of the lower grain
boundaries shows that they contain large amounts of SnO, and that Cu
assumes a higher valence state, whereas the upper grain boundaries are
slightly Cu-enriched and contain trace amounts of oxygen. Interestingly, we
can also link the extent of these grain boundaries to a change in the overall
composition of the absorber layer, which appears to have different
stoichiometry in the upper and lower halves. Ultimately, the potential impact
of both types of grain boundaries on the device performance and fabrication
is discussed.

13



(5)

In this work, Sergio Giraldo was responsible for the fabrication of the samples
and the experimental design to achieve high efficiencies. Additionally, he
assisted with the TEM experimental design at Uppsala University in Sweden.

S. Giraldo, et al., “How small amounts of Ge modify the formation pathways
and crystallization of kesterites,” Energy & Environmental Science, 2017.
DOI:10.1039/C7EE02318A

Impact Factor (IF): 29.518

1°** quartile in categories: Environmental Chemistry; Nuclear Energy and
Engineering; Pollution; Renewable Energy, Sustainability and the
Environment

This work is an international cooperation between IREC, the University of
Barcelona, AIST in Japan, and the Martin Luther University in Germany. This
publication presents a deep investigation of the mechanisms underlying the
Ge boost on kesterite solar cells and suggests an alternative mechanism
based on the reaction scheme during selenization. Differences in the
formation reaction of kesterite with and without Ge are analyzed in detail,
by using EDX, XRF, XRD and Raman spectroscopy with multi-wavelength
excitation for samples where the reactive annealing has been interrupted at
different points in time. Interestingly, we observe that the presence of Ge
strongly affects the in-depth elemental distribution, delaying and minimizing
the fast Cu-out diffusion and the formation of Sn-Se volatile compounds,
consequently avoiding Sn losses to a large extent. Further discussion about
the implications on the reaction pathways is included in the publication.
Finally, we also present a new methodology for obtaining high quality CZTSe
absorbers, by introducing very thin Ge layers above and below the metallic
stack precursor, leading to a record 11.8% conversion efficiency.

This article has been highlighted among the hottest works published in this
journal, being part of the themed collection: 2017 Energy and Environmental
Science HOT articles.

In this work, Sergio Giraldo was responsible for the fabrication of CZTSe
absorber layers and resulting devices. He performed the annealing break-off
experiment and analyzed the experimental results. He also carried out the
morphological SEM characterization as well as the in-depth elemental
distribution analysis by EDX. Finally, best performing solar cell devices were
finished during his stay at AIST in Japan.
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Chapter 4:
(6)

(7)

S. Giraldo, et al., “CuzZnSnSe4-Based Solar Cells With Efficiency Exceeding
10% by Adding a Superficial Ge Nanolayer: The Interaction Between Ge and
Na,” IEEE Journal of Photovoltaics, vol. 6, no. 3, pp. 754-759, 2016.

Impact Factor (IF): 3.712

1% quartile in categories: Condensed Matter Physics; Electrical and Electronic
Engineering; Electronic, Optical and Magnetic Materials

This work investigates the complex Ge-Na interaction, which has shown to
be crucial to further understand the harmful effect of thicker Ge nanolayers
(225 nm) introduced in the CZTSe absorbers. In this publication, we explain
how Ge concentration can have a significant impact on the Na content and,
thus, modify the doping level of the kesterite. Additionally, the possible
mechanism by which this interaction occurs is presented as well as the
expected formation of point defects. Moreover, we support our Ge-Na
interaction model with experiments using Na-free substrates, demonstrating
the importance of accurately controlling the Na content when Ge is used to
increase the efficiency of kesterite CZTSe solar cells, with special attention to
the proper doping level and the optimum composition of the absorbers.

In this work, Sergio Giraldo was responsible for the synthesis of analyzed
CZTSe absorbers and fabrication of solar cell devices on SLG substrates. He
performed the complete morphological SEM characterization, compositional
EDX analysis, XRF measurements, and subsequent optoelectronic
characterization of the finished devices.

M. Dimitrievska, S. Giraldo, et al., “Raman scattering analysis of the surface
chemistry of kesterites: Impact of post-deposition annealing and Cu/Zn
reordering on solar cell performance,” Solar Energy Materials & Solar Cells,
vol. 157, pp. 462-467, 2016.

Impact Factor (IF): 4.784

1% quartile in categories: Electronic, Optical and Magnetic Materials;
Renewable Energy, Sustainability and the Environment; Surfaces, Coatings
and Films

This work explores the structure-function relationships of post-deposition
annealing (PDA) at different temperatures in Cu,ZnSnSe, kesterite-based
solar cells. Diffusion and recrystallization phenomena at the absorber/buffer
interface during the PDA are investigated using multi-wavelength Raman
spectroscopy and photoluminescence, and correlated to the optoelectronic
properties of the devices. The obtained results show that PDA treatments of
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completed devices induce a redistribution of atoms (Cu and Zn) within the
surface and sub-surface of the absorber layer. In particular, the absorber
surface becomes more Cu-depleted and Zn-enriched, creating
optoelectronically beneficial defects V¢, and Znc,, which can partly explain
the performance improvement. Additionally, recrystallization effects of the
CdS buffer layer are observed, leading to a better absorber/buffer interface
and potentially a better band alignment.

In this work, Sergio Giraldo was responsible for the fabrication of kesterite
solar cells, he performed the different temperature post-deposition
annealings and the optoelectronic characterization, including J-V and EQE
measurements. Additionally, he carried out the morphological SEM
characterization.

None of these articles have been previously used by other co-authors for their doctoral
thesis.

Barcelona, 02/01/2018

Dr. Edgardo Saucedo Silva Prof. Alejandro Pérez Rodriguez
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Prefacio

Publicaciones y resumen de la tesis






El trabajo presentado en esta tesis fue realizado en el Institut de Recerca en
Energia de Catalunya (IREC) en Sant Adria de Besos (Barcelona), Espaia, desde el afio
2015 hasta el 2018, dentro del proyecto SUNBEAM (ENE2013-49136-C4-1-R) con una
beca FPI (BES-2014-068533) del Gobierno de Espafia. El tema principal de la tesis se
centra en el desarrollo de tecnologias fotovoltaicas de capa fina de alta eficiencia
basadas en absorbedores de kesterita Cu,ZnSnSe,, utilizando un proceso secuencial
(pulverizacién catddica de precursores metdlicos seguida de tratamiento térmico
reactivo), mediante la implementacidon de novedosas estrategias de dopado.

Cada capitulo de la tesis estd estructurado en torno a varios articulos publicados
en revistas de alto impacto. De acuerdo con los requisitos dentro del programa de
doctorado de Ingenieria y Ciencias Aplicadas de la Universidad de Barcelona, esta tesis
esta constituida por los siguientes siete articulos:

S. Giraldo, C. M. Ruiz, M. Espindola-Rodriguez, Y. Sdnchez, M. Placidi, D. Cozza,
D. Barakel, L. Escoubas, A. Pérez-Rodriguez, and E. Saucedo, “Optical and

electrical properties of In-doped Cu,ZnSnSe,,” Sol. Energy Mater. Sol. Cells, vol.
151, pp. 44-51, 2016. IMPACT FACTOR (IF): 4.784

S. Giraldo, M. Neuschitzer, T. Thersleff, S. Lépez-Marino, Y. Sanchez, H. Xie, M.
Colina, M. Placidi, P. Pistor, V. Izquierdo-Roca, K. Leifer, A. Pérez-Rodriguez, and
E. Saucedo, “Large Efficiency Improvement in Cu,ZnSnSe, Solar Cells by
Introducing a Superficial Ge Nanolayer,” Adv. Energy Mater., vol. 5, no. 21, p.
1501070, 2015. IMPACT FACTOR (IF): 16.721

S. Giraldo, T. Thersleff, G. Larramona, M. Neuschitzer, P. Pistor, K. Leifer, A.
Pérez-Rodriguez, C. Moisan, G. Dennler, and E. Saucedo, “Cu,ZnSnSe, solar cells
with 10.6% efficiency through innovative absorber engineering with Ge
superficial nanolayer,” Prog. Photovoltaics Res. Appl., vol. 24, no. 10, pp. 1359-
1367, 2016. IMPACT FACTOR (IF): 6.726

T. Thersleff, S. Giraldo, M. Neuschitzer, P. Pistor, E. Saucedo, and K. Leifer,
“Chemically and morphologically distinct grain boundaries in Ge-doped
Cu,ZnSnSe, solar cells revealed with STEM-EELS,” Mater. Des., vol. 122, pp. 102-
109, 2017. IMPACT FACTOR (IF): 4.364

S. Giraldo, E. Saucedo, M. Neuschitzer, F. Oliva, M. Placidi, X. Alcobé, V.
Izquierdo-Roca, S. Kim, H. Tampo, H. Shibata, A. Perez-Rodriguez and P. Pistor,
“How small amounts of Ge modify the formation pathways and crystallization of
kesterites,” Energy Environ. Sci., 2017. DOI:10.1039/C7EE02318A. IMPACT
FACTOR (IF): 29.518

S. Giraldo, M. Neuschitzer, M. Placidi, P. Pistor, A. Pérez-Rodriguez, and E.
Saucedo, “CuZnSnSes-Based Solar Cells With Efficiency Exceeding 10% by
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Adding a Superficial Ge Nanolayer: The Interaction Between Ge and Na,” IEEE
Journal of Photovoltaics, vol. 6, no. 3, pp. 754-759, 2016. IMPACT FACTOR (IF):
3.712

M. Dimitrievska, S. Giraldo, P. Pistor, E. Saucedo, A. Pérez-Rodriguez, and V.
lzquierdo-Roca, “Raman scattering analysis of the surface chemistry of
kesterites: Impact of post-deposition annealing and Cu/Zn reordering on solar
cell performance,” Sol. Energy Mater. Sol. Cells, vol. 157, pp. 462-467, 2016.
IMPACT FACTOR (IF): 4.784

La tesis esta estructurada en cinco capitulos. Cada capitulo comienza con una
breve revision de la literatura y un resumen de los resultados mds relevantes
presentados en los articulos en los cuales se basa dicho capitulo. A continuacidn, cada
capitulo concluye con el texto completo de los articulos correspondientes.

El primer capitulo consiste en una breve introduccion a la tecnologia
fotovoltaica, enfocada en la importancia de la energia solar en la actualidad, donde la
transiciéon de las fuentes tradicionales de energia (combustibles fdsiles) a tecnologias
mas limpias y eficientes se ha convertido en un tema urgente. Seguidamente, se explica
el funcionamiento basico de dispositivos fotovoltaicos, junto con los pardmetros mas
relevantes y los fendmenos que ocurren en la unién p-n de una célula solar. Ademas,
esta seccion describe las principales tecnologias fotovoltaicas, incluyendo primera
generaciéon (principalmente basada en obleas de silicio, incluyendo silicio mono-
cristalino y multi-cristalino), segunda generacidn (basada en materiales de capa fina) y
tercera generacion (incluyendo nuevas tecnologias emergentes y conceptos avanzados),
y una discusién posterior sobre las ventajas e inconvenientes de las mas relevantes. La
siguiente subseccion se centra en las tecnologias de capa fina de kesterita, siendo el
tema principal de esta tesis. La aparicidon de la kesterita como material absorbedor
fotovoltaico supera las principales limitaciones en cuanto escasez y/o toxicidad de otros
calcogenuros de capa fina, como la calcopirita CIGS y el CdTe, ya que estd compuesta de
elementos de baja toxicidad y abundantes en la corteza terrestre. Ademas, existe una
larga lista de ventajas (descritas en la tesis) que hacen de la kesterita un material
absorbedor fotovoltaico ideal y muy prometedor, aunque todavia tiene camino por
recorrer debido a su novedad y corta trayectoria en comparacion con tecnologias mas
maduras. Este capitulo también presenta una revision completa y actualizada con las
mejores células solares de kesterita reportadas en la literatura, asi como algunos de los
desafios actuales de este material derivados de su propia composicién y estructura
cristalina, y los defectos asociados. Finalmente, se describen los objetivos de la tesis.

El segundo capitulo se centra en el estudio de estrategias de dopaje selectivas
en kesterita Cu,ZnSnSe,. En la primera subseccién, antes de profundizar en estrategias
mas avanzadas, se presenta una optimizacidn previa de los procesos térmicos para la
sintesis de absorbedores CZTSe, mediante el anadlisis de varios parametros criticos
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durante la selenizacién (incluyendo temperatura, presién total, cantidad de calcégeno,
rampas de temperatura, etc.) y comparando perfiles de proceso en una, dos y tres
etapas. A continuacién, se presenta un examen preliminar de los elementos dopantes,
mediante el estudio de los elementos: Ag, In, Si, Ge y Pb, como primeros candidatos. Se
discute la importancia de estudiar estos elementos en particular y por qué decidimos
centrarnos en el Ge y el In como dopantes. Este capitulo incluye las siguientes tres
publicaciones: “Optical and electrical properties of In-doped Cu,ZnSnSe;”, “Large
efficiency improvement in Cu,ZnSnSe, solar cells by introducing a superficial Ge
nanolayer” y “Cu,ZnSnSe, solar cells with 10.6% efficiency through innovative absorber
engineering with Ge superficial nanolayer” con un estudio mas exhaustivo sobre los
elementos In y Ge como dopantes en kesterita CZTSe.

El tercer capitulo, en linea con los resultados presentados en el capitulo anterior,
pretende arrojar luz sobre el origen y los mecanismos que subyacen al efecto
beneficioso de pequefias cantidades de Ge y explorar mas a fondo el papel de este
elemento en células solares CZTSe de alto rendimiento. En la literatura, la incorporacién
de Ge en células solares basadas en kesterita ha demostrado un impacto positivo en
varias propiedades de los dispositivos, lo que lleva a mejoras significativas en el
rendimiento de los mismos. Conjuntamente, se presenta una breve revisién desde 2012,
cuando IBM presentd el primer dispositivo de kesterita aleado con Ge, hasta la
actualidad. En resumen, la incorporaciéon de Ge ha demostrado: la posibilidad de
aumentar el Voc incrementando la banda prohibida o band-gap; el potencial en
conceptos de gradiente de band-gap; notables mejoras en el tamafio de grano y la
cristalinidad de los absorbedores; aumento del tiempo de vida de los portadores de
carga minoritarios; y un gran potencial para reducir el déficit de voltaje en la tecnologia
de kesterita actual. Pero con el inconveniente de depender de grandes cantidades de
Ge (20-40% de sustitucion con Ge), comprometiendo la sostenibilidad de esta
tecnologia. En este contexto, el estudio de estrategias alternativas utilizando pequefas
cantidades de Ge resulta crucial para continuar con el desarrollo de tecnologias
sostenibles a largo plazo, basadas principalmente en elementos abundantes en la
corteza terrestre. Con respecto al origen del efecto beneficioso del dopaje con Ge en
células solares de CZTSe, se han propuesto varias hipotesis que se discuten a lo largo del
capitulo; la modificacion de la superficie, la formacién de un agente fundente, la
modificacion de los niveles de defectos, la interaccidon con el Na, o la influencia en la
naturaleza de las fronteras de grano se encuentran entre ellas. Este capitulo incluye las
siguientes dos publicaciones: “Chemically and morphologically distinct grain boundaries
in Ge-doped Cu,ZnSnSe, solar cells revealed with STEM-EELS” y “How small amounts of
Ge modify the formation pathways and crystallization of kesterites” con una
investigacion detallada sobre la naturaleza de las fronteras de grano en CZTSe dopado
con Ge, los mecanismos subyacentes al efecto beneficioso del Ge y cdmo este afecta a
los procesos de formacidn de la kesterita CZTSe.
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El cuarto capitulo abarca dos de los factores mds conocidos que pueden afectar
claramente al rendimiento de los dispositivos y son de gran importancia para obtener
células solares de alta eficiencia: tratamientos posdeposicion (PDT) y la presencia y
control de elementos alcalinos durante los procesos térmicos. El texto incluye los
principales efectos de los alcalis en CIGS, en particular el Na, que esencialmente
conducen a una mejora del rendimiento, reportado sistematicamente en varias
publicaciones. A continuacidn, se revisa el efecto de los alcalis en kesterita, mostrando
mejoras similares en las propiedades de los dispositivos. Ademds, se observa una
interesante y compleja interacciéon entre los elementos del grupo IV (Ge, Sn) y los alcalis,
gue afecta al nivel de dopaje de los absorbedores y las propiedades optoelectrénicas de
las células solares de kesterita. Finalmente, se presentan los tratamientos posteriores a
la deposicion, especialmente los recocidos a baja temperatura (PDA). En la literatura,
varios grupos han reportado los efectos beneficiosos de estos tratamientos térmicos, ya
sea en aire o en atmodsfera inerte, para aumentar la eficiencia de los dispositivos,
asociandolos con la bien conocida interdifusion de Cu-Zn. En particular, después del
PDA, la formacidon de una superficie en el absorbedor pobre en Cu y rica en Zn ha
demostrado ser imprescindible para lograr altas eficiencias. Este capitulo incluye las dos
publicaciones siguientes: “Cu,ZnSnSes-based solar cells with efficiency exceeding 10%
by adding a superficial Ge nanolayer: The interaction between Ge and Na” y “Raman
scattering analysis of the surface chemistry of kesterites: Impact of post-deposition
annealing and Cu/Zn reordering on solar cell performance” en las que se presenta
informacién detallada sobre los resultados mencionados.

En el dltimo capitulo de la tesis se incluyen las conclusiones del trabajo.

Por ultimo, los siguientes articulos, de los cuales Sergio Giraldo es coautor, han
contribuido a la preparacién de esta tesis, aunque no estan incluidos en el texto:

I. Becerril-Romero, S. Giraldo, S. Lédpez-Marino, M. Placidi, Y. Sanchez, D. Sylla,
A. Pérez-Rodriguez, E. Saucedo, and P. Pistor, “Vitreous enamel as sodium source
for efficient kesterite solar cells on commercial ceramic tiles,” Sol. Energy Mater.
Sol. Cells, vol. 154, pp. 11-17, 2016. IMPACT FACTOR (IF): 4.784

M. Neuschitzer, J. Marquez, S. Giraldo, M. Dimitrievska, M. Placidi, I. Forbes, V.
Izquierdo-Roca, A. Pérez-Rodriguez, and E. Saucedo, “Voc Boosting and Grain
Growth Enhancing Ge-Doping Strategy for Cu,ZnSnSe, Photovoltaic Absorbers,”
J. Phys. Chem. C, vol. 120, no. 18, pp.9661-9670, 2016. IMPACT FACTOR (IF):
4.536

C. Ros, T. Andreu, S. Giraldo, Y. Sanchez, and J. R. Morante, “Conformal
chalcopyrite based photocathode for solar refinery applications,” Sol. Energy
Mater. Sol. Cells, vol. 158, pp. 184-188, 2016. IMPACT FACTOR (IF): 4.784
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E. Kask, J. Krustok, S. Giraldo, M. Neuschitzer, S. Lépez-Marino, and E. Saucedo,
“Temperature dependent electrical characterization of thin film Cu,ZnSnSe,
solar cells,” J. Phys. D. Appl. Phys., vol. 49, no. 8, p. 085101, 2016. IMPACT
FACTOR (IF): 2.588

M. Colina, I. Martin, S. Giraldo, Y. Sdnchez, R. Kondrotas, F. Oliva, V. Izquierdo-
Roca, A. Pérez-Rodriguez, A. Coll, R. Alcubilla, and E. Saucedo, “Influence of
Amorphous Silicon Carbide Intermediate Layer in the Back-Contact Structure of
Cu,ZnSnSe, Solar Cells,” IEEE Journal of Photovoltaics, vol. 6, no. 5, pp. 1327-
1332, 2016. IMPACT FACTOR (IF): 3.712

P. Schoppe, G. Gurieva, S. Giraldo, G. Martinez-Criado, C. Ronning, E. Saucedo,
S. Schorr, and C. S. Schnohr, “Discrepancy between integral and local
composition in off-stoichiometric Cu,ZnSnSe, kesterites: A pitfall for
classification,” Appl. Phys. Lett., vol. 110, no. 4, p. 043901, 2017. IMPACT
FACTOR (IF): 3.411

J. Krustok, T. Raadik, M. Grossberg, S. Giraldo, M. Neuschitzer, S. Lépez-Marino,
and E. Saucedo, “Temperature dependent electroreflectance study of
Cu,ZnSnSe, solar cells,” Mater. Sci. Semicond. Process., vol. 39, pp. 251-254,
2015. IMPACT FACTOR (IF): 2.359

D. Cozza, C. M. Ruiz, D. Duché, S. Giraldo, E. Saucedo, J. J. Simon, and L. Escoubas,
“Optical modeling and optimizations of Cu,ZnSnSe,solar cells using the modified
transfer matrix method,” Optics Express, vol. 24, no. 18, pp. A1201-A1209, 2016.
IMPACT FACTOR (IF): 3.307

R. Kondrotas, M. Colina, M. Guc, M. Neuschitzer, S. Giraldo, X. Alcobé, F. Oliva,
Y. Sanchez, P. Pistor, V. Izquierdo-Roca, A. Pérez-Rodriguez, and E. Saucedo,
“Towards In-reduced photovoltaic absorbers: Evaluation of zinc-blende CulnSe,-
ZnSe solid solution,” Sol. Energy Mater. Sol. Cells, vol. 160, pp. 26—33, 2017.
IMPACT FACTOR (IF): 4.784

M. Placidi, M. Espindola-Rodriguez, S. Lopez-Marino, Y. Sanchez, S. Giraldo, L.
Acebo, M. Neuschitzer, X. Alcobé, A. Pérez-Rodriguez, and E. Saucedo, “Effect of
rapid thermal annealing on the Mo back contact properties for Cu,ZnSnSe,
solar,” J. Alloys Compd., vol. 675, pp. 158-162, 2016. IMPACT FACTOR (IF): 3.133

J. Marquez, H. Stange, C. J. Hages, N. Schaefer, S. Levcenko, S. Giraldo, E.
Saucedo, K. Schwarzburg, D. Abou-Ras, A. Redinger, M. Klaus, C. Genzel, T. Unold
and R. Mainz, “Chemistry and dynamics of Ge in kesterite: towards band gap
graded absorbers,” Chem. Mater., 2017. DOI: 10.1021/acs.chemmater.7b03416
IMPACT FACTOR (IF): 9.466
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Y. Sanchez, M. Espindola-Rodriguez, H. Xie, S. Ldpez-Marino, M. Neuschitzer, S.
Giraldo, M. Dimitrievska, M. Placidi, V. Izquierdo-Roca, F. A. Pulgarin-Agudelo,
O. Vigil-Galan, and E. Saucedo, “Ultra-thin CdS for highly performing
chalcogenides thin film based solar cells,” Sol. Energy Mater. Sol. Cells, vol. 158,
pp. 138-146, 2016. IMPACT FACTOR (IF): 4.784

S. Lépez-Marino, Y. Sanchez, M. Espindola-Rodriguez, X. Alcobé, H. Xie, M.
Neuschitzer, I. Becerril, S. Giraldo, M. Dimitrievska, M. Placidi, L. Fourdrinier, V.
Izquierdo-Roca, A. Pérez-Rodriguez, and E. Saucedo, “Alkali doping strategies for
flexible and light-weight Cu,ZnSnSe, solar cells,” J. Mater. Chem. A, vol. 4, no. 5,
pp. 1895-1907, 2016. IMPACT FACTOR (IF): 8.867

H. Xie, S. Lopez-Marino, T. Olar, Y. Sdnchez Gonzalez, M. Neuschitzer, F. Oliva, S.
Giraldo, V. lzquierdo-Roca, |. Lauermann, A. Pérez-Rodriguez, and E. Saucedo,
“Impact of Na Dynamics at the Cu,ZnSn(S,Se)4/CdS Interface During Post Low
Temperature Treatment of Absorbers,” ACS Appl. Mater. Interfaces, vol. 8, no.
7, pp. 5017-5024, 2016. IMPACT FACTOR (IF): 7.504

E. Garcia-Llamas, J. M. Merino, R. Gunder, K. Neldner, D. Greiner, A. Steigert, S.
Giraldo, V. Izquierdo-Roca, E. Saucedo, M. Ledn, S. Schorr, and R. Caballero,
“Cu,ZnSnS, thin film solar cells grown by fast thermal evaporation and thermal
treatment,” Solar Energy, vol. 141, pp. 236-241, 2017. IMPACT FACTOR (IF):
4.018

S. Lopez-Marino, M. Espindola-Rodriguez, Y. Sdnchez, X. Alcobé, F. Oliva, H. Xie,
M. Neuschitzer, S. Giraldo, M. Placidi, R. Caballero, V. Izquierdo-Roca, A. Pérez-
Rodriguez, and E. Saucedo, “The Importance of Back Contact Modification in
Cu,ZnSnSe, Solar Cells: the Role of a Thin MoO, Layer,” Nano Energy, vol. 26, pp.
708-721, 2016. IMPACT FACTOR (IF): 12.343
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Contribucion del autor a publicaciones de la tesis

El autor de este trabajo, Sergio Giraldo, ha sido responsable del disefio,

coordinacion y realizacion de los experimentos, ademas del andlisis e interpretacion de

los resultados experimentales incluidos en esta tesis.

Capitulo 2:
(1)

(2)

S. Giraldo, et al., “Optical and electrical properties of In-doped Cu,ZnSnSe,,”
Solar Energy Materials & Solar Cells, vol. 151, pp. 44-51, 2016.

Factor de impacto (IF): 4.784

1.°" cuartil en las categorias: Electronic, Optical and Magnetic Materials;
Renewable Energy, Sustainability and the Environment; Surfaces, Coatings
and Films

Este trabajo investiga los efectos del dopado con In en peliculas delgadas de
CZTSe. Se introdujeron diferentes espesores (de 0 a 10 nm) correspondientes
a concentraciones nominales de In de 0 a 2.6 x 10°° cm™. Demostramos una
distribucién uniforme de In en todo el absorbedor CZTSe, sin afectar a la
distribucién de los elementos principales, pero que si impacta en la cantidad
de Na en la superficie. Ademas, se observan cambios notables en la
morfologia, donde el aumento de la concentracién de In conduce a la
formacidén de una estructura bicapa. No se observd deterioro de las
eficiencias para concentraciones inferiores a 2.6 x 10" cm?, mientras que
para niveles de dopaje mas altos, una caida significativa del FF condujo a una
disminucion de la eficiencia. En el manuscrito, proponemos un modelo
fenomenoldgico respaldado por una completa caracterizacion de
absorbedores y dispositivos, que muestra como una fase conductora
deteriora las propiedades de los dispositivos y que asociamos con la posible
presencia de compuestos formados por 6xidos de In y Sn.

En este trabajo, Sergio Giraldo fue responsable de la sintesis de todos los
absorbedores utilizados en el estudio, la fabricacion de dispositivos de
células solares, asi como la caracterizacion optoelectrénica (J-V y EQE), y el
posterior analisis e interpretacién de los resultados.

S. Giraldo, et al., “Large Efficiency Improvement in Cu,ZnSnSe, Solar Cells by
Introducing a Superficial Ge Nanolayer,” Advanced Energy Materials, vol. 5,
no. 21, p. 1501070, 2015.

Factor de impacto (IF): 16.721
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1.°" cuartil en las categorias: Materials Science; Renewable Energy,
Sustainability and the Environment

En esta publicacién, presentamos una notable mejora en la eficiencia de
células solares de kesterita Cu,ZnSnSe,, basada en la incorporacién de una
nanocapa superficial de Ge. En particular, el uso de 10 nm de Ge evaporados
sobre precursores metalicos conduce a una significativa mejora de la
eficiencia, desde aproximadamente 7% para muestras de referencia (sin Ge)
hasta el 10% para las mejores células que contienen Ge, junto con una
mejora notable de la cristalinidad. Una detallada caracterizacion
composicional y estructural demuestra que el Ge apenas se incorpora en el
absorbedor CZTSe, por lo que proponemos un mecanismo que explicaria
como el Ge podria ayudar a la cristalizacion mediante la formacién de una
fase liquida Ge-Se. Ademas, se presentan varias razones que podrian explicar
esta mejora del rendimiento de los dispositivos, que incluyen: (i) la formacién
de una fase GesSe; que se descompone de forma incongruente en GeSe,
(volatil) y una fase liquida rica en Se, que ayudaria a la cristalizacién del
CZTSe, mejorando la calidad cristalina; (ii) la menor formacion de especies Sn
+ 1l (comlinmente asociadas con la formacién de defectos profundos nocivos
que deterioran el voltaje de las células) en presencia de Ge, tal y como
sugiere el analisis preliminar de XPS; (iii) la presencia de nanoinclusiones de
GeO,, aparentemente asociadas con inclusiones de SnO,, detectada por el
andlisis TEM/EELS de alta resolucién, que podria tener un efecto de
pasivacion o actuar de algun modo como reflectores de electrones,
mejorando el voltaje de las células solares.

Este articulo se publicé junto con una portada concedida por la revista,
incluida en la seccion Appendix.

En este trabajo, Sergio Giraldo fue responsable de la sintesis de los
absorbedores CZTSe y la posterior fabricacién de células solares. Ademas,
realizé la caracterizacién morfoldgica por SEM asi como la caracterizacion
optoelectrénica, incluyendo medidas de eficiencia cudntica (EQE), J-V y
medidas de reflectancia.

S. Giraldo, et al., “CuyZnSnSe, solar cells with 10.6% efficiency through
innovative absorber engineering with Ge superficial nanolayer,” Progress in
Photovoltaics: Research and Applications, vol. 24, no. 10, pp. 1359-1367,
2016.

Factor de impacto (IF): 6.726
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1.°" cuartil en las categorias: Condensed Matter Physics; Electrical and
Electronic Engineering; Electronic, Optical and Magnetic Materials;
Renewable Energy, Sustainability and the Environment

Este trabajo incluye la optimizacion completa de la estrategia presentada en
el articulo anterior, en el cual se demostré el efecto positivo de incorporar
una nanocapa de Ge en el procesamiento de los absorbedores CZTSe. En esta
publicaciéon, se define el rango de espesor de Ge 6ptimo para lograr una
mejora del rendimiento de los dispositivos, obteniendo una eficiencia récord
del 10.6% gracias a la colaboracion internacional con IMRA en Francia. Con
esta optimizacion, el Voc de nuestro CZTSe de puro de selenio aumenta hasta
489 mV, lo que implica un déficit de voltaje entre los mas bajos reportados
hasta la fecha en tecnologias de kesterita. Ademds, se muestran primeros
indicios de la interaccion Ge-Na y su efecto en la densidad de portadores de
carga. Finalmente, se presentan evidencias que apuntan a la causa del
deterioro de las propiedades de los dispositivos con mayor cantidad de Ge.

En este trabajo, Sergio Giraldo fue responsable de la realizacidn del conjunto
completo de muestras, incluida la sintesis de los absorbedores CZTSe y la
posterior fabricacion de células solares. Posteriormente, realizdé la
caracterizacion optoelectrénica, analisis J-V y mediciones de eficiencia
cuantica, asi como el analisis morfoldgico/composicional por SEM/EDX.

Capitulo 3:

(4) T. Thersleff, S. Giraldo, et al., “Chemically and morphologically distinct grain
boundaries in Ge-doped Cu,ZnSnSe, solar cells revealed with STEM-EELS,”
Materials & Design, vol. 122, pp. 102-109, 2017.

Factor de impacto (IF): 4.364

1.°" cuartil en las categorias: Materials Science; Mechanical Engineering;
Mechanics of Materials

Esta publicacion presenta un analisis detallado de las caracteristicas
estructurales, morfoldgicas y de composicion en muestras de CZTSe dopadas
con Ge con eficiencias superiores al 10% (entre las mejores reportadas para
este material y método de fabricacién). Los hallazgos mas relevantes revelan
la existencia de al menos dos tipos morfolédgicamente distintos de fronteras
de grano presentes en este sistema. Estas se concentran en las regiones
superior e inferior de la capa absorbedora, y la posterior investigacion
analitica por STEM revela que tienen diferentes composiciones. El analisis
mas profundo y detallado por EELS de las fronteras de grano inferiores
muestra que contienen grandes cantidades de SnOy y que el Cu asume un

27



(5)

estado de valencia mayor, mientras que las fronteras de grano superiores
estan ligeramente enriquecidas en Cu y contienen trazas de oxigeno.
Curiosamente, también podemos vincular la extension de estas fronteras de
grano a un cambio en la composicién del absorbedor, el cual parece tener
una estequiometria diferente en las mitades superior e inferior. En ultima
instancia, se discute el impacto potencial de ambos tipos de fronteras de
grano en el rendimiento y la fabricacién de los dispositivos.

En este trabajo, Sergio Giraldo fue responsable de la fabricacién de las
muestras y el disefio experimental para lograr altas eficiencias. Ademas,
ayudo con el disefio experimental de TEM en la Universidad de Uppsala en
Suecia.

S. Giraldo, et al., “How small amounts of Ge modify the formation pathways
and crystallization of kesterites,” Energy & Environmental Science, 2017.
DOI:10.1039/C7EE02318A

Factor de impacto (IF): 29.518

1.°" cuartil en las categorias: Environmental Chemistry; Nuclear Energy and
Engineering; Pollution; Renewable Energy, Sustainability and the
Environment

Este trabajo es una colaboracién internacional entre IREC, la Universidad de
Barcelona, AIST en Japdn y la Universidad Martin Luther en Alemania. Esta
publicacidon presenta una detallada investigacion de los mecanismos que
subyacen al efecto beneficioso del Ge en células solares de kesterita y sugiere
un mecanismo alternativo basado en el esquema de reaccién durante la
selenizacidn. Se analizan en detalle las diferencias en la reacciéon de
formacidon de la kesterita con y sin Ge, utilizando EDX, XRF, XRD vy
espectroscopia Raman con multiples longitudes de onda para muestras en
las que el tratamiento térmico reactivo se ha interrumpido en diferentes
momentos del proceso. Curiosamente, observamos que la presencia de Ge
afecta considerablemente a la distribucion elemental en profundidad,
retrasando y minimizando la rdpida difusién del Cu y la formacién de
compuestos volatiles de Sn-Se, evitando en consecuencia las pérdidas de Sn
en gran medida. En la publicacién se incluye una discusién adicional sobre las
implicaciones en los esquemas de reaccidon. Finalmente, también
presentamos una nueva metodologia para la obtencién de absorbedores
CZTSe de alta calidad, mediante la introduccién de nanocapas de Ge muy
finas encima y debajo del precursor metdlico, que nos permite obtener una
eficiencia récord del 11.8%.
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Este articulo ha sido destacado entre los mejores trabajos publicados en esta
revista y forma parte de la coleccién: 2017 Energy and Environmental Science
HOT articles.

En este trabajo, Sergio Giraldo fue responsable de la fabricacion de los
absorbedores CZTSe y los dispositivos resultantes. Realizé los experimentos
de interrupcién del tratamiento térmico reactivo y analizé los resultados
experimentales. También llevé a cabo la caracterizacion morfoldgica por
SEM, asi como el analisis de la distribucion elemental en profundidad por
EDX. Finalmente, los dispositivos de células solares de mayor rendimiento
fueron terminados durante su estancia en el centro de investigacion AIST en
Japon.

Capitulo 4:

(6) S. Giraldo, et al., “CuzZnSnSe4-Based Solar Cells With Efficiency Exceeding
10% by Adding a Superficial Ge Nanolayer: The Interaction Between Ge and
Na,” IEEE Journal of Photovoltaics, vol. 6, no. 3, pp. 754-759, 2016.

Factor de impacto (IF): 3.712

1.°" cuartil en las categorias: Condensed Matter Physics; Electrical and
Electronic Engineering; Electronic, Optical and Magnetic Materials

Este trabajo investiga la compleja interaccién Ge-Na, que ha demostrado ser
crucial para comprender mejor el efecto perjudicial de nanocapas de Ge de
espesores mayores (=25 nm) introducidas en los absorbedores de CZTSe. En
esta publicacién, explicamos como la concentracidon de Ge puede tener un
impacto significativo en el contenido de Nay, por lo tanto, modificar el nivel
de dopaje de la kesterita. Ademas, se presenta el posible mecanismo por el
cual ocurre esta interaccion, asi como la formacién esperada de defectos
puntuales. Asimismo, apoyamos nuestro modelo de interaccién Ge-Na con
experimentos utilizando sustratos libres de Na, demostrando la importancia
de controlar con precisidon el contenido de Na cuando se usa Ge para
aumentar la eficiencia en células solares de kesterita CZTSe, poniendo
especial atencion al nivel de dopaje adecuado y la composicién éptima de los
absorbedores.

En este trabajo, Sergio Giraldo fue responsable de la sintesis de los
absorbedores CZTSe analizados y la fabricacion de dispositivos sobre
sustratos de vidrio SLG. Realizé la completa caracterizacién morfoldgica por
SEM, el andlisis composicional por EDX, las mediciones de XRF y la posterior
caracterizacion optoelectrénica de los dispositivos terminados.
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(7) M. Dimitrievska, S. Giraldo, et al., “Raman scattering analysis of the surface
chemistry of kesterites: Impact of post-deposition annealing and Cu/Zn
reordering on solar cell performance,” Solar Energy Materials & Solar Cells,
vol. 157, pp. 462-467, 2016.

Factor de impacto (IF): 4.784

1.°" cuartil en las categorias: Electronic, Optical and Magnetic Materials;
Renewable Energy, Sustainability and the Environment; Surfaces, Coatings
and Films

Este trabajo investiga las relaciones estructura-funcion de los tratamientos
térmicos posdeposicion (PDA) a diferentes temperaturas en células solares
de kesterita Cu,ZnSnSe,. Se investigan los fendmenos de difusion vy
recristalizacion en la interfaz absorbedor/buffer durante el PDA, usando
espectroscopia Raman con multiples longitudes de onda y fotoluminiscencia,
y se correlacionan con las propiedades optoelectrénicas de los dispositivos.
Los resultados obtenidos muestran que los tratamientos PDA en dispositivos
completos inducen una redistribucion de dtomos (Cu y Zn) en la superficie y
subsuperficie del absorbedor. En particular, la superficie del absorbedor se
vuelve mas pobre en Cu y rica en Zn, creando defectos beneficiosos V¢, y
Zncy, que pueden explicar en parte la mejora del rendimiento. Ademas, se
observan efectos de recristalizacién de la capa buffer de CdS, lo que conduce
a una mejor interfaz absorbedor/buffer y potencialmente a un mejor
alineamiento de bandas.

En este trabajo, Sergio Giraldo fue responsable de la fabricacién de las células
solares de kesterita, realizé los tratamientos térmicos posdeposicion a
diferentes temperaturas, asi como la caracterizacion optoelectrdnica,
incluidas las mediciones J-V y EQE. También llevé a cabo la caracterizacién
morfoldgica de SEM.

Ninguno de estos articulos ha sido utilizado previamente por los coautores para su tesis
doctoral.

Barcelona, 02/01/2018

Dr. Edgardo Saucedo Silva Prof. Alejandro Pérez Rodriguez
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Chapter 1

Introduction






Nowadays, the greenhouse gas (GHG) emissions have become a serious concern
due to their dramatic effect on the global warming and the climate change. About two-
thirds of these emissions stem from energy production and use, thus placing the energy
sector at the center of attention as one of the keys for their necessary reduction and to
fight against climate change.! The transition from traditional energy sources based on
fossil fuels combustion to a cleaner and efficient energy system is a crucial policy goal,
not only for developed countries but also for developing nations. The first concerted
effort of the international community to confront the problem of climate change was
the birth of the United Nations Framework Convention on Climate Change (UNFCCC) in
1992 (entered into force in 1994).>* The UNFCCC established a framework for action to
control and stabilize concentrations of GHG in earth’s atmosphere. Later on, in 1997,
the participants established the Kyoto Protocol, which entered into force in 2005,
including legally binding obligations to reduce GHG emissions for developed countries,
on the basis that they are historically responsible for the current levels of GHG in the
atmosphere.” More recently, the Paris Agreement adopted in 2015 was created with the
central aim of strengthening the global response to the threat of climate change by
holding a global average temperature increase this century well below 2°C above pre-
industrial levels, and to pursue efforts to limit the temperature rise to 1.5°C.” In order
to provide a clear and tangible understanding of what will be required for different
countries to reduce GHG emissions and achieve the goal of limiting global warming to
less than 2°C, the organization DDPP (Deep Decarbonization Pathways Project) emerged
in 2013. According to DDPP, the deep decarbonization is technically feasible while
accommodating economic and population growth, and analyzing the different modeled
scenarios, the energy-related CO, emissions would be reduced by 46% - 56% (or 9.9 -
12.1 Gt CO;) below 2010 levels, as shown in Figure 1.1 for some of the highest emitting
countries.’

Figure 1.1. Emissions evolution for energy CO,, 2010-2050 forecast, showing most
ambitious reduction scenarios for several high emitting countries.®
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In this context, renewable energy can play an important role in the transition to
a less carbon-intensive and more sustainable energy system, allowing a significant
reduction of GHG emissions. Renewables have grown significantly in the last years,
especially solar photovoltaics (PV) with a remarkable cost reduction. PV module prices
have fallen by around 80% since 2010, and the global weighted average cost of
electricity from solar PV plants commissioned between the years 2010-2016 have also
fallen 69%, even reaching the range of estimated fossil fuel-fired power generation costs
(see Figure 1.2).%" According to the International Energy Agency (IEA), renewables
accounted for almost two-thirds of net power capacity around the world in 2016, with
almost 165 gigawatts (GW) coming online. Last year, new solar PV capacity grew by 50%
(over 74 GW), and for the first time, it increased faster than any other fuel.
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Figure 1.2. Levelized cost of electricity from utility-scale renewable technologies (ranges

and average).

In view of the foregoing, there is no doubt that solar energy is getting a lot of
attention as one of the key renewable energy sources around the world for keeping a
gradual decarbonization of the power sector and ensure a sustainable future. In the
following section, the main photovoltaic technologies and their current status will be
described.
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1.1. Photovoltaic technologies

Essentially, PV is the technology that converts light directly into electricity. This
phenomenon, known as PV effect, occurs when photons strike and are absorbed by a
semiconductor material, and this energy from the photons is transferred to the
electrons (- charge) in the material, making them jump to a higher state (conduction
band) where they can freely move. Actually, this jump of the electron leaves behind a
“hole” (+ charge) in the valence band, generating two charge carriers, the so-called
electron-hole pair. A typical PV device is formed by joining a p-type (excess of holes)
with an n-type (excess of electrons) semiconductor material, creating an electric field
(p-n junction), and thus making holes move in the opposite direction from electrons,
producing an electric current. In Figure 1.3, the conventional structure of a solar cell
device is presented for clarification together with the band diagram of the p-n junction
and the relevant electronic properties. Among these different properties or parameters,
the Eg or band-gap is the minimum amount of energy required to excite an electron that
isinits bound state into a free state where it can move and participate in the conduction.
The lower energy level for an electron is called the valence band (Ey), and the energy
level at which the electron is considered free is the conduction band (E¢). Therefore, the
gap in energy between both states, i.e. between the valence band and conduction band,
is the band-gap of the material. The work function (W) of the material is defined as the
minimum required energy to transfer an electron from the Fermi level (Ef) to the
vacuum level (E,ac), while the electron affinity (Ega) is the energy needed to transfer an
electron from the conduction band to the vacuum level.
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Figure 1.3. (a) Schematic of the typical solar cell structure, (b) band diagram of the p-n
junction (E4: band-gap energy, Ec: conduction band energy, Ey: valence band energy, Eg:
Fermi level), (c) relevant electronic properties of semiconductor materials in a p-n
junction (Ega: electron affinity, W: work function, El: ionization energy, E,: band-gap
energy).

In a p-n junction, since the n-type material has a high electron concentration and
the p-type a high hole concentration, electrons diffuse from the n-type region to the p-
type region. When the electrons and holes move to the other side of the junction, they
leave behind exposed charges; on the n-type side, positive charges are exposed, while
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on the p-type side, negative ion cores are exposed. Then, an electric field forms between
both sides, forming the “depletion region” or “space charge region” (since the electric
field quickly sweeps free carriers out, the region becomes depleted of free carriers).

There are different types of p-n junctions and they can be made of different
semiconductor materials. On the following pages, the main photovoltaic technologies
will be presented. Traditionally, solar cell technologies are divided into three different
generations: first generation PV, based mainly on crystalline and multi-crystalline
silicon; second generation PV, based on thin film materials; and third generation PV,
which includes emerging, novel technologies and more advanced and complex
concepts.

First generation solar cells are mainly based on silicon wafers, including mono-
crystalline (single-crystal) and multi-crystalline (poly-crystalline) Si-based devices. These
are the most common solar cells used in commercially available solar panels, and have
been developed and optimized for decades now, representing about 94% of the total
PV production in 20162 Crystalline silicon solar cells have achieved laboratory energy
conversion efficiencies over 26% for mono-crystalline cells and over 21% for multi-
crystalline ones.’ Advantages of this technology includes: maturity, since there is a
substantial amount of information on evaluating robustness and reliability of the design;
performance, since a standard industrially produced silicon solar cell offers higher
efficiency than any other single-junction device, thus reducing the number of cells
needed and cost of the final installation; reliability, since it has been proven that
crystalline silicon cells reach lifetimes of more than 25 years with rather low long-term
degradation; and abundance, since silicon is the second most abundant element in
Earth’s crust.'® However, they are slowly reaching their theoretical efficiency limit, so
further improvements are becoming more and more challenging. Furthermore, since
silicon has an indirect band-gap, leading to a low absorption coefficient, thicker absorber
layers are required (about 200 um), increasing the cost and the material usage, and also
limiting their potential applications in flexible PV devices.

Second generation solar cells are based on thin film technologies. This not only
significantly reduces the semiconductor material content of the final device (over 100
times less material), it also allows for higher throughput commercial production. Since
the required thickness of the semiconductor material may only be of the order of 1-5
um, almost any semiconductor is inexpensive enough to be a candidate for use in a solar
cell.'* The main thin film technologies include amorphous silicon (a-Si), which has
demonstrated efficiencies of 14%, cadmium telluride (CdTe), which has achieved 21%
efficiency cells, and the chalcopyrite materials like CIS (CulnSe;) or the most commonly
used CIGS (Cu(In1xGay)Se,), which has reached 21.7% efficiency (class record).’ In Figure
1.4, efficiencies of the main second generation technologies compared to Si-based ones
are shown for comparison. On the other hand, one of the major drawbacks of these
technologies is the use of relatively scarce and/or toxic elements (In, Ga, Cd, Te).
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Regarding the market share of all thin film technologies, in 2016, it only amounted to
about 6% of the total annual production.8
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Figure 1.4. Efficiency comparison of first generation and second generation PV
technologies. Best class record cell efficiencies and best module efficiencies are shown
(values obtained from Ref.”).

Third generation technologies appear with the aim of boosting the efficiency of
the previous PV concepts (even beyond the maximum theoretical 30-33% efficiency for
a single junction device under 1 Sun illumination, known as the Shockley-Queisser
limit%*3), maintaining the economic and environmental cost advantages of thin film
deposition techniques. Third generation PV exploit emerging and novel materials as well
as concentrator photovoltaics (CPV). In this group, one of the main technologies are the
multi-junction (MJ) or tandem solar cells that have the potential for achieving
efficiencies over 50%." The emerging technologies include organic photovoltaics (OPV),
advanced inorganic thin films and thermo-photovoltaics (TPV), although one of the most
representative nowadays are perovskite-based solar cells, which despite some
instability issues have achieved efficiencies above 20%, within a very short time of
research.’ Within all these technologies, several advanced concepts and approaches are
being investigated including intermediate level devices, up/down conversion, hot carrier

1518 1n Figure 1.5, the more common classification of the different

cells among others.
available PV technologies are shown (wafer-based Si; thin film PV; and emerging PV),

summarizing their main features with some illustrative examples.
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Classification of available PV technologies
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Figure 1.5. Classification and main characteristics of the available PV technologies.

Looking at the record research-cell efficiencies for all different PV technologies
(see Figure 1.6), without considering MJ or GaAs solar cells, it is clear that crystalline Si
technology offers much higher performance (with efficiency values almost touching
28%) than emerging thin films, for example compared to the promising kesterite
Cu,ZnSn(S,Se1.)4 (CZTSSe) (with efficiencies below 13%). But we must not forget that Si
technology has been investigated for a long time, and especially in PV, since the 1950’s
when Bell Labs demonstrated the first practical silicon solar cell.’” On the other hand,
kesterite thin films began to be investigated quite recently, about 20 years ago, but they
have demonstrated to be a promising PV material due to several features that make it
a very attractive and, theoretically, an ideal material to fabricate solar cells. The next
subsection will be focused on kesterite semiconductor materials.
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Figure 1.6. Best research-cell efficiencies for the different PV technologies (This plot is
courtesy of the National Renewable Energy Laboratory, Golden, co).'®

1.2. Kesterite

In the field of thin film PV technologies, as mentioned previously, a-Si and the
chalcogenides CdTe and CIGS are the most representative absorber materials, the latter
being the most efficient ones. Chalcopyrite CIGS thin film solar cells have proven to be
among the best performing devices of the second generation PV technology, achieving
efficiencies as high as 22.6%.% Compared to silicon, chalcogenide based solar cells like
CIGS have some key advantages; the direct optical band-gap that leads to a high
absorption coefficient, or the possibility to accurately tune the band-gap either by metal
or chalcogenide substitutions allowing for a better matching with the solar

20,21

spectrum. However, the use of tellurium and cadmium, in CdTe cells, and the use of

gallium and indium, in CIGS cells, are the main constraints of these technologies for their

sustainability, due to scarcity and/or toxicity concerns.”>*

Additionally, indium has a
large demand from the flat panel displays industry, which consumes over 70% of the

world output of indium, making the prices higher.24

The emergence of kesterite Cu,ZnSnS, (CZTS) as an absorber PV material
overcomes the above-mentioned limitations, since it is composed of non-toxic and earth
abundant elements (by replacing the scarce In and Ga of CIGS with Zn and Sn).'%?*>%
Therefore, CZTS and its related compounds Cu,ZnSnSe, (CZTSe) and the solid solution
Cu,ZnSn(S,Se1)s (CZTSSe) have attracted a lot of attention in recent years, as can be
deduced from Figure 1.7, where the number of publications about kesterite (including

the key words “kesterite solar cell”) has significantly increased in the last 10 years.
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Although CZTS compound was identified for the first time as a suitable absorber
material in 1988,%’ it was not until 1996 that Katagiri et al. fabricated the first CZTS solar
cell (0.66% efficiency).”® Subsequent optimizations of the materials and deposition
techniques allowed a paramount increase of the efficiency up to 6.77% in 2008.% At this
point, several groups started to further investigate this promising material, and in 2010,
IBM published a 9.66% efficiency cell through solution-based process,30 which was
improved up to 10.1% efficiency just one year later.®’ The current certified record
CZTSSe cell efficiency of 12.6% was reported in 2013, also from Mitzi group at IBM.*?
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Figure 1.7. Number of publications including the key words “kesterite solar cell” for the
different years since the first CZTS device was fabricated in 1996. Qualitative leaps in
efficiency are also indicated with arrows and values.

There is a quite long list of advantages that make kesterites a suitable and also
a very promising absorber material:

e ltis exclusively formed by non-toxic and earth abundant elements.
e |t has p-type conductivity naturally due to intrinsic point defects.

e Itis a direct band-gap semiconductor with a high absorption coefficient (~10*
-1y 33
cm™).

e Its band-gap can be easily tuned with the ratio S/Se, from 1.0 eV, for the pure

34,35

selenium CZTSe compound, to 1.5 eV, for the pure sulfur CZTS. Moreover,

cation substitution can also be used for tuning the band-gap, e.g. with Ge-
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alloying (in Sn position),*® Cd-alloying (in Zn position),?’ Ag-alloying,®® or Li-
alloying (in Cu position).*

e |t is highly compatible with CIGS technology, so almost all the know-how
previously acquired for chalcopyrites can be applied in kesterites. In particular,
the knowledge gathered on buffer layers, window layers or back contacts has
been directly utilized in kesterite solar cells, although for high efficiency kesterite
devices some adjustments are indispensable. The standard structure of the
CZTSe solar cells presented in this thesis is shown in Figure 1.8: these cells are
grown in substrate configuration onto soda-lime glass (SLG); ~800 nm of
sputtered molybdenum as back contact; about 1.6 um of kesterite CZTSe
absorber, synthesized by a sequential process (sputtered metallic stack
precursor + reactive annealing under Se + Sn atmosphere); 50 nm of CdS as n-
type emitter/buffer layer by chemical bath deposition (CBD); and about 250 nm
window layer, composed of ~50 nm of intrinsic ZnO (i-ZnO) and ~200 nm of
In,03:5n0, (ITO), which acts as front contact. Occasionally, silver or Ni/Al metallic
grids are deposited on top as a front electrode to improve the electric contact
and current collection, and MgF, anti-reflective coating (ARC).

Window layer: 1ITO/i-ZnO
Buffer layer: CdS

Absorber:
Kesterite CZTSe

(MoSe,)
Back contact: Mo

Substrate: Glass

Figure 1.8. Cross-sectional scanning electron microscopy (SEM) picture of a kesterite
solar cell device with its typical structure.
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Besides all these good properties of kesterite, the fact that it can be synthesized
with a large variety of techniques is another advantage to take into account. In general,
these methods are divided into vacuum-based (mostly physical vapor deposition (PVD)-
based) and non-vacuum deposition techniques. Vacuum-based methods include
thermal evaporation, e-beam evaporation, sputtering, or pulsed laser deposition (PLD),
among the most widely used. While non-vacuum techniques include solution processing
via spin-coating/dip-coating/doctor-blade-coating/spray of the precursor, chemically
synthesizing CZTS nanoparticle solution, or electrochemical deposition.

Currently, the highest efficiency (12.7%) has been achieved using hydrazine-
based solution approach, although the wide variety of deposition techniques, like co-
evaporation, sputtering, spray, spin-coating or doctor-blade coating, have also given
efficiencies above 10% (see Table 1.1 with a selection of the best reported kesterite solar
cell devices).
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Table 1.1. Selection of the best reported kesterite solar cells, including pure selenium
CZTSe, solid solution CZTSSe, pure sulfur CZTS, and several alloys (Ge, Cd and Ag).

. 40 ; 41 _42 ;43 _44 45 46 , 47 :32 .48 1 49 ;50 51 _ 52 _ 53
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9 54 55 56,57 58 59
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Material S Eff Voc Jse FF Cell Area . -
(E, eV) Affiliation (%) (MV) (mAfcm?) (%) (cm?) Technique Further Details  Ref
CZTSe (1.0) IBM 11.6 423 40.6 673 043 Coevaporation+ Na doping a
Hot plate
CZTSe (1.0) IMEC 10.4 395 39.7 662 052  Sputtering+ H,Se ; b
CZTSe (1.03) LIl 10.4 419 385 648 0345  oputtering+Se w/o ARC c
University vapor
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Se CTP
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CZTSe (1.05) IREC 10.6 473 34.4 654 0228  Sputtering+ CTP Ge doping
CZTSe (1.04) IREC 11.8 463 383 66.3 0487  Sputtering + CTP Ge doping
CZTSSe (1.07) IBM 127 466 389 698 045  Hydrazine-based Hyb”su';‘ffg/ s,
CZTSSe (1.13) 1BM 12.6 513 352 69.8 042  Hydrazine-based Certified i
University of . . .
CZTSSe (1.04) Washington 11.8 449 38.8 68.1 0.10 Spray Li doping Ji
Solar Sputtering + Hybrid In,S,/CdS
s.Se Cz155e Frontier 118 >03 351 66.8 106 SAS (Se—S) buffer, Submodule k
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CZTSSe (1.17) IMRA 10.9 520 322 650  0.25 Spray + N,—Se HVbr'gJ?fer/ -
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coating
NCK Spin-coating +
CzTSSe (105) ) ooy 10 450 36.5 61.9  0.141 SBS (S.»5e) w/o ARC 0
S CzTS(L5) UNSW 11.0 731 217 693 0234 Co-sputtering+RTp \ZvCdISbuffer,
Certified
CZTGSe (1.11) AIST 12.3 527 323 727 0519 C°'evacp$;at'°” " Ge/(Getsn)=22% g
Ge R
University of Ge/(Ge+Sn)=25%,
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Ag University w/o ARC
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Historically, most record kesterite devices have been achieved using solution-
based film deposition routes, contradicting the generalized idea that these techniques
usually yield lower performing devices compared to PVD-based ones. Nowadays, both
vacuum and non-vacuum based processes are able to produce high performance solar
cells, with comparable efficiencies, as shown in Table 1.1. Additionally, in the last few
years and as illustrated in Figure 1.9, there has been a remarkable improvement of
devices fabricated through PVD-based approaches like sputtering and co-evaporation,
which is of great importance from the industrial point of view. In terms of scalability, in
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general, these vacuum-based processes are more interesting since they can be easily
scaled-up with high reproducibility.
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Figure 1.9. Evolution of efficiency for selected kesterite solar cells fabricated by PVD-
based processes in different institutions.

Crystal structure and associated defects

The mineral kesterite belongs to the family of AL,B"CVXY! compounds, which
are known to exist in two main tetragonal crystal structure types: the kesterite type
structure and the stannite type structure.®® These structures are closely related but
assigned to different space groups due to distinct distributions of the cations A' and B".
Each anion X" in both structures is surrounded by two A oneB" and one C", and every
cation is tetrahedrally coordinated by X" (Figure 1.10 shows the unit cell of both
structure types for CZTSe). Therefore, due to their structural similarities it has been
proven not to be trivial to distinguish between them without a careful crystal structural
analysis. Nevertheless, there are several studies that using first-principle calculations
determined, for CZTS and CZTSe, that the kesterite structure is energetically more stable

61-63

than the stannite structure. Besides, neutron powder diffraction as well as high-

resolution XRD studies also support that both CZTS and CZTSe crystallize in kesterite

64,65

structure. More recently, polarized Raman spectroscopy has also succeeded to

confirm that kesterite type structure is mostly present in these compounds.66
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(a) Kesterite Cu2ZnSnSe4 (b) Stannite Cu2ZnSnSe4

Figure 1.10. Conventional unit cells of (a) the kesterite structure and (b) the stannite
structure for CZTSe, having four Cu atoms (light gray), two Zn atoms (black), two Sn
atoms (blue), and eight Se atoms (red) per conventional unit cell. Reproduced from
Persson.®’

Consequently, the specific arrangement of the atoms in the kesterite structure
(specifically the presence of Cu-Zn planes), the similar ionic radii of Cu and Zn and the
fact that both are isoelectronic, make Cu and Zn atoms very likely to interchange, leading

64,68

to the well-known Cu/Zn disorder. Thus, promoting the formation of the common

Cuz, and Znc, antisites defects. Although these defects are partially compensated by the
typical targeted Cu-poor and Zn-rich composition to obtain high performing devices,*”°
they are not completely eliminated and can contribute to increase the band tailing
(basically, by the formation of trap states that arise due to electrostatic potential
fluctuations), ultimately limiting the open-circuit voltage (Voc) and the efficiency of the

solar cells.*®7¥73

Figure 1.11 shows theoretically calculated ionization levels of different intrinsic
defects in the CZTSe band gap, i.e. cation antisites and vacancy defects. The shallower
Vcu and Cuz, acceptor defects have the lowest formation energies, and are expected to

475 Conversely, deep defects are

contribute to the p-type conductivity of the CZTSe.
detrimental to device performance since they can act as recombination centers for
electron-hole pairs. In particular, most of the Sn-related defects, Vs, and Sn-antisites,
according to these theoretical estimations, lead to the formation of deep levels in the
band-gap that will degrade solar cell performance. In addition, Sn atom in the kesterite
structure has been identified to adopt different oxidation states (+Il and +IV), which can

also contribute to the formation of harmful defects, specifically Snz, has shown to be a
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deep recombination center when Sn adopts state +11.7° Therefore, this multivalent
behavior of Sn makes the introduction of other elements in its position a very interesting
and challenging approach in order to further improve the device performance of
kesterite-based solar cells, as will be presented in detail in the following chapters of this

thesis.
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Figure 1.11. lonization levels of intrinsic defects in the band-gap of Cu2ZnSnSe4. Red bars
show acceptor levels, while blue bars show donor levels, with initial and final charge
states labeled in parentheses. Reproduced from Chen et al.”

Regarding elements’ substitution/addition in the kesterite material, two main
strategies can be distinguished: doping or alloying. In the case of the doping approach,
and on the contrary to alloying, there is no or slight modification of the band-gap and
structural parameters, and it has little impact on fundamental optical properties. On the
other hand, the doping can modify the electrical properties, transport charge properties,
interfaces’ characteristics, it can impact on the morphology, and even affect other
elements’ distribution during the synthesis. Thus, doping strategies can be a very
interesting point in order to explore the effect of additional elements in the kesterite
system, hopefully with a positive impact without changing its fundamental properties.
This topic will be further discussed in the papers included in this thesis.

To conclude this introduction chapter, special mention should be made of the
possible real-life applications of kesterite PV devices, although, as previously
mentioned, kesterite is still considered an emerging and young PV technology with much
room for improvement. Nevertheless, most recently, Haight and colleagues reported an
encouraging work, demonstrating that kesterite devices can represent a worthwhile
7778 |n that work, the
researchers succeeded to fabricate a serially connected device capable of reaching 5.7

alternative to be used in small autonomous household electronics.
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V at 1 Sun illumination (and ~2 V under low light conditions, below 10° Suns), and
described an integration approach with a battery capable of powering autonomous
electronic devices. Furthermore, the approach used in that study, by removing and
depositing a new back contact in the final processing stages, may allow for facile
integration with batteries, sensors and microprocessors, providing the energy
harvesting and storage required to allow a system of distributed electronics for the
Internet of Things (loT). This kind of works can bring a breath of fresh air and hope for
researchers who still believe in the promising future of kesterite and the clear promise
of efficient, inexpensive, scalable and eco-friendly power generation.
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1.3. Objectives of the thesis

The main objective of this thesis is to develop high efficiency thin film
photovoltaic technologies based on sustainable kesterite (Cu,ZnSnSe,) absorbers, using
a sequential process (sputtering of metallic stack precursors followed by reactive
thermal annealing) through the implementation of innovative doping strategies, for
advanced photovoltaic applications. To fulfil this general objective, the following sub-
objectives are proposed:

1. Optimization of sequential processes for the synthesis of Cu,ZnSnSe, thin films,
consisting in the sputtering deposition of Cu/Sn/Cu/Zn metallic stacks onto Mo-
coated soda-lime glass substrates, followed by a reactive thermal annealing
under Se + Sn atmosphere, using a semi-closed graphite box in a conventional
tubular furnace.

2. Screening of possible doping elements to improve CZTSe properties for obtaining
high efficiency solar cell devices. This involves the analysis and preliminary
optimizations of different dopants, including Ag, In, Si, Ge and Pb.

3. Study and identification of the main loss mechanisms that can degrade the
efficiency of kesterite CZTSe-based solar cells, including surface engineering to
compensate and mitigate these losses.

4. Analysis of the possible interaction between relevant dopants and alkali
elements (Na in particular), and the impact of post-deposition annealing
treatments on the device properties.
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Chapter 2

Selective doping strategies in Sn
position in kesterite Cu,ZnSnSe,:
Indium and Germanium






2.1. Fine tuning of thermal processes

In this section, before going deeper into more advanced strategies, a previous
study and optimization of the thermal processes for the synthesis of kesterite CZTSe
absorbers are presented.

Historically, CIGS record efficiencies have been obtained with absorbers
synthesized by co-evaporation technique, which includes a Cu-rich stage.79 Conversely,
for kesterite, sequential processes (precursor deposition + thermal annealing) have led
to the best efficiencies (as can be seen in previous Table 1.1), where reactive thermal
processes become a crucial step. This reactive annealing, typically performed in a semi-
closed graphite box under chalcogen atmosphere, is mainly controlled by several
thermodynamic and kinetic-related parameters, like temperature, total pressure or
chalcogen partial pressure, and dwelling times or ramp rates, respectively. Additionally,
synthesis catalysts and crystallization fluxes can have a strong impact on the annealing
process, but they have been barely investigated in kesterites. This topic will be covered
in following sections.

Synthesis and crystallization
process

Kinetic-related
parameters

Thermodynamic-related
parameters

*  Dwelling time
* Ramp rate

¢ TJemperature

* Total pressure

* Chalcogen partial
pressure

w PRECURSOR w

a*

Synthesis catalysts and
crystallization fluxes

Figure 2.1. Sketch of a typical semi-closed graphite box with the main parameters

controlling the synthesis and crystallization processes.

This preliminary study of the thermal annealing process consisted in a
conservative and slight variation of some critical selenization parameters, comparing
one-, two-, and three-step annealing profiles. All these modifications were performed
using a conventional three-zone tubular furnace and commonly used graphite boxes (69
cm?® of volume). For the standard selenization, 100 mg of Se powder and 5 mg of Sn
powder were placed into the graphite boxes.

First of all, single one-step thermal annealing was implemented using our
standard annealing temperature (550°C), but changing the heating ramp rate from

51



5°C/min to 20°C/min. As displayed in Figure 2.2, at first glance both samples show large
inhomogeneities after selenization, which are also observed at micron-scale by
morphological SEM characterization with contrasted roughness. Additionally, solar cell
devices were fabricated with these absorbers leading to same expected
inhomogeneities on the cells parameters.

600 550 °C 600
500 el 500

~ 400 SN e ~ 400
5_) -~

2 3001 o < 300

- v -

200 200

100 100

30 90 30 60 90 120 150 180

60
time (min) time (min)

Figure 2.2. Morphological characterization (top-view SEM) of one-step annealing
processes varying the heating ramp rate from 5°C/min to 20°C/min.

Two-step annealing profiles were also explored by modifying the second-step
temperature (mainly related to a crystallization stage) from 550°C to 600°C as well as
the ramp rate from 20°C/min to 50°C/min. As clearly observed in Figure 2.3(a), on the
contrary to one-step annealings, the sample fabricated with a two-step process does
not show macroscopic inhomogeneities due to a more controlled incorporation of
selenium during the first step, when the different binary selenide compounds start to
form. In Figure 2.3(b), the SEM characterization shows a moderate improvement in the
grain size and a positive impact on the bilayer structure by increasing the temperature.
Nevertheless, neither crystalline quality nor secondary phases formation are affected,
as corroborated by Raman spectroscopy (see Figure 2.3(c)). Apparently, temperatures
(thermodynamic parameter) and heating ramp rates (kinetic parameter) are not
affecting the crystalline quality of the CZTSe and the formation of undesired secondary
phases, but mainly promote slight morphology changes.
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Figure 2.3. (a) Top-view of CZTSe sample synthesized with the standard (Std) two-step
annealing process, and temperature profiles of the studied two-step processes; (b) cross-
sectional SEM pictures of samples fabricated with different two-step annealing
processes; (c) Raman spectroscopy analysis of the same previously characterized
samples.

Photovoltaic parameters of representative devices fabricated with these CZTSe
layers are shown in Figure 2.4(a). While the ramp rate variation barely affects the
optoelectronic parameters of the cells, the temperature increase (up to 570°C) seems
to improve to some extent the cell efficiency because of an increase in Vo, although it
cannot be related to a doping level modification, as shown in Figure 2.4(b). Most
probably, this slight performance improvement is due to the enhanced crystallization.
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Figure 2.4. (a) Photovoltaic parameters of solar cells fabricated with different two-step
annealing processes; (b) doping profiles as obtained from CV measurements for the

different samples.

Additionally, selenium partial pressure during the annealing was also
investigated by varying the selenium quantity from 100 mg to 400 mg for the best
previously analyzed two-step processes. These results (not shown here) did not reveal
any remarkable impact in terms of morphology or crystalline quality, as verified by SEM
and Raman spectroscopy. Resulting devices from these absorber layers gave
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comparable efficiencies in all cases, probably indicating that in our standard annealing
conditions the atmosphere is already saturated of Se.

Finally, a preliminary experiment with three-step selenization processes was
carried out, where the temperatures used for the different steps were 400°C, for the
first step, 500°C, for the second step, and 550°C, 570°C or 600°C, for the last short
crystallization step. Unfortunately, all fabricated devices showed very similar
performance and slightly lower efficiencies compared to two-step annealing processes.

In summary, the fine tuning of the selenization process developed at IREC, and
based on reported parameters for some of the best devices available in the literature,
can be summarize as follows:

e Annealing profile (one- vs two- vs three-step): two-step profile shows the best
results regarding homogeneity and device conversion efficiency.

e Temperatures around 570°C lead to a general improvement of the morphology
with a slight increase of the efficiency (<0.5%), mainly due to a Voc increase.

e Ramp rates have a negligible impact on the analyzed properties in our annealing
system.

e Selenium quantity barely affects the morphology and device properties.

With this study, the standard thermal process that will be further used in most
of the studies performed in this thesis is defined. The following table summarizes the
most relevant parameters that have been defined as the optimal:

Table 2.1. Summary of relevant thermal annealing parameters optimized in the first
stages of the thesis, and used in most of the work presented in the next chapters.

Annealing | Temperature |Se quantity | Sn quantity Pressure Ramp rate | Duration
profile (°C) (mg) (mg) (mbar) (°C/min) (min)
1) 400°C 1) 1.5 mbar . 1) 30 min
2-steps 100 mg 5mg 20°C/min i
2) 550°C 2) 1000 mbar 2) 15 min

Therefore, additional strategies need to be developed in order to further
improve kesterite devices performance. Customized solutions and innovative
approaches are crucial for the development of kesterite-based technologies.
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2.2. Screening of doping elements

As was introduced in the previous chapter, the addition of extrinsic elements in
the kesterite system either by alloying or doping approaches may lead to a significant
impact on the material properties. A very simplistic way to differentiate both strategies
is the quantity of the element that is introduced in the material, where doping typically
involves concentrations below 1%, and alloying above 1%. Thus, this sub-section will
include the screening of possible beneficial dopants for kesterite CZTSe absorbers.

Alkali doping in CZTSe is the most widely studied, in particular Na doping, being

44,80-83 However, the work carried

essential to increase conversion efficiency (as in CIGS).
out here was focused on cation-substitution or doping, with the elements: Ag, In, Si, Ge
and Pb, as first candidates, all of them somehow related to kesterite-constituting
elements. Figure 2.5 highlights the elements tested in this study with their location in

the periodic table.

o]

Figure 2.5. Part of the periodic table highlighting CZTSe-constituting elements and the

different assessed dopants.

Regarding doping in Cu position, Ag was selected for a preliminary investigation.
It is known that high Ag content (>50%) inverts the kesterite conductivity to n-type, so
we might expect a lower doping level for intermediate concentrations.> Additionally,
Ag is an interesting candidate for replacement of Cu since it possesses a larger atomic
radius, which could potentially suppress Cu-Zn antisites defects to some extent, i.e.
decreasing Cu-Zn disorder. Theoretical calculations have demonstrated that Agz, defects
have much higher formation energy than Cugz, defects.® Therefore, Ag could decrease
the harmful band tailing and improve minority carrier lifetimes.

On the other hand, another interesting strategy is the selective doping in Sn
position. As it is widely known, the presence of Sn in kesterite is one of the most
challenging issues since it can induce compositional imbalances due to formation of
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volatile SnSe, compounds and the consequent Sn loss, as well as detrimental effects
owing to the multivalence of this element (Sn +ll or Sn +IV are the most stable).
Moreover, as was introduced in the first chapter, all Sn-related defects promote the
formation of deep-level traps within the CZTSe band-gap with negative consequences
for device performance. In this sense, elements from the same group in the periodic
table like Si, Ge and Pb were assessed as possible cationic dopants. Additionally, In was
studied since it could potentially increase the doping level of the CZTSe (In +lIl oxidation
state is the most stable), and also to investigate its possible “contaminating” effect since

it is frequently present in other layers of the device structure, like buffer layers (e.g.
In,S3) or window layers (e.g. ITO).
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Figure 2.6. Evolution of efficiency in CZTSe solar cells for different concentrations
(thicknesses) of selected dopants: Ag, In, Pb, Ge and Si.

In order to study the effect of different dopants, CZTSe absorbers were
synthesized adding extremely thin layers of Ag, In, Ge, Si or Pb on top of the metallic
Cu/Sn/Cu/Zn stack precursor with the standard kesterite composition, and later made
into solar cell devices. Figure 2.6 shows the efficiencies of devices fabricated with several
amounts (from 1 nm to 10/20 nm thickness) of the screened dopants. In the case of Ag,
this preliminary experiment did not show a clear tendency, being all Ag-doped devices
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less efficient compared to non-doped samples. On the other hand, Si- and Pb-doped
samples showed a clear trend, where the efficiency was gradually degraded with the
increasing dopant thickness. The introduction of Si into CZTSe has demonstrated to be
rather challenging and so far, no successful results have been achieved. Besides, first-
principle calculations of the structural and electronic properties of Si-incorporated
CZTSe have revealed that the formation energy of this compound is larger compared to
CZTSe, probably requiring higher temperatures to be properly synthesized.85 Regarding
Pb-containing CZTSe, the harmful effect is even more pronounced since 10 nm of Pb are
sufficient to practically kill the cell efficiency (<2%). Some reasons for this may be related
to its most stable oxidation state, Pb +ll, since it could be inducing the formation of deep
defects as in the case of Sn +II.”° With regard to In-doped samples, a slight gradual
deterioration of devices was firstly observed with the increasing In content, although
rather less evident than with previous dopants. However, a remarkable efficiency
improvement was achieved by introducing small amounts of Ge (10 nm) with a clear
trend, as shown in first screening results presented in Figure 2.6.

Finally, In and Ge were both selected to further analyze their doping properties
on CZTSe absorbers through a complete characterization, including compositional,
morphological, structural, optical and electrical properties of the layers and the resulting
solar cell devices.

The importance of studying In, as was highlighted before, lies in the fact that this
element may be present in different layers of the devices, like ITO window layers, or

478687 Therefore, during

hybrid In,S3/CdS buffers, both used in high efficiency solar cells.
CZTSe synthesis, In could be a potential contaminant diffusing from other layers.
Moreover, In is an interesting doping element since kesterite comes from the
substitution of two In atoms in the chalcopyrite structure by one Zn and one Sn atoms,
meaning that In might substitute either Zn or Sn forming charged defects. Additionally,
Incy defects in CIGSe have been proven to form benign complexes with VCU.SS Conversely,
in CZTSe this has not been extensively studied, although there are some published
results that point to an increase of the carrier concentration and mobility, which could

potentially improve the electrical properties of the absorber.®

Regarding the use of Ge in kesterite, it is known that Ge, partially replacing Sn in
the lattice, allows tuning the band-gap of the absorber material from about 1.0 to 1.35-
1.5 eV in the case of pure selenide kesterite (CZTSe), or from about 1.5 to 1.9 eV using
sulfide kesterite (CZTS).2>°%° Although Ge-incorporated kesterite has not been deeply
investigated yet, the few already published works show promising improvements. First
studies including devices fabrication had shown small or moderate improvements,

92,93

achieving efficiency values below 10%. Nevertheless, more recently it has been

reported better performances, reaching efficiencies of 11% and above 12%, lowering

54,55,94

the voltage deficit to record values. Therefore, together with our preliminary
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promising results at doping level, Ge seems an obvious candidate for further
investigations. Moreover, the doping strategy implies the advantage of using much less
Ge, thus it would not compromise the sustainability of these processes, as it may be
considered a scarce element.

This chapter includes the following three publications: “Optical and electrical
properties of In-doped Cu,ZnSnSe,”, “Large efficiency improvement in Cu,ZnSnSe, solar
cells by introducing a superficial Ge nanolayer”, and “Cu,ZnSnSe, solar cells with 10.6%
efficiency through innovative absorber engineering with Ge superficial nanolayer” with
a more exhaustive study about In and Ge elements as dopants in kesterite CZTSe.
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ABSTRACT

CuzZnSnSe4 (CZTSe) is a very promising material as absorber layer for low cost and earth abundant thin
film solar cells. Currently in this technology we can find indium in different layers, including the
transparent window layer In;05:5Sn0; (ITO), and the In,S3/CdS double emitter, both used in high effi-
ciency devices. Therefore, during devices fabrication processes, In could be a potential contaminant and
consequently, it is very interesting to investigate its possible impact in the solar cells performance.
Besides this, a key factor in the control of material properties lies in the doping. Extrinsic doping has
been barely studied for CZTSe and among the possible doping elements, In is one of the most interesting
candidates, because it has the possibility to occupy either Sn or Cu/Zn positions.

In this work we investigate the indium doping of CZTSe thin films. For this purpose, CZTSe was
synthesized by a sequential process with different nominal In concentrations ranging from 0 to
2.6 x 10%° cm—3. We demonstrate that In is uniformly introduced in CZTSe, not affecting the main ele-
ments distribution, but impacting in the Na quantity at the surface. Drastic changes on the morphology
are observed, where the increasing indium concentration leads to the formation of a bilayer structure.
Efficiencies in the range of 7-7.5% or 8.5-9.2% were obtained for In concentrations below 2.6 x 10'® cm ™3
for pure CZTSe and CZTSe:Ge respectively, decreasing for further doping levels mainly due to the dete-
rioration of the fill factor, while the other optoelectronic parameters are less affected. We propose a
phenomenological model supported by the complete electrical characterization of the material and
devices, showing that a conductive phase deteriorates the properties of the system that we associate to
the possible presence of mixed Sn-oxides and In-oxides.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

consequently it is very interesting to investigate its possible
impact in the solar cells performance.

Cu,ZnSnSe, (CZTSe) is a promising compound as an absorber
layer for low cost thin film solar cells owing to many advantages
such as direct band gap, high light absorption coefficient, and
because is formed by relative earth abundant elements [1-3],
having demonstrated efficiencies exceeding 11% [4]. Currently in
this technology (and as standard in many others thin films pho-
tovoltaic technologies), we can find indium in different layers,
including the transparent window layer In,03:Sn0, (ITO), and the
In,S3/CdS double emitter, used in high efficiency CZTSSe solar cells
as buffer layer [5,6]. Therefore, during solar cells synthesis pro-
cesses and under normal operation, indium could be a potential
contaminant diffusing from these layers towards the absorber, and

* Corresponding author.
E-mail address: sgiraldo@irec.cat (S. Giraldo).

http://dx.doi.org/10.1016/j.s0lmat.2016.02.024
0927-0248/© 2016 Elsevier B.V. All rights reserved.
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Besides this, a key factor in the control of material properties lies
in the doping, either by varying the stoichiometry or by adding
other elements. Nowadays, required electrical properties of CZTSe
to achieve high efficiency devices are mainly controlled by intrinsic
defects (Cu-poor and Zn-rich conditions) [2,3,5]. Unfortunately, this
implies the management of three atoms, extremely complicating
the accurate control of doping level. The study of doping on this
material has been mainly limited to alkaline elements (mostly Na
and K), which have demonstrated to have a remarkable impact on
the optoelectronic properties of the kesterite based devices [7-10].
Learning from the close cousin Culn, _,Ga,Se, (CIGSe) technology,
alkaline elements are mainly occupying isoelectronic Cu* positions
[11-13], and could probably prevent to a certain extent the for-
mation of detrimental Znc, anti-sites. So, alkaline doping has
already demonstrated to be useful for controlling doping level,
improving crystalline quality and modifying the atomic lattice
dynamic interacting mainly with the Cu-site positions. Aside the
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alkaline doping that has been studied in some extent, only
few reports have been published with other dopants like Cd,
Fe and Ge [14,15].

In this sense, In is one of the most interesting dopants, since
kesterite comes from the substitution of two In in the chalcopyrite
structure by one Zn and one Sn, meaning that probably In can sub-
stitute both Zn and Sn forming charged defects (In has +3 charge,
while Sn has +4 and Zn has +2). Additionally, In has shown that it is
thermodynamically possible the formation of In¢, defects in CIGSe
that form benign complexes with V¢, [12]. Nevertheless, In doping in
CZTSe has not been properly studied, and only the properties of
Cu,75Zn(Sn; _,In,)Se, (with 0<x<0.6) alloys, ie. with high In
quantity have been reported [16]. It was shown that increasing the In
concentration the carrier concentration also increases, and the
mobility first increases for relatively low In concentration and then
decreases [16], suggesting that In can improve the electrical prop-
erties of CZTSe. Nevertheless, the impact on the optoelectronic
properties of the solar cells was not studied at all.

Taking into account the non-negligible possible In contamina-
tion in processes required for the fabrication of kesterite based
solar cells, as well as the potential of this atom as electrically active
dopant, in this work we study the effect of In doping on the
compositional, structural, morphological, optical and electrical
properties of CZTSe. We demonstrate that In is effectively intro-
duced into the CZTSe layer at doping level, having a uniform in-
depth distribution independently on their concentration. CZTSe
exhibits a good tolerance to In, where the efficiency of the devices
is barely affected till relatively high doping levels, deteriorating
then. We present a phenomenological approach suggesting that
the deterioration is due to the formation of a conductive phase
(probably Sn0O,-In,05 alloy) in the grain boundaries, that is sup-
ported by capacitive and Kelvin probe atomic force microscopy.

2. Materials and methods

CZTSe doped with In was synthesized onto Mo coated soda lime
glass (800 nm, 0.5 /o) by a sequential process, based on the
deposition of Cu/Sn/Cu/Zn metallic stacks by DC-magnetron sput-
tering technique (Alliance Concepts AC450), and subsequent reac-
tive annealing. The metal thicknesses were selected in order to
achieve Cu-poor and Zn-rich conditions (Cu/(Zn+Sn)=0.75 and Zn/
Sn=1.20). Afterwards, different In thicknesses (0 nm -undoped-,
1nm -In1-, 5nm -In5-and 10 nm -In10-, corresponding to non-
intentionally doped, 2.6x 10 at/cm? 1.3 x 10*°at/cm® and
2.6 x 10%° at/cm® nominal In concentration respectively) were eva-
porated on top by thermal evaporation (Univex 250 Oerlikon Ley-
bold Vacuum). Some experiments were also performed onto CZTSe:
Ge layers, since it has been reported as route to achieve high effi-
ciency CZTSe based solar cells [15]. Following, we performed a
reactive annealing in a graphite box (69 cm?® in volume) under Se
(100 mg) and Sn (5 mg) containing atmosphere to form the kes-
terite absorber in a conventional tubular furnace. The selenization
was performed with a 2-step process; the first one at 400 °C
(heating ramp 20 °C/min) during 30 min and 1.5 mbar Ar pressure,
and the second one at 550 °C (heating ramp 20 °C/min) during
15 min and 1 bar Ar pressure, as has been reported elsewhere [17].

Precursors and absorbers composition was characterized using
X-ray fluorescence (XRF Fisherscope XVD), and time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) with a TOF-SIMS IV
instrument from lon-Tof GmbH Germany, using the following con-
ditions: Biz at 25 keV pulsed beam at 45° of incidence, rastered over
200 x 200 pm?; O, gun at 2 kV rastered over 350 x 350 um?, flood
gun active, Bi*? current of 420 nA, positive polarity and bismuth
liquid metal ion gun mode (BiHCBU). All the samples were analyzed
in the same experimental conditions, selecting the following
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elements: 160", 23Na*, 28Si*, 39K*, 63Cu*, 64Zn*, 80Se™,
98Mo, 115In*, 120Sn™*. In-depth scanning electron microscope
(SEM) images were obtained with a ZEISS Series Auriga microscope
using 5 kV accelerating voltage. Photoluminescence (PL) was per-
formed at room temperature using a 532 nm diode laser with a
power flux of 16 W/cm? as an excitation probe. For detection, a
liquid nitrogen refrigerated InGaAs diode was coupled to a iHR320
Horiba monochromator. C-V and impendance spectroscopy mea-
surements were performed using an Agilent E4980A LCR meter
coupled to an Agilent E3641A DC power source. Kelvin probe atomic
force microscopy images were obtained using a Nano-Observer
AFM from CSInstruments (CSI - France) using HD-KFM mode. The
scanning was performed on 3 x 3 pm? surfaces for guaranteeing the
presence of grain boundaries. X-ray diffraction (XRD) measure-
ments were performed using an Advance D8 diffractometer (Bruker,
CuKo radiation, A=1.5406 A, 40 kV, 40 mA). Typical — 26 mea-
surements were carried out from 10° to 60° with step size of 0.010°.

Solar cells were fabricated using the standard configuration
(Glass/Mo/CZTSe:In/CdS/i-Zn0/Zn0:Al), depositing CdS (50 nm) by
chemical bath deposition and i-Zn0O/Zn0:Al (50 nm/350 nm - 40 /&)
by DC-pulsed magnetron sputtering technique (Alliance Concepts
CT100). J-V dark and illuminated curves (AM1.5 illumination condi-
tions) were obtained using a pre-calibrated Sun 3000 Class AAA solar
simulator from Abet Technologies. Complete solar cells were sub-
mitted to a 200 °C soft annealing in air during 30 min before the
measurement of the illuminated J-V curve [18]. The spectral response
was measured in a pre-calibrated Bentham PVE300 system, allowing
us to obtain the external quantum efficiency (EQE) of the cells. We
avoid the use of In in the solar cell structure (with the exception of the
In doping intentionally introduced in the CZTSe absorber), to prevent
possible interferences and to have an accurate control of the doping.
Thus, as was presented before, we deposit ZnO:Al instead of ITO as
window layer, and we use CdS (instead the In,S3/CdS double emitter)
as buffer layer.

3. Results and discussion

In Fig. 1 representative cross-section SEM images of the different
layers under study in this work are shown. Our standard CZTSe
(undoped) exhibits large grains, with several microns in size, that
extends all alongside the cross section as is clearly seen in Fig. 1a,
similar to those reported for high efficiency devices in the literature
[see for example Refs. [4,15]]. Even after the introduction of small In
quantities, some degradation of the grain structure of the absorber
is observed. A bi-layer type structure starts to appear, which is
mainly composed of larger grains at the top and smaller grains at
the bottom. Comparing Fig. 1b-d with Fig. 1a it is evident that the
higher the indium concentration, the thicker the bottom layer with
small grains and the thinner the up-most layer with big grains.
Thus, indium seems to negatively affect the crystallization process,
reducing the grain size mainly at the back region, although at the
surface also a reduction of the size is clearly observed.

The possible mechanisms behind this degradation are not yet
clear, but according to preliminary XRD and Raman analysis the
presence of secondary phases is almost unaffected by the indium
doping. This is in agreement with the reported phase formation of
Cu,ZnSnSe4—CulnSe, alloys that have shown a high miscibility in a
wide compositional range [19]. We think that this phenomenon is
most probably related to modifications of selenium diffusion
processes. Following by using TOF-SIMS we will show that indium
introduction modifies the alkaline profile, in particular increasing
the alkaline concentration at the very surface. The strong inter-
action of selenium with alkaline elements (mainly sodium and
potassium) avoids to some extent the right selenium diffusion
towards the back region, impeding its correct crystallization. This
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In-depth SEM images of samples doped with different In quantities: undoped (a), In1 (b), In5 (c) and In10 (d).

Fig. 2. TOF-SIMS 3D volume maps showing the distribution of Mo, Cu, Zn, Sn and In, for the undoped (a) and In10 (b) samples.

is in agreement with the observed out-diffusion of Se accom-
panying the out-diffusion of Na [20].

To evaluate whether the In was or not effectively incorporated,
together with the corresponding in-depth distribution of this
element, TOF-SIMS analysis were performed. Fig. 2 shows the 3D
elemental distribution of Mo, Cu, Zn, Sn, and In (see Supporting
information for additional 3D TOF-SIMS profiles corresponding to
samples with other In concentrations) for undoped, as well as In10
samples. In the Figure, substrate (SLG), back contact (Mo) and
absorber (CZTSe) are indicated for better clarity. A rough com-
parison between the figures suggests that neither Cu, nor Zn and
Sn distributions are affected by the presence of In at this con-
centration levels. The three cations show very similar distribution
and intensity as is complementary shown in the Supporting
information. Conversely, a large increase in the In concentration is
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clearly observed in the whole CZTSe volume. The figure also
indicates that In is distributed quite uniformly through the whole
absorber. This behavior is markedly different than the typical
distribution observed for alkaline doping in chalcogenides (mainly
Na and K), which use to be accumulated at the interfaces giving a
“V” like in-depth profile as has been reported for CIGSe [21]; or
even than the Ge reported one which is barely incorporated into
the CZTSe matrix due to the inherent volatility of Ge-Se com-
pounds [15].

To better understand this behavior, Fig. 3 shows the 2D TOF-
SIMS compositional profiles of In and Na for the different samples.
Fig. 3a confirms the effective In incorporation into the CZTSe matrix,
with an almost constant in-depth distribution as was predicted
with the 3D profiles in Fig. 2. As is expected, TOF-SIMS intensity
monotonically increases with the increase of the nominal In doping
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Fig. 3. In (a) and Na (b) TOF-SIMS in-depth profiles of the complete set of samples.

concentration, suggesting that almost all the In was incorporated
during the reactive annealing process. Apparently, there is no
accumulation of In neither at the surface nor at the back region. As
was previously suggested, the dopant is almost no affecting the
distribution of Cu, Zn and Sn, at least at this low concentration level
(see Supporting information). Due to the importance of Na doping,
we have also analyzed the evolution of this element as a function of
the In concentration, as is presented in Fig. 3b. In all cases we
observe the typical “V” like profile of Na [21], that is not modified by
the In incorporation. At this stage, we can conclude that at the back
and in the bulk of the material, the Na concentration can be con-
sidered independent of the In doping level. Nevertheless, the
increase of the In concentration apparently slightly increases the Na
content at the very surface. Similar trend is observed for K dis-
tribution as is presented in the Fig. S3 of the Supporting informa-
tion. There is a slight tendency to accumulate more Na (and K) at
this interface with the increasing In doping. It is well known that
alkaline elements tend to accumulate at the interfaces and grain
boundaries [11,12] as is clearly seen in Fig. 3b, that is usually
associated with the easily oxidation of these alkaline elements [22].
Thus, we can suppose that the very thin up-most In layer is oxidized
and can contribute to the accumulation of Na at the front surface.
Also, this suggests that In could be combined with oxygen (note
that the In thickness is 10 nm or less, implying a high probability of
oxidation), that can have a further impact on the properties of this
element as dopant.

Additionally, X-ray diffraction (XRD) of the Ref, In5 and In10
samples was analyzed (see Supporting information) in order to
assess the In incorporation into the CZTSe lattice, the evolution of
the XRD pattern as a function of In concentration, as well as the
possible formation of oxidized species. Indeed, XRD patterns for the
In doped samples show a slight shift of the kesterite identified
peaks to lower angles, reconfirming the In-incorporation into CZTSe
as has been reported previously [19]. Neither remarkable changes in
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the texture nor in the crystalline quality (estimated by the FWHM of
the (112) plane) are observed. Concerning the formation of oxidized
species it is very difficult to draw any firm conclusions from this
kind of XRD analysis due to the probably rather small quantities of
these species present in the material compared to all the bulk
kesterite material, though we cannot rule out their formation.

To evaluate the impact of the doping on the optical and electrical
properties of the absorber, PL and C-V measurements were per-
formed. Fig. 4 presents the room temperature PL spectra of the four
samples. The spectrum is characterized by two sub band-gap con-
tributions, a main peak centered at 0.87-0.90 eV that has been
attributed to an acceptor defect [22] (probably Cuz, - [23]) or
recombination involving localized states related to QDAP defects
[24]; and a second low intensity peak at approximately 0.98 eV, that
has been related to shallow defects involving band tails states [24].
The main peak slightly shifts to higher energy only for sample In1,
and afterwards, its position is almost constant with the increased In
concentration. The slight changes observed in this QDAP emission
suggests that In is not affecting significantly the shallow acceptors
and donors involved in this transition, i.e. it seems that In is not
directly introducing shallow defects. Conversely, the peak at higher
energy seems to slightly increase with the In doping level. As was
shown, the distribution of Cu, Zn and Sn is almost unaffected by the
presence of In. Nevertheless, Na concentration tends to increase at
the surface (see Fig. 3b). A sub band-gap band at approximately the
same energy than those reported here has been associated to the
presence of Na [24], correlating with the increase of the Na content
detected by TOF-SIMS. Even though this explanation is based on
reported findings that relate this higher PL peak to Na, regarding its
origin we cannot exclude that could be also associated with In-
related defects, thereby additional investigations will be carried out
on this issue. In the end, these observations could imply that Na
distribution can be affected by the presence of In, and could be
possibly related to the presence of In-O species.

C-V measurements corroborate that the In doping do not have a
remarkable impact on the carrier concentration (see Table in Fig. 5),
confirming that In seems to not introduce shallow defects easily
ionisable at room temperature that can contribute to increase this
parameter. In fact, p is in the range of 6-9 x 10' cm 2 independently
on the nominal In doping concentration. Additionally, using Impe-
dance Spectroscopy measurements we can separate and estimate the
grain boundary and grain contributions to the resistance, namely Rcg
and R respectively, as well as the capacitance of the grain boundary
(C) [25]. The evolution of all these parameters is presented in the
Supporting information. In particular, R; and C are slightly or even
unaffected by the In concentration, correlating with the uniform in-
depth distribution of this element and the small variation of the car-
rier concentration. On the contrary, Rgg is strongly affected by the
introduction of In, firstly increasing for very small In quantities, and
then remarkably decreasing for higher doping levels. We can define a
figure of merit (FM) to determine the electrical quality of the grain
boundary as the ratio between its ability to conduct charges (i.e. its
resistance) and its capacity to store chargers (the capacitance):
FM=Rgg/C. The higher the value of this figure of merit, the smaller the
impact of the grain boundaries in the electrical recombination in the
layer. Fig. 5 shows the obtained FM values as a function of In con-
centration. Clearly, the FM follows the same tendency as Rgg,
increasing for low In doping levels and decreasing then. This suggests
that to some extent, when In thickness is equal or higher than 5 nm,
the dopant starts to deteriorate the grain boundaries, reducing their
resistance and creating shortcuts through the layer for the carriers and
thus degrading the EE. of the device.

To understand the impact of In doping on the device properties,
solar cells were prepared with all the absorbers and the results are
presented in Fig. 6, including a statistical analysis based in 9 dif-
ferent devices of the efficiency, fill factor (E.E.), open circuit voltage
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(Voc) and short circuit current density (Jsc). Representative J-V
curves as well as series (Rs) and shunt (Rs;,) resistances are pre-
sented in the Supporting Information. As is clear from Fig. 6a, the
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les with different In content. The fitting of the PL spectra with two emissions is also displayed, showing the
increasing intensity of the peak at higher energy with the increasing In concentration.

efficiency starts to be deteriorated for In concentration about
1x 10%° cm 3. This trend is confirmed by both, the evolution of
the average as well as the maximum efficiencies obtained for the
different experiments. Regarding the other optoelectronic para-
meters, the FF. is largely affected by In concentration, in fact this
parameter decreases monotonically with the increasing doping
level. The V¢ of the cells seems to be less affected by the presence
of In, being deteriorated by In concentrations as high as
2.6 x 10%° cm 3. Conversely, the Jsc seems to be barely affected by
the presence of In, and could be considered almost constant in the
whole concentrations range. This is in agreement with the Rs and
Rsh values presented in the S.I. The series resistance is almost
unaffected by the dopant, explaining the low effect on the V.
Nevertheless, the Rgy, is strongly reduced mainly for samples In5
and In10, in close agreement with the diminution of the Rgg pre-
sented in Fig. 5 and in the S.I, and with the degradation of the EF.
without affecting to a large extent the other optoelectronic para-
meters. This strongly suggests that In is modifying in somehow the
properties of the grain boundaries, affecting mainly the fill factor.

Fig. 7 shows the E.Q.E. of the best cells reported in Fig. 6. At a
first glance, all the curves look very similar, in close agreement
with almost constant Jsc presented in Fig. 6b. But, observing dee-
ply the different wavelength regions, some small differences are
detected at low and high wavelength values. The inset presented
at the left hand of Fig. 7 shows a small increase of the E.Q.E. values
in the 480-600 nm region, i.e. in the region close to the junction.
This suggests an improved carrier collection in this region. This
can correlates with the increased Na concentration at the surface
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observed by TOF-SIMS that can contribute to keep the V¢ almost
unaffected for samples In1 and In5, although the properties of the
grains and grain boundaries are becoming to be deteriorated. The
adequate Na content in the absorber has shown to be very positive
for the improvement of the V¢ [24-26].

Conversely, as is shown in the right inset of Fig. 7, at large
wavelengths the higher the In concentration, the lower the E.Q.E.
values. Although the origin can be complex, this can be an indication
of a deterioration of the carrier collection properties, probably related
to the deterioration of the grain structure as has been presented in
Fig. 1. The smaller grains observed by SEM can be at the origin of the
E.Q.E. losses in the 800-1200 nm wavelength range. Thus, the bal-
ance between the better carrier collection for short wavelengths
because the higher Na concentration at the surface and the worse
carrier collection for long wavelengths because of the deterioration of

the grain structure, can be the explanation for the rather small
impact of In doping on the current density of the devices.

To shed light on the peculiar effect of In doping on the optoelec-
tronic parameters of the CZTSe based devices, complementary Kelvin
probe atomic force microscopy (KP-AFM) analysis was performed.
Fig. 8 shows the AFM images of the surface of In1 and In10 samples
(undoped sample behaves very similar to In1), and the corresponding
KP-AFM images. The topography of the samples already confirms the
results from the SEM analysis, showing big grains for the sample In1,
while the surface of In10 is formed by accumulations of small grains.
Nevertheless, the most interesting result is given by the surface
potential corresponding to these surfaces. While in the sample In1l
there is a clear correlation between the presence of grain boundaries
and strong potential variations, it is not the case for the In10. These
differences in potential with the grain boundaries have always been
accounted as one of the main responsibles of the correct performance
of thin film polycrystalline solar cells despite their poor structural
quality [27]. These results are comparable with the values obtained by
Impedance Spectroscopy, where the resistance from the bulk and the
grain boundaries are comparable for sample In10; while in the case of
In1 the grain boundary resistance was several times higher than the
one from the bulk.

Finally, to corroborate the observed effect on the grain
boundaries of the In doping, we prepared devices using CZTSe:Ge
doped samples. CZTSe:Ge has shown high efficiencies, since Ge
doping seems to effectively passivate the grain boundaries giving
high Rs, and EF. values [15]. Fig. 9 presents the illuminated J-V
curves for devices prepared with CZTSe:Ge, using a 10 nm Ge
superficial layer as is reported in Ref. [15], and by adding also
1nm, 5nm and 10 nm of In. The reference cell (only CZTSe with
10 nm of Ge) exhibits a conversion efficiency of 9.1% with a EF. of
64% and Rg, of 312 Q cm? Once In is introduced, the device
properties start to deteriorate. The Rgy, is markedly reduced as the
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Fig. 8. At the top, topography AFM images for In1 (a) and In10 (c), below the corresponding potential mappings for In1 (b) and In10 (d).
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Fig. 9. J-V illuminated curves of CZTSe:Ge devices doped with different In con-
centrations and the corresponding summary of the optoelectronic properties.

In concentration increases, and concomitantly the EF. drops. The
tendency is very similar to those presented before, corroborating
that the In doping seems to deteriorate the grain boundaries
properties by the formation of a conductive phase, that mainly
affects the Rsy and EF. of the solar cells.

4. Conclusions
The systematic doping of CZTSe with In was studied at doping

levels equal or below 2.6 x 102° cm 3. CZTSe seems to have a good
tolerance to In doping. We clearly demonstrate that In is

effectively incorporated into the CZTSe matrix, impacting in the
following way in the different properties of the system:

i. Morphology: large concentrations of In deteriorate the grain
structure, forming a typical bi-layer structure with small grains at
the back region.
Composition: In is effectively incorporated in the CZTSe matrix
and uniformly distributed alongside the thickness. The cationic
distribution (Cu, Zn and Sn) is almost unaffected, while In seems
to play a role on the Na distribution, observing an accumulation
of this alkaline element towards the surface. This can be corre-
lated with the possible oxidized state of the In dopant.
Optical properties: at the concentration levels studied in this
work, the band gap of the material is not changed at all. Shal-
low defects analyzed by PL study show that typical DAP defect
observed for CZTSe at 0.87 eV is not modified, while an emis-
sion at higher energies (1.0 eV approximately) and related with
an increased Na content is largely enhanced. This perfectly
correlates with the observed TOF-SIMS Na profiles.

iv. Electrical properties: carrier concentration is almost constant
with the increasing In content, suggesting that either, In forms
neutral charged defects and/or complex defects; or In intro-
duces a deep defect that is not significantly ionized at room
temperature. Additionally, an increased In concentration seems
to deteriorate the grain boundaries properties, making them
more conductive.

v. Optoelectronic properties of devices: for relatively low In con-

centrations the conversion efficiency is barely affected, starting

to be reduced for concentrations further on 1.2 x 10%° cm 3,

This deterioration is mainly explained by large changes in the F.

E of the devices, while the V¢ is only affected by high In

doping quantities, and the Js¢ is almost constant with the In

concentration. This suggests that the grain boundaries passi-
vation is affecting to a large extent the quality of the devices.

Grain boundaries properties: with increasing In doping, the

grain boundaries become more conductive, or even change

their potential, correlating with the electrical characterization,

ii.

=

ii.

=

vi.

-
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and strongly supporting that the deterioration of the device
properties for high In doping concentrations is mainly related
to the modification of the grain boundaries, by the introduction
of a conductive phase.

In summary, CZTSe can tolerate rather high quantities of In
without a significant modification of its properties, confirming the
possibility of using In containing layers in the CZTSe based devices,
like ITO as window and In,S; as buffer layer. If happens, the diffusion
of In from this layer can be harmless for the solar cells. We propose
that the deterioration of the devices properties for high In con-
centration levels is due to the presence of a conductive phase at the
grain boundaries, that we associate to the formation of SnO,-In,03
conductive specie. Although In doping seems not to be especially
positive for further increasing the solar cells efficiency, this work
demonstrates the possibility to safely use In-containing layers in the
CZTSe solar cells structure without deteriorating its properties.
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In the manuscript, 3D TOF-SIMS profiles of undoped and In10 samples were shown.
Figure S1 shows the corresponding ones to samples Inl1 and In5, corroborating the negligible
impact of In doping on the Cu, Zn and Sn distribution, as well as the increasing In concentration
on the layer as was demonstrated in the Figure 3a of the manuscript.

Figure S1. TOF-SIMS 3D volume maps showing the distribution of Mo, Cu, Zn, Sn and

In, for the In1 (a) and In5 (b) samples.

To better support that the introduction of In in the CZTSe lattice does not modify the
distribution of the other elements, Figure S2 shows the 2D profiles of Cu, Zn and Sn. Clearly, the
variation of the 3 cations profile could be considered negligible, and any special trend is
observed, corroborating that In in such low concentration is not affecting in principle the
macroscopic composition distribution of the main elements.
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Figure S2. TOF-SIMS in-depth profiles of Cu, Zn and Sn, for undoped, In1, In5 and In10 samples.

Additionally, K distribution along the absorber layer is analysed in Figure S3 showing an
increasing tendency of this element close to the CZTSe/CdS interface. As was explained in the
manuscript, the presence of alkaline elements like K and Na has been associated with the
presence of its oxidized related compounds, being an indirect method to confirm the possible
presence of higher oxygen concentrations with increasing In doping.
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Figure S3. TOF-SIMS in-depth profiles of K/Cu for undoped, In1, In5 and In10 samples.

In order to assess structural changes because of the In incorporation as well as detect
the presence of possible oxidised species, Figure S4 shows the XRD patterns of the Ref, In5 and
In10 samples. As is clearly observed there is a small shift towards lower angles of the kesterite
identified peaks for the doped samples, corresponding to the In-incorporation in the lattice (as
has been demonstrated in the manuscript). The relative intensity of the diffraction peaks
corresponding to the CZTSe kesterite phase is unaffected by the presence of In. Additionally, by
fitting the (112) of the CZTSe phase (using Gaussian fit), we estimate the FWHM obtaining the
following values: 0.069° (Ref), 0.067° (In5) and 0.066° (In10). This suggests that the In
incorporation, at least at the level used in this work, is not modifying the crystalline quality of
the CZTSe main phase. Nevertheless, concerning the formation of additional oxidised phases it
is very difficult to detect since the quantity of these species present in the material compared
to all the kesterite bulk kesterite material is very low, though we cannot rule out their formation.
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Figure S4. XRD pattern of the Ref, In5 and In10 samples.

Figure of merit defined in the manuscript after the C-V characterization was obtained
through the determination of grain boundaries and grain resistance, as well as grain boundaries
capacity. As is observed, the bulk resistance and the grain boundaries capacitance are slightly
affected by the presence of the dopant. Conversely, grain boundaries resistance is severely
affected by the introduction of In, decreasing by a factor of 2 for high In concentrations.
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Figure S5. Evolution of the rain boundary resistance (Rgg), the bulk resistance (Rg) and the grain
boundaries capacitance (cgg), with the In concentration.

Figure S6 shows the J-V illuminated curves for the best cells obtained for each doping
level. As is clear, mainly the Voc and the F.F. are deteriorated with the increasing In
concentration. In Table S1, we summarize the shunt resistance (Rsy) and series resistance (Rs) of
the same devices. In agreement with the CV and the AFM potential mappings presented in the
manuscript, while the series resistance of the devices is almost unaffected, the shunt resistance
decreases significantly for high doping concentrations, supporting that the deterioration is
related to some modification mainly at the grain boundaries.
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Figure S6. J-V illuminated curves of the best cells presented in Figure 6 of the manuscript.

Table S1. Summary of the shunt and series resistance of the devices presented in Figure S6 of
the S.I. and Figure 6 of the manuscript.

Sample | Rgy (Q.cm?) | Rs (Q.cm?)

Undoped 176 0.2
In1 206 0.3
In5 136 0.3
In10 84 0.4
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Large Efficiency Improvement in Cu,ZnSnSe, Solar Cells by
Introducing a Superficial Ge Nanolayer
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Yudania Sdnchez, Haibing Xie, Mdnica Colina, Marcel Placidi, Paul Pistor,
Victor Izquierdo-Roca, Klaus Leifer, Alejandro Pérez-Rodriguez, and Edgardo Saucedo*

As the knowledge on kesterite photovoltaic absorbers increases,
the factors limiting the efficiency of solar cells based on this
family of materials become more and more evident.!l Com-
paring the best efficiencies obtained using Cu,ZnSn(S,Se),
(CZTSSe) as absorber with more mature CdTe and Cu(In,Ga)
Se, (CIGSe) technologies, it is clear that the voltage deficit is
the major challenge that kesterite devices have to face in the
near future.”! Recently, the pure selenide Cu,ZnSnSe, (CZTSe)
compound has demonstrated efficiencies exceeding 11%, with
an open circuit voltage (Voc) of 423 mV.¥) Commonly, the
highest efficiencies were reported for kesterites with Se-rich
sulfo-selenide solid solutions, which generally lead to a higher
Voc. This highlights the importance to identify and reduce the
voltage losses for these materials.# In this sense, and with the
aim to solve the inherent problems of kesterites, the substitu-
tion of cations has been explored to some extent.’®l In par-
ticular, Sn exhibits an intrinsic multicharge character and thus
the Sn-site substitution is probably the most interesting.”)
This is because multicharge atoms commonly introduce deep
defects that increase the nonradiative charge carrier recombina-
tion. This has an especially severe impact on the degradation of
Voc59

For this reason, one of the most interesting approaches is to
substitute Sn by other cations such as Ge. By alloying CZTSe
with Ge, the band gap can be tuned from 1.0 (pure Sn/Zn kes-
terite) to 1.35 eV (pure Ge/Zn kesterite).['%!!] Additionally, sev-
eral other beneficial effects have been associated with the use
of Ge, such as the increase of carrier lifetime and the suppres-
sion of Sn*2 state formation.>¢l Nevertheless till now, the use of
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Ge has demonstrated rather limited device improvements with
respect to the pure Sn kesterite. Furthermore, all reports pub-
lished so far are based on the use of large Ge amounts, which
may compromise the viability of this technological approach, as
Ge has been identified not only as a critical raw material with
an earth crust abundance about 1.6 ppm, but also as a scattered
material disabling the extraction by mining.'? For example,
Kim et al. reported an increase in the device efficiency from
4.6% to 6.0% using a graded band gap by alloying Cu,ZnSnS,
with Ge, observing a Ge/(Sn+Ge) ratio about 0.50 at the sur-
face and an almost pure Ge phase at the back.”! The efficiency
improvement is mainly explained by an increase in the Jsc, and
the reported values are far from the state-of-the-art efficiencies
reported for kesterite solar cells. Bag et al. reported the Ge sub-
stitution in CZTSe solar cells too, obtaining a rather small effi-
ciency improvement (from 9.07% for the pure Sn kesterite to
9.14% for the Sn-Ge alloyed with 40% of Ge), but observing
a remarkable increase in Vi of more than 50 mV.! Finally,
Hages et al. reported an improved performance of Ge-alloyed
Cu,Zn(Sn,Ge)(S,Se), solar cells, increasing the efficiency from
8.4% (no Ge) to 9.4% (with 30% of Ge), mainly explained by an
increase of 50 mV in Vo[’ This shows that till now although
very promising, attempts of alloying kesterite with large
amounts of Ge have demonstrated rather small improvements
in the solar cell performance.

In this work, we report a breakthrough in kesterite-based
technologies. We demonstrate that high-voltage and high-effi-
ciency devices can be easily achieved using small quantities
of Ge, leading to efficiencies higher than 10%. The Ge-based
approach presented here is based on the evaporation of a 10 nm
thick Ge layer on top of the Cu/Sn/Cu/Zn metallic precursor
stack prior to the selenization step, using a sequential process
to synthesize CZTSe absorbers.l'*l As will be shown later, this
leads to a substitution of less than 1.6% of Sn in the final kes-
terite structure, ensuring the sustainability of the developed
processes.

To analyze the impact of Ge on the optoelectronic proper-
ties of the devices, in the following we first present the impact
of the superficial Ge nanolayer on the device parameters in a
J-V and external quantum efficiency (EQE) comparison. The
morphology, elemental composition, and distribution of the
resulting absorber layers will be evaluated by scanning electron
microscopy (SEM), by time-of-flight secondary ion mass spec-
troscopy (TOF-SIMS), and by combining transmission elec-
tron microscopy (TEM) with electron energy loss spectroscopy
(EELS). Finally, in the Supporting Information, we present a
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Figure 1. J-V curves and the corresponding optoelectronic parameters of reference and Ge10 solar cells (left), and EQE plot of both samples (right).
In the EQE plot, the upper orange area represents the reflectance of both solar cells.

detailed characterization of the back and front surfaces of the
CZTSe absorbers with and without Ge layer by Raman spec-
troscopy, and of the surface with X-ray photoemission spectros-
copy (XPS).

Figure 1 (left) presents the J-V illuminated curves of the ref-
erence cell (Sn-pure CZTSe) and those produced introducing
a 10 nm thick Ge layer on top of the precursor (Gel0) as is
described in the Experimental Section. This corresponds to
a Ge/(Ge+Sn) ratio of 0.044, i.e., a 4.4% of nominal Sn sub-
stitution by Ge. In the right-hand side of Figure 1, the cor-
responding EQE is plotted, including the reflectance of the
complete devices. Notably, the efficiency increases from 7%
(reference CZTSe) to 10.1% (Gel0) representing the highest
efficiency reported till now for a Ge-containing cell, with a
remarkable improvement of all the optoelectronic parameters
(see the table in Figure 1). In fact, the maximum efficiency
was achieved with a 10 nm thick Ge nanolayer on top, but the
whole range between 0 and 25 nm has been explored in a first
optimization as is presented in the Supporting Information.
It is important to remark the large improvement in Vo, from
409 mV for the reference cell to 453 mV for the record one,
although some cells produced in other rounds have achieved a
Voc as high as 469 mV (with efficiencies easily exceeding 9.5%,
see Tables S1 and S2 and Figure S1 in the Supporting Informa-
tion, which include the best, average, and standard deviation of
the most relevant optoelectronic parameters). Additionally, the
Jsc exhibits a slight increase while the fill factor (F.F.) and the
shunt resistance (Rsy) are remarkably increased. This implies
that the Ge incorporation in rather small quantities into the
CZTSe matrix has an unexpected complex behavior, impacting
on several properties of the material.

To better support the electrical characterization of the
devices, the dark J-V curves were also analyzed and the diode
quality factor (A) and reverse saturation current (Jo) were
extracted, together with the band gap E; and the (Eg/q —Vop()
parameters. As is clear, the addition of the Ge superficial
nanolayer improves both diode parameters, indicating that the
quality of the p-n junction was improved and the carrier recom-
bination in the Gel0 device reduced. It is important to remark
that a deep electrical characterization of the samples is being
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performed and will be reported elsewhere, but preliminary
results including V¢ versus temperature plots show that for
both, reference and Gel0 devices, the activation energy (E,) of
this plot is closer to the determined band-gap values. This sug-
gests that the device properties are mainly controlled by bulk
recombination, and that the addition of Ge is probably reducing
it. Additionally, the carrier density seems not to be affected by
the presence of Ge at this level and is about 46 x 10'¢ cm for
reference and Gel0 samples.

The improvements in the photogenerated current collection
are also reflected in the EQE spectra as are shown in Figure 1.
The EQE is almost unaffected in the 300-620 nm wavelength
region being markedly higher for longer wavelengths, indi-
cating an enhanced collection of charge carrier generated deep
within the absorber.'] Additionally, the E; of the absorbers was
estimated with the EQE by the derivative method (see Figure 1
and Table S1 in the Supporting Information). Clearly, the band
gap is unaffected by Ge, but we must consider that with these
measurements only the effective minimum Eg is proved. Com-
plementary PL measurements were performed as is shown in
Figure S2 in the Supporting Information, showing no changes
in the PL spectra in agreement with the almost constant band
gap estimated by EQE. Finally, the Ec/q — Vo (voltage deficit)
is also presented, where it is clear that the voltage deficit is
reduced for the Ge10 device. In fact, we estimate a value of the
voltage deficit of 587 mV, comparable or even better than the
best results reported in the literature for the record devices.!?!
Although the origin can be complex, we expect this to be related
to an increased diffusion length due to an improved crystalline
quality. The questions now are (i) where is the Ge located? and
(ii) why can such low amount of Ge lead to this large efficiency
improvement?

To evaluate the presence of Ge in the absorber, we performed
TEM and SEM studies. Left-hand side of Figure 2 presents the
High-Angle Annular Dark-Field (HAADF; Z-contrast) overview
of a lamella produced from the Ge10 sample, together with an
enlargement of nanoscale features observed in the bulk. After
a careful compositional analysis of several representative areas
of the lamella (including back and surface interfaces and grain
boundaries) with EELS, neither at the surface nor at the back
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Figure 2. TEM/EELS analysis of Ge10 sample. High-Angle Annular Dark Field (HAADF; Z-contrast) overview of the lamella (left hand). EELS analysis
of the nanostructures observed in the TEM image, including the signal of Cu, Zn, Sn, Se, O, and Ge (right hand).

of the CZTSe absorber was Ge detected. Based on the experi-
mental parameters, scattering cross-sectional shape, and equip-
ment used for this experiment, we estimate that the minimum
atomic fraction of Ge necessary for detection would be 0.2%,
corresponding to a Ge/(Ge+Sn) ratio of 1.6%.1'0'7] This is
significantly smaller than the 4.4% ratio in the initial precur-
sors. Thus, the V¢ increase (up to 469 mV as is shown in the
Supporting Information) is even more impressive taking into
account that the absorber can be considered almost Ge-free
CuyZnSnSe,. This leads to the conclusion that the Vg increase
is not related to a band-gap increase at the surface as was origi-
nally assumed.

Analyzing the lamella in detail, we found that the CZTSe
absorber layer exhibits an unexpected substructure. This sub-
structure consists of a large number of nanoscale inclusions
of a very different chemical composition. These show up as
regions of different intensity level in the HAADF (Z-contrast)
overview image presented in Figure 2. These inclusions appear
to be on the order of 1-10 nm in diameter and are concentrated
around the CZTSe grain boundaries, but it is important to note
that some of them were found embedded within large grains
as well (it is important to remark that these inclusions are
also observed in samples with higher Ge quantities). A more
detailed EELS analysis of these nanostructures is presented in
the right-hand part of Figure 2. Clearly, these inclusions are
formed by two types of materials. First, GeO, inclusions with
a diameter ranging from some 2 to 5 nm are identified, being
the only EELS evidence of the presence of Ge in the layer (see
Figure S3 in the Supporting Information for a detailed descrip-
tion of the evaluation of the nanostructures). Intriguingly, these
GeO, inclusions appear to be Sn-neutral with respect to the
bulk, while they are also clearly Cu, Zn, and Se-poor. On the
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other hand, SnO, inclusions are also observed in the neigh-
boring areas.

Figure 3 shows comparative cross-sectional SEM images
of reference and GelO solar cells, where large grains and
reduced density of grain boundaries are observed in the later.
It is important to highlight that these samples are representa-
tive for both processes, and were selected among several cross-
sectional studies (see also Figure S4 in the Supporting Infor-
mation), supporting the observed improvement of the crys-
talline quality for the Ge containing samples. To understand
this behavior, we consider the complex Ge-Se phase diagram.
Under the conditions used in our reactive thermal annealing
(P =1 bar, T =550 °C), we expect the Ge precursor layer to
form a Ge;Se; phase which melts incongruently at 385 °C and
is decomposed into a volatile GeSe, and a liquid phase with
high selenium content (=85 at% of Se).'¥! The liquid phases
can assist the crystal growth which offers an explanation for the
enlarged grains observed by SEM. The lower density of grain
boundaries and associated defects in turn might contribute to a
general reduction of recombination paths and an improvement
in the solar cell performance. The formation of a volatile GeSe,
phase would lead to a Ge loss as is observed, similar to the well-
documented Sn loss in kesterite.[!%]

The following reaction is then proposed to explain both the
crystallization assisted for a Ge liquid phase and the already
observed Ge loss:

3Gey,) +7/2Sey,) <> Ge,Sex,,——> GeSey,) + Ge,Se,, (~ 85 at.% Se)
1)

Equation (1) is a proposed reaction for the formation of a
Ge-Se volatile specie (GeSe;) plus a Se-rich liquid phase that
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Figure 3. Comparative cross-sectional SEM views of a) reference and b) Ge10 samples. TOF-SIMS profile of c) reference and d) Ge10 samples, showing

the metallic in-depth distribution.

assists the absorber crystallization. Note that the last equation
is not balanced (indicated by the *).

Figure 3 also presents TOF-SIMS in-depth profiles of refer-
ence and Gel0 samples, confirming the very low Ge concen-
tration throughout the absorber thickness. In particular, the
comparison of both samples shows that Cu, Zn, and Sn profiles
are practically unaffected by the presence of Ge. Apparently,
the rather small nominal concentrations used in this work are
insufficient to modify the distribution of the cations. According
to the TOF-SIMS results, the low Ge signal is mainly concen-
trated in the top-half part of the sample in agreement with the
TEM analysis, which shows that most of the GeO,, nanoinclu-
sions are also in the upper part. In the bottom-half part of the
sample, the Ge signal is reduced to the noise level. The Ge
amount in the reference sample is below the detection limit.

In addition, a structural analysis of the front and back
regions was carried out with Raman spectroscopy, which is sen-
sitive to detect little amounts of Ge in the structure (Figure S5
in the Supporting Information).2%21] As is observed, the main
A! mode at the surface region of the Gel0 sample is only
slightly blueshifted with respect to the reference sample by only
0.26 cm™. This shift can be originated by either rather small Ge
quantity incorporation in the lattice or the improvement of the
crystalline quality.?!?2 By supposing that the shift is completely
related to the Sn substitution by Ge, the Ge/(Ge+Sn) ratio in the
surface region can be estimated to be lower than 2%. Despite
the low Ge incorporation, the decreased full width at half max-
imum (FWHM) of the A! modes recorded at the surface clearly
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evidences the increased crystalline quality of Gel0. In fact, the
observed blueshift of the A! mode for the Gel0 sample could
also be interpreted as a result of a reduction of the crystal lattice
disorder.?2

The situation is markedly different at the back region of
both samples, where very similar Raman shift and FWHMs are
obtained suggesting that the Ge surface approach has a limited
impact on this region. In fact, combining SEM and TEM anal-
ysis we estimate that the MoSe, thickness is about 80-100 nm
independently of the Ge quantity used as capping nanolayer.
We therefore conclude that the most important changes intro-
duced by the Ge addition are located at the surface and in the
near bulk.

Finally, in the Supporting Information, a preliminary XPS
characterization of reference and Gel0 absorbers is presented
(see Figure S6) in order to evaluate the impact of the Ge
nanolayer on the Sn*? and Sn** valence state formation.*l Our
first results show a clear shift of the Sn3d5 peak toward higher
binding energies when Ge is introduced, suggesting that the
Sn** oxidation state prevails over Sn*2. This strongly supports
that the presence of Ge prevents to some extent the formation
of reduced Sn species like Sn*?, which could be detrimental for
the solar cell performance.l®

In summary, we report here a breakthrough in the kesterite
solar cell technology based on the introduction of a nanometric
Ge layer, which dramatically improves the solar cell efficiency,
from 7% for the reference sample (Ge-free) to 10.1% with
an optimized Ge quantity. With a detailed compositional and
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structural characterization, we demonstrate that surprisingly
Ge is barely incorporated into the CZTSe layer, and propose a
mechanism how Ge might assist the crystallization via the for-
mation of a liquid phase. A large amount of Ge is expected to
be re-evaporated during the decomposition of the Ge;Se; phase.
Despite the Ge loss, the remarkable improvement of the device
performance can be explained by one or several of the following
reasons:

1. The formation of Ge;Se; phase that incongruently decom-
poses into volatile GeSe; and a Se-rich liquid phase which
assists the crystallization of CZTSe, improving the crystal-
line quality and helping to obtain large grains.

2. The presence of Ge reduces the probability of formation of
Sn-reduced species like Sn*? that are commonly associated
with deep defects that deteriorate the cell voltage, as is sug-
gested by preliminary XPS analysis.

3. The only evidence we found for an incorporation of Ge into
the CZTSe absorber is the presence of GeO, nanoinclusions
inserted in the grains bulk, apparently associated with the
formation of SnO, inclusions as well. Although we are ana-
lyzing the impact of these nanoinclusions, one hypothesis
under study is that these structures might act as electron
back reflectors, which might largely enhance the voltage of
the solar cells.

Further investigations on the origin of these effects are cur-
rently underway applying advanced characterization method-
ologies. This communication demonstrates that the applica-
tion of rather small quantities of Ge onto the CZTSe precur-
sors dramatically increases the voltage and the efficiency of the
resulting devices. This opens new paths to strongly reduce the
voltage deficit problem of kesterite solar cells, since this meth-
odology can be applied to many different process technologies,
leading the way toward high-efficiency devices.

Experimental Section

CZTSe Absorber Synthesis: CZTSe films were prepared by a sequential
process onto Mo-coated soda lime glass substrates, consisting in a
metallic stack deposition followed by a reactive annealing process.
Cu/Sn/Cu/Zn metallic stacks were tuned in order to obtain Zn-rich and
Cu-poor conditions (Cu/(Zn+Sn) = 0.75 and Zn/Sn = 1.20 determined
with a calibrated X-ray fluorescence (XRF, Fischerscope XVD)) and
deposited using DC magnetron sputtering (Alliance Ac450), as has
been reported elsewhere.'%) Additionally, Ge nanolayers with different
thicknesses were thermally evaporated on top of the precursors (1, 2,
5, 10, 15, and 25 nm, Oerlikon Univex 250). The whole precursor stack
(5% 5 cm? in area) was subsequently annealed in an Se + Sn containing
atmosphere (100 mg of Se (Alfa-Aesar powder, 200 mesh, 99.999%) and
5 mg of Sn (Alfa-Aesar powder, 100 mesh, 99.995%)), using graphite
boxes (69 cm?® in volume) in a conventional tubular furnace. The
selenization was performed in a two-step process, the first one at 400 °C
(heating ramp 20 °C min~') during 30 min and 1.5 mbar Ar pressure,
followed by the second step at 550 °C (heating ramp 20 °C min~') during
15 min and 1 bar Ar pressure, with a natural cooling down to room
temperature.

Solar Cell Fabrication: To complete the devices, a CdS buffer layer
(50 nm) was deposited by chemical bath deposition (CBD), preceded
by several chemical etchings in order to remove secondary phases on
the surface of the absorber and to passivate it.">?l First, an oxidizing
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etching was performed by using KMnO, + H,SO, solution, followed
by a chemical etching in (NH,),S solution, and finally a diluted KCN
solution was used to etch the absorber.?*%] Immediately after CdS
growth, the solar cells were completed by DC-pulsed sputtering
deposition of i-ZnO (50 nm) and In,03-SnO; (ITO, 350 nm) as
transparent conductive window layer (Alliance CT100). Afterward, for
the optoelectronic characterization, 3 X 3 mm? cells were mechanically
scribed using a manual microdiamond scriber MR200 OEG. Neither
antireflective coating nor metallic grids were used for the optoelectronic
characterization of the devices.

Film and Device Characterization: Dark and illuminated J-V curves
were measured using a calibrated Sun 3000 class AAA solar simulator
(Abet Technologies, 25 °C, AM1.5G illumination). The spectral response
was measured using a Bentham PVE300 system calibrated with Si and
Ce photodiodes in order to obtain the EQE of the solar cells. TEM
analysis was carried out using a Tecnai F30 from FEI company operated
at 300 kV and equipped with a Tridiem image filter from Gatan, Inc for
EELS measurements. The lamellae were prepared for TEM investigation
using the focused ion Beam (FIB) in situ lift-out method and thinned
to a final thickness of less than 100 nm using a 5 kV Ga+ beam. The
sample preparation method that we employed is particularly well-suited
to correlating macroscale behavior to nanoscale effects (we had more
than 10 pm of the full stack in cross section available). SEM images
were obtained with a ZEISS Series Auriga microscope using 5 kV
accelerating voltage. Raman spectra were obtained using a Horiba Jobin
Yvon LabRam HR800-UV coupled with an Olympus metallographic
microscope. Backscattering measurements were performed using a
532 nm excitation wavelength (penetration depth below 100 nm). All
Raman measurements were carried out in an area of 30 X 30 ym? in a
dual-scan mode. The laser spot diameter was about 1 ym. For avoiding
possible thermal effects in the Raman experiments, the power density
was kept below 16 kW cm2 The Raman spectra have been calibrated
using an Si monocrystal reference and imposing the Raman shift for
the main Si band at 520 cm™. In order to evaluate the Raman shift and
FWHM errors, several Raman experiments on the same position of
the samples were performed. The same setup was used to record the
PL spectra of the samples. TOF-SIMS measurements were performed
in an ION-TOF IV equipment, equipped with 25 kV Bi cluster primary
ion gun for analysis, and O, and Cs ion guns for sputtering in depth
profiling modes. The analyzed area was 50 X 50 ym? with a cycle time
of 100 ps and a time to digital converter (TDC) resolution of 200 ps.
XPS measurements were performed in a PHI 5500 Multitechnique
System (from Physical Electronics) with a monochromatic X-ray
source (Aluminium Ke line of 1486.6 eV energy and 350 W), placed
perpendicular to the analyzer axis and calibrated using the 3d5/2 line of
Ag with an FWHM of 0.8 eV.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Large efficiency improvement in Cu,ZnSnSe, solar cells by introducing a
superficial Ge nanolayer
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To optimize the Ge quantities required to achieve high efficiency devices, a
rational design of experiments was performed introducing different Ge thicknesses on
top of the metallic precursor stack as was described in the Experimental Section (from
0 to 25 nm). From this preliminary optimization, we conclude that 10 nm of Ge is the
optimized quantity to achieve the highest efficiency with this methodology. In Table S1
a summary of the optoelectronic parameters of these experiments is presented, where
a maximum efficiency is obtained for the GelO sample. By using Ge nano-layer
thicknesses between 2 nm to 15 nm, the Voc of the devices is clearly improved, with a
maximum reported in Table S1 of 452.8 mV. As was demonstrated in the
Communication the absorber can be considered almost Ge free, in agreement with the
results presented in Table S1 where the band gap of the material is barely affected. If
we compare this value with the reported ones for pure CZTSe, we see that this Vo is the
highest reported for this absorber to the best of our knowledge.[51'53] The absorber
preparation with optimized Ge content (10 nm of Ge) was repeated several times in
order to confirm its reproducibility: in six independent experimental runs, the maximum
efficiency for reference cells (no Ge added) was in the range of 7.0-8.2%; while when 10
nm of Ge were applied onto the surface of the precursor stack, the maximum efficiencies
were in the range of 9.2-10.1% (without anti-reflective coating and metallic grids). To
better support the relevance of these results, a statistical study is presented in Table S2,
where average and standard deviation of the most relevant optoelectronic parameters
are presented, confirming the clear tendency observed in Table S1. More notably, some
of these devices achieve unexpected high open circuit voltages with values as high as
469 mV, as is presented in Figure S1. This represents a paramount result in CZTSe based
technologies.
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Table S1. Summary of the experimental optimization of the Ge upmost layer thickness.

sample Ge thick. Nominal EFF. (%) Voc Jsc , F.F. Rs , Rsu , Eg

(nm) Ge/(Ge+Sn) (mV) (mA.cm™) (%) (».cm”) (».cm”) (eV)
Ref 0 0% 7.0 408.7 29.1 59.2 0.23 265 1.04
Gel 1 0.44% 6.8 407.9 29.2 56.8 0.50 260 1.05
Ge2 2 0.87% 8.3 414.7 31.5 63.3 0.33 399 1.05
Ge5 5 2.2% 8.5 431.2 30.7 64.3 0.61 335 1.05
GelO 10 4.4% 10.1 452.8 333 66.8 0.52 712 1.04
Gel5 15 6.6% 8.1 412.4 32.6 59.8 1.04 156 1.03
Ge25 25 10.9% 8.2 410.7 33.5 59.9 0.98 131 1.02

Table S2. Summary of the average and standard deviation of the main optoelectronic

parameters for the different devices (based in the average of 9 representative cells).

Figure S1. Solar cell showing 469 mV of Voc.

Sample| Aver. Eff. | Std. Dev. Eff. | Aver.F.F. | Std.Dev.F.F. Aver. | Std.Dev. | Aver.Jsc | Std. Dev.
(%) (%) (%) (%) Voc Voo | (mA/em?)| g
(mv) (mv) (mA/cm?)
Ref 6.6 0.3 57.3 1.8 398 10 28.8 1.0
Gel 6.6 0.1 56.3 1.4 401 11 29.1 1.0
Ge2 7.7 0.4 60.7 2.4 413 7 30.7 1.0
Ge5 8.3 0.2 63.9 1.4 428 4 30.3 1.1
GelO 9.8 0.2 66.3 0.3 447 6 33.0 0.5
Gel5 7.5 0.2 60.0 1.2 415 4 31.2 1.0
Ge25 6.8 0.2 57.1 1.3 405 5 31.4 1.1
CZTSe device with 10 nm of Ge on top
30 .
<\E.> 201 .
<
E
=
10 -
V=469 mV
0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Voltage (V)

Table S1 presents the band-gap of the different absorbers estimated by means
the EQE plots, where almost the same value is obtained independently on the Ge
qguantity. Nevertheless, this value represents the effective minimum Eg value. To
corroborate that the Eg is not changing with the Ge quantity, complementary PL
measurements were performed on the same samples and is shown in Figure S2 (using
785 nm as excitation wavelength, with an estimated penetration depth ~ 200 nm). All
the spectra look very similar, indicating no drastic changes in the defect structure on the
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surface. The estimation of the energy position of the maxima of the PL spectra leads to
very similar values, suggesting that the band-gap is almost unaffected by the inclusion
of Ge, in agreement with the values obtained by EQE.

Sample PLyx POsition (eV)
Ref. 0.98
Ge5 0.98
Gel0 0.99
Gel5 0.98
Ge25 0.98

Ge25

Normalized Intensity (arb. units)

08 09 10 11 12 13 14
Energy (eV)
Figure S2. Room temperature PL of the different samples, including the energy
position of the maximum of the PL peak.

This unexpected large improvement was accompanied by a very small quantity
of Ge incorporated in the absorber. Further evidence for the lack of Ge within the
absorber layer is presented in Figure S3. In this figure, the elemental map of Ge from
Figure 2 of the manuscript was used to generate a “mask” which allows for the spectra
present within this region to be selectively summed. As a comparison, a neighboring
“reference” region containing the same number of pixels was also summed. Both of the
regions are depicted as an inset to Figure S3, and the summations are plotted on the
graph without any further data treatment. There are striking differences between the
resulting two energy-loss spectra. For the spectra summed over the Ge mask, a clear Ge
signal is observed with an onset of 1217 eV. This is sufficiently distant from the Zn L1
edge to be distinguishable. This edge is completely absent from the reference region,
indicating that any Ge in this region must be below the detection limit, which we
estimate to be 0.2 at% under these conditions (see the manuscript text). There are
additional features observable in the Energy-Loss Near Edge Fine Structure (ELNES)
features. In particular, for the Ge-mask spectra, an additional edge is present at 1060 eV
that is absent in the reference spectra, as denoted by the red arrow. This likely
represents an additional electronic transition within the Zn atoms present in this region
and its origin is currently under investigation. There is also an apparent white-line ratio
change in the Cu edge that could be indicative of a modified valence state.
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Figure S3. EELS map with Ge mask (right hand) and corresponding spectra in the
reference areas (black line) and Ge nano-inclusions (red line) (left hand).

As was highlighted in the main manuscript, the rather small quantities of Ge
employed in this work significantly improve the crystalline quality of CZTSe absorber.
Figure S4 shows additional SEM cross sectional images of layers with lower and higher
Ge quantities than the optimized one (Gel0), to support the Ge assisted grain growth
reported in the manuscript. As is clear, the higher the Ge thickness used in the precursor,
the bigger the uppermost grain sizes in the absorber.

Figure S4. Cross sectional SEM images of reference CZTSe sample (left hand image)

and Gel0 sample (right hand image).

To analyze the back region of the samples, these were lifted-off from the
substrate. Table S3 presents the detailed analysis of the Raman spectra presented in
Figure S5, where the Raman shift and FWHM of the main A’ mode of CZTSe are
summarized. The slight differences at the front can be explained by a crystalline quality
improvement for the Gel0 sample as has been proposed before. At the back region,
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there are no remarkable differences between both samples. Additionally, Raman
analysis before and after the surface etchings employed in this work (see Experimental
Section) does not show evidences of the possible formation of GeSe, secondary phases
at the surface, in agreement with its volatility.

Table S3. Summary of the main Raman parameters extracted from spectra presented
in Figure 3 of the manuscript.

Raman shift FWHM
Sample Region A’ CzTSe A'CzTSe
(em™) (cm™)
Ref Front 195.26 + 0.05 6.1+0.1
Ref Back 194.20 + 0.05 6.8+0.1
Gel0 Front 195.52 + 0.05 5.8+0.1
Gel0 Back 194.21 + 0.05 6.5+0.1

— Ref.
— Ge10

A' CZTSe

192 194 196 198
Raman shift (cm™)

Intensity (arb. units)

Back

‘ " Substrate
MoSe, MoSe,
1

160 180 200 220 240 260
Raman shift (cm™)

Figure S5. Front, back and substrate spectra of Ref. and Gel0 absorbers.

Finally, Figure S6 shows the XPS analysis of Ref. and Gel0 samples where in
particular, the Sn3d5 peak of Sn in shown. As is presented in Figure S6b, the peak can
be fitted by two Gaussian contributions (after baseline subtraction) that can be assigned
to Sn*? and Sn** oxidation states [S4], allowing for a quantification of each of them (one
Gaussian peak centered at 485.85 eV for Sn*? and the other Gaussian peak centered at
486.61 eV for Sn*™). Whiles in Figure S6a the shift of the XPS peak towards higher biding
energies for Ge10 sample suggests a higher contribution of Sn** state [$4], Figure S6b
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clearly demonstrates an increase of this contribution. It is important to remark that a
direct evaluation of the concentration of each Sn species was not possible due to the
unknown sensitivity factor for each Sn oxidation state in these samples, and in
consequence, their quantity cannot be determined with these measurements.
Nevertheless, an increase of the relative intensity of one of the oxidation states means
that this particular state is enhanced with respect to the other. In fact, the inset of Figure
S6a corroborates the increase of the Sn** signal when Ge is added to the layers,
demonstrating a higher contribution of the high oxidation state of Sn on this sample,
supporting that Ge enhance the presence of Sn™ at the very surface, probably
contributing to the improvement of the optoelectronic parameters of the devices [S5].

(A) i |
Sn'2-48585eV | 1Sn* - 486.61 eV (B) Y Ref. Ge10
1.0 0 0 Sn 2
° Sample | A(Sn*2)/A(Sn*%) Sn
- Ref. 9.4
c -~
S 0.84 Geto |51 =
: >
£ g
- 5
= =
sn*
4 P4 ”\
0.0 L ! | . MR I , b
484 486 488 484 486 488484 486 488
Binding Energy (eV) Binding energy (eV) Binding energy (eV)

Figure S6. XPS spectra corresponding to the Sn3d5 transition, showing the Sn+2 and
Sn+4 states for the Ref. and Ge10 layers (a). Gaussian fitting of the two spectra
presented in the previous figure (b).
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ABSTRACT

In our recently published work, the positive effect of a Ge nanolayer introduced into the processing of Cu,ZnSnSe, absorbers
(CZTSe) was demonstrated. In this contribution, the complete optimization of this new approach is presented for the first
time. Hence, the optimum Ge nanolayer thickness range is defined in order to achieve an improved performance of the de-
vices, obtaining a record efficiency of 10.6%. By employing this optimized approach, the open-circuit voltage (Voc) is
boosted for our pure selenide CZTSe up to 489 mV, leading to V¢ deficit among the lowest reported so far in kesterite tech-
nology. Additionally, two important effects related to the Ge are unambiguously demonstrated that might be the origin of the
Voc boost: the improvement of the grain size and the corresponding crystalline quality, and the interaction between Ge and
Na that allows for dynamic control over the CZTSe doping. Finally, evidences pointing to the origin of the deterioration of
devices properties for large Ge concentrations are presented. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION more mature technologies [4]. The main reasons for this

large voltage deficit are not yet understood, but possible
Nowadays, the use of absorbers based on earth abundant, candidates are the short minority carrier lifetime related
non-critical elements in thin-film photovoltaics is essential to the high concentration of bulk defects, the grain bound-
in order to guarantee their long-term sustainability. In this ary (GB) characteristics, and the interfacial defects affect-
sense, Cu,ZnSn(S,Se); (CZTSSe) kesterites have been ing the quality of the hetero-junction as well as the back
studied in the last decade showing large potential as ab- contact [5]. In particular, the modification of the interfaces
sorber material for high-performance photovoltaic devices has proven to be very promising for increasing the voltage
[1,2]. Nevertheless, considering that these materials are and, in general, the device performance [6—10]. For exam-
only very recently under intensive research, kesterites still ple, the use of surface chemical etchings combined with
have some way to go to achieve the efficiency values of the subsequent post-deposition annealings has proven useful
conventional thin-film materials like CdTe and Cu(In,Ga) for passivating the surface of the absorber and achieving
Se, (CIGSe) [3]. As it is widely known, the reduction of beneficial grain boundaries composition. The optimization
the large voltage deficit is one of the major challenges that of the CdS buffer layer growth has also been shown to im-
kesterite-based solar cell devices have to overcome in the prove the quality of the CZTSe/CdS interface resulting in
next years in order to reach the performance levels of the an efficiency increase [9,11]. On that topic, Messaoud

Copyright © 2016 John Wiley & Sons, Ltd. 1359
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et al. studied the impact of modifying the properties of the
CZTSe/CdS layer interface by using a Cd>* treatment be-
fore the buffer layer deposition, leading to an improvement
of the efficiency from 8.3% to 9.0% mainly due to a series
resistance (Rg) decrease [12]. In addition, other Cd intro-
duction approaches in Cu,ZnSnS, (CZTS) showed impres-
sive performance improvements obtaining solar cells over
9% efficiency [13].

In order to address the large voltage deficit of this tech-
nology, some key issues are as follows: (i) very good
absorber crystalline quality; (ii) an accurate control of
intrinsic and extrinsic doping; and (iii) an effective passiv-
ation of interfaces, including grain boundaries, the
CZTSe/CdS interface, and the CZTSe/Mo interface. In this
regard, several strategies have been investigated in the
literature. Regarding the improvement of the crystalline
quality, several works have shown that well-crystallized
absorbers can be obtained by taking advantage of the
formation of liquid copper-rich selenide phases during
the reactive annealing that acts as fluxing agent [14-16].
Other successful approaches, mostly reported for the
CIGSe thin-film technology, are based on the use of impu-
rity elements promoting an improved crystallization and
grain growth. For example, the introduction of antimony
in CZTSe as well as in CIGSe films has demonstrated a
remarkable enlargement of the crystals [17,18]. Following
the same strategy, Nakada ef al. discovered the same crys-
tal growth enhancement when bismuth is used, besides
corroborating the beneficial effect of antimony. Addition-
ally, a synergistic effect together with sodium was
observed because this seemed to be necessary for obtaining
the beneficial effect of bismuth and antimony doping [19].
Nevertheless, these approaches have shown, at best, rather
small improvements in the efficiency of devices. In the
kesterite systems, sodium incorporation has demonstrated
numerous beneficial properties at different levels, such as
enhanced grain growth, and effective GB and interface
passivation, reducing interfacial recombination and leading
to several performance improvements [20-22]. Similarly,
other alkali dopants like lithium have been investigated in
kesterite solar cells giving successful results by improving
the electronic quality of the absorber [23].

Regarding the passivation of interfaces, in particular the
passivation of grain boundaries, several works have shown
that the presence of oxygen or SnOx and sodium, along
with Cu-poor composition, is beneficial for device perfor-
mance, avoiding the appearance of recombination centers
and promoting carrier separation by the formation of elec-
trical potentials [24-26]. Using Ge, we observe several
improvements, including better crystalline quality as it
has been demonstrated in other works, an optimized
doping level, and probably a more effective passivation
of interfaces by the formation of small amounts of oxide
compounds like GeOx and SnOx present in the absorber
material [27-29].

In this work, following the recently published positive
effect of a Ge nanolayer introduced on CZTSe absorbers,
we present for the first time the complete optimization of
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this new approach, based on the introduction of an
extremely thin Ge layer, allowing a remarkable V¢
increase (from about 400mV for Ge-free absorbers to
values around 490mV for Ge-containing ones) [27].
Additionally, this leads to efficiencies exceeding 10% with
Voc deficit values among the lowest reported so far for
kesterite solar cells.

2. RESULTS

In our previous work, we demonstrated that the application
of rather small quantities of Ge onto Cu—Zn—Sn precursors
dramatically increases voltage and efficiency of the
resulting devices [27]. Despite the very low Ge incorpora-
tion corroborated by different advanced sensitive tech-
niques in the previous study, several reasons were
provided to explain the large improvement, including the
formation of a Ge;Se; phase during the reactive annealing
that incongruently decomposes into GeSe, (which has a
non-negligible vapor pressure at high temperatures, as does
SnSe) and a Se-rich Ge,Se, liquid phase. The formation of
such liquid phase is expected to assist the grain growth, im-
proving the crystalline quality. Furthermore, the presence
of Ge seems to reduce the probability of formation of Sn-
reduced species, mainly Sn*?, that are associated with deep
defects deteriorating the voltage. Finally, the hypothesis
that the GeOx nanoparticles associated with the presence
of SnOx might act as electron back reflectors enhancing
the voltage of the devices was presented as possible expla-
nations for the observed performance improvement. There-
fore, in this study, we investigated an extensive range of
Ge thickness with the aim of determining the optimum
Ge content to obtain the best performance on the resulting
devices, along with additional characterizations leading to
a better understanding of the beneficial effects of a few
nanometers layer of Ge as well as the detrimental effect
of higher Ge quantities.

In order to optimize the Ge quantity, we performed a
detailed study of different Ge thicknesses in the range from
0 to 50 nm. Figure 1 shows the evolution of the different
photovoltaic parameters with increasing Ge concentration,
corroborating the efficiency maximums around 7.5-
12.5 nm of Ge, with values up to 10.6% efficiency for the
sample containing 12.5 nm of Ge. Considering that the ma-
terial is pure selenide kesterite, the devices reported in this
work are probably the most efficient ones fabricated by a
sequential process from sputtered precursors and are only
1% (absolute) below the efficiency record values reported
so far for CZTSe regardless of the fabrication method
[30,31]. After several runs of samples using this approach,
it seems that there is a relatively narrow Ge thickness range
from 7.5 to 12.5 nm that results in high efficiencies with a
significant increase compared with the reference cells
(without Ge). Furthermore, a clear trend is visible with ef-
ficiency beginning to increase from 2nm, reaching the
maximum around 10nm, and then decreasing beyond
15 nm, with the lowest overall efficiency occurring when
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Figure 1. Photovoltaic parameters analysis of devices fabricated from absorbers with different Ge contents.

higher Ge quantities are used. Regarding the fill factor (FF)
and the open-circuit voltage (Voc), they show exactly the
same trend, obtaining for the latter values around
490 mV, which means a V¢ increase of more than 22%
with respect to the reference cell. Despite this, the short-
circuit current (Jsc) slightly increases with Ge concentra-
tion, although it does not seem to degrade for the highest
Ge quantities. The series resistance (Rs) and shunt resistance
(Rgy,) extracted from J-V curves were remarkably lower and
higher, respectively, possibly because of improved GB pas-
sivation, for the cells containing an optimized Ge quantity

compared with the reference cells and those with high Ge

content (see Figure S1, Supporting Information). Hence,
these improved resistances contribute to a high FF, around
67%, which is comparable with the 11.6% efficiency record
CZTSe device with 67.3% FF [31].

The optoelectronic characterization was complemented
with spectral response measurements of the complete set
of samples in the whole range of Ge thicknesses.
Figure 2(a) shows the plots of the external quantum effi-
ciency (EQE). For wavelengths between 300 and 600 nm,
the results seem to be barely affected by the Ge quantity.
However, increasing Ge quantities lead to a clear collec-
tion improvement for longer wavelengths, which
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Figure 2. (a) EQE of solar cells synthesized with different Ge thicknesses from 0 (Ref.) to 50 nm (Ge50); in the upper part, the ratio
EQE(-0.5 V)/EQE(0V) is displayed. (b) Bandgap and V¢ deficit evolution with increasing Ge layer thickness; in red, the record Ve
deficit value achieved is shown.
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correspond to charge carriers generated in and collected
from the depth of the absorber bulk. Interestingly, the
EQE in this range keeps increasing continuously as more
Ge is introduced, in line with the general trend of a slightly
increasing Jsc in the measured J-V curves. This indicates
an improvement of the effective collection length that is
commonly approximated by the sum of the space charge
region width and the diffusion length of the minority
charge carriers. Generally speaking, the effective carrier
collection length is quite low for our samples and limits
further performance improvement. As the EQE improve-
ment through Ge addition is not correlated with the doping
density (Figure 3) or the measurement of the EQE under
bias voltage (Figure 2(a), upper part), we expect it to be
originated in an improvement of the diffusion length of
the minority charge carriers. However, further investiga-
tion is needed to corroborate on this.

The bandgap values for the complete set of samples
were estimated from the EQE measurements by the deriv-
ative method and, to our surprise, showed no remarkable
changes. In all samples, the bandgap oscillated between
1.03 and 1.04eV, even for the samples containing up to
50 nm of Ge confirming the very low incorporation of this
element into the absorber. Figure 2(b) shows the evolution
of the bandgap value along with the V¢ deficit with in-
creasing Ge concentration. Impressive Ve deficit values
down to 561 mV were achieved for the best cells in the
range between 7.5 and 12.5nm of Ge. Recently, Kim
et al. showed similar studies, where adding of Ge to pure
selenide-based kesterite absorbers led to significant perfor-
mance improvements achieving efficiencies around 10%,
although with V¢ deficit values of 647 mV that remained
rather high compared with the values reported here [32].

In Table I, most of the recent records for kesterite solar
cells are summarized and listed together with their corre-
sponding Vo deficit. The record cell for the pure CulnSe,
chalcopyrite solar cell is also demonstrated for compari-
son. Analyzing the V¢ of the different cells, the values
we report here around 490mV result a breakthrough for

S. Giraldo et al.

Ge-doped CZTSe, being even comparable with solid solu-
tion sulfo-selenide compounds (CZTSSe) with much
higher bandgap. Thereby, taking into account a bandgap
value of 1.05eV, this leads with 560 mV to V¢ deficits
unprecedented for kesterites.

The Time-of-Flight Secondary Ion Mass Spectrometry
(ToF-SIMS) in-depth profiles were performed to assess
possible composition variations due to Ge incorporation.
As is widely known, sodium plays a crucial role in the
doping of kesterites, being essential to obtain high-
performance devices. In Figure 3, the Na content of
samples with 0, 1, 5, 10, and 25 nm of Ge (i.e., Ref, Gel,
Ge$5, Gel0, and Ge25, respectively) is analyzed, showing
a clear gradual increase from the reference to the GelO
sample and a decrease for the Ge25 sample till values
around the reference. This is further confirmed by
capacitance—voltage (C—V) measurements, whereby the
doping level (Ncy, at 0V) increases for the samples con-
taining 5, 10, and 15nm of Ge (i.e., Ge5, GelO, and
Gel$5, respectively) with values around 3-4x10'®cm™>
and drastically decreases for the samples with higher Ge
quantity (Ge25 and Ge50), showing an order of magnitude
less. The Ny values found in the literature for the best
CZTSe devices exhibit a wide range of doping level with
a difference of an order of magnitude between them
[30,31]. Recently, a detailed study of the Sn content in
CZTSSe has shown a similar decrease of the charge carrier
density with increasing Sn concentration [37]. As men-
tioned before, there seems to be an interaction between
Ge and Na (some evidences are shown in Figure S3 of
the Supporting Information of the previous study [27]),
regulating their incorporation into absorber material. As
we have speculated previously, Ge can form Ge-Se liquid
phases during the reactive annealing with high content of
Se (about 85 at.%), which in turn could dissolve Na-related
liquid compounds like liquid sodium polyselenide phases
(Na,Sey) that are formed at temperatures around 300 °C
[21]. The presence of Ge could lead to more Na in the
absorber owing to its reaction with Ge—Se liquid phases.
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Figure 3. (a) Na/Cu ToF-SIMS in-depth profiles of samples fabricated with different Ge concentrations. (b) Charge carrier density (at
0V) at 300 K characterized by C-V measurements of devices produced using different Ge quantities (measurements of two different
cells are displayed for each sample).
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Table I. Summary of selected photovoltaic parameters of some of the best kesterite devices reported in the literature.

Material Institution Eff. (%) Voc (mV) Bandgap (eV) Ve deficit (V) Ref.
Clse NREL 15.0 491 1.00 0.51 [33]
CZTS Solar Frontier 9.2 708 1.45 0.74 [34]
CZTSSe IBM 12.6 513 1.13 0.62 [35]
CZTSSe EMPA 1.2 479 1.05 0.57 [36]
CZTSSe IMRA 10.8 510 1.18 0.67 [37]
CZTSe IBM 11.6 423 1.00 0.58 [31]
CZTSe IMEC 10.4 395 ~1 0.61 [30]
CZTSe Nexcis + IREC 8.2 440 1.05 0.61 [38]
Best eff.—this work (CZTSe) IREC 10.6 473 1.05 0.58 —
Best Voc—this work (CZTSe) IREC 9.6 489 1.05 0.56 —

Record ClSe cell parameters are also included for comparison.

In addition, the Ge nanolayer is expected to be partly
oxidized because of the short air exposure, and the pres-
ence of GeOx nanoclusters within the absorber has been
demonstrated in our previous publication. It is known that
the presence of oxygen attracts Na and a strong link be-
tween Na and oxygen has been repeatedly reported for
chalcopyrite absorbers in the past as well as for kesterite
absorbers [39-42]. Nevertheless, when high Ge quantities
are introduced, this sodium seems to be somehow
extracted to the surface of the absorber: needle-like Na/O
precipitates were observed by Scanning Electron Micros-
copy/Energy-Dispersive X-ray Spectroscopy (SEM/EDX)
analysis of the as-annealed Ge25 and Ge50 samples before
the etching (Figure S2, Supporting Information). The dif-
ferent chemical etchings during the further solar cell pro-
cessing remove these Na/O phases on the surface of the
absorber, as was also confirmed by SEM/EDX.

To better understand the efficiency drop when Ge quan-
tities higher than 15 nm are introduced, Transmission Elec-
tron Microscopy/Electron Energy-Loss Spectrometry

HAADF survey image

(TEM/EELS) advanced characterization was performed to
the sample Ge25 (containing 25 nm of Ge), as shown in
Figure 4. A detailed analysis at nanoscale level of the
lamella revealed the presence of ZnSe and Cu-related
secondary phases at the CdS/CZTSe interface. The most
reasonable explanation for the Zn and Cu-related second-
ary phases encountered is the Sn loss that could happen
during the reactive annealing. However, we observe this
phenomenon only when we apply high Ge concentrations
(>25nm), suggesting an interaction between Sn and Ge.
This can be explained by considering that Ge and Sn are
expected to be interchangeable in the kesterite lattice, and
both are likely to have similar chemical behavior. There-
fore, during the formation of the Ge-Se liquid phase, Sn
is probably incorporated into this phase as well, leading
to a lack of Sn (Table S2, Supporting Information) in the
kesterite structure and to the consequent formation of sec-
ondary phases. Interestingly, Kim e al. investigated the ef-
fects of the annealing environment in Ge-incorporated
CZTSe showing kesterite decomposition at temperatures

Figure 4. TEM/EELS analysis of Ge25 device. At left, a high-angle annular dark field (HAADF) survey image presents an overview of
the solar cell stack. The contrast mechanism is predominately atomic mass. At right, qualitative elemental EELS maps extracted from
the boxed region are presented for Cu, Zn, Sn, and Se.
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Figure 5. J-V curve of the record CZTSe-Ge device (with Ni/Al metallic grid and MgF, anti-reflective coating) under 1-Sun illumination
conditions (left) and the corresponding EQE plot (right). Cell area =0.228 cm?.

higher than 500 °C when Sn and Ge are not introduced in
the reactive annealing environment, confirming the pres-
ence of Cu and Zn secondary phases [32]. It is important
to note that none of these secondary phases were detected
in the sample GelO (containing 10 nm of Ge). This means
that, for samples with thicker Ge top layers (Ge25 and
Ge50), the large Ge—Se liquid phase quantity that is formed
possibly reacts and decomposes the main kesterite phase,
leading to the Sn(Ge) loss and the concomitant formation
of Cu—Se-related and Zn-Se-related secondary phases.
Together with the observed strong decrease of the Na dop-
ing level and the carrier concentration, a partial decompo-
sition of the kesterite at the surface due to the presence of
high quantities of the Ge—Se liquid phase can contribute
to the observed drastic drop of the efficiency for samples
Ge25 and Ge50.

Finally, in Figure 5, the illuminated J-V curve of one of
our best solar cells is reported with an efficiency of 10.6%
(with metallic grid and anti-reflective coating) and the
corresponding EQE spectrum used to estimate the bandgap
and the Vo deficit. In this case, the absorber was produced
with a 12.5 nm thick superficial Ge layer.

3. CONCLUSION

In this work, we presented a complete optimization of this
new approach using a nanometric layer of Ge, showing an
optimum Ge thickness about 10 nm, although remarkable
performance improvements are obtained with Ge thick-
nesses in the range from 7.5 to 12.5 nm. We found a strong
interaction between Ge and Na, which can further influ-
ence the electrical properties of the absorbers. Further-
more, performance deterioration when higher Ge amounts
are introduced has been identified, and we attribute this
to a decrease of the charge carrier density along with the
presence of secondary phases. Based on these observa-
tions, we propose a decomposition mechanism of the
kesterite. The presented optimization has allowed achiev-
ing efficiencies as high as 10.6% for the best devices
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reported in this study and impressive V¢ values around
490 mV for the pure selenide CZTSe compound. All this
leads to reach V¢ deficits among the lowest reported in
the literature for kesterite technology.

4. EXPERIMENTAL SECTION

The CZTSe films were prepared by a sequential process
onto Mo-coated soda lime glass substrates. For this pur-
pose, Zn-rich and Cu-poor Cu/Sn/Cu/Zn multi-stacks
(Cu/(Zn+Sn)=0.75 and Zn/Sn=1.20 determined with
calibrated X-ray fluorescence (Fischerscope XVD)) were
deposited using direct-current magnetron sputtering
(Alliance Ac450). Additionally, different Ge thicknesses
were thermally evaporated on top of the precursors (from
0 to 50 nm, Oerlikon Univex 250). Then, the whole precur-
sor stack was subsequently annealed in a Se+Sn atmo-
sphere (100mg of Se (Alfa-Aesar powder, 200 mesh,
99.999%, Thermo Fisher Scientific Chemicals Inc., Ward
Hill, Massachusetts, USA) and 5mg of Sn (Alfa-Aesar
powder, 100mesh, 99.995%)), using graphite boxes
(69 cm?® in volume) in a conventional tubular furnace.
The selenization was performed in a two-step process:
the first one at 400 °C (heating ramp of 20 °C/min) during
30min and 1.5 mbar of Ar pressure, followed by the sec-
ond step at 550°C (heating ramp of 20 °C/min) during
15min and 1bar of Ar pressure, with a natural cooling
down to room temperature. To complete the devices, a
CdS buffer layer (50 nm) was grown by chemical bath de-
position, preceded by several chemical etchings in order to
remove secondary phases on the surface of the absorber
and to passivate it. First, an oxidizing etching was per-
formed by using KMnO,+H,SO, solution, followed by
a chemical etching in (NH,),S solution, and finally, a di-
luted KCN solution was used to etch the absorber [7,8].
Immediately after CdS growth, the solar cells were com-
pleted by DC-pulsed sputtering deposition of i-ZnO
(50 nm) and In,05-Sn0O, (ITO, 350 nm) as transparent con-
ductive window layer (Alliance CT100). Afterwards, for
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the standard optoelectronic characterization, 3 x3 mm? of
cells were mechanically scribed using a manual
microdiamond scriber (MR200, OEG Optical Metrology,
Frankfurt, Germany). Additionally, selected cells of
5x5mm? in area were fabricated using Ni/Al metallic
grids and MgF, anti-reflective coating.

Dark and illuminated J-V curves were measured using
a calibrated Sun 3000 class AAA solar simulator (Abet
Technologies, Milford, Connecticut, USA). Measurements
were carried out at 25 °C, under AM1.5G 1-Sun illumina-
tion conditions (uniform illumination area of
15x 15 cm?). The spectral response was measured using a
Bentham PVE300 system calibrated with Si and Ge photo-
diodes, in order to obtain the EQE of the solar cells. TEM
analysis were carried out using a Tecnai F30 from FEI
company (Hillsboro, Oregon, USA) operated at 300kV
and equipped with a Tridiem image filter from Gatan Inc.
(Abingdon, UK) for EELS measurements. The elemental
EELS maps were generated by first decomposing the raw
EELS hyperspectral datacube into its components of
highest variance using the weighted principal component
analysis algorithm as implemented in the MATLAB pro-
gramming language. The first six components were found
to explain approximately 99.8% of the spectral variance
in the raw data and were used to reconstruct the data before
extracting the elemental maps. A gamma curve was subse-
quently applied to the Zn and Sn maps to enhance visibility
of the low intensity signal. The lamellae were prepared for
TEM investigation using the focused ion beam in situ lift-
out method and thinned to a final thickness of less than
100nm using a 5-kVGa+ beam. SEM images were
obtained with a ZEISS (Carl Zeiss AG, Jena, Germany) Se-
ries Auriga microscope using 5SkV of accelerating voltage.
ToF-SIMS measurements were performed with ION-TOF
IV equipment, equipped with 25kV of Bi cluster primary
ion gun for analysis, and O2 and Cs ion guns for sputtering
in depth profiling modes. The analyzed area was 50 X 50 pm
with a cycle time of 100 ps and a time-to-digital converter
resolution of 200ps. C-V measurements were performed
in the dark at room temperature with a frequency of
100kHz and a modulation voltage of 50mV using an
impedance analyzer from Novocontrol Technologies
(Montabaur, Germany). From C-V measurements, charge
carrier concentration profiles were calculated assuming a
relative dielectric permittivity of €=8.5 for CZTSe.
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This Supporting Information section contains important materials to support the
main hypotheses raised in the main manuscript. Table S1 summarizes the Jsc values
obtained from both, illuminated J-V curves and EQE spectra. Notably, the difference
between the Jsc obtained from integrating the EQE and the one directly measured under
the Sun simulator tends to increase with increasing Ge content. This suggests some
correlation between the Ge application and the existence of some light-dependent
effect on the carrier collection, which is under further investigation.

Table S1. Jsc extracted from J-V illuminated curves, from EQE and difference between

both values.
sample Jsc from JZ-V Jsc from E:IE Alsc ,
(mA cm™) (mA cm™) (mA cm™)
Ref 27.5 31.7 4.2
Ge5 29.2 33.3 4.1
Ge7.5 29.0 33.6 4.6
GelO 29.5 33.5 4.0
Gel2.5 29.7 34.4 4.7
Gel5 29.7 35.1 5.4
Ge25 30.9 35.4 4.5
Ge50 30.6 36.1 5.5
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In Figure S1, the evolution of the series resistance and the shunt resistance of
the devices presented in Figure 1 of the manuscript is presented. According to this figure
the Rsy strongly increases in the Ge thickness range where the maximum efficiency is
obtained. This suggests that Ge could contribute to some grain boundary passivation
among other effects. For higher Ge thicknesses the Rs, is decreased and is probably
related to the observed formation of secondary phases due to the decomposition of the
main kesterite phase when in contact with the excess of Ge-Se liquid phase. On the
contrary, the Rs slightly decreases in the Ge-thickness optimum region, and then
considerably increases in agreement with the general deterioration of the devices

properties.
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Figure S1. Evolution of the Rs and Rs, with the Ge thickness.

In Figure S2, one of the typical superficial morphologies that are clearly detected
at the CZTSe surface for high Ge thicknesses (Ge25 and Ge50 samples), with a needle-
like aspect. Preliminary EDX analysis shows that these structures are made at least of Na
and O, supporting the idea that are formed during the crystallization process, due to the
dissolution of Na-species at the grain boundaries in the Ge-Se liquid phase. During the
cooling-down process, these Na-containing structures are crystallized at the surface,
explaining the lower Na content, and concomitantly the lower carrier concentration of
the Ge25 and Ge50 absorbers.
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Spectrum 1

Spectrum 2

Figure S2. SEM image of a typical needle-like morphology observed in the as-annealed
absorbers of the samples Ge25 and Ge50, before any chemical etching (left-side). EDX
spectra showing that these structures are mainly formed by Na and O (right-side).

Finally, Table S2 shows the composition of the absorbers synthesized with
different Ge thicknesses, corroborating the significant Sn-loss when large amounts of Ge

are introduced, as is proposed in the manuscript.

Table S2. Compositional XRF measurements of absorbers produced with different Ge
thicknesses.

Sample Cu (%) Zn (%) Sn (%) Ge (%) Se (%)

Ref 21.94 15.34 11.97 0.00 50.75
GelO 21.97 15.23 11.67 <0.1* 51.12
Ge25 21.95 15.65 10.06 1.35 50.99

*Ge is detected, but the concentration is below the quantification limit.
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Chapter 3

Exploring the role of Ge doping in
high efficiency solar cells






In line with the previous chapter focused on the use of Ge as an effective dopant
in CZTSe, and after proving its significant beneficial effect, the aim of this chapter is to
shed light on the origin and the mechanisms involved in this approach, and to further
explore the role of this element in high performing CZTSe solar cells.

In the literature, the incorporation of Ge in kesterite-based solar cells has led to
several important improvements. First Ge-alloyed CZTSSe device was reported in 2012
by IBM, with a 40% Ge-substituted absorber, showing a higher Vo, although very subtle
impact on power conversion efficiency (from 9.07% to 9.14%) and no improvement of
the Voc deficit.®? In any case, these were promising results indicating an alternative way
to tailor the band-gap of CZTSSe absorber layers, and demonstrated compatibility of Ge
with kesterite state-of-the-art processes. Derived from this band-gap tuning properties
arises the possibility of using Ge to achieve graded band-gap absorbers, like in CIGS with
the use of Ga or S gradients. This was demonstrated by Kim et al., who fabricated Ge-
alloyed CZTS with a variation of the band-gap from 1.85 eV (back) to 1.62 eV (front),
leading to higher Jsc (23.3 mA/cm2 vs 19.5 mA/cmZ) and Voc (0.52 V vs 0.48 V) compared
to the constant flat band-gap case.” At the same time, Hages et al. reported
nanocrystal-based CZTGeSSe absorbers with tunable band-gap, combining for the first
time Sn/Ge and S/Se aIoning.93 In that study, maximum conversion efficiencies of up to
9.4% were achieved (8.4% efficiency for reference CZTSSe) with a Ge content of 30 at.%,
allowing for increased minority charge carrier lifetimes as well as reduced voltage-
dependent charge carrier collection, also pointing out the potential impact of Ge on
annihilation of deep levels (likely related to Sn). More recently, Hillhouse’s group at the
University of Washington performed a complete study of CZTGeSSe devices as function
of Ge/(Ge+Sn) ratio in a broad composition range (from 0% to 90%), using spray coated
absorbers and molecular inks.>® Best results were obtained with 25% Ge relative content
leading to an 11.0% efficiency (band-gap of about 1.2 eV), with a remarkable reduction
of the Voc deficit. In parallel, and corroborating some of the findings reported in the
publications presented in Chapter 2, AIST researchers in Japan synthesized Ge-alloyed
CZTSe with efficiencies above 10%, through sequential process (co-evaporation
followed by thermal annealing).94 Similar to the enhanced crystallization showed in our
previous papers, in this work the annealing environment containing GeSe; led to
substantially improved morphological properties, obtaining flat surfaces, dense
morphologies and large grains. Following the same approach, just some months later,
the same group demonstrated a Ge-incorporated CZTSe solar cell with a conversion
efficiency of 12.3%.%* The most noteworthy results included an improvement of the Voc
deficit by reducing band tailing, and a reduced carrier recombination at the
absorber/buffer interface and/or in the space-charge region, leading to high FF values.
Additionally, Khadka and colleagues also corroborated the improved grain growth,
compactness of film texture and crystallinity, together with a remarkable efficiency
improvement, and showed a decrease in diode ideality factor, suppression of crossover
effect (between white and dark J-V curves), and reduction of defects level in Ge-
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incorporated CZTSSe solar cell devices.”

In summary, Ge incorporation has demonstrated: the possibility to increase the
Voc by widening the band-gap; the potential for graded band-gap concepts; a
remarkable improvement of grain growth and crystallinity; increased minority charge
carrier lifetimes; and large potential to reduce the Voc deficit in current kesterite
technology. But, with the drawback of relying on large amounts of Ge (20-40% Ge-
substitution), compromising the sustainability of the technology, since it is considered a
critical raw material by the European Commission.

In this context, the study of alternative approaches using small amounts of Ge
becomes crucial to further develop long-term sustainable technologies based mainly on
earth-abundant elements. Regarding the origin of the positive effect of Ge doping in
CZTSe solar cells, several hypotheses have been formulated and are presented below:

e Surface modification: the initial idea behind the use of Ge superficial nanolayers
on top of the precursors was to incorporate Ge at the very surface of the
absorbers, leading to a graded band-gap towards the absorber surface. Higher
band-gap values at the surface are expected to lower the interface
recombination and, thus, increasing the open-circuit voltage. This effect has
been widely demonstrated in CIGS technology by using In/Ga or S/Se alloying to

increase the band-gap towards the absorber surface.””*

Nevertheless, in
previously presented publications, we already demonstrated that almost no
traceable amounts of Ge are detected when adding such small quantities in the
precursors, and no changes neither in the band-gap nor in the absorber surface

structure are observed.

e Formation of a flux agent: as shown in the previous chapter, the formation of
Ge-Se phases that decompose incongruently into Ge,Se, (Se 85%) liquid phase,
and volatile GeSe, gas phase has been proposed explaining both, the low Ge
incorporation in the CZTSe, and the notably improved crystallinity (as illustrated
in Figure 3.1).

Figure 3.1. Cross-sectional SEM pictures of (a) reference CZTSe sample without

Ge; (b) 10 nm Ge-containing CZTSe sample.
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e Defect levels modification: the impact of small amounts of Ge on the defects
formation has been demonstrated, showing the beneficial effect of about 10 nm
of Ge by making shallower the shallow defect present in reference CZTSe
samples, and annihilating (or strongly reducing) a deep defect, as can be seen in
Figure 3.2. In that work, Neuschitzer et al. also proved the formation of a deep
defect when higher amounts of Ge (50 nm) are used, proposing a dynamic defect
model to explain this behavior, and emphasizing the importance of a careful
control of the composition of group IV elements as a key factor to achieve high
performance kesterite devices.”
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Figure 3.2. Defect spectra derived from C-f measurements for samples fabricated
with 0 nm Ge (reference CZTSe), 10 nm Ge, and 50 nm Ge.

e Interaction with Na: strong interaction between Ge and Na has been observed
during the thermal annealing process, with a clear impact on the Na content and
thus on the doping level of the absorbers, indicating that Ge could help to control
the alkali concentration in kesterite bulk and surface. Moreover, this might
correlate with the idea that Ge is forming Ge-Se liquid phases at the surface
during the selenization process that can act as a flux agent and, at the same time,
control the doping level of the CZTSe absorber. This point will be further
discussed in the following chapter.

e Impact on grain boundaries: the presence of two distinct types of grain
boundaries has been revealed by a detailed microstructural analysis of high
efficiency Ge-doped samples, as presented in one of the following publications
included in this chapter. The chemistry of these different grain boundaries has
been studied in detail using electron energy loss spectroscopy (EELS) and energy
dispersive X-ray spectroscopy (EDX). Further discussion on the nature of and
possible technological implications of these characteristic grain boundaries can
be found throughout the paper.

In this chapter, we investigate in depth mechanisms underlying the Ge boost on
CZTSe solar cells and suggest alternative mechanism based on the reaction scheme
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during the annealing process. Differences in the reaction schemes during selenization
for samples with and without Ge are analyzed in detail by EDX, XRF, XRD and Raman
spectroscopy with multi-wavelength excitation, demonstrating how rather small
amounts of Ge modify the reaction pathways of CZTSe. Ultimately, after optimizing a
new approach using Ge nanolayers below and above metallic stack precursors, a record
11.8% efficiency is achieved. On the whole, here we present a detailed study of grain
boundaries nature in Ge-doped CZTSe solar cells, completed with a deep investigation
of the mechanisms behind the use of small quantities of Ge and a new approach to
eliminate potentially detrimental grain boundaries, leading to high performance
kesterite solar cells, which are among the best reported in the literature for CZTSe.

This chapter includes the following two publications: “Chemically and

morphologically distinct grain boundaries in Ge-doped Cu,ZnSnSey solar cells revealed

with STEM-EELS”, and “How small amounts of Ge modify the formation pathways and

crystallization of kesterites” with a detailed investigation of grain boundaries nature in

Ge-doped CZTSe, the mechanisms underlying the Ge boost and how Ge affects the
formation pathways of kesterite CZTSe.
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GRAPHICAL ABSTRACT

10.1% efficiency Cu,ZnSnSe,

ABSTRACT

Critical to the future development of Cu,ZnSnSe4 (CZTSe) materials is a comprehensive understanding of the un-
derlying nanoscale mechanisms responsible for reduced performance. Investigating these mechanisms is chal-
lenging since they arise on the nanoscale, yet manifest themselves over macroscopic regions. Here, we present
an analytical study combining Scanning Transmission Electron Microscopy (STEM), sample preparation, and
hyperspectral Electron Energy Loss Spectroscopy (EELS) mapping techniques to meet this challenge. We apply
our method to a Ge-doped CZTSe sample with a measured efficiency of 10.1%, revealing that its microstructure
is dominated by two distinct types of grain boundaries. The first type appears in the upper half of the absorber
separating large grains. These are Cu-enriched, Se-poor, and have varying amounts of O. The second type of
grain boundary is largely parallel to the substrate and appears predominately in the lower half of the absorber
where the Cu/Zn ratio of the kesterite material is slightly lower. These grain boundaries contain voids and Sn
oxide nanoparticles, exhibit high concentrations of Na, Cd, and S, and Cu assumes a higher valence state. We con-
clude with a discussion on the nature of and possible technological implications of these grain boundaries in this
system.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Recent progress in solar cells based on earth abundant kesterite ab-
sorbers (CuzZnSnSes — CZTSe or Cu,ZnSnS, — CZTS as well as their solid
solutions), has been mainly driven by the optimization of the current
density and the fill factor of the devices [1]. The currently published re-
cord devices evidence that the low open circuit voltage is the main

101



T. Thersleff et al. / Materials and Design 122 (2017) 102-109 103

obstacle impeding competitive efficiency levels in comparison to more
mature chalcogenide technologies, like CdTe and Cu(In,Ga)Se, (CIGS)
[2-4]. The most commonly cited causes for this deficit are Cu/Zn
order-disorder [5,6] compositional/electrostatic/band-gap fluctuations
[5,7], and grain boundary characteristics [8,9]. Studying these effects di-
rectly is challenging due to the complexity of the CZTSe absorber, which
consists of an intricate interplay with the heterojunction [10-12], grain
boundaries [9,10,12-14], and the back contact interface [15,16].

The grain boundaries in particular have been extensively studied in
recent years, as their pervasiveness and complex chemistry is believed
to have an enormous impact on overall efficiency. Yin et al. used first-
principle density functional calculations to propose that some defects
types such as Zng,, Na*; and Os, located at the grain boundaries, could
be beneficial for the device efficiency, as they might eliminate deep
gap states and create hole barriers and electron sinks at the grain
boundaries [13]. Kim et al. used atomic scale observation to demon-
strate that partial substitution of Se by O at the grain boundaries effi-
ciently inhibits electron-hole recombination and, in consequence,
blocks hole transport [9]. Sardashti et al., proposed a grain boundary
passivation mechanism by correlating photovoltaic devices with high
performance and the presence of Cu-depleted and SnO, rich grain
boundaries [12]. Xin et al. proposed that the presence of alkaline
atoms at the grain boundaries (in this case Li), can invert the polarity
of the electric field in this region, repelling the minority carrier electrons
through the compensation of copper vacancies (Lic, defects) and the re-
duction of Znc, donors [14]. Xu et al. used spatially mapped Raman
spectroscopy and scanning probe microscopy to reveal that deviations
in Cu stoichiometry can be found in the grain boundaries [17]. They
also observed horizontal grain boundaries, and, although their chemical
nature was not studied, they proposed that these grain boundaries
could act as barriers against the transportation of minority carriers. Fi-
nally, Schwarz et al. reported a complete nanoscale characterization of
grain and grain boundaries using atomic probe microscopy [18]. They
observe that either Cu-enriched or Cu-poor grains can exist in kesterites
depending on the thermal history of the sample. ZnSe was also detected
in the vicinity of these grain boundaries and is dissolved after an anneal-
ing at 500 °C, together with the diffusion of Na and K towards the
interfaces.

All of these works underscore the complexity of grain boundaries in
kesterites, suggesting that a deeper understanding will require investi-
gating the nanoscale compositional fluctuations and applying the re-
sults to the grain boundary networks observed on the absorber layer
macroscale. Experimentally, this is a daunting task, as it requires the
combination of techniques having a nanoscale spatial resolution with
a field of view that is at least on the micron scale. For these reasons,
many previous investigations on high efficiency systems have limited
the field of view [19] or use a sampling rate that precludes the identifi-
cation of nanoscale fluctuations [20]. Consequently, despite the consid-
erable progress represented by these studies, the exact nature and
chemistry of the grain boundaries in kesterites remains an open
question.

In this report, we address this challenge by presenting a refined
methodological approach for analytical Scanning Transmission Electron
Microscopy (STEM) analysis of thin film solar cells in the kesterite fam-
ily. The methodology first uses the sample preparation of a large sample
area with the Focused lon Beam (FIB) to classify the observed grain
boundaries in terms of their morphology. The chemistry of these differ-
ent grain boundaries is then studied in detail using Electron Energy Loss
Spectroscopy (EELS) and Energy Dispersive X-ray Spectroscopy (EDX).
In all cases, we acquire analytical datasets with a wide field of view to
guide further experiments with a higher resolution.

Using this methodology, we report a detailed analysis of structural,
morphological, and compositional trends in a Ge-doped CZTSe sample
with an efficiency of 10.1% (among the state-of-the-art efficiencies for
this fabrication route). Our findings reveal that there are at least two
morphologically and distinct types of grain boundaries present in this
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system. These are concentrated in the upper and lower portions of the
absorber layer, and the subsequent analytical STEM investigation re-
veals that they have very different chemical compositions. The more de-
tailed EELS analysis of the lower grain boundaries shows that they
contain large amounts of tin oxide and that copper assumes a higher va-
lence state, whereas the upper grain boundaries are slightly Cu-
enriched and contain trace amounts of oxygen. We can also link the ex-
tent of these grain boundaries to a change in the overall composition of
the absorber layer, which appears to have different stoichiometries in
the upper and lower halves. Finally, the potential impact of both types
of grain boundaries on the device performance and fabrication is
discussed.

2. Results
2.1. Overview of CuxZnSnSey solar cell: revealing the grain structure

The subject of this investigation is a Ge-doped CZTSe solar cell with
an efficiency of 10.1%. The main optoelectronic characteristics such as
IV-curves and external quantum efficiency as well as a cross-sectional
scanning electron micrograph of the solar cell can be found in Giraldo
et al [19], where this specific solar cell is denoted as Ge10. An overview
of the full TEM lamella is presented in Fig. 1. In Fig. 1a, a series of bright
field (BF) TEM images are stitched together. The contrast generation
mechanism for this image is primarily diffraction contrast, and it reveals
that the absorber layer is polycrystalline with an average grain diameter
on the order of hundreds of nanometers. The lamella is suspended in a
vacuum, which appears bright in this image, clearly demonstrating a
number of pores which appear in proximity to the Mo back contact
layer (at the bottom of the image). The through-thickness of the lamella
is presented in Fig. 1b. Here, a series of energy filtered BF images were
used to separate out the elastic and inelastic contributions to scattering,
allowing for a measurement of the number of inelastic scattering events

a Bright field

Thickness [t/ A

R

~ i, ~
O\ //b:r\yu‘\[v

Fig. 1. In (a), the bright field panorama of the Ge10 sample is presented. In (b), the
thickness map of the entire lamella is shown in values of t/lambda, as denoted on the
color bar at left. In (c), the HAADF overview is presented, showing a strong Z-contrast.
Finally, (d) shows an estimation of the propagation of the two types of grain boundaries
discussed in this work. The upper grain boundaries are yellow while the lower grain
boundaries are red.
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undergone by the traversing electrons. The probability of such an event
increases as a function of both thickness t and the mean free path \,
which is material dependent. The color scale in Fig. 1b is presented on
a scale of 0-3 t/\, and the regions of blue correspond to an absolute
thickness of <50 nm in the CZTSe absorber layer for the acceleration
voltage used. Fig. 1c shows the same overview acquired in Scanning
TEM (STEM) mode using a High Angle Annular Dark Field (HAADF) de-
tector. The dominant contrast mechanism for this method is mass thick-
ness, and a clear distinction between the individual layers of the solar
cell stack can be made in this image.

A critical observation that is particularly evident in Fig. 1c is that the
absorber film can be described as having an upper and lower layer. The
upper layer is dense and consists of larger, rounded grains while the
lower layer contains numerous pores and smaller grains. Intriguingly,
the grain boundaries in the upper layer are predominately straight
and appear to propagate along well-defined crystallographic planes
largely perpendicular to the substrate, while the grains in the lower
layer propagate largely parallel to the substrate and are more meander-
ing in nature, even exhibiting micropores. This relationship is empha-
sized by tracing these grain boundaries onto the HAADF overview,
which is presented in Fig. 1d. In this text, we will refer to the mainly
straight grain boundaries in the upper layer as “upper GBs” and accord-
ingly the mainly horizontal and more meandering grain boundaries in
the lower part “lower GBs”.

To assess the overall composition of the film, EELS was performed in
STEM mode to acquire a hyperspectral datacube containing information
on all of the elements of interest, a technique known as Electron Spec-
trum Imaging (ESI) [21]. The results of this analysis are presented in
Fig. 2. The pixel sampling size in this dataset is 12 nm, allowing for a de-
tailed overview but at the cost of deeper analysis of smaller features
such as grain boundaries. The X-ray yield of the electron/sample inter-
action was simultaneously acquired and dispersed with Energy Disper-
sive X-ray Spectroscopy (EDX). However, the count rates for EDX in the
equipment used for this experiment are significantly lower than what is
possible for EELS, yielding very noisy real-space maps. Of note is that the
Se edge was only partially captured in EELS due to technical constraints.
Accordingly, the EELS map for Se in Fig. 2 is replaced with EDX. The very
low count rate in this map makes it impossible to accurately remove the
background, so the intensity values contain both background and Se in-
formation in summation.

The EELS maps at first suggest that the stoichiometry of the absorber
layer is largely invariant over the scanning region, as little variation
above the noise level for the different elements can be observed. The
lower grain boundaries are visible in these maps and appear to be

largely deficient in Cu and Zn, while a slight Sn enrichment is observed.
The Sn-rich regions correlate to O enrichment as well. No significant
amounts of Cd or Mo were observed within the absorber layer. S is pres-
ent in trace amounts within the lower grain boundaries and evidence
for it is also seen in the MoSe; reaction layer. It was also attempted to
make maps of Na and Ge. However, Ge was not observed due to the
large lateral sampling size of the electron probe and its low inelastic
scattering cross section, while the Na map was too noisy to confidently
describe its spatial distribution.

To better assess compositional variations within the film on this
dataset, the EELS datacube was compressed using Principal Component
Analysis (PCA). The resulting maps from Cu and Zn are shown in the
Fig. 3b and c. The contrast in these maps has also been steeply enhanced
to distinguish between very small compositional variations. Using this
technique, it was observed that the upper and lower layers of the
CZTSe film do, indeed, have slightly different Cu:Zn stoichiometry. To
better quantify these small variations, we segmented the Zn map pre-
sented in Fig. 3 by using contrast thresholding to yield two separate bi-
nary masks representing the upper and the lower layers. The exact
extent of these binary masks is presented in Fig. 3d, where blue repre-
sents the upper layer and red represents the lower layer. These masks
were then applied to the raw EELS datacube and the mean of the spectra
from each mask was computed. The resulting two spectra are presented
in Fig. 3a for the energy range 900-1300 eV, covering the Cu, Zn, Na, and
Ge edges. Prior to plotting, the pre-edge background was modeled using
an inverse power law fit in the range 900-925 eV and extrapolated
under the ionization edges before subtraction. Subsequently, the indi-
vidual spectra were deconvolved using the EELS low-loss spectra ac-
quired from the exact same region [22]. The amounts of Cu and Zn
were quantified by generating Hartree-Slater cross sections (denoted
XS) for each of these ionization edges under the experimental condi-
tions and scaling these to the experimental data within the shaded win-
dows shown in Fig. 3a. Care was taken to avoid the EELS fine structure
features such as the L3 and L, ionization edges as well as the Na K
edge that appears at 1172 eV. The energy offsets and widths of the scal-
ing windows were 31 eV and 20 eV, respectively. Under these condi-
tions, the Cu:Zn ratio was observed to be 1.49 4 0.03 and 1.40 + 0.03
for the top and bottom layers, respectively. The error bars represent
the estimated statistical error caused by choosing both the background
and quantification intervals, and were determined by varying these
over an energy range of 20 eV. These films were purposefully produced
to be Cu-poor, and the targeted Cu:Zn ratio of the metallic precursor is
1.38 [19]. This was confirmed by X-ray Fluorescence (XRF) measure-
ments, which determined the Cu:Zn ratio of the metallic precursor to
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Fig. 2. Hyperspectral EELS maps taken over a large field of view on the prepared lamella capturing a meandering grain boundary. The Se map has been replaced by the EDX results since the
EELS results are only partially available due to descan effects. The elemental maps were generated over an area of 1.57 x 4.32 um. These maps were generated from the raw EELS data.
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Fig. 3. Inset: PCA-treated and contrast-enhanced maps from the data presented in Fig. 2 (dimensions 1.57 x 4.32 um) showing the spatial distribution of Cu (b) and Zn (c). These maps
were used to generate the binary masks for the top and bottom layers presented in (d). The mean spectra from these regions are plotted in (a). Hartree-Slater cross-sections (XS)
were scaled in the windows denoted by the shaded boxes. The spectra were background (BG) subtracted prior to the Cu and Zn edges. The energy ranges chosen for the BG models
were 900-930 eV for Cu and 975-1005 eV for Zn. The models for the Zn pre-edge BG are shown along with the subtracted spectra.

be 1.39. Following selenization, XRF measurements indicate that the
ratio increased to 1.46. This value is in close agreement with the average
ratio over the entire lamella as determined by EELS. This suggests that
the bottom layer retains the nominal stoichiometry whereas the
Cu:Zn ratio in the upper layer is slightly increased.

In addition to the Cu:Zn ratio, the spectra from these two regions re-
veal that Na is readily incorporated into the lower layer, while it is
completely absent from the upper layer. The data acquired with a higher
spatial resolution (see Figs. 4 and 5 below) suggest that Na may be con-
centrated at pore edges and grain boundaries, which are more promi-
nent in the lower layer, in agreement with previous studies [18,23]. A
similar observation can be made for the ratio between the Cu L; and
L, edges. This ratio, known as the “white-line ratio” appears to differ sig-
nificantly between the two layers, with the more pronounced edges in
the bottom layer indicating that the Cu d-shell is partially emptied.
This can be caused by electron charge transfer and implies that the va-
lence state of the copper in the lower layer is slightly higher than in
the upper layer [24]. Finally, the conditions used for this dataset were
not optimized for the detection of Ge, making it thus difficult to detect

HAADF survey image

»

in the spectra from Fig. 3a. However, a very slight onset can be observed
in the upper film, consistent with the finding that Ge tends to remain in
the upper region of these films [ 19]. The presence of Ge is explored more
thoroughly in the high resolution datasets below as well as previous
studies [19].

2.2. Lower grain boundaries

To better understand the composition of the two different types of
grain boundaries, higher resolution EELS and EDX ESI maps of both of
these grain boundaries were acquired. In Fig. 4, qualitative elemental
maps from a meandering grain boundary connecting two pores are pre-
sented. For this grain boundary, the sample was tilted such that the EDX
collection efficiency was maximized. The same region was scanned four
separate times to acquire all of the elements of interest in the energy
loss spectrum. The EDX maps were generated by adding all of the indi-
vidual EDX datacubes, whereas the EELS maps are generated from single
scans. The EELS maps were also denoised using PCA, as described below.

EELS X
Cd

ED
b
g

L
P

Fig. 4. Elemental maps from a meandering grain boundary. At left, the survey region acquired with the HAADF detector is shown and the scanning region measuring 321 x 250 nm is
indicated with a box. EELS and EDX elemental maps for 8 individual elements are presented at right. The EELS maps are generated following PCA decomposition.
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Fig. 5. In (a), the HAADF scan region (321 x 250 nm) is presented along with the map for Na (b), generated using PCA. This map was thresholded to create a binary mask shown below in
(c). A reference region formed with the same number of pixels is also provided in black. This mask was used to select the spectra from the raw data to sum over, and the result is presented
in (d) following background subtraction. A zoomed in graph from the Na region is inset in (d), following background subtraction directly preceding the edge onset.

The maps reveal that the grain boundary itself consists of a large num-
ber of Sn and O rich inclusions. A small number of Ge-rich nanoinclusions
are observed here as well, and their spatial positions correlate well with
the presence of O and Sn. Critically, these SnOy particles appear to incor-
porate Na. There is some evidence that these particles are also rich in
Zn; however, they appear to be quite poor in Cu and Se.

In contrast to the grain boundary, the sides of the pores appear to
have a very different composition. These regions appear to be relatively
rich in Cu, somewhat rich in O, Cd, and S, and poor in Zn, Sn, and Se. The
Cd and S are presumably sourced from the thin CdS heterojunction.

While these maps are generated by statistically treating the raw
data, it is very instructive to use them as a guide for exploring the raw
data. In Fig. 5¢, the Na map was thresholded to generate a mask from
which the raw spectra can be summed. This allows a direct comparison
between the EELS spectra from the Na-rich regions to that of the bulk
absorber, and the comparison between these two spectra is presented
in Fig. 5d. The Na edge is clearly visible in the EELS data from the Na
mask as a low intensity edge approximately 20 eV prior to the Cu L,
edge. This indicates that the Na observed in Fig. 3a is largely confined
to the lower grain boundaries and is less prominent in the absorber it-
self. Of additional interest with these spectra is the variation in the elec-
tronic fine structure of the Cu edge. The Cu present in the Na-mask
exhibits a strongly enhanced L; peak with respect to L, indicating a
change in the white line ratio. This is a consequence of a reduction in
the Cu d-shell occupancy, which is consistent with a modification of
the chemical environment [24,25]. In this case, it is likely caused by
the formation of CuO or Cu,0. Hence, this variation of the EELS near
edge structure suggests that the electrical conductivity of these grain
boundaries is reduced, indicating a passivation effect.

2.3. Upper grain boundaries

A detailed compositional analysis of the straight grain boundaries is
more complex than the meandering grain boundaries because they can
be atomically sharp, thereby requiring a much higher spatial resolution.
Moreover, the grain boundary must be oriented nearly perpendicular to
the electron beam to ensure accurate detection, necessitating very thin
TEM lamellae. For randomly oriented grain boundaries, it is not always
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obvious when it is oriented perpendicular to the electron beam, and
some meandering throughout the lamella thickness is common.

A grain boundary running parallel to the film normal that propagates
from an internal pore was chosen for this analysis. The grain on the
“right” side (referred to as “Grain 1") was tilted to the zone axis [8 —2
— 1] to which the grain boundary appeared to be largely parallel. The
grain on the left side (referred to as “Grain 2") was indexed as lying
close to the [—2 1 2] zone axis, meaning that the two grains are rotated
84.17° from each other. This region has a thickness of below 50 nm, as
measured from the EELS low-loss spectra.

The composition of this grain boundary and the surrounding regions
was investigated using the same STEM-ESI methods as previously. The
region was scanned twice, providing both a wide field of view to analyze
the entire grain boundary as well as a higher resolution scan from a se-
lected region. Both scans are presented in Fig. 6. The first scan probed a
small area with a pixel sample size of 5 A, and this region is marked with
the green box. The second scan covered the entire grain boundary using
a pixel sample size of 15 A and is marked with the red box. The probe
diameter in both instances was kept under 2 A, and the probe position
was varied in a mosaic pattern within each individual pixel (known as
sub-pixel scanning). The dispersion was set to 0.5 eV/channel to cover
a sufficiently large energy range for the Cd and Se edges. The spectral
data were treated by PCA before the maps in Fig. 6 were generated.

The larger scan region reveals that this straight grain boundary is
clearly Cu enriched with respect to the grain volume, along its entire
length from the pore to the heterojunction. It also appears to be largely
Zn and Sn neutral and Se poor. O in this scan was difficult to detect, but
its presence is made clearer in the higher resolution scan. In this case,
oxygen-rich nanoinclusions are observed to be strung along the grain
boundary. These do not appear to be directly correlated to any of the
other elements observed, raising the possibility that an additional unde-
tected secondary phase is present, or that the O is mainly combined
with Cu. In the larger map, O becomes deficient in the grain boundary
towards the bottom in the region that is closely connected to the SnO,
nanoparticles, which appear within a lower grain boundary. This gives
the impression that the presence of the Sn generates a chemical poten-
tial along the grain boundary that causes residual O to diffuse outwards.
Neither Ge nor Na was detected within the meandering grain boundary
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HAADF Survey image

Fig. 6. At left, the HAADF survey image of a grain boundary in the upper film is presented.
Two scanning regions were acquired, denoted by the red and green boxes. The elemental
maps from these regions are presented at right. The smaller scan region has a sampling
size of 8 A and dimensions 32 x 200 nm, while the larger scan region has a sample size
of 5 nm and has dimensions 400 x 3395 nm. Gamma curves have been applied to the
lower O and Cd maps to enhance the visualization of low contrast regions.

in this dataset; however, this is expected from the much larger probe di-
ameter that was used compared to Figs. 4 and 5. Finally, Cd is clearly ob-
served within the edges of the large internal pores at the bottom of the
larger map. However, there is no clear evidence for its presence within
the grain boundary itself, despite being a potential diffusion path for
Cd to follow from the heterostructure into the pores.

3. Discussion

These results clearly demonstrate that the kesterite absorber layer in
this high efficiency solar cell stack consists of two morphologically and
chemically distinct regions. The lower region close to the back contact
appears to retain the target Cu:Zn stoichiometry and morphologically
consists of small grains and large voids, whereas the upper layer appears
slightly richer in Cu and morphologically is dominated by large grains,
fewer pores, and straight grain boundaries. The natural frontier be-
tween these two regions is delineated by microporous “meandering”
grain boundaries which propagate largely parallel to the substrate.
While our previous interpretation of this system was based on time-
of-flight secondary ion mass spectrometry (TOF-SIMS) measurements
that appear to show an increase in both the Cu and Zn concentrations
in proximity to the back contact [19], these new results allow us to re-
fine our interpretation of the formation and growth of the absorber
layer, and we discuss this here.

The similarity of the Cu:Zn stoichiometry to the target stoichiometry
near the back contact indicates that the target chemistry is successfully
transferred to the substrate during the metallic precursor deposition
process. Subsequently, when the Ge nanolayer is deposited on the sur-
face and the entire film is exposed to air, it appears that a thin oxide
layer forms. It is presently unclear how this oxide layer propagates
into the absorber layer. The oxide nanoinclusions found in the lower
grain boundaries might be a relic of this thin germanium oxide layer.
In this picture, the compact upper part of the absorber is formed by an
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up-diffusion of the metals through this layer and their consequent reac-
tion with the selenium during the reactive annealing, while the lower
layer is formed by a downward diffusion of selenium. Previously we
have published evidence in favor of the formation of a liquid Ge-Se
phase at the surface of metallic precursor during the selenization [19].
In this tentative description of the selenization reaction, the liquid
phase acts as a crystallization flux agent, explaining the larger, more
equiaxed grains present in the upper layer as well as the straight grain
boundaries.

Oxygen likely reacts with the kesterite at this stage, forming SnOx.
These SnOy deposits precipitate out at the meandering grain boundary,
where they disrupt the target stoichiometry and form the meandering,
porous grain boundaries we observe largely parallel to the substrate.
The removal of Sn results in a concentration of Cu, Zn, and Se in the
upper layer. Zn and Se react to form ZnSe, and this segregates to the sur-
face, as seen in other Ge-doped samples [26]. This detrimental secondary
phase is subsequently removed through the etching process [27]. The for-
mation and elimination of ZnSe means that the Cu:Zn ratio in the upper
region is increased, and excess Cu accumulates at the grain boundaries,
as observed in Fig. 6. This hypothesis supports the conclusion that the
composition of the absorber layer is at least partially controlled by the
lower grain boundaries, and that their composition can be mediated by
controlling the Ge nanolayer content. Hence, this appears to be a means
for gaining enhanced control over the absorber layer chemistry.

The diverse morphology and stoichiometry of this system is some-
what surprising given the high efficiency of 10.1% measured from this
sample. First, while the potentially beneficial passivating effect of O at
the grain boundaries has previously been discussed in the literature
[9,12,13], the tin oxide rich boundaries observed in this work are mainly
found to be parallel to the substrate (horizontal). They are microporous
and are aligned perpendicular to the current flow from the front to the
back electrode. As a consequence, they can be expected to act as a cur-
rent barrier and severely increase the series resistance of the device,
consequently lowering the fill factor and device efficiency. The fact
that the efficiency is so high despite these shortcomings leads us to be-
lieve that there is a complex trade-off between the beneficial growth
properties imparted by the presence of these grain boundaries and
their detrimental morphology and chemistry. Second, all the previous
complete chemical analysis indicate that the Cu-enriched upper layer
and straight grain boundaries should also be detrimental for high effi-
ciency devices [18], which is also contradicted by the properties of this
device. To explain this possible discrepancy, we examine the particular
process that kesterites devices use to employ, which includes an oxida-
tion step. We note that, immediately after fabrication, the solar cells ex-
hibit rather low efficiencies (<4%). It is only following a post-fabrication
thermal treatment of the complete devices under air at 250 °C for
20 min that the solar cells are “activated,” increasing the efficiency to-
wards values higher than 10% [11,19]. On average, after the soft anneal-
ing of the complete device in air, the Voc increases 30-40%, the Jsc
between 40 and 50%, and the FF 50-60% (all values in relative), and
the efficiency 4-5 times. This impressive improvement has previously
been associated with the diffusion of Cu into the CdS heterojunction, im-
proving band matching [11]. Nevertheless the impact on the grain
boundary properties has been not described up to now. It appears that
mainly the shunt resistance is improved during the soft annealing. We
connect this feature with the oxidation of the grain boundaries, creating
oxides species (in this case for the upper grain boundaries with Cu-
related oxides), allowing these samples to achieve excellent efficiencies
even in the presence of Cu-enriched grain boundaries. Hence, we con-
clude that the detrimental properties of a Cu-enriched upper layer and
grain boundaries can be at least partially mitigated through controlled
oxidation, thereby ameliorating the imbalance in stoichiometry caused
by the presence of the SnOx-rich grain boundaries. Both of these hy-
potheses are being tested with future experiments in an attempt to
identify the most efficient means of gaining control over the device
morphology, chemistry, and ultimately performance.
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4. Conclusions

In summary, we have presented a detailed microstructural analysis
of one Ge-doped CZTSe thin film solar cell device with an efficiency of
10.1%. The wide field of view afforded by the sample preparation tech-
nique reveals the presence of two distinct types of grain boundaries
that extend over the length of the entire lamella. One of these grain
boundary types is meandering in nature and grows largely parallel to
the substrate, and denotes the boundary between two CZTSe layers
with differing Cu:Zn ratios. The second type of grain boundary is Cu-
enriched and more straight, and this appears predominately in the Cu-
enriched upper layer. While these grain boundaries may act as a limita-
tion to device efficiency, it appears that this can be at least partially ame-
liorated through their controlled oxidation during the soft post-
deposition annealing in air. We are currently investigating whether
these grain boundaries can provide a way to tune the composition of
the absorber layer and can thus improve control over device fabrication.

5. Experimental section

The CZTSe absorber was prepared onto a glass/Mo substrate using a
sequential process. In the first step, Cu/Sn/Cu/Zn metallic precursor
stacks are sputtered fixing the following metallic ratios: Cu/
(Sn + Zn) = 0.75 and Zn/Sn = 1.20. On top of the metallic precursors,
a 10 nm thick Ge layer is deposited by evaporation, which helps crystal-
lization and improves the photovoltaic parameters of the devices [19].
In the second step, the precursors are annealed under Se and Sn atmo-
sphere in a graphite box, using the conditions reported elsewhere
[19]. Then, the absorber is sequentially etched in KMnOy, acidic solution
and (NH4)>S in order to remove possible ZnSe phase at the surface [27,
28], and finally in KCN solution (2% w/v, room temperature, 2 min). Im-
mediately after, CdS (50 nm thick) is deposited by chemical bath depo-
sition [29], and the device is completed by i-ZnO (50 nm) and ITO
(250 nm). Using this procedure, devices with efficiency exceeding 10%
are routinely obtained at IREC.

For the preparation of the TEM samples, a cross-sectional lamella
was thinned to electron transparency over a lateral span of 20 pm
using the Focused Ion Beam (FIB) In-Situ Lift-out method [30,31], per-
mitting the observations of morphological and microstructural trends
over a large field of view with nanometer resolution. The TEM investiga-
tions were carried out on a Tecnai F30 TEM from FEI Company operated
at300 kV. Bright field images and thickness maps in Fig. 1 were acquired
on a 2K UltraScan 1000 CCD camera from Gatan, Inc. EELS data were ac-
quired using a post-column Tridiem energy filter from Gatan, Inc. The
TEM was operated in STEM Nanodiffraction mode for the acquisition
of the EELS and ESI data presented in Figs. 2-6. The collection angle
for these datasets was 32 mrad while the convergence angle was either
28 mrad for wide field of view maps or 9 mrad for higher resolution (re-
ducing the blurring effect caused by spherical aberration, which is not
corrected in this microscope). The Z-contrast imaging data was acquired
using a High Angle Annular Dark Field (HAADF) detector by Gatan, Inc.
with a minimum collection angle of 64 mrad.

The ESI datasets from Figs. 2-6 were treated post-acquisition to ex-
tract the elemental maps. This was done by extrapolating a pre-edge in-
verse power law background underneath the ionization edge of interest
and subtracting it [22]. An example of this is provided in Fig. 3a. One ex-
ception to this was the isolation of O, as this strongly overlaps with the
Sn ionization edge. Accordingly, the Sn edge was modeled using a 2nd
order log polynomial model and subtracted instead of the simple in-
verse power law. With the exception of the data in Fig. 3, this workflow
yields a qualitative assessment of the spatial distribution of the individ-
ual elements. The maps in Figs. 3-6 were generated after compressing
the data using Principal Component Analysis (PCA). The algorithm
used for this comes from the Matlab statistics toolbox. Care was taken
to ensure that the data were not overcompressed, and the treated
maps were consistently compared to maps generated from the raw
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data to ensure this. For EELS quantification or detailed analysis of the
spectral shapes (Figs. 3 and 5), PCA was only used to generate spatial
maps identifying regions of interest. The spectra themselves are not
compressed and have the same noise characteristics as the raw data.
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The inclusion of Ge into the synthesis of Cu,ZnSn(S,Se), absorbers for kesterite solar cells has been proven to
be a very efficient way to boost the device efficiency in a couple of recent publications. This highlights the
importance to elucidate the mechanisms by which Ge improves the kesterite solar cells properties to such a
large extent. In this contribution, we first show how controlling the position and thickness of a very thin (10—
15 nm) layer of Ge greatly influences the crystallization of kesterite thin films prepared in a sequential process.
Typically, CuZnSnSe4 (CZTSe) films form in a bi-layer structure with large grains in the upper region and small
grains at the back. By introducing Ge nanolayers below our precursors, we observe that large CZTSe grains
extending over the whole absorber thickness are formed. Additionally, we observe that Ge induces fundamen-
tal changes in the formation mechanism of the kesterite absorber. In a detailed analysis of the phase evolution
with and without Ge, we combine the results of X-ray fluorescence, X-ray diffraction and Raman spectroscopy
to demonstrate how the Ge influences the preferred reaction scheme during the selenization. We reveal that
the presence of Ge causes a large change in the in-depth elemental distribution, induces a stabilizing Cu-Sn
intermixing, and thus prevents drastic compositional fluctuations during the annealing process. This finally leads

Received 14th August 2017, to a change from a tri-molecular towards, mainly, a bi-molecular CZTSe formation mechanism. Kesterite thin
Accepted 25th October 2017 films with surprisingly large crystals of several microns in diameter can be fabricated using this approach. The
DOI: 10.1039/c7ee02318a results are related to the increase in device performance, where power conversion efficiencies of up to 11.8%
were obtained. Finally, the consequences of the disclosed crystallization pathways and the extension to other
rsc.li/fees chalcogenide technologies are discussed.
Broader context
Direct solar energy conversion into electricity (photovoltaic energy, PV), is probably the most rel ble energy for the future sustainable

development of humanity. In order to provide a significant share of the increasing global electricity demand in the short- to midterm, a mass deployment of PV
installations in the TW regime will be needed. Ramping up the PV production to these large scales calls for the development of cheap PV technologies using
earth abundant elements with low toxicity. Kesterite (Cu,ZnSn(S,Se),-CZTS) thin film solar cells fulfil these criteria and are at the forefront of abundant
inorganic materials for PV applications due to their intrinsic characteristics. Nevertheless, the performance of these device has so far been limited, mainly by
their low open circuit voltage (Voc). The partial substitution of Sn by Ge has been shown as one of the most promising routes to boost the Vo, and has recently
been demonstrated by several research groups around the world. Additionally, Ge is one of the most relevant candidates for the implementation of band-gap
graded concepts in kesterites, similar to the grading strategies successfully implemented with In and Ga in high efficiency Cu(In,Ga)Se, devices. However, the
reasons behind the strong impact of relatively small quantities of Ge are still obscure. Herein we report our fundamental analysis of the impact of Ge on the
phases formed during the reactive selenization, and the consequences these changes have on the absorber morphology and device performance. A change in
the kesterite formation mechanism is observed from a tri-molecular pathway involving the binary selenides without Ge, to a bi-molecular one involving Cu-Sn
alloys with Ge. This strongly modifies the main characteristics of the synthesized layer, above all the homogeneity, morphology and opto-electronic properties.
Our findings explain how Ge avoids the formation of the segregated bi-layered structures traditionally observed in kesterite devices and provide hope that Ge
might have beneficial effects on other chalcogenide thin film technologies, too.
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1. Introduction

Kesterite thin film photovoltaics (PV) based on Cu,ZnSn(S,Se),
(CZTSSe) absorbers offer the same advantages as other large
scale thin film production technologies such as CdTe or
Cu(In,Ga)Se, (CIGSe), being potentially capable of high through-
put at large scale and enabling stable module performance,
monolithic integration, aesthetic design and allowing the man-
ufacturer to choose a suitable substrate (e.g. glass, flexible metal
or polyimide foils). Kesterite PV is still much younger and has so
far demonstrated a 12.6% record efficiency.! Therefore, there is
still a long way of technological engineering to go in order to
catch up with its older chalcogenide cousins having already
surpassed power conversion efficiencies of 20%.>

The clear advantages of kesterites - cheap, earth-abundant
and non-toxic constituents - make it a very attractive alternative
absorber material, but these assets may only translate into
industrial success if high efficiencies (towards 20%) can also
be achieved. Main limitation for the performance in current
kesterite solar cells is the relatively low open circuit voltage in
comparison to other technologies.> As the open circuit voltage
of a given semiconductor is limited by its band gap, an adequate
measure for comparing technologies with different band gaps is
the voltage loss, defined as the difference between the band gap
potential and the open circuit voltage. While for high efficiency
CIGS and CdTe voltage losses of <0.4 V can be achieved, the best
kesterite devices exhibit voltage losses of around 550-600 mV.®
Different origins for these voltage losses in kesterite solar cells
have been proposed and are currently under discussion, among
others strong potential fluctuations, band tailing, Cu/Zn disor-
der effects, interface recombination and/or the influence of
secondary phases and compositional inhomogeneities.®™®

Recently, we have reported the great beneficial impact that
nanometric Ge layers have on the performance and especially on
the open circuit voltage of sequentially processed Cu,ZnSnSe,
(CZTSe) solar cells.”™ In these cases, Ge thicknesses between 1-
25 nm had been deposited on top of metallic Cu/Sn/Cu/Zn
precursor stacks, which were then subjected to a reactive thermal
treatment in order to selenize the precursors to CZTSe absorbers. A
surprisingly large increase in the open circuit voltage up to 489 mV
(compared to reference values, ie. without Ge, around 400 mV) has
been reported for an optimum Ge thickness of 10-15 nm, leading
to an outstanding low voltage loss of only 0.56 V.'* The beneficial
effect of incorporating small amounts of Ge has been reproduced
afterwards in several other works.'>*® Kim et al.** and Neuschitzer
et al.™* have independently reported strongly enlarged grain sizes
for Cu,Zn(Sn,Ge)Se, absorbers that had been reannealed in an Ge
containing atmosphere. However, the main lever of interaction
underlying the “Ge boost” has not been clarified in detail. Several
hypotheses have been formulated, as recapitulated in brief in the
following:

(1) Surface modification: the initial idea behind the applica-
tion of the Ge layers was to incorporate the Ge into the absorber
and hence introduce a band gap grading towards the absorber
surface. A graded absorber with higher band gap at the surface
is expected to lower the interface recombination resulting in
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higher open circuit voltages. This effect can be observed in
CIGS solar cells, where a gradient with increasing band gap
towards the absorber surface is obtained through In/Ga or S/Se
alloying.***® However, in ref. 9 we showed, that for these small
amounts of Ge no traceable amounts of Ge are incorporated
into the absorber, no change in the absorber surface structure
and no increase in the band gap is observed.

(2) Formation of a flux agent: the formation of Ge-Se phases
that decompose incongruently into a Ge,Se, (Se ~85%) liquid,
and volatile GeSe, gas phase has been proposed explaining both,
the low Ge incorporation in the CZTSe when small amounts of
this element are used, and the observed improved crystallinity.’

(3) Interaction with Na: strong interaction between Ge and
Na has been observed during the crystallization process, indi-
cating that somehow Ge can help to control the Na content in
kesterite bulk and surface. Additionally, this combines well
with the idea that Ge is forming Ge-Se liquid phases at the
surface during the annealing process that can act as crystal-
lization flux and, at the same time, control the doping level of
the absorber.°

(4) Improvement of transport charge properties: apparently Ge
has a beneficial effect on the transport charge properties of
kesterites, in particular increasing the carrier life-time, most prob-
ably interrelated to all the previously described improvements.'”

Nevertheless, the reasons behind these improvements
induced by Ge are still a matter of controversy. In this con-
tribution, we investigate in depth the mechanisms underlying
the Ge boost on kesterite solar cells and suggest an alternative
mechanism based on the reaction scheme during selenization.
For this purpose, kesterite absorbers are prepared in the
standard sequential baseline process established at IREC,
which is described in more detail in the experimental section.
In this work, the amount and position (below and/or above the
precursors) of deposited Ge is varied and correlated with the
optoelectronic performance of the resulting devices. Differ-
ences in the reaction schemes during the selenization with
and without Ge will be analyzed in detail with the help of
energy-dispersive X-ray spectroscopy (EDX), X-ray fluorescence
(XRF), X-ray diffraction (XRD) and Raman spectroscopy with
multi-wavelength excitation for samples where the reactive
annealing treatment had been interrupted at different points
in time. It will be demonstrated that Ge has multiple effects on
kesterites and that most of them are connected with the
observation of a change in the synthesis mechanisms, together
with the presence of Ge-Se liquid phases. Finally, we will show
how this type of assisted crystallization can be extended in the
future to other chalcogenide compounds with technological
relevance.

2. Results

2.1. Effect on the phase formation and reaction schemes
during selenization

Ge has shown to assist the crystallization of CZTSe, improving
the morphology and electro-optical properties of this material.
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This is a recurrent observation in the literature, where several
works have reported an increased grain growth for Ge contain-
ing absorbers.”'>'* In spite of this, still a bilayer structure is
frequently observed, with very big crystallites at the surface and
smaller ones at the back, and the actual role of Ge in this
system is still a matter of intense research.

In this section, we will try to elucidate the role of Ge during
the reactive thermal annealing process and how it assists the
formation of large crystallites. The phases formed during the
different steps of the reactive thermal annealing under selenium
atmosphere will be compared for samples with and without Ge.
For this purpose, ultrathin layers of Ge (10-25 nm) were depos-
ited below the CTZ precursor (between the Mo back contact and
precursors) and selenized in a specially designed ‘‘break-off”
experiment. In order to better describe the design of the “break-
off” experiment, the temperature profile of our standard process
is depicted in Fig. 1. It consists of two stages: in the first stage,
the pressure within the tubular furnace is set to 1 mbar (0 min,
t0). The furnace is then heated at a rate of 20 K min™*. Once the
set temperature of 400 °C is reached (18.5 min, t1), the tempera-
ture is hold for 30 min (48.5 min, t2). In the second stage, the
pressure is increased to 1000 mbar through the inlet of Ar gas,
and the temperature is increased to 550 °C (at 20 K min ") (56
min, t3). This temperature is kept for 15 min (71 min, t4). After
this, the system cools down naturally. At the times t1, t2, t3, t4 we
have interrupted the reactive annealing process in order to
investigate differences in the reaction schemes for the samples
with/without Ge, and characterized the layers at different stages
by SEM, EDX, XRD and Raman spectroscopy.

Paper

In the same Fig. 1, cross-sectional micrographs of the
different samples are depicted. In Fig. 2-4 samples with and
without Ge are compared just after reaching the first temperature
plateau at 400 °C (t1) using different characterization techniques.
In Fig. 2 in-depth compositional maps of cross-sections obtained
with EDX are displayed, while Fig. 3 and 4 show XRD diffracto-
grams and Raman spectra, respectively. In the following, the results
concerning the sample without Ge (0/CTZ/0) will be presented and
then compared with the results obtained on the samples with Ge
below the CTZ precursor (10/CTZ/0 and 25/CTZ/0). The nomencla-
ture for the sample description is detailed in the experimental
section at the end of this manuscript.

Sample without Ge. At time t1, the sample without Ge (0/
CTZ/0) exhibits a bi-layer structure with fine grains and several
voids at the bottom, and a relatively dense and rough structure
at the top. Interestingly, the EDX in-depth compositional map
(Fig. 2) reveals very different elemental compositions in both
regions. In particular, the bottom structure is mainly formed by
Zn, Sn and some Se, while the top and denser structure
predominantly consists of Cu and Se. This suggests a very fast
Cu-out diffusion to the surface, as has already been observed
for other sequential processes,** while Zn diffuses at the same
time towards the bottom. A complete demixing of Cu and Sn is
observed, indicating that at least at this stage Cu-Sn-Se phases
and/or Cu-Sn alloys are probably not present at all. At this
point it seems natural to think that the observed Cu-out
diffusion, together with the high probability to form binary
volatile Sn-Se species (and the consequent loss of Sn) are the
origin of the voids at the back region.
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Fig.1 Cross-sectional SEM micrographs of the CZTSe absorbers with different amounts of Ge (0 nm, 10 nm, 25 nm) deposited below the CTZ
precursors (see Experimental section for a detailed nomenclature description). For these samples, the reactive annealing was interrupted after different

times t1, t2, t3, t4, as marked in the temperature profile.
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Fig. 2 Cross-sectional elemental distribution of samples with and without Ge (25 nm below the CTZ precursor) after reaching the first temperature
plateau (t1) determined by EDX (Cu, Zn, Sn and Se. Mo is depicted in blue just in the overlapped mapping for guidance).
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Fig. 3 XRD diffractograms of samples without Ge at t1 (a) and with Ge (25 nm below the CTZ precursor) at t1 (b).

At t1 we expect that the simplest compounds (binary or
ternary) will be formed that will then react during the t1-t2
dwell time in order to form the quaternary kesterite. In this
sense, it is very relevant to identify which phases actually form
at t1 since it will bring first-hand information about the
reaction pathway. In Fig. 3a, an XRD diffractogram of the
sample without Ge (0/CTZ/0) at t1 is shown. The XRD analysis
provides evidence that elemental Sn is the only metallic phase,
suggesting that Cu and Zn have already reacted completely with
Se. In fact, CuSe, is clearly identified in the XRD diffractogram
together with some SnSe. Additionally, diffraction peaks are
observed that can correspond either to ZnSe, Cu,SnSe; and/or
Cu,ZnSnSe,, confirming that one or more of these phases are
present. However, characteristic further peaks corresponding to
the lowered symmetry of the tetragonal phase of CZTSe are
absent, excluding the presence of significant amounts of crys-
talline CZTSe. In order to support the XRD analysis, Raman
spectra measured with different excitation wavelengths

4 | Energy Environ. Sci, 2017, 00, 1-12

(633 nm, 532 nm, 488 nm) at the surface of this sample and
(after lift-off) at the back side of the absorber are shown in
Fig. 4a. At the surface, Cu,Se is clearly detected with all three
excitation wavelengths,?” in agreement with the EDX and XRD
analysis. At the back side, ZnSe is observed when using 488 nm
excitation®® together with Sn-Se phases,** and a very weak and
broad band that is tentatively attributed to amorphous CZTSe.
In any case, no evidences of Cu-Sn-Se phases are present, in
agreement with the in-depth physical separation of Cu and Sn
observed by EDX.

This strongly suggests that the kesterite formation proceeds
via the reaction of binary compounds (Cu, Zn and Sn selenides)
as has been reported for the sulphide kesterite compound
Cu,ZnSnS,.”" The presence of the CuSe, phase indicates that
the reaction is in fact much more complex than previously
believed. CuSe; is the phase with the lowest formation energy
in the complex Cu-Se system.>® In our annealing conditions, a
high Se overpressure builds up at the very beginning. These two
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Fig. 4 Raman spectra using three different excitation wavelengths at the
absorber surface and absorber back side for the sample without Ge at t1
and with Ge (25 nm below the CTZ precursor) at t1. Red: 633 nm, green:
532 nm and blue: 488 nm.

conditions together explain the formation of CuSe,. Neverthe-
less, above a temperature of 332 °C this phase decomposes into
CuSe, and then into Cu,Se above 382 °C*°, following the
reactions below:

. 1
CuSeyy -~ CuSes) + ez

o 1
2CuSe() I>3%2¢ Cu;Ses) + ESez(g)

Then, Cu,Se is expected to react with SnSe and ZnSe to form
the kesterite through the following reaction:

Cu,Se(s) + SnSey) + ZnSe(y) + %Sez(g) e, Cu,ZnSnSeqy

This reaction mechanism is firmly supported by the EDX,
XRD and Raman analysis presented up to now. It implies
another important point: the presence of SnSe at the beginning
of the process, as is clearly evidenced by both the XRD and
Raman analysis. The volatility of SnSe bears the high risk of Sn-
loss during the reaction, a fact that is corroborated by a look at
the analysis of the compositional ratios by X-ray fluorescence
(XRF): While the initial precursor has a C/ZT of 0.76 and Z/T =
1.20, at t1 these have increased to C/ZT = 0.99 and Z/T = 1.68 as
a result of substantial Sn loss. Therefore, the overall composi-
tion of the reference layer without Ge at t1 is in fact notably
poorer in Sn than the initial precursors as a result of the
uncontrolled Sn-loss.

The presence of almost all the Cu at the front might be the
origin of the large grains formed at the surface of the absorbers,
where the kesterite is growing under Cu-rich conditions from
Cu,Se. On the contrary, the low Cu concentration at the back
(Cu-poor conditions) prevents the formation of large grains, as
is commonly observed. The morphology of these layers, in
particular the bi-layered structure and the formation of voids
at the back side can therefore be explained as a result of this tri-
molecular reaction mechanism (with three binary selenide
compounds) and the involved Cu-out diffusion and segregation

This journal is © The Royal Society of Chemistry 2017
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of Cu and Sn/Zn selenides. Intriguingly, Thersleff et al. have
reported in a detailed analysis of a similar bi-layered structure
that the back region in the final CZTSe made up by small grains
is still Cu-poorer than the region with larger grains at the
surface, supporting our model of differential grain growth at
back and front.?® In the next sub-section we will show how this
story drastically changes, once Ge is introduced below the CTZ
precursor.

Sample with Ge. As is clearly observed in Fig. 1 at t1, the
morphology of the precursor is radically changed when Ge is
introduced below the CTZ precursors, even for rather small
quantities (10 nm). After heating the system initially to 400 °C
(t1), samples with Ge show a peculiar morphology with three
different regions, where in particular large hexagonal platelets
(up to approximately 100 nm thick, several microns in lateral
dimensions) have formed at the surface. Below these structures,
a mix of relatively small and fine grains is observed. These
morphological differences correspond to variations in the in-
depth compositional distribution. The EDX mapping shown in
Fig. 2 reveals that the platelets are formed by Cu, Se and
probably small amounts of Sn, although Cu-Se is predominant.

Zn remains mainly in the middle-bottom part of the layer.
Interestingly, at the back region still huge Cu quantities are
observed, and are very well mixed with Sn. Apparently, the
presence of Ge prevents a fast Cu-out diffusion and stimulates a
very good mixing between Cu and Sn from the very beginning.
The Cu-Sn alloy at the back is only partially selenized at this
stage. The hypothesis of Cu-Sn alloying is well supported by the
XRD analysis of the Ge-containing sample, where, in contrast to
the Ge-free reference, metallic Cu-Sn alloys are observed in
addition to metallic Sn. This means that already the presence of
very small amounts of Ge can dramatically influence the
evolution of phases during selenization.

One of the first consequences is the drastic reduction of Sn-
loss in this first stage (t1). XRF measurements reveal that the C/
ZT and Z/T ratios remain almost the same after t1 (0.78 and
1.27, respectively) as compared to the initial precursor compo-
sition (0.76 and 1.20) for the samples with Ge. This means that
practically no Sn is lost to the annealing atmosphere, again in
contrast to the Ge-free sample.

It is important to remark that the presence of Ge seems to
minimize or even avoid two important issues affecting the
morphology of CZTSe layers: the fast Cu-out diffusion and the
uncontrolled Sn-loss. This notably also impacts on the final
absorber morphology as is clearly observed in Fig. 1 for the
samples with Ge at t4. For the sample 10/CTZ/0, already at t3 a
nice morphology is observed, while at t4 (end of the annealing
process), huge grains extending over the whole absorber thick-
ness are obtained (even substantially wider than high), and
with no observable voids or imperfections at the back interface.
In consequence, we claim that the Ge containing samples are
capable of holding the Sn within the precursors at the begin-
ning of the selenization and avoid/minimize the fast Cu-out
diffusion and Cu/Sn segregation observed for Ge-free samples.
This is crucial for the improved selenization reaction, as will be
discussed in Section 3.
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The further characterization by XRD and Raman spectro-
scopy of the Ge-containing samples completely support this
picture. As is observed in Fig. 3b, the XRD pattern of the sample
containing Ge at t1 is very different to the sample without Ge.
As stated earlier, two metallic phases are clearly detected: Sn
and CueSns, confirming that somehow the presence of Ge at the
back stabilizes the Cu-Sn alloys. Additionally, the presence of
CuSe and CuSe, are confirmed, and once again the diffraction
peaks corresponding to CZTSe and/or Cu,SnSe; and/or ZnSe.
However, in this case the low intensity diffraction peaks corres-
ponding to the tetragonal phases can clearly be identified,
proving an early formation of the quaternary kesterite and/or
ternary Cu,SnSe; tetragonal phase.

Further differences are revealed by the Raman analysis
(Fig. 4b). As expected, ZnSe is detected at both, the back and
front side of the layer. On the other hand, Cu-Se is also
detected at the front together with evidence for the formation
of a Cu,SnSe; phase, and a small quantity of a nanocrystalline
or amorphous kesterite phase. But most relevant, the charac-
teristic peaks of the Sn-Se phases are absent. This means that
the pathway for kesterite formation mechanism has now chan-
ged and seems not occur via the binary Sn, Cu and Zn selenide
phases as before.

The confirmed presence of CueSns and Sn metallic phases
suggests that the first step in this case is related to the
formation and maybe already decomposition of bronze at
temperatures close to 400 °C through:*’

CueSnsg 225, 2CusSny,, + 380,

Then, the Cu;Sn phase can immediately react with Se,( to
form:

5
CusSng) + ESez(g) — Cu,8nSe; () + CuSeys)

After that, the CuSe, phase can follow a similar pathway to
the proposed above for the sample without Ge as a competitive
mechanism to form kesterite, or react with the free elemental
Sn as follows:

1
2CuSe;(s) + Sngs) — CuySnSes(s) + iSez(g)

Finally, the ternary Cu-Sn-Se compound can react with ZnSe
to form the CZTSe kesterite:

Cu,SnSe;(s) + ZnSe(s) — CuyZnSnSey)

This implies the change from a tri-molecular reaction path-
way as observed for the samples without Ge, towards a bimo-
lecular one when using Ge. Additionally, this pathway does not
involve the formation of a Sn-Se phase in any step, in line with
the XRF, XRD and Raman spectroscopy results.

To summarize, the presence of very small amounts of Ge
drastically modifies the reaction pathway in which the kesterite
is formed. This notably impacts on the absorber morphology,
the Sn loss and consequently on the devices properties, as will
be further demonstrated in the following sections. It is worth to
mention that we cannot rule out that Ge is assisting the
crystallization also through the formation of Ge-Se liquid
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phases as has been reported elsewhere.” Nevertheless, this
alternative explanation is also not necessarily in contradiction
with the mechanisms proposed in this paper.

2.2. Effect on the solar cell devices

Now, the question is what happens when these improved layers
are implemented as photovoltaic absorbers. In order to analyze
this question, series with CZTSe absorbers with different
amounts of Ge deposited on top and below the CTZ precursors
were prepared. Fig. 5 shows the evolution of the average solar
cell parameters of a series were varying amounts of Ge (0-
25 nm) were deposited below the metallic precursors, in addi-
tion to a 5 nm Ge layer on top.

The average efficiency (6 cells) increases from 8.6% to 9.5%
if a thin (5 nm) Ge layer is deposited below the CTZ in addition
to the top 5 nm Ge layer. If the thickness of the bottom layer is
increased to 10 nm, the efficiency remains high (9.4%). This
efficiency increase is mainly achieved by an enhanced short
circuit current density, while the open circuit voltage remains
at the same high value for these three samples, at 450-460 mV.
The inset of Fig. 5 shows the external quantum efficiency of
devices with different amounts of Ge below the CTZ, and
elucidates that the origin of the Jsc improvement is found in
the longer wavelength range, related to collection of charge
carriers from regions deep within the absorber.

We associate these improvements to a better charge carrier
collection due to the better crystallinity as shown in the micro-
graphs in Fig. 6. These micrographs again confirm the substan-
tially improved morphology, especially towards the back contact,
for the samples where the Ge was deposited between the back
contact and precursors. Similar to the case of Ge layers deposited
on top, a too thick Ge layer (25 nm) below the CTZ results in
severe losses in fill factor (FF) and open circuit voltage (Vo).

For this sample, the absorber layer is forming ‘“dome’-like
features all over the substrate. We interpret these as bubbles that
form during the absorber formation by uncontrolled evaporation
of volatile Ge-Se species. A close examination of Fig. 1 reveals
similar features for the sample with 25 nm Ge below the
precursors presented there, however less pronounced.

In our previous work, where Ge was only deposited on top of
the precursors, we found an optimal Ge thickness of 5-15 nm.**
Varying the Ge thickness above and below the CTZ precursors,
we find the optimum for the global (sum of above and below)
Ge thickness to be the same: 10-15 nm. The outcomes of the Ge
variations above and below the precursors are summarized in
Table 1 and Fig. 5, and clearly show:

(1) All devices with an overall Ge thickness of 10-15 nm
reproducibly lead to an improved Vo of 450-470 mV and
efficiencies above 9.3%, while the reference values (i.e. without
Ge) remain below 430 mV and below 9% respectively.

(2) Adding 25 nm Ge or more below or above the CTZ
annihilates the beneficial effect of Ge and severely degrades
the device performance.

(3) A slight increase in the short circuit current density is
consistently observed for devices with Ge, up to 32.3-32.5 mA
cm ™2 for samples with small amounts of Ge introduced below
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Fig. 5 Effect of depositing a Ge layer of varying thickness prior to the metallic precursor deposition on (a) the solar cells parameters, and (b) the external
quantum efficiency. All samples had additionally 5 nm Ge layer on top of the precursors, except for the reference sample (without Ge). The samples

nomenclature is detailed in the Experimental section.
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Fig. 6 Cross-sectional SEM micrographs of the completed CZTSe solar cells with different amounts of Ge deposited below the metallic Cu/Sn/Cu/Zn
precursor stack: (a) 0 nm Ge below, (b) 5 nm Ge below, (c) 10 nm Ge below, (d) 25 nm Ge below. All precursors had deposited a 5 nm Ge layer on top.

Table 1 Average solar cells parameters (6 cells, error indicates the standard deviation) of Cu,ZnSnSe, solar cells with Ge layers of different thickness
deposited before (below) and after (on top) the deposition of the metallic Cu/Sn/Cu/Zn precursor stack

Ge layer (nm)

Sample Below On top Eff. (%) Voc (mV) Jsc (mA cm™?) FF (%)

0/CTZ/0 — — 8.4+ 0.3 426 + 5 30.0 £ 0.6 65.9 + 1.8
0/CTZ/5 — 5 8.6 = 0.1 453 + 13 31.0+ 04 61.6 + 0.8
0/CTZ/10 — 10 9.3 £ 0.1 455 + 12 30.7 £ 0.6 66.6 + 1.3
5/CTZ/5 5 5 9.5+ 0.1 460 + 8 311+ 04 66.2 + 1.3
10/CTZ/0 10 — 9.6 + 0.2 466 + 7 323 £ 0.7 64.1 + 0.8
5/CTZ/10 5 10 9.4 + 0.2 461 + 7 309 + 0.3 65.9 + 1.2
10/CTZ/5 10 5 9.4 +0.3 457 £ 9 32.5 + 0.8 63.5 + 1.6

the CTZ, while the reference values (i.e. without Ge) remain
below 31.0 mA cm 2.

We therefore conclude that the positive effect of the Ge on
the Vo¢ (the Voc boost) is achieved for Ge thicknesses of 5-
15 nm regardless of the position of the Ge nanolayer (below
and/or above the CTZ precursor). This implies that the bene-
ficial effect of the Ge is not limited to some surface modifica-
tions as previously suggested, but rather affects the whole bulk
of the absorber. The best solar cell of this series reached an
efficiency of 9.9% (Vo of 453 mV, FF of 67.1%, Jsc of 32.5 mA
cm™?), with 10 nm Ge below and 5 nm on top of the precursor
(no anti-reflective coating applied).

3. Discussion

In a detailed high-resolution transmission electron microscopy
(HR TEM) analysis it has been previously shown how the

This journal is © The Royal Society of Chemistry 2017
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addition of 10 nm Ge on top of the precursors leads to a bi-
layered absorber morphology and two distinct types of grain
boundaries.?® These were denominated “straight” and poten-
tially malign “meandering” grain boundaries. The bi-layer
structure consisted of large grains and vertical “straight” grain
boundaries near the surface, separated from the lower part
towards the back side of the absorber, which was characterized
by voids, horizontal “meandering” grain boundaries and a
slightly lower (1.40 + 0.03) Cu/Zn ratio than the top part (1.49
+ 0.03). Large grains stretching over the complete absorber
thickness can be observed for the sample where the 10 nm Ge
have been deposited below the precursor. In this sample, the
increased crystallization enabled to completely remove the
“meandering” horizontal grain boundaries from the sample,
with an absorber built up by large grains and straight, vertical
grain boundaries. Huge grains with lateral extensions exceed-
ing 4 microns were found. As a matter fact, we have never
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observed or found evidence for comparable grain sizes and
morphologies in prior work. The absence of the meandering
grain boundaries in this type of samples might be an explana-
tion for the improved charge collection, as resistive barriers
and recombination centers at the bottom part of the absorber
are removed.

Based on the presented results we suggest a fundamental
difference in the reaction schemes for the samples containing
Ge and the Ge-free ones. Scheme 2 depicts a schematic repre-
sentation of the proposed model. For the Ge-free reference
sample, Cu out-diffuses rapidly to the surface and forms Cu-Se
as a dense, compact film on top of the Sn-Zn precursor. Se
diffuses into the film and forms a porous region consisting of
Sn-Se and Zn-Se. The reaction occurs predominantly via the
formation of the binaries Zn-Se, Sn-Se and Cu-Se. As the Sn-Se
phases have very high vapor pressures, a substantial loss of Sn
occurs in the initial stage of the process. The loss of Sn-Se is a
commonly observed issue in the synthesis of kesterites,”® and
in fact is the reason for incorporating an additional amount of
Sn within the graphite box during processing. Thus, the eva-
poration of this Sn during the further evolution of the process
causes a high Sn-Se partial pressure in the graphite box, which
in turn leads to a re-incorporation of Sn into the absorber at
later stages.”® This self-regulation of the Sn content of the
absorber is a well-known feature of the regular sequential
processing and has been repeatedly observed. It is also reported
in ref. 30 for sulphur-based kesterites. The Sn content, or the
Cu/Sn ratio of the samples has been found to be crucial for the
crystal growth and absorber quality in the past. A lower Cu/Sn
ratio significantly enhances the crystallization and formation of
large grains as is reported for example in ref. 31. Furthermore,
Sugimoto et al. have shown that a lower Cu/Sn ratio in the
absorbers is linked to increased charge carrier lifetimes and
open circuit voltages.*>

On the other hand, we could now demonstrate that the
incorporation of Ge into the CTZ precursor prevents the Sn loss
to some extent, firstly because Sn remains mainly fixed into a
Cu-Sn-Se ternary phase, and additionally because a quaternary
kesterite phase is formed much earlier. Here, during the
heating, a Cu-Sn alloy is formed near the bottom region, close
to the back contact. Se is diffusing into the precursor forming
Zn-Se nano-crystals and large Cu-Se platelets at the surface,
which also contain some Sn. In this case, the formation of Cu-
Sn-Se ternary and Cu-Zn-Sn-Se phases already during the very
first stages of the process effectively limits the Sn loss. There
are two possible mechanisms how the Ge may assist the
formation of the ternary phases and enlarged crystals. In the
first model, small amounts of Ge incorporated into the Cu/Cu-
Se might substantially increase the solubility of Sn within these
phases and in consequence facilitate the crystallization and the
formation of Cu-Sn-Se ternary phases. A similar effect is found
for In and CZTSe: adding small amounts of In into the kesterite
structure greatly increases the solubility of Zn in the kesterite
phase.®® This is e.g. used to prevent the segregation of ZnSe
secondary phases during the absorber synthesis. A second
plausible mechanism is the formation of a liquid Ge-Se phase
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that acts as a flux agent for the formation of the Cu-Sn-Se and
Cu-Zn-Sn-Se phases, similar to the effect that Cu-Se has on
the growth of chalcopyrite Cu(In,Ga)Se,.>* In chalcopyrite
synthesis, a Cu-rich growth phase leads to a substantial
improvement of the grain size and absorber quality. The
generally accepted model for this growth mechanism implies
the formation of Cu-Se phases on the surface of the absorber
once the Cu/(In + Ga) ratio surpasses 1 (Cu-rich growth phase).
Then, the Cu-Se phase acts as a flux agent for the growth of
large chalcopyrite crystals with a low defect density. The small
amount of Ge present during the synthesis in our case makes
its detection and location rather difficult, which in turn, at this
moment, represents an obstacle for the distinction whether the
Ge is incorporated into the Cu-Sn-Se phases or is present in a
separate Ge-Se liquid phase. Further investigations to clarify
these details are under way.

Ultimately, after optimizing all the processes presented here
and implementing MgF, anti-reflective coating as well as Ag
grids to a CZTSe (+12.5 nm Ge) device, we achieved a record
solar cell with an efficiency (illuminated area, not including the
contact grid) of 11.8% with a V¢ of 463 mV, FF of 66.3% and
Jsc of 38.3 mA cm 2. Referring to the total area (cell area of
0.522 cm?, including the contact grid) this measurement corre-
sponds an efficiency of 11.0% and a Js¢ of 36.0 mA cm 2 The
JV-curve corresponding to this device is shown in Fig. 7a. A
comparison with literature data for the best devices with pure
selenide-based kesterite absorbers shows that this is among the
highest efficiencies reported for this type of absorber. The best
efficiency so far has been reported by IBM, with a remarkably
lower Voc (423 mvV), and higher Jsc (40.6 mA cm™2), but
resulting in a similar efficiency (total area efficiency of 11.6%)
and FF (67.3%) for a slightly smaller device area (0.43 cm?).*®
Other high performance devices reported by IMEC*® and Nan-
kai University®’ exhibit remarkably lower Vo (between 390-420
mvV) and efficiencies (both 10.4%). Devices reported previously
by IREC show systematically higher V. values (typically
between 460-490 mV).®'*'® This emphasizes the impact that
Ge has on the improved voltage deficit in kesterite solar cells.

Fig. 7b shows a Vi vs. temperature plot of two representa-
tive cells, one without Ge and one with 10 nm of Ge deposited
on top of the precursors prior to selenization. The V¢ of our
CZTSe devices generally does not extrapolate at 0 K to the band
gap energy (roughly 1.05 eV), but rather 150-220 mV below it
(780-820 mV). As Fig. 7 shows, this is not significantly changed
upon the addition of Ge. Both devices show a fairly linear
increase of the V¢ with decreasing temperature, as is expected
for one dominant recombination mechanism which is ther-
mally activated. The activation energy E, of the recombination
can in this case be extracted by an extrapolation of the V¢ to
0 K (Voc (0 K)). For a dominant recombination in the bulk, the
activation energy is generally expected to coincide with the
band gap. As can be seen, the V¢ of both samples evolve very
similar, with the device without Ge extrapolating to 789 mvV,
and the sample with Ge to 808 mV. The case of Vi (0 K) < Eg
is generally associated with interface recombination, where a
lowered interface band gap (e.g. due to band misalignments)
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Fig. 7 (a) J-V curve corresponding to the best solar cell obtained in this work. (b) Voc vs. T plot of a reference sample without Ge and a sample with

10 nm of Ge deposited on top of the CTZ precursors.

determines the activation energy of the dominant recombina-
tion path.*® However, for CZTSe the interface band gap is
reported not to be significantly lowered,* in contrast to CZTS,
and other origins for a reduced E, are also possible, e.g. high
densities of tail states within the band gap, recombination via
grain boundaries/secondary phase inclusions with reduced
band gap or fermi level pinning.*® The preliminary results
presented here do not allow a clear location of the dominant
recombination mechanism yet. However, the rather similar
behaviour of the V¢ (T) does not indicate a fundamental
change in the recombination mechanism (e.g. from interface
to bulk). We therefore do not expect the observed improvement
to be located at the absorber/buffer interface, but rather in the
absorber bulk, e.g. due to an increased charge carrier lifetime.

For a deeper understanding of the effect of Ge on the
intrinsic electronic properties of the absorbers and corres-
ponding solar cells, a more complete characterization of a
broad set of devices is required, together with an analysis of
possible changes in the absorber surface and the absorber/
buffer interface properties. This work is currently under way
and will be published elsewhere.

Finally, an interesting question remains. Is the beneficial effect of
Ge restricted to the synthesis of kesterites, or can it be applied to

ClSe-Ge25

(b)
RS

Fig. 8 SEM micrographs of ClSe layers without Ge (a) and with 25 nm Ge
(b), selenized at 450 °C for 30 min at 1 mbar Ar pressure.
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other chalcogenides used for photovoltaics? In order to test the
impact of Ge on chalcopyrites, CulnSe, (CISe) was synthesized
without and with a 25 nm Ge nanolayer below the precursor by a
sequential process similar to the one used for kesterite absorbers
(sputtering of Cu and In metallic stacks, followed by selenization in a
graphite box). Fig. 8 shows the cross-sectional and surface SEM
images of the resulting CISe layers. Surprisingly, the application of
nanometric Ge layers also leads to significantly enlarged grains in
this case. While we cannot answer the question of the global impact
of Ge on chalcopyrites satisfactorily at the moment, our preliminary
results at least strongly encourage a further investigation of the
impact of Ge on the growth, crystallization, morphology and devices
for other chalcogenides.

4. Conclusions

Here we present a new concept for obtaining high quality CZTSe
layers, by introducing an extremely thin Ge nanolayer at the back
region, studying the impact and the origin of the recurrently
observed positive effect of Ge in the kesterite system. We observe
that the presence of Ge strongly affects the in-depth elemental
distribution, delaying and minimizing the fast Cu-out diffusion
and the formation of Sn-Se volatile species, and consequently
avoiding Sn losses to a large extent. This allows modifying the
reaction pathways of CZTSe from a tri-molecular mechanism for
the layers without Ge, towards a mainly bi-molecular one for the
samples containing Ge. The immediate effect is the large improve-
ment of the CZTSe morphology, where very well crystallized layers
with grains extending over the whole thickness are easily obtained.
The main role of Ge seems to be related to the stabilization of Cu-Sn
phases, impacting in the elemental in-depth distribution and ult-
mately in the reaction pathways of the kesterite. Through the
optimization of the quantity of Ge together with the location of this
element, we succeed to achieve a device that can be considered
almost pure Cu,ZnSnSe, and with 11.8% conversion efficiency.

5. Experimental

Kesterite absorbers were prepared on soda-lime glass sub-
strates with an optimized tri-layer Mo back contact of

Energy Environ. Sci, 2017, 00, 1-12 | 9
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Scheme 1 Sketch of the CZTSe absorber preparation: (1) deposition of Cu/Sn/Cu/Zn metallic precursors by magnetron sputtering. Nanometric Ge
layers are evaporated onto the substrate before and/or after the precursors. (2) Reactive annealing with elemental Se (and Sn) in a semi-closed graphite

box. (3) Completed CZTSe solar cell structure.

approximately 800 nm. Details on the Mo back contact optimi-
zation can be found in ref. 18. The absorber synthesis is
schematized in Scheme 1 and consisted of a sputter-
deposition of metallic Cu(4 nm)/Sn(245 nm)/Cu(182 nm)/
Zn(168 nm) precursors. These precursors usually yield suitable
kesterite absorbers after selenization with Cu/(Zn + Sn) (C/ZT)
ratios of 0.75-0.77 and Zn/Sn (Z/T) of 1.20-1.22. In the current
variations, Ge layers of thicknesses between 5-25 nm were
thermally evaporated onto the substrates before and/or after
the metallic precursors, resulting in stacks were the Ge layers
were situated below and/or above the metallic precursors. In
the following, samples will be denominated by the thickness (in
nm) and position of the deposited Ge layer, for example: CTZ/5
stands for 5 nm Ge on top of the metallic precursors, 10/CTZ
corresponds to 10 nm Ge below the precursors, 25/CTZ/5
means 25 nm Ge below and 5 nm Ge on top and so on.

The metallic CTZ precursors (with and without Ge) where
then placed in a graphite box together with 100 mg of Se and 5
mg of Sn for the reactive thermal annealing. The reactive
thermal annealing was realized in a tubular furnace and Ar
atmosphere by a first heating step at 400 °C for 30 min (1 mbar)
and a second step at 550 °C for 15 min (1000 mbar). The
temperature profile of the reactive thermal annealing is
depicted in Fig. 1. More details on the baseline absorber

(a) . cuse @ znse Q snse

SnSe

synthesis can be found in ref. 9. For the analysis of the reaction
pathways, the annealing process was stopped at different
relevant points as will be schematized in the Fig. 1.

Following the baseline routine established at IREC, the
samples were then subjected to a wet-chemical etching/passiva-
tion step in (NH,),S (22% v/v, for 2 min),"® a chemical bath for
the deposition of CdS*® before the devices were finished by
sputter-depositing an i-ZnO/ITO window layer. For IV and EQE-
characterization, the devices were mechanically scribed into
cells with a size of 3 mm x 3 mm and measured under
simulated AM1.5 illumination from an AAA solar simulator
(Abet Technologies). With the best samples, devices of 0.5 cm?®
in area and including MgF, anti-reflective coating and Ag
metallic grids were fabricated. Finished devices were post-
deposition annealed in air on a hot plate for 15 min at a
temperature of 250 °C.

X-ray fluorescence (XRF, Fischerscope XVD) was used to
determine the overall composition and thickness of the differ-
ent precursor and absorber layers. Scanning electron micro-
scopy (SEM) images were obtained with a ZEISS Series Auriga
microscope using 5 kV accelerating voltage. Energy dispersive
X-ray spectroscopy (EDX) analysis was performed with a 20 kv
acceleration voltage using an INCA 250 series EDS detector
from Oxford Instruments on the cross-sections of selected

b) @ cose

Se,

® znse . Cu-Sn-Se

Scheme 2 Schematic sketches of the different intermediate steps and reaction mechanisms involved in the formation of CZTSe during the selenization
of metallic Cu-Zn-Sn precursors: (a) reference sample without Ge, and (b) Ge-containing sample.
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samples, with and without Ge. X-ray diffraction (XRD) was
carried out using a PANalytical X’Pert PRO MPD Alphal powder
diffractometer in Bragg-Brentano 0/20 geometry, from 4 to 145°
with step size of 0.017° and integration time of 200 s per step,
using Cu K, radiation (/1/41.5406 A). Raman spectroscopy was
performed with an iHR320 Horiba-Jobin Yvon spectrometer
coupled to a Raman probe developed at IREC and a CCD
detector, using three different excitation wavelengths (red:
633 nm, green: 532 nm, and blue: 488 nm).
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Chapter 4

Interaction of Ge with Na and Post-
Deposition Treatment






Among the most well-known factors that can notably impact on device
performance, post-deposition treatments (PDT) and the presence and control of alkali
elements during thermal processes are of key importance to obtain high efficiency solar
cells. However, there is some discrepancy in the literature about PDT temperatures and
different alkalis efficacy, therefore additional studies are needed for a better
understanding.

Regarding alkali doping, especially Na, and more recently K and heavier Rb and

Cs, have been proven to be of paramount importance in the field of CIGS technology to

19,98,100-102

obtain the highest efficiencies. In the case of Na, it naturally out-diffuses from

the soda-lime glass substrate to the absorber during the thermal annealing process,

103,104
F

although it can also be supplied extrinsically through Na compound precursors. or

CIGS, the effects of Na are commonly associated with an increase in p-type conductivity

105,106

(by reducing the donor density), increasing net hole concentration, enhanced grain

growth and surface morphology,'®” and reduced interdiffusion of In and Ga helping the

108 Furthermore, in terms of device electrical

88,109,110

formation of the graded band-gap.
properties, all the studies report an increase in Voc and FF.

However, when it comes to kesterites, the influence of Na on CZTSSe-based solar
cells has been less thoroughly investigated. In the available literature, similarly to the
case of CIGS, Na incorporation has demonstrated to substantially improve the device
efficiency, enhancing the Voc and FF by increasing the hole density and shifting the
acceptor level closer to the conduction band, also reducing the concentration of certain
deep recombination centers.?! Likewise, a significant improvement in grain growth and

crystallinity has been reported by several groups.®***

But these advantageous effects
of alkalis in kesterite are not limited to Na; first studies on the effect of K addition have
confirmed similar beneficial effects on kesterite absorber growth and electrical

properties.m'113

Additionally, several recent studies have analyzed and compared
different alkali elements and their impact on solar cell properties and device
performance, although no consistent experimental results have been obtained.* 4
In particular, in the work of Haass et al., a very interesting relationship between alkali
metals and Sn concentrations has been found, revealing a complex dependency of metal
ratios, alkali elements, and alkali concentration on the device performance in high
efficiency kesterite solar cells.”® Table 4.1 presents some characteristics of the most
relevant works reported in the literature, highlighting the conclusions about the effect

of alkali doping.
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Table 4.1. Summary of relevant studies about the impact of different alkalis on kesterite
solar cells performance.

Absorber Order of performance
Reference . Relevant features .
material improvement

Spin coated alkali elements

Mule et al.**’ on evaporated metal
T Sl 5l s CZTSe precursor stack. Na>Cs>K>Rb > Li
2016 Best efficiency of 8.3% for
Na+K combined doping.
Alkali metal-containing
; 114
szt el C7TSS molecular precursor. 5 [y e 5 [ 5
e >Rb >Na>Li>Cs
G En:(;% MEtER Best efficiency of 8.0% for
K doping.
Electrostatic spray-assisted
116
Altamura et al. C7TSS vapor deposition method. s i Li
o e >Na>Li
Saentl;)clIZeports Best efficiency of 6.4% for
Rb doping.
Lépez-Marino Flexible ferritic steel
P | 115 substrates. Evaporated alkali
SLEL CZTSe metals / sputtered Mo:Na. Na > K
> Matzza;.lCGhem o Best efficiency of 6.1% for
Na doping (Mo:Na).
Solution-based process +
50
izt el alkali chlorides. )
Adv. Energy Mater. CZTSSe Li>Na>K>Rb>Cs

Best efficiency of 11.5% for
Li incorporation.

2017

In the same vein, one of the publications included in this chapter confirms the
strong interaction between group IV elements (Ge, Sn) and alkalis. In particular, we
investigate the complex Na-Ge interaction in a detailed analysis of Ge-doped CZTSe
devices, revealing significant differences between low Ge content (~10 nm, and high
efficiency) and higher Ge contents (>25 nm, and degraded performance). In this study,
we explain how Ge concentration can notably impact on the Na content and, thus,
modify the doping level of the kesterite absorber. In addition, a possible mechanism
underlying this interaction and the implication on the formation of point defects are
presented, highlighting the importance of accurately controlling alkali and group IV
elements concentration to achieve high performing kesterite solar cells.
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Closely related to alkalis interaction and diffusion are the widely used post-
deposition treatments, especially low temperature post-deposition annealings (PDA).
These treatments are known to have a clear influence on Na diffusion mechanisms and

118

distribution throughout the device structure.”™ In general, low temperature PDA either

in air or inert atmosphere have been reported by several groups as beneficial to increase

119-121

device efficiency. In fact, already in other chalcogenide thin film solar cells, the use

of PDA treatments have shown clear improvements of device performance.m'124
Moreover, for kesterites, these low temperature treatments are especially interesting
since they can impact on the well-documented Cu-Zn disorder. Some studies have
determined the order-disorder transition temperature around 200°C, for CZTSe,125 and
260°C, for CZTS,**® although this phenomenon has not been yet clearly associated with
the formation of point defects and their influence on device performance. Recently,
Neuschitzer et al. have presented an optimization of different PDA treatments for CZTSe
bare absorbers, CZTSe/CdS heterojunctions and full devices, and its impact on solar cell
performance, interestingly revealing the formation of a Cu-depleted and Zn-enriched

absorber surface, which has proven to be mandatory for high device efficiency.'?’

In the work presented in the last publication of this chapter, we go a step further
and investigate in detail diffusion and recrystallization phenomena at the
absorber/buffer interface during PDA performed at different temperatures (from RT to
350°C, in air atmosphere), correlating Raman spectroscopy analysis with optoelectronic
characterization of full CZTSe devices. Additionally, we comment on the formation and
evolution of defects due to Cu-Zn redistribution within the surface and bulk of the
absorber. This study opens the possibility of tuning the number of defects in the
kesterite absorber by choosing the suitable PDA temperature. Figure 4.1 shows
preliminary results of the impact of PDA temperatures on different photovoltaic
parameters. Interestingly, two different temperatures can be chosen to maximize device
conversion efficiency: 175°C, by enhancing Jsc, or 250°C, by enhancing Voc; further
characterization results and discussion can be found in the corresponding publication.
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Figure 4.1. Impact of PDA temperature on different photovoltaic parameters (Jsc, Voc and
conversion efficiency). Vertical dashed lines mark two different efficiency maximums.

This chapter includes the following two publications: “Cu,ZnSnSes-based solar

cells with efficiency exceeding 10% by adding a superficial Ge nanolayer: The interaction

between Ge and Na”, and “Raman scattering analysis of the surface chemistry of

kesterites: Impact of post-deposition annealing and Cu/Zn reordering on solar cell

performance” in which detailed information about the mentioned results is presented.
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CuyZnSnSes-Based Solar Cells With Efficiency
Exceeding 10% by Adding a Superficial Ge
Nanolayer: The Interaction Between Ge and Na

Sergio Giraldo, Markus Neuschitzer, Marcel Placidi, Paul Pistor, Alejandro Pérez-Rodriguez, and Edgardo Saucedo

Abstract—Recently, beneficial effects of the incorporation of
small amounts of Ge into CuzZnSnSe, (CZTSe)-based solar cells
have been reported, showing that the presence of Ge can enhance
the crystalline properties of CZTSe, assisting the grain growth,
leading to high-efficiency devices. In this study, we prepare
CZTSe layers by a sequential process consisting of the sputtering
of metallic stacks followed by a reactive annealing under Se
atmosphere, previously adding different Ge nanolayers on top
(from 0 to 50 nm). The present work is focused on the study of the
interaction between germanium and sodium. As is widely known,
Nais a very important dopant in kesterite, which plays an essential
role in the doping level control. We demonstrate that during the
annealing process, a Ge-Se liquid phase is formed which dissolves
preferably Na-related phases modifying the content of this last
element in the CZTSe absorber and impacting notably on the
electrical properties of the layers and, concomitantly, on the
performance of the devices. We support our Ge-Na interaction
model with experiments using Na-free substrates, showing the
importance of accurately controlling the Na content when Ge is
used to increase the efficiency of CZTSe-based solar cells.

Index Terms—Deposition and characterization of thin-film pho-
tovoltaic (PV) absorbers, PV cells, semiconductor device doping,
thin-film devices.

I. INTRODUCTION

upZnSn(S,Se)s photovoltaic (PV) material (CZTSSe,
known as Kesterites, their structure) has attracted re-
cently a lot of attention as possible candidate for replacing
Cu(In,Ga)Se; (CIGSe) and CdTe in thin-film PV technologies
[1], [2]. This is mainly because of In, Ga, and Te scarcity, as
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well as Cd toxicity [3]. On the contrary, CZTSSe is formed
only by earth-abundant elements with low toxicity, ensuring the
sustainability and large-scale viability of kesterite technologies.
Nevertheless, although the material exhibits relatively high
efficiencies, these are still far from those reported for more ma-
ture CIGSe and CdTe technologies, owing to the large voltage
deficit of kesterites [4]. Among the possible origins for this
voltage deficit, the short minority carrier lifetime of the bulk,
the interfaces properties (the buffer/window and the rear contact
interfaces), the passivation of the grain boundaries, etc., can
have a strong impact on this important device parameter [4], [S].

In this sense, strategies to increase the Vo ¢ in CdTe and CIGS
technologies have been widely explored. These include, for ex-
ample, the design of the back contact [6], the use of bandgap
gradients [7], and the control of surface doping to implement
“buried junction” concepts [8]. In kesterites and due to the lower
maturity of the materials, these advanced concepts have yet to
be developed. Additionally, alkaline doping in chalcopyrites,
as well as in Kkesterites, has shown to be crucial for the ab-
sorber doping level control, being a determinant factor in order
to achieve high efficiencies, mainly impacting on the voltage
and fill factor [9], [10].

On the other hand, recently, it was shown that introducing very
small quantities of Ge (between 5 and 15 nm) in the CZTSe sur-
face, a large improvement of the V¢ is achieved, leading to an
impressive efficiency increase of more than 3% in absolute, al-
lowing to achieve efficiencies easily exceeding 10% [5]. Among
other possible factors, it has been observed that during the re-
active annealing process, a Ge3Sey(s) phase is formed, which
decomposes incongruently into volatile GeSe,(,) and a Ge-Se
liquid phase, acting as a crystallization flux and assisting the
grain growth [5]. On the contrary, when thicker Ge nanolayers
(>15 nm) are used, a general deterioration of the material and
device properties is observed, whose origin is not clear, although
it could be related to the interaction of the Ge—Se liquid phase
with the kesterite absorber.

In this work, we present a detailed comparative analysis of
CZTSe:Ge devices fabricated with low Ge content (~10 nm) and
high efficiency, together with devices made using higher Ge con-
tents (=25 nm) showing deteriorated conversion efficiencies,
with the aim to understand the dynamics of Ge incorporation
into the CZTSe lattice and its interaction with the kesterite ma-
trix. We show that during the reactive annealing, there is a strong
interaction between Ge and Na, which controls the doping level
of the absorber and, consequently, their electrical properties and
the performance of the solar cells. This interaction between

2156-3381 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Ge and Na leads to achieve efficiencies in the 10-10.6% level
when Ge and Na quantities are the optimum ones, while the use
of higher Ge quantities results in degraded devices exhibiting
low efficiencies due to, among others, the high solubility of Na
species in the larger amount of Ge-Se liquid phase, ultimately
leading to a reduced Na concentration in these samples. The un-
derstanding of the interaction between both elements can help
to further increase the efficiency of kesterite-based devices by
using advanced technological concepts.

II. EXPERIMENTAL DETAILS
A. Solar Cell Fabrication

CZTSe absorbers were synthesized by a sequential pro-
cess onto Mo-coated soda-lime glass substrates, in which a
metallic stack was deposited followed by a reactive annealing
process. Cu/Sn/Cu/Zn metallic stacks were produced by DC
magnetron sputtering (Alliance Ac450), carefully tailoring each
metal thickness in order to obtain Cu-poor (Cu/(Zn + Sn) =
0.75) and Zn-rich (Zn/Sn = 1.20) absorbers, determined with
calibrated X-ray fluorescence (XRF, Fischerscope XVD) [11].
Prior to the selenization process, different Ge thicknesses were
thermally evaporated on top of the precursors (Oerlikon Univex
250). In this study, we compare the reference sample (without
Ge) with the ones produced with 10 nm of Ge (the optimum
Ge quantity) and with 25 nm of Ge (exceeding the optimum Ge
quantity). Other Ge quantities (5, 12.5, 15, and 50 nm) were also
included in the XRF compositional analysis for a more reliable
and detailed study. A conventional tubular furnace was used
to perform the reactive annealing under Se + Sn atmosphere,
together with graphite boxes (69 cm® in volume) containing
100 mg of Se (Alfa-Aesar powder, 200 mesh, 99.999%) and
5 mg of Sn (Alfa-Aesar powder, 100 mesh, 99.995%). The se-
lenization consisted in a two-step process: first, 400 °C during
30 min and 1.5-mbar Ar pressure, and second, 550 °C during
15 min and 1-bar Ar pressure. Both heating ramps were set at
20 °C/min, and with a natural cooling down to room tempera-
ture. The as-annealed absorbers were chemically etched in order
to remove secondary phases on the surface and to passivate it
by using three different solutions: first, in a KMnO4 + HySO4
solution, then in a (NH4),S solution, and finally, in a diluted
KCN solution [11]-[13]. Immediately after the chemical etch-
ings, a 50-nm-thick CdS buffer layer was deposited by chemical
bath deposition, followed by a DC-pulsed sputtering deposition
of i-ZnO (50 nm) and In, O3-SnO, (ITO, 350 nm) as transpar-
ent conductive window layer (Alliance CT100). The finished
samples were mechanically scribed in 3 x 3 mm? cells using a
manual microdiamond scriber (MR200 OEG) and, finally, sub-
jected to a 250 °C postdeposition annealing in air atmosphere
on a hot plate for 15 min.

B. Sample Characterization

XRF spectroscopy was used to measure the composition of
the absorbers made with different Ge quantities using a Fisch-
erscope XVD equipment. In order to assess possible compo-
sitional variations due to the several chemical etchings, XRF
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sample | Eff. | Vo e 3 R, R, No, | SCR
(%)  (mV) (mA.cm?) | (%) | (Qem?) | (Qem?) | (em™) | (um)
Ref 7.7 417 29.1 638 07 333 2x10% 015
Gel0 100 463 323 66.9 0.9 734 3x10* 0.10
Ge25 65 420 305 53.6 13 4x10% 032

Fig. 1. Illuminated J-V curves of the reference, Gel0, and Ge25 devices. In
the corresponding table, the optoelectronic parameters extracted from the J-V
curves and the Ngy (charge carriers density) and SCR extracted from the C-V
measurements are displayed.

analyses were performed to the as-annealed absorbers, before
any chemical etching, and afterward to the as-etched absorbers.
Additionally, scanning electron microscope/energy-dispersive
X-ray spectroscopy (SEM/EDX) analysis was carried out before
and after the chemical etchings. SEM images were obtained with
a ZEISS Series Auriga microscope using 5-kV accelerating volt-
age, while EDX (Oxford Instruments, XMax) was performed
using 20-kV accelerating voltage. Time-of-flight secondary ion
mass spectrometry (TOF-SIMS) measurements were performed
in an ION-TOF IV equipment, using a 25-kV Bi cluster primary
ion gun for analysis, and O and Cs ion guns for sputtering in
depth profiling modes. The analyzed area was 50 ym x 50 ym
with a cycle time of 100 s and a time-to-digital converter res-
olution of 200 ps. Capacitance—voltage (C—V) measurements
were performed in the dark at room temperature with a fre-
quency of 100 kHz and a modulation voltage of 50 mV using
an impedance analyzer (Novocontrol Technologies). From C-V
measurements, charge carrier concentration (N¢y) and space
charge region width (SCR) were calculated assuming a relative
dielectric permittivity of € = 8.5 for CZTSe. Finally, the re-
sulting devices were characterized using a calibrated Sun 3000
class AAA solar simulator (Abet Technologies) to obtain dark
and illuminated J-V curves. Measurements were carried out at
25 °C, under AM1.5G 1-sun illumination conditions (uniform
illumination area of 15 x 15 cm?).

III. RESULTS AND DISCUSSION

Fig. 1 shows the comparison of the illuminated J-V curves
of the reference (without Ge), the Gel0, and the Ge25 sam-
ples. When Ge is incorporated into the absorber using thick-
nesses about 10 nm, a general improvement of all the opto-
electronic parameters is observed, as has been reported before
[5]. In particular, Vo values around 450-490 mV are easily
achieved, leading to efficiencies exceeding 10%, and one of
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Fig. 2.

SEM images of different samples. (a) Surface overview of Gel0 absorber. (b) Surface overview of GeS0 absorber. (c) Detail of the surface morphologies

observed in low density in Gel0 layer. (d) Detail of the surface morphologies observed in GeS50 layers. (e) Backscattered electron image of the previous figure. (f)
Cross-sectional image of a Ge25 layer showing in detail the observed surface morphologies.
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Fig. 3.
compositional mappings obtained by EDX.

the lowest Vo deficits reported for this material [S]. Nonethe-
less, if thicker Ge layers are used (Ge thickness > 25 nm),
a fast deterioration of the solar cell properties is clearly ob-
served. Interestingly, besides the drop of the V¢ value, the FF
of the devices is largely affected, obtaining values well below
those typical for the reference material (without Ge). Con-
versely, the current density of the devices is less affected when
compared with the previous two parameters.

Through a deep electrical characterization of the devices by
C-V measurements, we can obtain two important parameters
related to the quality of the devices under study: the absorber’s
carrier concentration (Ncy) and the SCR. N¢vy is almost in-
variable for the Gel0 sample with respect to the reference one,
while it decreases one order of magnitude for the Ge25. On the
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Top-view SEM image of the typical morphologies observed in layers made using high Ge content and the corresponding Cu, Zn, Sn, Ge, Se, Na, and O

other hand, the SCR is slightly reduced and then remarkably
increases. It is possible to correlate the behavior of these two
parameters with those observed for the solar cell devices. It was
demonstrated that for the Gel0 sample, the grain size and the
crystalline quality are improved [5]. Then, considering that the
SCR decreases while the doping level is almost constant or only
slightly increases, this feature can contribute to boost the inter-
nal electric field at the SCR and then the V. Together with
this, the proved better crystalline quality of the Ge10 can imply
the reduction of the defects density in the bulk inducing less re-
combination in the material, thus improving the diffusion length
and/or carrier life time, positively impacting in the voltage [14].

On the contrary, the devices behave differently when the Ge
nanolayer thickness is increased. Notably, the current density



Chapter 4 S. Giraldo

GIRALDO et al.: CU, ZNSNSE, -BASED SOLAR CELLS WITH EFFICIENCY EXCEEDING 10% BY ADDING A SUPERFICIAL GE NANOLAYER 757

0
S0 -
310 ~ 1
S
g A
®
$ ’
£ e Ref.
: A —Ge10
=z e —Ge25
10° T v v
1500 2000 2500 3000 3500
Sputtering time (s)

Fig. 4. TOF-SIMS in-depth profile of Na for samples Gel0, Ge25, and the
reference one (no Ge added in the system). Na intensity was corrected using Cu-
intensity signal (considering that Cu concentration is the same in both samples,
since they were prepared from the same precursor and same conditions).
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Fig.5. (a) Nominal, before, and after etching Ge/(Ge-+Sn) ratio as a function
of Ge thickness. Last two values have been obtained by XRF. (b) Ge and Sn
concentration after etching as a function of Ge thickness obtained by XRE.

is only slightly reduced, suggesting a limited impact of the Ge
concentration on this parameter, i.e., a decent charge collection
is kept. Whereas the SCR increases and the Ngy diminishes,
the Vo and, mainly, the FF are strongly reduced. This can
be related to several complex issues but most probably to the
deterioration of the transport properties of the material, either
for the reduction of the carrier’s life time in the bulk or for
the deterioration of the quality of the interfaces (back and rear

——Ge10
- = Ge10-Na15§ 1
- - = Nai$

8

J (mA/cm’?)
7
’ 4
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n
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Sample Eff. | Voc Jse FF Rs Rey,

(%) | (mV) | (mA.cm?) | (%) | (Qcm?) | (Q.cm?)

Gel0 36 269 323 417 18 26
28.2

GelO-Nal5 42 303 49.1 0.7 47

Fig. 6. Illuminated J-V curves and the corresponding optoelectronic param-
eters for CZTSe-based devices prepared onto Na-free substrates (Si/SiOg).
Gel0—absorber synthesized including 10 nm of Ge. Gel0-Nal5—absorber
synthesized including 10 nm of Ge and 15 nm of NaF. Nal5—absorber synthe-
sized including 15 nm of NaF.

interfaces, grain boundaries, etc.). Both can be associated with
the formation of defects that increase the recombination, related
to the remarkable change in the charge carrier density that is
induced by the change in the doping level of the material, driven
by the presence of Ge.

Fig. 2 displays a detailed SEM analysis of the GelO and
Ge25 as-annealed absorbers. The Gel0 absorber top view [see
Fig. 2(a)] shows the typical uniform appearance with grains in
the order of 1-2 pm. Nevertheless, taking a look at the Ge25
absorber [see Fig. 2(b)], a lot of dark morphologies are clearly
observed. These morphologies seem to be needle-like structures
with a different composition than the absorber, as shown in
more detail in Fig. 2(d)—(f). In particular, backscattered electron
image of Fig. 2(e) highlights the different composition of the
absorber surface and the needle-like structures. In addition, in
the case of the GelO absorber, some small dark crystals start
to appear along the surface, which could be the beginning of
formation of these needle-like structures in the Ge25 sample.
Therefore, the use of higher Ge quantities seems to be somehow
affecting the synthesis reaction of the kesterite, inducing the
formation of additional compounds remaining on the surface.
It is important to note that all these superficial morphologies
were only observed in the as-annealed absorbers, since they are
removed during the chemical etching processes, as corroborated
by SEM.

In order to assess the composition of the observed morpholo-
gies and further investigate their origin, Fig. 3 shows the EDX
mappings of some of these needle-like structures, revealing that
they are made mainly of Na and O. This suggests that the pres-
ence of higher Ge concentrations in the absorbers induces Na ex-
traction toward the surface, forming Na—O-related compounds.
Of course, as is well known, the Na excess comes from the
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outdiffusion of this element from the substrate (soda-lime glass)
during the annealing process. The involved mechanism could
be associated with the formation of relatively large amounts of
Ge—Se liquid phase during the annealing stage, inducing the Na
dissolution in this phase. In the further crystals growth stage,
the excess of these liquid phase would come out toward the sur-
face and, finally, during the cooling down process, forming the
observed morphologies. Logically, we would expect to find Ge
associated with these superficial morphologies, although it was
not detected by EDX probably because it is below the detection
limit. Furthermore, with this explanation, a decrease in the Na
concentration is expected for the samples with higher Ge con-
tent, which could be clearly linked to the remarkable decrease
of the doping level estimated by the C—V measurements (see the
table in Fig. 1).

To demonstrate the expected decrease of the Na concentra-
tion, TOF-SIMS analysis was performed for the samples Gel0,
Ge25, and the reference one without Ge. Fig. 4 depicts the Na
in-depth profiles corresponding to the absorber region, corrob-
orating an increase of the Na concentration for the Ge10 sample
with respect to the reference one, in agreement with the doping
level (Ncv) increase presented in Fig. 1 (see the table in this
figure). Further increase of the Ge content (Ge25 sample) leads
to the reduction of the Na quantity in the layer. Overall, the Na
concentration diminishes in the whole CZTSe absorber, from the
surface to the back region, but mainly in this last part, because it
is also in agreement with the doping level reported in Fig. 1. This
could demonstrate that the Ge—Se liquid phase is very effective
in dissolving and removing Na from the complete absorber,
controlling the alkaline doping level of the CZTSe layer.

In order to investigate in more detail possible compositional
variations due to the Ge incorporation, additional XRF analy-
ses were performed on a complete set of samples with different
Ge content. Fig. 5(a) shows the Ge/(Ge + Sn) ratio of the as-
annealed absorbers (before any etching) and the Ge/(Ge + Sn)
ratio of the same samples after the different chemical etchings,
together with the expected nominal ratio with increasing Ge
thickness. From these results, a Ge loss after the etching pro-
cesses is clearly observed , which would mean that most of the
Ge remains on the absorber surface. In the case of Ge thick-
nesses below 15 nm, it seems that almost all the Ge is removed
after etching, although it is important to take into consideration
the error of the measurements. Thus, these observations would
support our explanation since most of the Ge has to be in the
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Schematic representation of the interaction between Ge and Na in the CZTSe absorber.

absorbers surface and possibly associated with the already ana-
lyzed Na—O morphologies. On the other hand, Fig. 5(b) shows
the evolution of Ge and Sn concentrations after etching as a
function of Ge thickness, demonstrating a significant Ge in-
corporation in the material as we introduce Ge thicknesses over
15 nm. In fact, the appearance of large amounts of Na—O needle-
like structures on the CZTSe absorber surface corresponds well
with the inflection point of the Ge incorporation curve in Fig. 5,
corroborating that their formation is associated with the Ge
quantity in the samples. As was highlighted before, this Ge
and Na interaction controls the doping level in CZTSe, as was
presented by C—V measurements, impacting the formation of
intrinsic and extrinsic defects in the system.

Besides this, the composition of our samples is in the Zn-rich
part of the so-called A-type compositional line of CZTSe, i.e.,
with Sn-stoichiometric and Cu-poor conditions [15]. Under this
composition, the expected main defects are [Zn¢, + Vc,], to-
gether with the possible formation of an extrinsic Nac,, defect
due to the Na doping of the absorber [16]. After germanium dop-
ing, the incorporation of this element in Sn position could lead
to slightly Sn(Ge)-rich absorbers; thus, we would be moving
above the A-type compositional line, to a certain extent, toward
the E-type one [17]. In this case, we promote the possibility
that Sn goes to Cu position, increasing the probability of for-
mation of Snc,, defects, forcing the break of the extrinsic Nag,,
defects, and, then, releasing Na in the matrix, which could be
dissolved in the Ge—Se liquid phase, explaining the consequent
formation of the Na—O needle-like structures. In summary, we
can propose a phenomenological Ge-Na dynamics reaction for
the formation of point defects in kesterites and the releasing of
Na, as follows:

Sng, + Nag, + Ge — Geg, + Sng, + Na. 1)

To further explore how Na and Ge concentrations and their
interaction can have an impact on the device performance, Fig. 6
shows the optoelectronic characterization of different solar cells
fabricated varying the content of these two elements. The de-
vices produced for this experiment were fabricated onto Si/SiO,
Na-free substrates, instead of soda-lime glass substrates, to en-
sure the absence of any interference due to the Na contained in
the glass. Additionally, 15 nm of NaF as alkaline source was used
to ensure a large excess of this doping element. The PV parame-
ters extracted from the J-V curves corroborate a significant drop
of the device performance when an excess of Na is introduced
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in the absorbers (Nal5), as is already expected for highly doped
absorbers [18]. Nevertheless, the additional introduction of Ge
in samples with an excess of Na (Gel0-NalS5) shows a strong
performance recovery, reaching even higher efficiency values
than using only Ge without Na (Ge10). From this study, it is pos-
sible to confirm that the addition of Ge is able to control/regulate
to some extent the Na content in the absorber layer through their
interaction, resulting in an important impact on the performance
of solar cells.

As a summary of the proposed explanation, Fig. 7 illustrates
the mechanism by which Na and Ge could probably interact
when high Ge thicknesses are used. In this process, during re-
active annealing, the Na would be dissolved in the Ge—Se liquid
phase, and due to the growth of crystals, it would come out
toward the absorbers surface, ultimately forming the observed
solid morphologies during the cooling down process. Therefore,
the presence of large amounts of Ge—Se liquid phase could lead
to the extraction of too much Na, explaining the remarkable
drop of the devices performance using Ge thicknesses higher
than 15 nm.

IV. CONCLUSION

In this work, we have investigated the complex Na—Ge inter-
action, which has allowed obtaining solar cells with efficiencies
exceeding 10%. The interaction involving these two elements
has been shown to be crucial to understand why the performance
of devices is strongly affected when thick Ge nanolayers are in-
troduced in the absorbers. In the present study, we explained
how Ge concentration can have a remarkable impact on the Na
content and, thus, modifying the doping level of the kesterite, as
well as the possible mechanism by which this interaction occurs
and, concomitantly, the formation of point defects. Hence, the
control of Na and Ge content is something to take into consid-
eration in order to properly regulate the doping level and obtain
the optimum composition in the absorbers.
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Post-deposition annealing (PDA) of chalcogenide-based solar cells has shown to enhance optoelectronic
properties, though the mechanism for such improvement is still poorly understood. In this work
CuzZnSnSe, kesterite-based solar cells are fabricated and subjected to different PDA temperatures in
order to study the structure/function relationships and explain the responsible mechanisms. Diffusion

Keywords: and recrystallization phenomena at the absorber/buffer interface during the PDA are investigated using
Kesterite multiwavelength Raman spectroscopy and photoluminescence, and correlated to the optoelectronic

SDGII'ECIS " properties. By using varying laser excitations (442, 532, 785 nm), the selective acquisition of structural
olar cells

information at different depths is obtained, thus providing insights of the differences in the composition
and defect concentration in the device cross section. The results show that PDA treatments of completed
devices induce a redistribution of atoms (Cu and Zn) within the surface and sub-surface of the absorber
layer. The absorber surface becomes more Cu-depleted and Zn-enriched, creating optoelectronically
beneficial defects V¢, and Zng,, which are partly responsible for the performance improvement. Re-
crystallization effects of the CdS layer are observed, leading to a better absorber-buffer interface and
potentially a better band alignment. Additionally, this work opens the possibility of tuning the defect
concentration in the absorber with the PDA temperature.

Raman spectroscopy
Optoelectronic properties

© 2016 Elsevier B.V. All rights reserved.

1. Introduction (CZTSe) layer, as well as the interface between the buffer (CdS) and

absorber layer, and the buffer layer in general. Currently in our lab

In order to achieve high performance photovoltaics based on
emerging earth-abundant Cu,ZnSnSe, (CZTSe) thin film solar cells,
significant effort has been placed on phase purification and grain
size enhancement [1-7]. Less explored, but nevertheless highly
crucial for the device performance is the structural and composi-
tional constitution of the CZTSe surface and the CZTSe/buffer in-
terface, the most important part of the p-n junction. Here, the
majority of the charged carriers are generated and have to be se-
parated before they recombine. Post-deposition soft annealing
(PDA) processes on finished devices are known to improve the
characteristics of chalcogenide thin film solar cells [8-10].

In the case of kesterite-based solar cells, PDA is expected to
have a strong influence on the surface region of the absorber
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mdimitrievska@irec.cat (M. Dimitrievska).
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a combination of improved preparation methods and the appli-
cation of an optimized PDA process has produced CZTSe-based
solar cells with efficiencies of up to 10.6%, and open circuit vol-
tages (Voc) of 473 mV, among the highest V¢ value reported for
this compound [11]. However, the origin of the behavior of the
devices upon annealing is still not completely resolved, and deeper
understanding of the PDA process is needed for further optimi-
zation and improvement of the device efficiency. In principle, PDA
in air can contribute to the device improvement in a variety of
ways: interdiffusion of elements within the device, recrystalliza-
tion processes and oxidation. As annealing of devices in inert gas
atmosphere or vacuum is known to also improve device perfor-
mance, oxidation cannot be the only explanation for device im-
provement. For example, Neuschitzer et al. have measured a Cu
depleted and Zn enrichment surface of bare absorbers annealed in
vacuum by X-ray photoelectron spectroscopy [12]. In the present
study, diffusion and recrystallization phenomena at the absorber/
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buffer interface during PDA performed at different temperatures
will be investigated in detail with Raman spectroscopy and op-
toelectronic characterization.

Raman spectroscopy has proven to be a suitable characteriza-
tion tool for obtaining deeper insights into the CdS/kesterite in-
terface, and recently its capability to identify and monitor defects
in these materials has been shown [13,14]. Additionally, different
penetration depths of varying laser excitation energies enable the
selective acquisition of structural information from varying depths
of the layers, thus providing insights on the differences in com-
position and defect concentration throughout the device cross
section. On the other side, Raman spectroscopy is a very attractive
technique from the industrial point of view, as it is non-destruc-
tive, non-contact and does not require any special sample pre-
paration. As such it is an ideal tool for process and quality control
monitoring [15]. An additional advantage is also the possibility of
non-destructive assessment of the different layers of the solar
cells, which can be achieved by using different laser excitations.
This allows simultaneous monitoring of both structural and op-
toelectronic properties.

In that sense, the main goal of this work is the application of
correlated Raman spectroscopy and optoelectronic characteriza-
tion techniques to study the structure/function relationships in
Cu,ZnSnSe, (CZTSe) kesterite based solar cells in an attempt to
resolve and explain the mechanisms behind the effect of PDA
treatments on the device performance.

2. Materials and methods

CZTSe device grade layers were synthesized on Mo coated soda
lime glass by annealing of Cu/Sn/Cu/Zn metallic multi-stacks with
an additional 10 nm Ge nanolayer, deposited by DC magnetron
sputtering technique, under a Se+Sn atmosphere, as described in
Ref. [11]. As prepared absorbers were then subjected to several
etching processes in order to remove secondary phases and to
passivate the surface [16,17]. A CZTSe-based device was fabricated
by chemical bath deposition of a CdS buffer layer (60 nm), fol-
lowed immediately by pulsed DC-magnetron sputtering deposi-
tion of Zn0O/In,03-Sn,0 window layer (CT100 Alliance Concepts)
[18]. The devices were mechanically scribed into 3 x 3 mm? cells,
forming approximately 12-15 individual solar cells per sample.
One sample with completed solar cell devices was then subse-
quently annealed on a hot plate in air for 5 min at temperatures
ranging from 50 to 350 °C. After each PDA treatment, the different
devices of the same sample were characterized by illuminated J-V,
external quantum efficiency (EQE), photoluminescence (PL) and
Raman measurements. Raman scattering and PL measurements
were performed in back scattering configuration with iHR320
Horiba Jobin Yvon system [19]. In all cases, and to avoid the pre-
sence of thermal effects in the spectra, the power excitation
density was around 50 W/cm? To ensure the analysis of a re-
presentative area of each sample, measurements were made in
macro configuration (light spot size on the sample of > 100 um).
llluminated J-V measurements were performed with ABET3000
Solar Simulator with AM1.5 conditions, while the EQE measure-
ments were obtained using Bentham PVE300 characterization
system.

A detailed analysis of the surface region was achieved using
multiwavelength excitation Raman measurements combining blue
(442 nm), green (532 nm) and near-infrared (785 nm) excitation
lines. This has allowed in-depth characterization of the CdS layer,
as well as surface and sub-surface regions of CZTSe (Fig. 1). The
approximate penetration depths of each excitation, presented in
Fig. 1, were calculated based on the absorption curves measured
for this compound.
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Fig. 1. Cross section of the CZTSe-based solar cell device with relative penetration
depths of different lasers used for defect characterization with Raman spectroscopy.
(For interpretation of the references to color in this figure, the reader is referred to
the web version of this article.)

3. Results and discussion

Fig. 2 presents the dependence of device efficiency, Vo, short-
circuit current density (Js.), and fill factor (FF) on the PDA tem-
perature. It is observed that the maximum Jsc and maximum V¢
are obtained at two different temperatures, 175 °C and 250 °C,
respectively, leading to two local maxima in efficiency. Also the
Voc itself shows two distinct maxima (at 160 °C and 250 °C). Pre-
viously published results [20], have shown two distinct composi-
tional processing conditions for which either V. or J;. have been
maximized. It was observed that the Jsc was maximized in Cu-poor
and slightly Zn-rich compositions, where the occurrence of V¢,
and Znc, point defects is expected, while the V,. was maximized
under more Zn-rich conditions with a high density of Zn¢, and
Znsn. As defect types and density in the CZTSe compounds are
governed by the chemical potential of component elements
[21,22], it is assumed that the post-deposition annealing is indu-
cing compositional changes and element dispersion in the surface
and bulk region of the CZTSe absorber. The two maxima observed
in this experiment could therefore well be originated from dif-
ferent local Cu/(Zn+Sn) and Zn/Sn compositions.

In order to better understand the effect of the PDA temperature
on the element dispersion and optoelectronic properties a sys-
tematic study after each PDA treatment was performed on the
devices using multi-wavelength Raman spectroscopy. Fig. 3 pre-
sents representative Raman spectra measured with 442, 532 and
785 nm excitations corresponding to the characterization of the
CdS layer and surface and sub-surface kesterite layer for different
PDA temperatures. Multiple changes with PDA temperature in the
intensity and half-widths of peaks corresponding to CdS and
CZTSe compounds are observed, as labeled with arrows in Fig. 3.

The most pronounced changes in the CZTSe phase are observed
in the intensity of the Raman modes located around the 170 and
250 cm ! spectral regions. Previous studies have shown that the
relative intensity of the broad band at 170 cm ! is inversely pro-
portional to the concentration of [V¢,+Znc,] defect clusters in
CZTSe, while intensity of the band at around 250 cm ! is directly
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Fig. 2. Dependence of the optoelectronic properties: efficiency (Eff.), short-circuit
current density (Jsc) open-circuit voltage (Voc) and fill factor (FF) on the post-de-
position annealing temperature.

proportional to the concentration of Zn¢, and Zng, defects [13,23].
In order to obtain a clear understanding of the changes in the
defect concentration with the PDA temperature, deconvolution of
the Raman spectra with Lorentzian curves was performed, from
which the integral intensity of the bands at 170 and 250 cm ! was
determined. Comparison of the different spectra was enabled by
the normalization of all bands to the most intense Raman mode
observed at 196 cm !, which is identified as an A symmetry mode
corresponding to solely Se anion vibrations. Changes in the in-
tensity of the Raman peaks at 170 and 250 cm ! with the changes
in the PDA temperature obtained from the Raman spectra mea-
sured with 532 and 785 nm are presented in Fig. 4.

Based on the changes in the intensity of the 170 cm ™! mode, it
can be concluded that with the increase in the PDA temperature
up to 200 °C, Cu ions diffuse away from the surface to the bulk of
CZTSe. This kind of diffusion creates a Cu depleted surface layer of
the kesterite, which according to first principle calculations leads
to a reduced formation energy of shallow V¢, acceptor defects and
inhibits the formation of the deeper and more detrimental Cuy,
antisite defects [21]. Due to the high mobility of the Cu ions, it has
been suggested that beneficial acceptor defects may form in the
MoSe, layer from Cu diffusion towards the back contact, which
would facilitate carrier transport by eliminating potential back
contact barrier between the kesterite and MoSe, layer [24]. Fur-
thermore, changes in the intensity of the 250 cm ' mode for the
same temperature region show an increase in Zn composition in
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the surface region, leading to diffusion of Zn ions from the bulk to
the surface of CZTSe. These results suggest the PDA treatment at
200-250 °C creates an Zn enrichment and Cu depletion of the
kesterite surface. This should reduce detrimental (2Cuz,+Snz,)
defect clusters in the sensitive interface region and lead to the
formation of optoelectronically beneficial V¢, and Znc, point de-
fects, which is expected to increase the performance of kesterite
based solar cells.

For the PDA temperatures higher than 200 °C, only very small
changes in the Cu concentration of the surface and the subsurface
CZTSe layers are observed. However, a small additional increase in
the Zn concentration of the surface region is detected, while no
changes in the Zn concentration of the sub-surface region of CZTSe
layer are observed, suggesting that Zn diffuses from the deeper
region in the bulk. This behavior additionally increases the prob-
ability of forming of Zn¢, and Zng, defects in the CZTSe surface
region, and based on the previous results [20], is probably partly
responsible for the enhancement in the Vyc values which are
observed at 250 °C. The other reason for this additional boosting in
Voc, is probably related to effects associated with the diffusion of
Na, as diffusion of Na from the substrate towards the surface of the
kesterite is expected in this temperature region [25,26]. Further
studies regarding the effect of Na on the optoelectronic properties
of these kind of CZTSe absorbers during the PDA process are un-
derway in our laboratories.

The postulated increase in the point defect density concluded
from the changes in the intensity of the modes is also confirmed
by the increase in the full width at half maximum (FWHM) of the
main A mode at 196 cm ! (I'a mode)- AN increase of the FWHM and
a decrease in the frequency of this mode are observed in the Ra-
man spectra measured with both 532 and 785 nm excitation lines,
as presented in Fig. 5. According to Ref. [27], both these effects
indicate an increase in the defect concentration in the surface and
subsurface region of the kesterite. Rey et al. also reported a
broadening of the main A mode for CZTSe devices subjected to a
PDA treatment in vacuum above a critical temperature of 200 °C,
which they associated to an order-disorder transition of Cu-Zn
atoms [28].

A systematic decrease in the band gap of CZTSe from 1.07 to
1.01 eV, as extracted from the onset of absorption in the EQE
measurements, is observed when PDA temperature is increased
(Fig. S1 in Supporting information). At first, it may appear that this
is not consistent with the increase in the concentration of V¢, and
Znc, defects in the surface region, since according to first principle
calculations these defects should promote local increase in the
band gap, by lowering the energy of the valance band edge and
increasing the energy of the conduction band edge [21]. However,
one has to bear in mind that the measured band gap from the EQE
is effective band gap energy in the absorber bulk. This corresponds
to the region within the absorber with lowest band gap energy
from which photogenerated charge carriers can still be collected,
which is not necessarily identical with the absorber surface. In
fact, the Cu depletion and Zn enrichment at the absorber surface is
expected to lead to a locally increased bandgap and lowered va-
lence band. This positively suppresses recombination and in-
creases the Vg, as the valence band is moved away from the Fermi
energy and in consequence photo-generated electrons (minority
charge carriers in the p-type absorber) find less recombination
partners (holes) at the interface. A band bending as additional
effect of the formation of beneficial V¢, and Znc, defects can fur-
ther facilitate the separation of photo-generated electron-hole
pairs [29,30].

Besides the changes in the CZTSe layer during the PDA process,
monotonous changes in the CdS layer were observed in both Ra-
man and room temperature PL spectra. Fig. 6(a) presents the re-
presentative PL spectra measured with 442 nm excitation. One
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Fig. 3. Representative Raman spectra of the kesterite-based solar cell device after PDA treatment measured with 442, 532 and 785 nm excitation lines.
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broad green band centered at 490 nm (2.53 eV) is observed in the
measured spectral region, for the CdS buffer layer before the PDA
treatment. The three weak peaks visible in the region between 445
and 465 nm in the PL spectra are the 1LO, 2LO and 3LO Raman
lines of CdS, which can clearly be seen when the intensity scale is
expanded. Systematic shift of the green band towards higher
wavelengths, i.e. lower photon energies with the increase in PDA
temperature is observed, as presented in Fig. 6(b). It is reported
that the green band in the PL spectra of CdS is originated from the
transition of S-vacancy donors to the valence band and the re-
combination of donor-acceptor pairs [31-33]. The CdS layer is
about 50 nm and is composed of mostly nanometric grains. The
red energy shift of the green band with the PDA treatment is

caused by the diffusion of Se from CZTSe layer into the CdS layer,
creating a very S-rich CdSSe solid solution. Anion-mixed crystals
generally show a large band-gap bowing because of a large dif-
ference in atomic size. The bowing parameter for CdSSe is known
to be 0.7 eV [34], meaning that the band gap energy of CdS can
decrease fast with the introduction of small amount of Se. Ad-
ditionally, a reduction in the number of defects in the CdS layer
upon the post-deposition annealing is also observed by Raman
measurements, where a monotonous decrease in the FWHM of the
CdS LO Raman band centered at 300 cm ' is detected with the
increase in PDA temperature, as shown in Fig. 6(c) [27].

This behavior of the CdS layer is improving the interface be-
tween the absorber and buffer layer leading to the reduction of the
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interfacial recombination, and is probably leading to better band
alignment, which is also partly responsible for the improvement of
the optoelectronic properties of the CZTSe-based device with the
PDA treatment.

Finally, the strong decrease in all optoelectronic properties for
the PDA temperatures higher than 260 °C is probably caused by
the degradation and decomposition of the CZTSe and CdS layers
originating from the inter-diffusion of elements. With greater
diffusion between the layers, the p-n junction becomes more
poorly defined, negatively affecting overall device performance.
Thus it becomes clear that certain temperature induced effects are

beneficial to the system, while above a certain temperature other
changes occur which deteriorate optoelectronic properties.

4. Conclusions

In conclusion, with multi-wavelength Raman spectroscopy we

find that low temperature PDA treatments of completed devices
induce a redistribution of atoms (Cu and Zn) within the surface
and bulk of the absorber. The absorber surface becomes more Cu-
depleted and Zn-enriched, creating optoelectronically beneficial
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defects V¢y and Zng,, which are partly responsible for the perfor-
mance improvement of the CZTSe-based solar cells upon anneal-
ing. Furthermore, recrystallization effects of the CdS layer are
observed, leading to a better absorber-buffer interface and po-
tentially a better band alignment. Additionally, this work opens
the possibility of tuning the amount of defects in the absorber by
choosing the right PDA temperature.
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The main objective of this thesis was to develop high efficiency thin film solar
cells based on kesterite CZTSe absorbers through the implementation of innovative
doping strategies. Special focus is put on the optimization of reactive thermal processes,
followed by the screening of possible doping elements and further analysis of the most
promising ones. Additionally, deeper investigations were carried out in order to improve
understanding of main loss mechanisms that can degrade device performance and the
use of small amounts of Ge to mitigate some of them, including the possible interactions
with alkali elements and the effect of post-deposition annealing treatments on devices
properties. Most of the results obtained in this thesis have been published as articles in
high impact peer-reviewed journals.

In the first part of the thesis, previous study and optimization of the thermal
processes were presented, identifying and varying the most critical parameters in a
conventional tubular furnace selenization. With this work, we demonstrated that the 2-
step process, with a first stage at 400°C for 30 min (1.5 mbar) and a second stage at
550°C for 15 min (1 bar), both using 20°C/min as heating ramp rates, is the best
performing treatment for our particular precursors and set-up, leading to high quality
CZTSe absorber layers.

Following this, after a preliminary screening of possible doping elements in the
CZTSe system (including Ag, In, Si, Ge and Pb), In and Ge were both selected as the most
promising/interesting ones to further analyze their doping properties. Regarding the use
of In, it was demonstrated that CZTSe absorbers can tolerate rather high quantities of
this element without significant modifications of their properties, confirming the
possibility of using In-containing layers (e.g. ITO as window layer or In;S; as buffer layer)
in kesterite CZTSe-based devices. Additionally, the observed deterioration of devices
properties due to high In concentrations was tentatively explained with the presence of
a conductive phase at the grain boundaries that we associate to the formation of SnO,-
In,03 conductive compounds. However, with regard to Ge, a remarkable improvement
of solar cells performance (from about 7% efficiency for Ge-free reference samples to
more than 10% efficiency for Ge-doped ones) was presented, based on the introduction
of nanometric Ge layers into the metallic stack precursors. Several reasons were
proposed to explain the great efficiency improvement in spite of the observed Ge loss:
(i) the formation of a GesSe; phase that decomposes into volatile GeSe; and a Se-rich
liquid phase that assists the crystallization of the CZTSe, improving the crystalline
quality; (ii) the presence of Ge reduces the probability of formation of detrimental Sn +lI
species, commonly associated with deep defects; (iii) the presence of GeO,
nanoinclusions associated with SnO; inclusions, which might have a passivation or
electron reflector effect, enhancing the cell voltage. In the following optimization, we
determined a Ge thickness range from 7.5 to 12.5 nm for an optimum device
performance, achieving a 10.6% efficiency and Voc values around 490 mV for pure
selenide CZTSe, leading to Vo deficits around 0.56 V, which are among the best values
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reported for kesterites. Furthermore, the performance deterioration observed for
higher Ge concentrations was attributed to a decrease of the charge carrier density
(evidences of a strong interaction with Na) along with the presence of secondary phases
due to decomposition phenomena of the kesterite.

In the next part of the thesis, a detailed microstructural analysis of high efficiency
Ge-doped CZTSe solar cells was presented, revealing the presence of two distinct types
of grain boundaries: one type is meandering in nature and grows largely parallel to the
substrate, and denotes the boundary between two CZTSe layers with differing Cu/Zn
ratios; and the second type is Cu-enriched and more straight, and predominates in the
upper layer. Whereas these grain boundaries might be limiting device efficiency, the
controlled oxidation occurring during soft post-deposition annealings in air could
significantly ameliorate their effect. After that, a new approach for obtaining high
quality CZTSe layer was presented, by introducing extremely thin Ge nanolayers below
and above metallic stack precursors. This strategy led to eliminate the previously
characterized meandering horizontal grain boundaries and to obtain huge grains with
lateral extensions exceeding 4 microns. In addition, a deep study of the effect of Ge on
the selenization process and reaction pathways revealed that Ge strongly affects the in-
depth elemental distribution, delaying and minimizing the typical fast Cu-out diffusion
and the formation of Sn-Se volatile species, consequently avoiding Sn losses to a large
extent. This allowed modifying the reaction pathways of CZTSe from a tri-molecular
mechanism for layers without Ge, towards a mainly bi-molecular one for Ge-containing
samples. Through the optimization of the quantity and location of Ge, a record efficiency
of 11.8% was achieved.

In the last part of the thesis, the complex Ge-Na interaction was investigated,
providing further insights into the impact of Ge concentration on the Na content,
modifying the doping level of the kesterite, and the possible mechanisms by which this
interaction occurs. Additionally, a phenomenological Ge-Na dynamics reaction for the
formation of point defects and the releasing of Na was proposed. Finally, a detailed
investigation of low temperature post-deposition annealings was presented. An
exhaustive multi-wavelength Raman spectroscopy analysis of devices subjected to
different post-deposition annealings revealed an induced redistribution of atoms (Cu
and Zn) within the surface and bulk of the absorbers. In particular, the absorber surface
becomes Cu-depleted and Zn-enriched, creating optoelectronically beneficial defects
Vcuwand Zngy, which are partly responsible for the performance improvement of the solar
cells after PDA. Moreover, recrystallization effects of the CdS buffer layer were
observed, leading to a better absorber/buffer interface. In addition, this work allows the
possibility of tuning the number of defects in the absorber by choosing the right PDA
temperature.
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On the whole, the work presented in this thesis provides meaningful results and
innovative (but also simple) strategies to boost the efficiency of kesterite solar cells, by
tackling some limiting factors of this material. The presented doping strategies have led
to a better crystalline quality of the absorbers, the avoidance of formation of
detrimental point defects, the reduction and control of compositional fluctuations
during the synthesis processes by modifying the reaction pathways, and the
control/optimization of the doping level of the absorber. Overall, this has allowed a
significant improvement of the cell voltage, leading to a reduced Voc deficit and,
ultimately, a remarkable performance improvement of kesterite solar cells.

The results presented so far have allowed a great improvement of IREC's
kesterite baseline conversion efficiency as shown in Figure 5.1. Furthermore, the
efficiencies, and especially the voltage values obtained in the best devices presented in
this work are among the best reported in the literature, as presented in the comparative
Table 5.1. This comparative analysis demonstrates a significant contribution of this
thesis to reduce the voltage deficit in kesterite solar cells, which is considered one of the
main problems of this technology.

Nevertheless, despite all the knowledge gained in recent years in the field of
kesterites, there is still a large gap in performance between them and the closely related
chalcopyrite CIGS. Since first kesterite devices were fabricated, the vast majority of
research works have been limited to copy the methods, strategies, device architecture,
back contact, buffers, window layer materials... from CIGS technologies and to apply
them into kesterite technology. Although this is a good starting point, kesterites are
similar but not the same material as CIGS, so they have particular features that have to
be especially addressed. Therefore, customized strategies and solutions need to be
designed in order to hopefully improve the performance of this promising photovoltaic
material, and make it a real alternative for energy production in the near future.
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Figure 5.1. Evolution of IREC’s record efficiencies of kesterite CZTSe solar cells, reflecting
the most important milestones achieved during the PhD, reported in internationally
renowned high impact journals.

Table 5.1. Comparative table of selected best kesterite devices reported in the literature,
including the best device presented in this thesis.

Absorber Affiliation
(Eg, eV) (Ref)

12.6 0.513 0.372 IBM?>?
11.6 0.423 0.337 1BM**
11.0 0.731 0.504 UNSW?
12.3 0.527 0.337 AIST>*
11.8 0.463 0.335 IREC

* Calculated according to the Shockley-Queisser limit.

Eff (%) Voc deficit” (V)
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SOLAR CELLS

In article number 1501070,

Edgardo Saucedo and co-workers
report a breakthrough in kesterite-
based technologies, demonstrating
that high-voltage and high-efficiency
devices can be easily achieved using
an innovative approach based on the
introduction of a superficial

Ge nanolayer, leading to efficiencies
exceeding 10%. To illustrate this,
the image shows how materials
management at nanoscale level

can have a strong impact on

the macroscopic properties of
photovoltaic devices.
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